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Thee blin d men and the elephan t 

AA fable by John Godfrey Saxe (1816-1887) 

Itt was six men of Indostan 

Too learning much inclined 

Whoo went to see the Elephant 

(Thoughh all of them were blind) 

Thatt each by observation 

Mightt satisfy his mind 

Thee Fifth, who chanced to touch the ear 

Said:: "E'en the blindest man 

Cann tell what this resembles most; 

Denyy the fact who can, 

Thiss marvel of an Elephant 

Iss very like a fan!" 

Thee First approached the Elephant 

Andd happening to fall 

Againstt his broad and sturdy side 

Att once began to brawl: 

"Godd bless me but the Elephant 

Iss very like a wall" 

Thee Sixth no sooner had begun 

Aboutt the beast to grope, 

Than,, seizing on the swinging tail 

Thatt fell within his scope, 

"II  see," quote he, "the Elephant 

Iss very like a rope!" 

Thee Second feeling of a tusk, 

Criedd "Ho! What have we here 

Soo very round and smooth and sharp? 

Too me 'tis mighty clear 

Thiss wonder of an Elephant 

Iss very like a spear!" 

Andd so these men of Indostan 

Disputedd loud and long, 

Eachh of his own opinion 

Exceedingg stiff and strong, 

Thoughh each was partly in the right, 

Andd all were in the wrong! 

Thee Third approached the animal 

Andd happening to take 

Thee squirming trunk within his hands, 

Thuss boldly up and spake: 

"II  see", quote he, "The Elephant 

Iss very like a snake!" 

Thee Fourth reached out an eager hand 

Andd felt around the knee 

"Whatt most this wondrous beast is like 

Iss mighly plain." Quote he; 

"Tiss clear enough the Elephant 

Iss very like a tree!" 

Moral l 

Soo oft in theologie wars 

Thee disputants, I ween, 

Raill  on in utter ignorance 

Off  what each other mean, 

Andd prate about an Elephant 

Nott one of them has seen! 
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Patientt selection criteria 

Patien tt  selectio n criteri a used in thi s thesi s 

Womenn with preeclampsia 
Healthyy women with singleton pregnancies meeting the preeclampsia criteria as defined by the 

Internationall  Society for the Study of Hypertension in Pregnancy [1]: 

 diastolic blood pressure of >110 mmHg on any occasion or :>90 mmHg on two separate 

occasionss at least four hours apart 

 proteinuria of > 1 g or 2+ stick in two clean midstream urine samples taken at least four hours 

apartt or >300 mg protein/24 h or 1 + stick in a sample of specific gravity < 1.03, pH <8 

 developing after 20 weeks gestational age and returning to normal values within 3 months 

afterr delivery 

Womenn with the (H)ELL P syndrome 
Healthyy women with singleton pregnancies meeting the HELLP criteria, as described by Sibai 

[2]: : 
 Hemolysis - lactate dehydrogenase >600 IU 

 Elevated Liver enzymes - ASAT and/or ALA T >50 IU 

 Low Platelet count - thrombocytes <100xl09/mL 

Al ll  patients with the (H)ELLP syndrome that were included in this thesis also fulfilled the criteria 

forr preeclampsia 

Normall  pregnant women 
Healthyy normotensive women, with uncomplicated singleton pregnancies, not taking any 

medicationn except for iron suppletion 

Nonpregnantt  women 
Healthyy normotensive nonpregnant women in the fertile age, not taking any medication, 

includingg oral contraceptives 
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Part i i 

Generall  introductio n 





Chapte rr  1 

Generall  introductio n 

andd aims of thi s thesi s 



Chapterr I 

Histor y y 

Eclampsiaa was described for the first time almost 2000 years ago by Celsus, who presented an 
accountt of seizures in pregnant women that abated with delivery. This abnormality was named 
eclampsia,, the Greek word for "lighting", indicating the rapid and unexpected appearance. For 
hundredss of years eclampsia was considered a seizure disorder unique to pregnancy. It was not 
untill  1827 that Lever and Bright recognized the similarity of the edematous patient with 
eclampsiaa to the dropsic individual with "Bright's disease" (acute glomerulonephritis), which 
resultedd in the examination of urine of women with eclampsia for protein. It was found that most 
womenn with eclamptic seizures had proteinuria and that proteinuria could antedate seizures. The 
hardd bounding pulse of eclamptic women had already suggested arterial hypertension to the old-
timee clinicians, but it was not until 1896, when the invention of the sphygmomanometer enabled 
thee measurement of blood pressure, that the hypertension in women with eclampsia was actually 
measuredd - again frequently antedating seizures. Over the next several decades, it was recognized 
thatt pregnant women who have proteinuria and hypertension - this condition now being called 
preeclampsiaa - and their infants were at risk for mortality and morbidity even if the disorder did 
nott progress into convulsions. Thus, eclampsia was no longer considered a seizure disorder, but 
partt of a continuum of a pregnancy-specific fetal-maternal disorder [3,4]. 

Diseas ee characteristic s 

Nowadays,, preeclampsia occurs in about 4-5% of all human pregnancies. As mentioned 
previously,, hypertensive disorders of pregnancy are major risk factors for maternal and fetal 
morbidityy and mortality in pregnancy. Although medical care has improved tremendously in the 
pastt centuries, resulting in reduction of the complication rates, still in The Netherlands 35% of 
thee maternal mortality is related to eclampsia or preeclampsia [5]. Preeclampsia can result in 
eclampsia,, when convulsions develop, or manifest itself as the HELLP syndrome, a severe form 
off  preeclampsia with multiple organ involvement, characterized by Hemolysis, Elevated Liver 
enzymess and Low Platelet count (HELLP). Severe complications of preeclampsia are cerebral 
hemorrhage,, lung edema or liver hemorrhage and rupture. Intrauterine growth restriction and 
iatrogenicc preterm birth of the fetus, associated with preeclampsia, result in a high risk of 
intrauterinee or early neonatal death and infant mortality or morbidity, mainly due to respiratory 
diseasee and long term neurological morbidity [6]. Moreover, women with preeclampsia are at 
increasedd risk for ischemic heart disease later in life [7,8] as are children that were born with a 
loww birth weight [9]. 
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Introductionn and aims 

Pathogenesi s s 

Thee mechanisms causing preeclampsia are still unclear. Much insight has developed in the 

pastt decades. It has become clear that preeclampsia is a complex disease, with many factors 

involvedd in its pathogenesis. A suboptimal placentation seems to be central in the early stage of 

thee disease, while a generalized vascular dysfunction is central in the late stage of the disease, 

whenn the clinical symptoms develop. The missing link between the suboptimal placentation and 

thee generalized vascular dysfunction is believed to be a factor, released from the placenta into the 

maternall  blood. Thus far, this factor has not been identified. Evidence starts to accumulate that 

microparticles,, fragments of blood and vascular wall cells that are released upon cell activation or 

apoptosis,, are involved in the pathogenesis of cardiovascular diseases. Many parallels exist 

betweenn the pathogenesis of cardiovascular diseases and preeclampsia. Therefore, we 

hypothesizedd that microparticles may be the unknown circulating factor that causes vascular 

dysfunctionn in preeclampsia. Investigation of this hypothesis was the first aim of this thesis. 

Thee second aim of this thesis was to investigate the nature of the vascular dysfunction in 

preeclampsia.. Many studies have described the presence of endothelial dysfunction in 

preeclampsia.. However, vascular smooth muscle cells form the final link in the generation of 

vascularr tone. There is very limited information on the role of vascular smooth muscle cells in 

preeclampsia.. Therefore, we aimed to investigate their role in preeclampsia and to explore 

possibilitiess for improvement of vascular function in this disease. 

Aimss of thi s thesi s 

Thee main objectives of this thesis were: 

1.. to determine the role of circulating microparticles in the pathogenesis of preeclampsia. 

2.. to investigate vascular dysfunction in the resistance vasculature in preeclampsia, and 

whetherr this is endothelium and/or vascular smooth muscle related. We also attempted to 

identifyy mechanisms that could improve vascular function in this disease. 

-19--



Chapterr 1 

Outlin ee of thi s thesi s 

Parti i 
Inn part I an extensive overview of the literature on vascular dysfunction in preeclampsia and 

onn the current opinion on the pathogenesis of this disease is presented (Chapter 2). Furthermore, 
ann overview of the literature on microparticles, and in particular the evidence for a role of 
microparticless in the pathogenesis of cardiovascular diseases is presented (Chapter 3). 

Partt  II 
Thee studies performed in order to fulfil l our first aim are described in part II. We started to 

investigatee whether syncytiotrophoblast-derived microparticles can cause vascular dysfunction in 
isolatedd myometrial arteries (Chapter 4). We broadened this investigation to all cell-derived 
microparticless circulating in the maternal blood. We characterized the circulating microparticles 
inn pregnancy and preeclampsia (Chapter 5), investigated whether they can cause vascular 
dysfunctionn in isolated bioassay arteries (Chapter 6 and 7), investigated whether the phospholipid 
compositionn of microparticles is important in inducing vascular dysfunction (Chapter 7), and 
investigatedd the role of microparticles in the enhanced coagulation activation that is observed in 
preeclampsiaa (Chapter 8). 

Partm m 
Thee studies performed in order to fulfil l our second aim are described in part III . We 

determinedd contractile behavior and vascular smooth muscle calcium sensitivity in isolated 
subcutaneouss arteries from nonpregnant, normal pregnant and preeclamptic women (Chapter 9). 
Furthermore,, we investigated whether there is remodeling in the subcutaneous resistance 
vasculaturee in preeclampsia (Chapter 10). Finally, we investigated whether estrogens are a useful 
therapyy for improvement of vascular dysfunction in preeclampsia (Chapter 11). 

Partt  IV 
Inn part IV the results of the studies described in this thesis are discussed and the main 

conclusionss are drawn. In combination with the literature the findings of the studies in this thesis 
aree translated into a hypothesis regarding the role of microparticles in the pathogenesis of 
preeclampsia.. Furthermore, directions for future research and preliminary results of a pilot study 
aree discussed. 
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Chapte rr  2 

Vascula rr  functio n in preeclampsi a 

Marjaa J. VanWijk, Karolina R. Kublickiene, Kees Boer, Ed VanBavel. 

CardiovascularCardiovascular Research 2000;47(l):38-48. 



Chapterr 2 

Abstrac t t 

Preeclampsiaa is a multisystem disorder peculiar to human pregnancy. It occurs in 4-5% of all 
pregnanciess and remains a leading cause of maternal and neonatal mortality and morbidity. The 
pathophysiologyy of this syndrome is not fully understood. Two stages of vascular dysfunction 
seemm to be involved. In the early stage suboptimal development of the placenta and a 
hemodynamicc maladaptation to pregnancy exist. At this stage maternal constitutional factors 
suchh as genetic and immunological factors and pre-existing vascular diseases may play a role. 
Duee to this defective placentation a factor is released from the placenta, supposedly under the 
influencee of ischemia. This factor then results in the late vascular dysfunction characterized 
mainlyy by a generalized endothelial dysfunction, leading to the clinical syndrome of 
preeclampsia.. This review attempts to unravel the mechanisms that may contribute to 
preeclampsia-associatedd changes in vascular function and to indicate the research needed to 
improvee our understanding of this disease. 
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Vascularr function in preeclampsia 

1.. Introductio n 

Inn 4-5% of all human pregnancies preeclampsia develops. This condition is characterized by 
ann elevated blood pressure and proteinuria, developing after 20 weeks gestational age. 
Preeclampsiaa can result in eclampsia, when convulsions develop, or manifest itself as the HELLP 
syndrome,, in which Hemolysis, Elevated Liver enzymes and Low Platelet count (HELLP) are 
present.. Both conditions are associated with severe complications such as cerebral hemorrhage, 
lungg edema or liver hemorrhage and rupture. Moreover women with preeclampsia are two and a 
halff  times more likely to die from ischemic heart disease later in life [7]. Intrauterine growth 
restrictionn and iatrogenic preterm birth of the fetus are associated with preeclampsia, resulting in 
aa high risk of early neonatal death and infant mortality or morbidity, mainly due to respiratory 
diseasee and long term neurological morbidity [6]. 

Thee mechanisms causing preeclampsia are still unclear. Current treatment consists of 
symptomm relief and ultimately delivery. Unraveling the mechanisms causing preeclampsia may 
providee more and better therapeutic options and ultimately a method for prevention of this 
disease.. The purpose of this review is to give an overview of the vascular mechanisms that could 
bee involved in the development of preeclampsia and to indicate the research needed to improve 
ourr understanding of this disease. 

2.. Hemodynami c alteration s in pregnanc y and preeclampsi a 

Normall  pregnancy is associated with extensive anatomical and functional changes of the 
cardiovascularr system to accommodate the demands of pregnancy. There is a rapid expansion of 
thee total circulating blood volume, an increase in heart rate and stroke volume and thus an 
increasee in cardiac output. Blood pressure declines progressively until it reaches its nadir at 20-24 
weekss and progressively increases again towards term [10]. Hemodynamic adaptation is 
detectablee from early in pregnancy. Generalized vasodilatation develops already during the luteal 
phasee after conception [11] and peripheral vascular resistance falls substantially after 5 weeks 
gestation,, until reaching values 34% lower than preconceptional at 20 weeks [12]. As a result of 
maternall  vasodilatation peripheral blood flow increases substantially, primarily in the cutaneous 
[13],, renal [14] and uteroplacental circulation [15]. Alterations in synthesis of or response to 
vasoactivee substances such as nitric oxide (NO), prostaglandins, endothelin (ET) and angiotensin 
(All )) may be involved in the decrease of peripheral resistance in these vascular beds [16]. 

Inn preeclampsia the hemodynamic and vascular adaptation to pregnancy is disturbed. Of the 
feww studies available on early hemodynamic changes in pregnancy one longitudinal study 
showedd that women who subsequently develop preeclampsia have an increased cardiac output 
throughoutt pregnancy [17]. However after development of preeclampsia cardiac output has been 
reportedd to be decreased [18], normal [19,20] or increased [21]. These different findings probably 
reflectt the heterogeneity of preeclampsia [22]. Late hemodynamic changes in preeclampsia are 
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Chapterr 2 

characterizedd by increased blood pressure, reduced plasma volume, increased peripheral vascular 

resistancee and vasoconstriction [23]. 

3.. The etiology of preeclampsia 

Thee etiology of preeclampsia is still unclear. Early in pregnancy there is a suboptimal 

placentation,, and an inadequate hemodynamic adaptation to pregnancy. Maternal constitutional 

factorss such as genetic predisposition, immunological maladaptation to pregnancy and pre-

existingg vascular diseases seem to be involved in this early vascular dysfunction. The disturbed 

placentationn supposedly leads to hypoperfusion of the placenta and ischemia, resulting in the 

releasee of one or more unidentified factors, factor X, from the placenta. Factor X then causes the 

latee vascular dysfunction of preeclampsia, consisting mainly of generalized endothelial 

dysfunction,, resulting in vasoconstriction, activation of the coagulation system and redistribution 

off  fluids, the symptoms of preeclampsia, and often in fetal growth restriction (see figure 1). 

EarlyEarly changes 

LateLate changes 

Maternall  constitutional factors: 

•• Genetic predisposition 

•• Immunological maladaptation 

•• Pre-existing vascular diseases -

I I 
Defectivee placentation 

Factor(s)) X 

Generalizedd vascular  dysfunction 

Preeclampsia a 
Clinicall symptoms 

Figuree 1. Schematic representation of the etiology of preeclampsia. 
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Vascularr function in preeclampsia 

4.. Early vascula r dysfunctio n 

4.11 Defective placentation 
Inn early pregnancy trophoblast cells invade the placental bed, leading to remodeling of the 

spirall  arteries into maximally dilated low resistance vascular channels, unable to constrict to 

vasoactivee stimuli [24], thereby guaranteeing a high flow volume to the uteroplacental bed. In 

preeclampsiaa trophoblast invasion is impaired and the spiral arteries keep their endothelial lining 

andd musculature. Therefore the vessels remain narrow and reactive. In preeclampsia the invasion 

iss confined to the decidual part of the spiral arteries, while about one third of these arteries 

completelyy escapes trophoblast invasion (see figure 2) [25,26]. In order to answer the question 

whetherr the observed abnormal trophoblastic invasion is a primary or secondary phenomenon to 

thee disease, work on intrinsic defects in trophoblast function (attachment properties, adhesion 

molecules,, enzyme secretions, cytokines and growth factors) has become important. Zhou et al. 

foundd that in preeclampsia the invading cytotrophoblast expresses different adhesion molecules 

andd integrins, thereby failing to adapt its adhesion type from one characteristic of trophoblast 

cellss to one characteristic of endothelial cells [27]. 

Myometriumm Decidua Placenta 

Normall  pregnancy 

, ^ \\ \ ">,, 

, „ , i t " " i , , 

. . 

II I I I I I I I I I M l I ' v> 

I''  / , , » 

^Vascu larr smooth muscle 

—— Endothelium S p i r al a r t e ry placental vill i 
Trophoblast t 

Figuree 2. Trophoblast invasion into the spiral arteries in the placental bed in normal pregnancy and 

inin preeclampsia. 
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Chapterr 2 

Itt is also possible that the abnormal trophoblast invasion is a consequence of cytokine (tumour 
necrosiss factor (TNF) a) production by activated decidual leukocytes [28] or altered growth factor 
production,, such as vascular endothelial growth factor (VEGF) and placental growth factor 
(PGF)) [29]. Based on the above described defective placentation, a hypoperfusion of the placenta 
iss presumed. While there is no substantial evidence for placental hypoxia, in vitro models show 
alteredd cytotrophoblast differentiation at low oxygen tension [30] and the defects in preeclamptic 
placentass resemble those seen in hypoxic trophoblast cultures [31]. The structural abnormalities 
off  acute atherosis and placental thrombi, seen in the uteroplacental bed of preeclamptic 
pregnancies,, can also contribute to development of hypoxia. In acute atherosis spiral arteries are 
occludedd by fibrinoid material and surrounded by foam cells. Its presence is not specific for 
preeclampsia,, though; it can also be seen in the case of low birth weight babies and in 
hypertensivee mothers. In addition to these structural changes there are also functional changes 
aggravatingg tissue ischemia. For example, the decreased ratio of prostacyclin (PGI2) to 
thromboxanee A2 (TxA2) production [32] may contribute to a state of vasoconstriction and platelet 
aggregation,, leading to a further reduction of the fetal blood supply in preeclampsia. 

4.2.. Maternal constitutional factors involved in defective placentation 
4.2.1.4.2.1. Genetics 

Epidemiologicall  data show a genetic component in the development of preeclampsia [33]. 
Earlyy work suggested a single recessive gene inheritance, but this model could not explain all 
availablee data [34]. Later both maternal and fetal genotypes were proposed to be responsible for 
increasedd susceptibility to preeclampsia [35], partly by the association between fetal chromosomal 
abnormalitiess and preeclampsia [36]. More recently it has been suggested that preeclampsia is a 
polygenicc trait, with a strong maternal factor [37]. Preeclampsia genes probably act as 
susceptibilityy loci, lowering the threshold for the disease [38]. Implicated in this process are the 
Al ll  gene, where the variant Met235^Thr235 correlates with the risk for preeclampsia or rather 
hypertensionn [39-41], the endothelial nitric oxide synthase (NOS) gene on chromosome 7, 
associatedd with familial pregnancy-induced hypertension [42] and genes involved in TNFa-
productionn [43], thrombophilic disorders, such as the factor V Leiden mutation (1691 G^A) [38] 
andd hyperhomocysteinemia, hypertension and obesity [44]. Thus, far most studies investigating 
thee role of genetics in preeclampsia have been small scale and a large database of genotypes, 
presentt in women with preeclampsia and their children, is needed to elucidate to which extent 
geneticss are involved in preeclampsia. 

4.2.2.4.2.2. Immunology 
Priorr blood transfusion, a prior miscarriage, the practice of oral sex, a longer cohabitation 

periodd before conception and immunization with paternal lymphocytes all reduce the risk for 
preeclampsia.. In contrast, first pregnancy, change of partner, donor insemination and barrier 
contraceptivess all increase the risk for preeclampsia [45,46]. This strongly suggests that a prior 
immunee response to foreign or paternal antigens protects against the development of 
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Vascularr function in preeclampsia 

preeclampsia.. Lymphocytes of women with preeclampsia do not show the cellular 
hyporesponsivenesss to fetal cells that is typical of normal pregnancy [47], the activity of 
circulatingg natural killer cells, neutrophils and cytokines, such as TNFa, interleukin (IL)-6, IL-2 
andd IL-12 is increased [45,46]. In preeclampsia HLA-G, a surrogate auto-antigen known to 
preventt recognition by natural killer cells [48], is not expressed as general in the placenta as in 
normall  pregnancy [49,50]. The resulting activation of leukocytes in the decidua, can cause release 
off  cytokines, elastase and oxygen free radicals, all of which can interact with endothelial 
function.. Whether the decreased HLA-G expression is caused by aberrant trophoblast 
differentiationn or results from an underlying genetic disorder, is still unknown. 

4.2.3.4.2.3. Vascular diseases 
Patientss with pre-existing vascular diseases have an increased risk of developing preeclampsia. 

Chronicc hypertension and autoimmune disorders, such as systemic lupus erythematosus and 
antiphospholipidd syndrome increase the risk 10 times, chronic renal insufficiency 20 times and 
diabetess mellitus 2 times [51]. Furthermore 40-50% of the women with severe preeclampsia have 
thrombophilicc disorders, such as protein S deficiency, Activated protein C (aPC) resistance, 
anticardiolipinn antibodies and hyperhomocysteinemia [44,52]. 

5.. Factor X 

Too link the placental abnormalities to the generalized endothelial dysfunction seen in 
preeclampsia,, the existence of factor X, released from the placenta into the maternal circulation, 
wass proposed. Indeed, sera of preeclamptic patients are toxic to cultured endothelial cells [53,54], 
withh cytotoxicity disappearing postpartum, consistent with improvement of the clinical condition 
[53].. The factor seems to modulate endothelial cell function rather than damage the cells. In 
responsee to preeclamptic serum or plasma, PGI2 [55] and NO [56] production are altered, 
triglyceridess accumulate intracellularly [57], cellular permeability is increased [58] and 
endothelium-dependentt dilatation in isolated arteries is diminished [59]. Initially factor X was 
thoughtt to be a single factor, but increasing evidence suggests the presence of several interacting 
factors,, which might also explain the heterogeneity of the preeclampsia manifestations. 

Amongg the candidate factors are syncytiotrophoblast microvillous membrane particles 
(STBM).. Syncytiotrophoblast is the outer layer of the placenta with countless microvilli on its 
surfacee that forms the contact with maternal blood. Preeclamptic placentas show abnormally 
shapedd microvilli and areas of focal necrosis [60], changes similar to those induced by hypoxia in 
culturedd placental vill i [61]. Whole trophoblast cells are shed into the maternal circulation in 
pregnancyy [62]. This deportation is exaggerated in preeclampsia [63]. Likewise, the plasma 
STBMM concentration is increased in preeclampsia [64]. STBM interfere with growth of cultured 
endotheliall  cells, irrespective of whether a preeclamptic or normal placenta is used for STBM 
preparationn [65]. Perfusion of isolated subcutaneous arteries with a very high STBM 
concentrationn caused abolishment of acetylcholine (ACh)-mediated vasodilatation [66]. In a 
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recentt study, however, we demonstrated that STBM in concentrations found in vivo in 
preeclampsiaa patients have no effect on bradykinin (BK)-mediated dilatation in isolated 
myometriall  arteries (see chapter 4). Therefore the involvement of STBM as factor X in 
preeclampsiaa remains unclear. 

Factorr X could also be oxidative stress. Activated decidual large granulocytes produce 
cytokines,, proteases and oxygen free radicals. When oxygen free radicals are not eliminated by 
antioxidants,, lipid peroxide formation is induced [67]. All these substances can cause endothelial 
damagee [68]. Indeed several authors reported increased levels of lipid peroxidation products in 
preeclampsiaa in blood and decidua basalis [69-71] and preeclamptic placentas produce more lipid 
peroxidess than control placentas [67]. Antioxidant levels, such as thiols [72], vitamin E, C and 
carotenoidss [73] are all decreased in preeclampsia. Moreover superoxide dismutase was 
decreasedd in neutrophils [74] and placentas [75] of women with preeclampsia. STBM and 
oxidativee stress could be potentiating each other's effects. When cultured endothelial cells are 
incubatedd with STBM, a substance is produced that activates peripheral leukocytes and primes 
monocytess to respond stronger upon activation [76]. Chappell et al. recently showed that 
treatmentt of women at increased risk for preeclampsia with high dose vitamin C and E from 16-
222 weeks of gestation onwards decreases their risk to develop preeclampsia. Larger trials are 
neededd to confirm this and to choose the right moment to start, the optimum dose and type of 
antioxidantss [77]. 

Anotherr possibility for factor X relates to the lipid metabolism. In preeclampsia lipid levels are 
increasedd even more than in normal pregnancy [78]. Incubation of endothelial cells with 
preeclampsiaa sera increased their triglyceride content and reduced thrombin-stimulated PGI2 

releasee in one study [57], although this could not be confirmed by others [79]. Endothelial cells 
incubatedd with fatty acids show impaired endothelial PGI2 and NO production [80]. Thus, an 
alteredd fat metabolism can cause functional changes of the endothelium. The alterations in the 
lipidd metabolism in preeclampsia could be caused by cytokines, like TNF-a, IL-1 and IL-6 that 
aree lipolytic in adipocytes by promotion of de novo hepatic fatty acid synthesis and impairment 
off  hepatic fatty acid oxidation and ketogenesis [46]. An interesting finding in this respect is the 
increasedd incidence of HELLP (15%) found when the fetus is homozygous or compound 
heterozygouss for Glu474Gln causing long-chain 3-hydroxyacyl-coenzyme A dehydrogenase 
deficiencyy (LCHAD), a genetic disorder affecting fatty acid fi-oxidation [81]. This could be due 
eitherr to the obligate heterozygosity of the mother for LCHAD mutations, which can cause 
decreasedd fatty acid [3-oxidation, and thus to an increase in plasma fatty acids, as has indeed been 
foundd in preeclampsia [82] or to accumulation of long-chain 3-hydroxyacyl metabolites produced 
byy fetus or placenta. The importance of the latter factor might be minor however, since ante 
partumpartum fatty acid ^-oxidation in the fetus is limited and most energy is supplied by glucose 
transportt from the mother [81], 
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6.. Late systemi c vascula r dysfunctio n 

6.1.. The endothelium 
Thee endothelium plays a major role in the vascular changes in pregnancy. The endothelium 

appearss to be upregulated in pregnancy, producing vasodilatation either as a result of an 

increasedd release of vasodilators or a decreased vasoconstrictor output [16]. In preeclampsia there 

iss overwhelming evidence for endothelial dysfunction [4,83]. Morphological evidence includes 

glomerularr endotheliosis, with swollen endothelial cells in the glomeruli, which could cause 

hypoperfusionn of the kidney and protein leakage [84]. Structural changes of the endothelium have 

alsoo been found in the uteroplacental vessels [85]. In addition extensive evidence exists for 

functionall  disorders of the endothelium. The concentrations of Von Willebrand factor, ET, 

fibronectinn and several cell adhesion molecules are increased and there is a change in balance 

betweenn tissue plasminogen activator and inhibitor and between PGI2 and TxA2, all indicating 

endotheliall  cell activation [4]. Vascular tone and thus peripheral resistance are known to be under 

continuouss influence of endothelium-derived factors. Consequently, the altered state of the 

endotheliumm in preeclampsia has major consequences for the regulation of tone. The mechanisms 

forr endothelium-dependent vasodilatation and vasoconstriction and the vasoactive substances 

implicatedd to be involved in preeclampsia wil l be discussed below. Table I gives a summary of 

vasoactivee substances whose altered productions have been implicated in preeclampsia. 

6.1.1,6.1.1, Endothelium-dependent vasodilatation 

Investigationss in isolated arteries have yielded some direct evidence for vascular endothelial 

dysfunctionn in preeclampsia and generally agree that endothelium-dependent dilatation is 

impairedd in preeclampsia [86-89]. The endothelium-derived vasodilatory substances PGI2, NO 

andd endothelium-derived hyperpolarizing factor (EDHF) could all mediate this impairment of 

dilatation. . 

Thee first substance implicated in preeclampsia was PGI2 [90]. PGI2 metabolites were found to 

bee reduced in urine [91] and plasma of women with preeclampsia [92,93]. PGI2 synthesis was 

alreadyy decreased in the first trimester [91]. Furthermore incubation of endothelial cells with 

preeclampticc serum inhibits PGI2 release [57]. PGI2 is usually analyzed in relation to TxA2, a 

potentt vasoconstrictor and platelet aggregator, produced mainly by platelets and to a lesser degree 

byy endothelium. A reduced PGI2 production can cause an increased TxA2 concentration due to 

platelett aggregation. Indeed, urinary TxA2 metabolites are increased in preeclampsia [91] and 

correlatee with disease severity [94]. A reduced PGI2/TxA2 ratio, found in blood, cytotrophoblast 

[95]]  and placental extracts [96] of preeclampsia patients, was thus proposed to cause the 

vasoconstrictionn in preeclampsia. Although most studies have indeed found evidence for an 

imbalancee in the PGI2/TxA 2 ratio, restoration of the PGI2/TxA2 ratio with low dose aspirin 

hardlyy prevents the development of preeclampsia, indicating that the PGI2/TxA 2 mechanism is 

nott the only mechanism involved [97]. The vasodilatory responses to endothelium-dependent 

agonistss such as ACh and BK are impaired in isolated arteries from 
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Tablee I . Vasoactive substances and their effects. 

Substance e 

PGI2 2 

TxA2 2 

NO O 

EDHF F 

ET T 

VEGF F 

AN P P 

Renin,, Aldosterone, 

Catecholamines s 

Vasoactivee effect 

Vasodilatation n 

Vasoconstriction n 

Vasodilatation n 

Vasodilatation n 

Vasoconstriction n 

Vasoconstriction n 

Vasodilatation n 

Al ll  Vasoconstriction 

Vasoconstriction n 

Samplee site 

Peripherall  blood/urine M 

Placentall  production M 

Urinee M 

Placentall  production M 

Peripherall  blood/urine M 

Peripherall  blood/uterine vein 

Peripherall  blood 

Peripherall  blood 

Peripherall  blood 

Peripherall  blood/urine M 

Cone e 

i i 

1 1 

T T 

T T 

T T 

1 1 

7 7 

T T 

T T 

i i 

T T 

i i 

in in 

Refs s 

[91-93] ] 

[95,96] ] 

[91] ] 

[95,96] ] 

[98-100] ] 

[101] ] 
[102-104] ] 

[105-109] ] 

[110-113] ] 

[114,115] ] 

[116,117] ] 

[118] ] 

[119] ] 

VasoactiveVasoactive substances that have been implicated to play a role in preeclampsia, along with their vasoactive 

effect,effect, the reported concentrations (cone) in preeclamptic patients vs normal pregnancy (Cone: T—increased, i 

—decreased,—decreased, --no difference, M-metabolites measured) in samples from different sampling sites and the 

relevantrelevant references. 

womenn with preeclampsia [86-89]. Although NO plays a dominant role in these responses 

currentt evidence related to the involvement of NO in preeclampsia remains controversial, with 

studiess favouring [87,88] and challenging [89] it. 

Nott only data concerning vascular responses to BK and ACh are conflicting, also levels of NO 

metabolitess were found lower [101], similar [102-104] or even increased [98-100] in preeclampsia, 

whereass sera from preeclamptic pregnancies were found to increase NOS activity in endothelial 

celll  cultures [56]. The concept of NO deficiency in preeclampsia therefore remains controversial. 

Thee predominant physiological stimulus for endothelial NO synthesis is shear stress [120]. Flow-

inducedd shear stress is a modulator of vascular tone in isolated arteries from normal pregnant 

women,, mediated by NO, but not prostanoids [121]. In preeclampsia shear-mediated NO release 

iss impaired, which could contribute to the vasoconstriction and increased vascular resistance 

[122,123].. Clinical studies have shown NO donors to strongly suppress hypertension in 

preeclampsiaa patients [124] and to improve umbilical cord blood flow to the fetus [124,125]. This 

indicatess a role for NO in preeclampsia at least in the uteroplacental circulation, although it 

remainss unclear whether this is just symptom relief or there is an etiological role for NO. 
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Recently,, the presence of a vasodilatory substance, produced by the endothelium and acting 

byy hyperpolarizing vascular smooth muscle cells, EDHF, has been discovered [126]. It has been 

suggestedd that EDHF is a cytochrome P450-derived arachidonic acid product [127] or an 

endogenouss cannabinoid [128]. In resistance arteries of normal pregnant and women with 

preeclampsiaa endothelium-dependent dilatation was attenuated despite blockade of prostanoids 

andd NO, suggesting a role for EDHF [129], Further research is needed to identify EDHF and to 

elucidatee its role in preeclampsia. 

6.1.2.6.1.2. Endothelium-dependent vasoconstriction 

ET,, a vasoconstrictive substance produced by the endothelium, has been implicated in the 

pathogenesiss of preeclampsia. Plasma ET concentrations appear to be elevated in preeclampsia 

[105-109],, although there is a substantial overlap with normal values. Uterine vein ET levels were 

33 times higher in preeclampsia, indicating a role for ET in the decreased uteroplacental blood 

floww [106]. Incubation of endothelial cells with preeclamptic serum suppresses ET production. 

Thiss may however be caused by a factor in the serum, released in response to the elevated ET 

concentrationss [130]. ET-induced constriction was similar in preeclampsia and normal pregnant 

patientss in isolated myometrial arteries but enhanced in omental arteries [96,131,132]. This could 

bee explained by receptor down-regulation in uteroplacental circulation in response to the 

increasedd concentrations. The role of ET in preeclampsia, thus, seems to be restricted to the 

uteroplacentall  circulation. 

6.2.. Circulatin g vasoactive substances 
Atriall  natriuretic peptide (ANP) is a vasodilatory hormone produced mainly in the atrial 

myocytess in response to wall stretch and in the placenta. In preeclamptic plasma ANP levels have 

beenn found to be increased [116]. ANP opposes the vasoconstrictive action of ET [133] and Al l 

[134],, and induces vasodilatation in the uteroplacental vasculature of women with preeclampsia 

ass well as a small reduction in blood pressure [135]. 

Moree recently VEGF was proposed to be involved in preeclampsia [136]. VEGF is not only 

involvedd in vascular growth, but also has a vasoactive effect and causes increased vascular 

permeability.. Circulating levels of VEGF were found to be elevated [110-113] and correlated to 

bloodd pressure in patients with preeclampsia [111], although others found decreased 

concentrationss [114,115]. The observed decreased concentrations could however be due to the 

usee of a detection technique, in which VEGF binding proteins interfere, thereby disabling 

detectionn of bound VEGF [137]. VEGF was not detectable before the onset of clinical symptoms 

[110].. The source of the increased VEGF in preeclampsia is unclear. VEGF is expressed in the 

placentaa [138] and trophoblast cells cultured under hypoxic conditions show increased VEGF 

productionn [139]. However, VEGF mRNA expression in placental tissue decreases with 

increasingg gestation and is even further decreased in preeclampsia [140]. VEGF might also be 

releasedd by aggregating platelets [141] and vascular smooth muscle cells [142]. Increased VEGF 

concentrationss could contribute to the extravasation of plasma proteins and subsequent 
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developmentt of proteinuria, both characteristic features of preeclampsia. Hayman et al. reported 
thatt VEGF impairs endothelium-dependent dilatation to levels similar to those obtained in 
arteriess of women with preeclampsia. This response was largely reversed by incubation with 
antibodyy to VEGF [136]. Confirmation of these findings and further research into the origin of 
thee increased VEGF concentration and its mechanism of action in preeclampsia is needed to 
developp therapeutic strategies directedd against this substance. 

6.3.. Vascular  smooth muscle 
Thee increased vascular resistance in preeclampsia is closely related to an increased 

responsivenesss to vasopressors. While All , as well as the active renin and aldosterone 
concentrationss [118], is decreased in preeclampsia, the sensitivity of the vasculature to Al l is 
increased.. Women who subsequently develop preeclampsia lose their resistance to Al l as early as 
gestationall  week 23, and become even more sensitive to Al l near term than nonpregnant women 
[143].. This increased pressor response may be due to altered numbers of Al l receptors or altered 
affinityy of the receptor [144]. Since PGI2 is one of the factors regulating renin release, the reduced 
PGI22 production in preeclampsia can be the cause of the reduced Al l concentrations, which 
couldd result in upregulation of receptors and sensitivity. Therapy with angiotensin converting 
enzymee inhibitors however is not a possibility in pregnancy since they are toxic to the fetus [145]. 
Howeverr the link of the Al l gene to hypertension suggests involvement of the angiotensin system 
alreadyy in the early phase of preeclampsia. Agonistic auto-antibodies to the Al l receptor have 
beenn observed in preeclampsia [146]. These auto-antibodies could only be detected shortly before 
developmentt of clinical symptoms, suggesting them to play a role in the late rather than the early 
phasee of preeclampsia. Enhanced pressor responses are not unique to All , but are also seen in vivo 
too norepinephrine (NE) [147] and in vitro, in isolated arteries, to vasopressin (VP) and 
prostaglandinn F2a [148]. 

Furthermore,, an enhanced pressure-induced myogenic tone was found [88]. This could be due 
nott only to the increased sensitivity to vasopressors and the endothelial dysfunction, but also to 
ann increased activity of the sympathetic nervous system or an altered calcium sensitivity of the 
contractilee apparatus. The sympathetic nervous system can control vascular tone by releasing 
catecholaminess that can induce vascular smooth muscle contraction. Research first focused on 
circulatingg catecholamine concentrations, but results were conflicting, and it is now accepted that 
thiss is an insensitive method of measuring sympathetic activity. Schobel et al. measured 
sympatheticc nerve activity of fibers innervating blood vessels in skeletal muscle and found an 
increasedd sympathetic activity in preeclampsia [119]. The fact that age-matched nonpregnant 
hypertensivee women did not show any increase in sympathetic activity, indicates that the changes 
foundd in preeclampsia are specific to the disease rather than secondary to high blood pressure 
[119].. The mechanisms underlying this increased sympathetic activity are unclear. The increase is 
nott linked to heart rate or baroreceptor-mediated feedback on central sympathetic outflow. 
However,, the role of humoral and paracrine factors, influencing the central nervous system has 
nott yet been investigated [119]. The fact that methyldopa, a centrally acting drug, reducing 
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sympatheticc outflow, is the drug of choice for longer term blood pressure control in preeclampsia 
indicatess the involvement of this system in preeclampsia [134]. However, with progression of the 
diseasee additional medication is usually required indicating other systems to be involved. 
Increasedd calcium sensitivity can be caused by various substances through several pathways 
[149].. On the other hand, endothelium can reduce calcium sensitivity by NO production. In 
preeclampsia,, where the endothelium is dysfunctional and the sensitivity to vasopressors 
changed,, this could result in an increased smooth muscle calcium sensitivity. We have indeed 
foundd the increased vascular tone in preeclampsia to be associated with an increased sensitivity of 
subcutaneouss arteries to intracellular calcium (see chapter 9). From this perspective modulators 
off  calcium sensitivity can in the future provide us with a more accurate therapy for preeclampsia. 

Itt should be kept in mind that the increased peripheral resistance in preeclampsia can be the 
resultt of either vasoconstriction, due to an altered production of or sensitivity to vasoactive 
substances,, inward vascular remodeling, or even rarefaction (i.e. the disappearance of arterioles). 
Concerningg remodeling, the observed greater media thickness to lumen diameter ratio in omental 
arteriess of preeclampsia patients indeed indicates an altered wall structure [150], although it 
remainss unclear whether this represents an adaptation to the increased pressure or is a cause of 
increasedd blood pressure. Recent in vitro work showed that arteriolar remodeling can occur within 
aa period of 3 days [151]. This rapid alteration in arteriolar structure allows a role for remodeling 
inn the increased peripheral resistance in preeclampsia and in its fast reversal after delivery. 

7.. Conclusion s and futur e perspective s 

Thee multitude of systems involved in the pathophysiology of preeclampsia and their complex 
interactionss provide an intriguing challenge. It is essential to clarify the mechanisms involved in 
earlyy and late vascular dysfunction and to identify the factor(s) connecting them in order to 
understand,, treat and eventually prevent preeclampsia. There are however many concerns that 
complicatee research on preeclampsia. A major problem in preeclampsia research is the lack of a 
validd animal model that can enable a more thorough investigation of the pathogenesis of this 
diseasee and allow for the test of possible interventions. One important confining factor in 
developmentt of new therapies is the exposure of not only the mother but also the fetus to the 
treatment.. Furthermore, the fact that preeclampsia only presents itself in the late phase of the 
disease,, necessitating large numbers of patients to enter studies to find only few preeclampsia 
patients,, prevents the development of satisfactory screening strategies and the thorough 
investigationn of early pregnancy pathophysiology. Finally, for obvious reasons the use of invasive 
investigationss in early pregnancy can only be very limited. 

Understandingg the mechanisms leading to defective placentation, where the roots of 
preeclampsiaa seem to be, is required to provide clues for prevention. Growth factors, adhesion 
molecules,, cytokine production and antigen expression of the placenta are of importance in this 
respect.. An extensive database with genotypes of women who developed preeclampsia and their 
childrenn is needed to gain knowledge about the role of genetics in the pathophysiology of 
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preeclampsia.. Such information may result in new methods for screening or, in the future, even 
inn possibilities of gene therapy. 

AA large amount of scientific research is required to elucidate the mechanisms of defective 
placentation.. It is therefore not conceivable that a therapy aimed at these primary events will 
becomee available in the near future. Until then, treatment should be aimed at reduction or 
preventionn of endothelial damage. Elucidating the mechanisms involved in this damage 
obviouslyy would improve our chances of finding effective treatment strategies. Based on the 
evidencee that oxidative stress and free radical formation are increased in preeclampsia, treatment 
withh antioxidants might prove worthwhile, and indeed such trials are in progress and promising. 
Thee possibilities for correction of hyperlipidemia also need to be studied. If indeed a role for 
STBMM can be established, therapies could be developed to remove these particles from the 
circulationn or to prevent their damaging effect. The finding of impaired shear-mediated NO 
releasee in isolated arteries in preeclampsia suggests that increasing NO in circulation with NO 
donorss or the substrate for NO, L-arginine, may prove to be a successful treatment strategy. 
Confirmationn of the results reported by Hayman et al. on the role of VEGF in preeclampsia [136] 
iss required. If VEGF is indeed involved, therapeutic use of heparin should be reconsidered, since 
heparinn is known to strongly bind VEGF. The option of intervention at the level of vascular 
smoothh muscle cells is insufficiently explored. From this perspective calcium sensitivity 
modulatorss form a new group of possible therapeutic agents. 

Thee authors thank Prof. O.P. Bleker, J.A.M, van der Post and H. Nisell for their careful 
readingg of the manuscript and their helpful comments. 
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Abstract t 

Microparticless are membrane vesicles released from many different cell types. There are two 
mechanismss that can result in their formation, cell activation and apoptosis. In both these 
mechanismss different pathways are involved in microparticle generation. Microparticle 
generationn seems to be a highly regulated process that results in formation of microparticles that 
varyy in size, phospholipid and protein composition. Microparticles have a potent pro-
inflammatoryy effect, they promote coagulation and they affect vascular function. Since all these 
processess are involved in the pathogenesis of cardiovascular disease and microparticle numbers in 
venouss blood are altered in many cardiovascular diseases, a role for microparticles in the 
pathogenesiss of cardiovascular diseases is likely. Although the so far gathered information points 
towardss a causal role of microparticles in these diseases, additional evidence is required to 
confirmm this. Clarification of the microparticle composition and the mechanisms involved in 
exertionn of their effects will hopefully supply us with this evidence and enable us to develop 
additionall  intervention strategies for prevention and treatment of cardiovascular diseases. 
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1.. Introductio n 

Microparticless were first described in 1967 when Wolf reported shedding of membrane 
fragmentss after activation of platelets in vitro [152]. He called these fragments "platelet dust". This 
"dust""  contained vesicles, smaller than 0.1 urn in diameter, which promoted coagulation and 
weree also present in plasma. In the past decades it has become apparent that many cell types can 
releasee microparticles and that these microparticles may not just be side effects of cellular 
processes,, but may be involved in physiology and pathophysiology. In vitro, the release of 
microparticless from endothelial cells, vascular smooth muscle cells, platelets, leukocytes, 
lymphocytess and erythrocytes has been shown and the occurrence of these microparticle 
populationss has been demonstrated in the venous blood of both healthy volunteers and various 
patientt groups. The numbers and composition of the various microparticle populations are 
diseasee dependent, but the impact of these changes on their in vivo function is insufficiently 
known.. Microparticles have been implicated to play a role in inflammation, coagulation, and 
vascularr function. In this review, we will summarize recent information on microparticle 
formation,, composition, and - most important - their putative physiological and pathological 
functionss in cardiovascular diseases. Furthermore, we will discuss the evidence that some 
currentlyy used therapies may in fact partially exert their effects via the blockade of microparticle 
formation. . 

2.. Microparticl e formatio n 

Theree are two well-known cellular processes that can lead to the formation of microparticles, 
celll  activation and apoptosis. At present we do not know whether cell activation and apoptosis 
leadd to the formation of similar microparticles, in terms of their size, lipid and protein 
compositionn and their (patho-)physiological effects. There are, however, differences in the 
mechanismss resulting in their formation. The processes thought to be involved in microparticle 
formationn during cell activation and apoptosis are presented schematically in figure 1. 

2.1.. Cell activation 
Thee cellular activation-associated formation of microparticles can be induced by many 

agonists,, dependent on the cell under study (figure 1, left panel). Platelets, for instance, can be 
activatedd by thrombin, calcium ionophore A23187, adenosine diphosphate (ADP) plus collagen, 
thee terminal complement complex C5b-9 or shear stress [153-165]. Other cells can also be 
activatedd by e.g. bacterial lipopolysaccharides, cytokines, such as TNFa or IL-1, C5b-9 complex 
orr by hydroperoxide [166-171]. In general, the release of cell activation-associated microparticles 
iss time- and calcium-dependent. The shedding starts within minutes after stimulation of cells with 
agonistss [158,160,172]. As one of the first signs of cell activation, cytosolic calcium 
concentrationss rise as part of the overall activation process [161,163,169], but also and especially 
att the site of vesiculation [173]. Preventing this calcium elevation by chelating extracellular 
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Celll  activation Apoptosis 

Figuree 1. Schematic representation of mechanisms involved in microparticle formation during cell 

activationactivation and apoptosis. 

calciumm with EGTA prevents vesiculation [169]. The cytosolic calcium increase leads to several 

downstreamm processes in the cellular activation, including (in)activation of several kinases, 

phosphatasess and the protease calpain [ 161,163,169,174-177]. 

Microparticlee formation requires the breakdown of the membrane skeleton, the subcellular 

systemm that provides the cell membrane with structural stability [178], This membrane skeleton 

mainlyy consists of actin, and also of vinculin, talin and other muscle-like proteins. The exact 

interactionn between the cell membrane and the membrane skeleton, which prohibits microparticle 

formation,, is currently unknown. Part of the breakdown of the membrane skeleton is effected by 

thee calcium-dependent protease calpain, which degrades talin [169]. This is one of the direct 

pathwayss through which the increased cytosolic calcium is involved in facilitation of 

microparticlee formation. 

Microparticlee formation is also in some way linked to the glycoprotein(GP) Ilb-III a complex. 

Thiss complex, in its active conformation, functions as the main fibrinogen receptor on the platelet 

membrane.. RGD, the peptide sequence within the fibrinogen molecule that binds to the GP Ilb-

Ill aa complex, inhibits microparticle formation induced by several agonists [160]. This implies 

thatt the GP Ilb-III a complex is involved in the cell activation-associated microparticle formation 
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inn platelets (figure 1, left panel). The role of GP Ilb-III a in platelet microparticle formation is 
supportedd by studies with platelets from patients with Glanzmann's thrombasthenia. Their 
plateletss have reduced amounts or complete absence of functional GP Ilb-III a and an impaired 
abilityy to vesiculate [160]. 

2.2.. Cell apoptosis 
Blebbingg of membranes is a well-known phenomenon of cells undergoing apoptosis [174,179]. 

Suchh blebs may differ from microparticles formed by cell activation in size, lipid and protein 
compositionn and (patho-)physiological effects. Apoptosis is characterized by cell contraction, 
dynamicc membrane blebbing and DNA fragmentation. The contractile force, generated by actin-
myosinn cytoskeletal structures, is thought to drive the formation of membrane blebs [180] (figure 
1,, right panel) [181]. Occurrence of apoptotic membrane blebbing is dependent on the function of 
thee rho-associated kinase, ROCK I [174], ROCK I promotes generation of contractile force by 
contributingg to increased actin-myosin force generation and coupling of actin-myosin filaments to 
thee plasma membrane [182], During apoptosis ROCK I is cleaved by activated caspases, which 
resultss in the generation of an active truncated kinase. This active kinase drives cell contraction 
andd membrane blebbing [174]. ROCK I activity and, as a consequence, membrane blebbing are 
requiredd for redistribution of fragmented DNA from the nuclear region into the membrane blebs 
andd apoptotic bodies [174]. Thus, microparticle formation during apoptosis results from ROCK I 
activityy and the resulting disruption of the membrane skeleton structure, and results in formation 
off  microparticles that can contain fragmented DNA (figure 1, right panel). 

3.. Microparticl e compositio n 

Microparticless consist mainly of lipids and proteins. Each of these constituents may differ 
betweenn microparticles, depending on their cellular origin, the cellular process triggering their 
formationn and on other factors. 

3.1.. Lipid s 
Microparticless are surrounded by a phospholipid bilayer. In resting cells the various 

phospholipidd species are distributed asymmetrically in the phospholipid bilayer. This 
asymmetricall  phospholipid distribution is usually disturbed during microparticle formation [183]. 
Onee of these phospholipids, phosphatidylserine (PS), is located almost exclusively in the cytosolic 
leaflett of the cell membrane of resting cells. Upon activation or during apoptosis PS redistributes 
andd becomes present also in the outer leaflet, which contacts the milieu exterieur, thereby 
providingg thee microparticle with a negatively charged - and thus procoagulant - surface [184]. 

Onlyy limited information is available on the phospholipid composition of microparticles in 
healthh and disease. Weerheim and coworkers reported the phospholipid composition of 
microparticless in the venous circulation of healthy humans [185]. They consisted mainly of 
phosphatidylcholinee (PC, approximately 60%) and smaller amounts of e.g. sphyngomyelin (SM), 
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phosphatidylethanolaminee (PEa) and PS were present [185]. Although microparticles in the 
venouss circulation of healthy volunteers are mainly derived from platelets [186], the phospholipid 
compositionn of these microparticles and composition of the platelet membrane clearly differs. 
Thiss is probably due to the presence of microparticles from other cells and/or from selective 
sheddingg of phospholipids into microparticles. Fourcade and coworkers reported that 
microparticless from synovial fluids of inflamed joints of patients with arthritis contain PC, PEa, 
SM,, and lysophospholipids {all 20-25%) and small amounts of PS [165]. This composition clearly 
differss from that of the microparticle population in venous blood from healthy humans [185]. 
Microparticless in the synovial fluids are mainly derived from leukocytes [187] and circulating 
microparticless in healthy humans mainly from platelets. This may indicate that the phospholipid 
compositionn of microparticles from different cell types differs, or alternatively, that inflammatory 
stimulii  can produce microparticles with varying phospholipid composition. Huber and coworkers 
recentlyy reported the presence of oxidized phospholipids in microparticles released from 
endotheliall  cells exposed to an oxidative stress stimulus, and in microparticles exposed to 
oxidativee stress after their formation [172]. Oxidized phospholipids were not present in 
microparticless released from cells stimulated with a non-oxidative stimulus [172]. 

Thus,, the phospholipid composition and the phospholipid oxidation status may differ between 
microparticless from different parent cells or subjected to different conditions or stimuli during 
theirr formation. 

3.2.. Proteins 
Microparticless expose membrane antigens that are specific for the "parent cell" they originate 

from,, which enables the determination of their cellular source [188]. However, microparticles 
mayy also expose molecules that have been upregulated by cell activation or apoptosis [167]. For 
instance,, several antigenic determinants of microparticles from TNF-stimulated cultured 
endotheliall  cells, e.g. adhesion molecules, were also present on resting cells, but these 
microparticless also exposed antigenic determinants that were upregulated by activation [167]. 
Furthermore,, microparticles can expose components that are derived from granules within the 
cell,, which are not necessarily exposed on the surface of the non-activated "parent cell". For 
example,, microparticles from platelets that secreted their granules upon activation, expose 
moleculess derived from these intracellular granules such as P-selectin and GP 53 [154,162], These 
microparticless are also highly enriched in a-granule-derived factor Va [162]. Similar observations 
weree done in T cell-derived microparticles, which exposed GP 53 from endocytic origin [189]. 

Microparticlee shedding must be a well-regulated process, since major differences can occur in 
antigenn exposure and densities between "parent cells" and microparticles derived there from 
[189,190].. For example, T cell-derived microparticles lack the proteins CD28 and leukocyte 
commonn antigen (CD45), which are among the most abundantly present proteins of the parent 
celll  membrane [189]. Stimulation of platelets with complement complex C5b-9 produces 
microparticless that, compared to the platelets, are highly enriched in the C9-neoantigen [162] and 
havee a 1000-fold higher surface density of C5b-9, suggesting that these microparticles are shed 
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fromm the site of insertion of the C5b-9 complex [162]. Also, erythrocyte-derived microparticles are 

specificallyy enriched in various antigens and receptors [191,192]. The fact that the sorting process 

off  proteins into the microparticles is a complex phenomenon is further illustrated by the fact that 

somee of the proteins present in lipid rafts - specific subdomains of the membrane that are 

enrichedd in cholesterol- and sphingomyelin as well as several proteins - of the erythrocyte 

membranee are transferred into microparticles, while others are not [190]. 

Thee sorting process of proteins into microparticles is actually even more complex, because 

theirr composition also depends on the agonist that triggers microparticle generation. T cells 

producee microparticles that are enriched in CD3e- and ^-chains only upon activation of the T cell 

antigenn receptor and not upon activation by ionomycin plus p-methoxyamphetamine 

hydrochloridee [189]. Microparticles from thrombin- or collagen-activated platelets expose GP Ilb-

Ill aa complexes that bind fibrinogen, in contrast to microparticles produced by platelets incubated 

withh C5b-9, which do not bind fibrinogen [154]. However, it should be kept in mind that even 

microparticless formed by the same cell population in response to a single agonist can still form a 

heterogeneouss population. For instance, microparticles released from platelets after stimulation 

withh serum from patients with heparin-induced thrombocytopenia are heterogeneous in size and 

inn GP Ilb-III a exposure [193]. 

Thus,, microparticles vary in size, phospholipid and protein composition and therefore 

probablyy in their functional capacity and activity. The shedding seems to be a well-regulated and 

selectivee process, thereby creating differences in microparticle characteristics. 

4.. Microparticl e functio n 

Microparticless are present in the circulation of healthy humans. We described the numbers 

andd cellular origin of microparticles in the blood of healthy men [186] and women (see chapter 

5).. Circulating microparticles were mainly derived from platelets, but also from erythrocytes, 

leukocytess and endothelial cells [186,194]. These microparticles initiated thrombin generation in 

vitrovitro [186] (see chapter 8). Microparticles have also been studied in various disease states, in 

whichh their numbers, cellular source and composition proved altered. These observed differences 

aree likely to affect their putative functions. Although many aspects of microparticle function are 

stilll  unclear, a picture develops in which microparticles play an important role in inflammation, 

coagulation,, and vascular (dys-)function. Theoretically, microparticles may have different 

(patho-)physiologicall  functions, namely 1) enriched shedding of membrane components from the 

parentt cell which can then be transported to other cells, 2) direct activation of inflammation, 

coagulationn or vascular function by components on the microparticle surface and 3) indirect 

activationn of these processes via their activating effects on various cells. Since inflammation, 

coagulationn and vascular function are all involved in the pathogenesis of cardiovascular diseases, 

wee wil l discuss how microparticles can be involved in these disease processes (see figure 2) and 

illustratee their putative roles. 
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Inflammatio n n 
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Figuree 2. Schematic representation of functions attributed to microparticles. 

4.1.. Inflammatio n 

4.1.1.4.1.1. In vitro evidence 

Ann increased inflammatory response is involved in the pathogenesis of cardiovascular 

diseases.. Adhesion of monocytes and neutrophils to the endothelium is an early event in vascular 

inflammatoryy syndromes and, together with the subsequent transendothelial migration of the 

leukocytes,, a crucial step in the development of atherosclerosis [195]. Adhesion molecules 

exposedd on endothelial cells attract various classes of leukocytes to the vascular wall. 

Microparticless expose cell-specific adhesion molecules on their surface. For instance, endothelial 

celll  microparticles, derived from resting or TNFcc-stimulated cells, expose the adhesion molecules 

intercellularr adhesion molecule-1 (ICAM-1), E-selectin, vitronectin-3 and platelet endothelial cell 

adhesionn molecule-1 (PECAM-1) [167], Furthermore, microparticles trigger exposure of adhesion 
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Tablee I. Effects of microparticles on leukocytes, endothelial cells and the interactions between these cells, 

Effectss Refs 

•• Induction of monocyte adhesion to endothelial cells by endothelial [172] 

microparticles s 

•• Induction of lymphocyte function antigen-1 (CDlla/CD18, aLp2) and [196] 

macrophagee antigen-1 (CDllb/CD18, a^i) exposure on monocytes by 

platelett microparticles, resulting in monocyte adhesion to endothelial cells 

•• Induction of ICAM-1 exposure on endothelial cells by platelet microparticles, [196] 

resultingg in monocyte adhesion to endothelial cells 

•• Induction of CDl lb expression on leukocytes by platelet microparticles, [153,197] 

resultingg in increased phagocytic activity and increased leukocyte-leukocyte 

binding g 

•• Activation of neutrophils by endothelial microparticles \\o&\ 

•• Induction of cytokine production by endothelial cells with endothelial or [198,199] 

leukocytee microparticles, resulting in chemotactic attraction of leukocytes 

•• Transfer of chemokine receptors to peripheral mononuclear cells, monocytes [200] 

andd endothelial cells from peripheral mononuclear cell and monocyte 

microparticles s 

moleculess or their ligands on endothelial cells and leukocytes, thereby stimulating interactions 

betweenn these cells, as summarized in table I. Such interactions promote the inflammatory 

responsee (see figure 2). 

4.1.2.4.1.2. In vivo evidence 

Theree is some evidence for a role of microparticles in inflammatory processes available from in 

vivovivo studies. Mesri and coworkers described a heterogeneous microparticle population in healthy 

humans,, of which the numbers could be doubled by administration of N-formyl-Met-Leu-Phe, an 

inflammatoryy stimulus. The resulting microparticle population contained both leukocyte- and 

platelet-derivedd microparticles [201]. The leukocyte microparticles in this population induced 

culturedd endothelial cells to produce IL-6 and monocyte chemoattractant protein-1 and to expose 

tissuee factor (TF) [201]. During various systemic inflammatory conditions, microparticle 

numberss are increased in the systemic circulation, as summarized in table II. 
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Tablee II . Diseases in which total microparticle numbers or numbers of subgroups of micropart ides in the 
venousvenous circulation are increased. 

Disease e 

Acutee coronary syndromes 

Arteriosclerosiss obliterans 

Diabetes s 

Hypertension n 

Idiopathicc thrombocytopenia 

Lupuss anticoagulant 

Paroxysmall  nocturnal hemoglobinuria 

Preeclampsia a 

Sepsis s 

Systemicc inflammation after trauma or sepsis 

Uremia a 

Increasedd microparticles 

Total,, endothelium 

Platelet t 

Totall  and platelet 

Platelet t 

Platelet t 

Endothelium m 

Totall  and platelet 

Leukocyte e 

Leukocyte e 

Platelet t 

Platelet t 

platelet t 

Refs s 

[202,203] ] 

[204] ] 

[205,206] ] 

[205] ] 

[207,208] ] 

[167] ] 

[209] ] 

[194] ] 

[210,211] ] 

[212] ] 

[205] ] 

4,1,3.4,1,3. Microparticle components involved in inflammation 
Oxidizedd phospholipids may be the biologically active components of microparticles that cause 
monocytee adherence to endothelial cells and neutrophil activation [172]. Patel and coworkers 
identifiedd these oxidized phospholipids in microparticles from endothelial cells, activated with 
peroxide,, which facilitated intercellular adhesion [168]. As previously mentioned, these oxidized 
phospholipidss are present in endothelial microparticles subjected to oxidative stress during or 
afterr formation, but not in microparticles released after a non-oxidative stimulus [172]. 
Furthermore,, apoptosis is accompanied by oxidative stress [213] and microparticles from 
endotheliall  cells undergoing apoptosis contain oxidized phospholipids [172]. Oxidative stress 
andd apoptosis are well-recognized phenomena in many cardiovascular diseases, such as 
cardiomyopathy,, myocarditis, acute myocardial infarction, atherosclerosis and preeclampsia 
(reviewss see [179,214,215 and 216]). 
Furthermore,, oxidized phospholipids in low-density lipoproteins are implicated in the 
pathogenesiss of atherosclerosis (for reviews see [214 and 217]). Therefore, the occurrence of 
oxidizedd phospholipids in apoptotic microparticles and in microparticles formed in the presence 
off  oxidative stress may be an important mechanism in the pathogenesis of these diseases. 
Oxidizedd phospholipids exert their actions through platelet activating factor (PAF) receptors 
[168,218],, which are exposed on both endothelial cells and leukocytes [219]. The exact pathways 
throughh which the effects of oxidized phospholipids are accomplished after their interaction with 
thee PAF receptor are not yet clarified, but may be similar to the actions of PAF when it binds to 
thee PAF receptor, i.e. internalisation of the complex and increase of intracellular calcium 
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concentrationss [220,221]. However, another possible mechanism is the delivery of arachidonic 

acidd by microparticles to endothelial cells, monocytes and platelets [157,196]. Since arachidonic 

acidd is a component of oxidized phospholipids the two above proposed mechanisms could in 

factt be part of the same mechanism. 

Thus,, considering the above described evidence for microparticle-leukocyte-endothelial cell 

interactions,, the altered numbers of circulating microparticles in patients with inflammatory and 

cardiovascularr diseases or with cardiovascular risk factors and the recognition of a possible role 

forr microparticle phospholipids and their oxidation status in these processes, provide evidence 

thatt microparticles are actively involved in inflammatory processes and thus in cardiovascular 

diseases. . 

4.2.. Coagulation 
4.2.1.4.2.1. In vitro evidence 

Patientss with cardiovascular diseases have an increased risk of thrombosis, which can manifest 

itselff  as acute myocardial infarction or stroke [222], There is substantial in vitro evidence for 

microparticlee involvement in activation of the coagulation system. Coagulation requires not only 

(activated)) coagulation factors and calcium ions, but also membranes exposing negatively 

chargedd phospholipids, such as PS. Exposure of PS facilitates binding of (activated) coagulation 

factorss to the membrane, thereby enabling the formation of tenase- and prothrombinase-

complexes.. Subsequently, blood coagulation can start, especially when TF - a transmembrane 

proteinn that initiates coagulation through the extrinsic coagulation pathway - is exposed. 

Microparticless have a negatively charged phospholipid surface [183], readily bind activated 

coagulationn factors [154,158,162,223] and expose TF in various conditions [166,171,210,224-

226].. Both in vitro prepared and in vivo generated microparticles initiate and support thrombin 

generationn in vitro [167,184,186,187,210,211,224,226]. Furthermore, infusion of artificially 

preparedd phospholipid vesicles supports the development of severe disseminated intravascular 

coagulationn in primates [227], and infusion of these vesicles in pregnant rats induces placental 

congestionn and growth restriction in the offspring [228]. 

Besidess the thus far described direct effects of microparticles on the coagulation system, 

microparticless may also indirectly promote coagulation. For instance, purified P-selectin or P-

selectin-exposingg platelets trigger the expression of TF on monocytes [229]. Since P-selectin is 

oftenn present on platelet-derived microparticles, also these microparticles are likely to be involved 

inn induction of TF expression on monocytes (see figure 2). 

4.2.2.4.2.2. In vivo evidence 

Thee evidence that microparticles actually contribute to coagulation in vivo is mainly 

circumstantial.. First, microparticle numbers are elevated in different types of disease involving 

hypercoagulation,, such as idiopathic thrombocytopenia, paroxysmal nocturnal hemoglobinuria, 

lupuss anticoagulant and acute coronary syndromes (see table II) . Second, microparticle 

generationn is reduced in several bleeding disorders, such as Scott Syndrome [154], Castaman's 
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defectt [230] and Glanzmann's disease [160], Platelets from patients with the Scott syndrome and 

Glanzmann'ss disease have a decreased microparticle generating capacity in response to agonists 

[154,160]]  and have a reduced numbers and function of inducible factor Va receptors [154]. Third, 

microparticless expose TF in several clinical conditions that are strongly associated with 

hypercoagulation,, such as pericardial wound blood [226], the blood of patients with disseminated 

intravascularr coagulation [211], and synovial fluid from inflamed arthritic joints [187]. 

Sincee the occurrence of hypercoagulation is one of the characteristics of cardiovascular 

diseases,, and altered numbers and procoagulant behaviour of microparticles were reported in 

severall  cardiovascular diseases, microparticles may play a causal role in the development of 

hypercoagulationn in cardiovascular disease. 

4.3.. Vascular  function 
4.3.1.4.3.1. In vitro evidence 

Diminishedd vascular function, especially endothelial dysfunction, has been reported in many 

cardiovascularr diseases. Well known examples are the pathogenesis of cardiac failure [231], 

atherosclerosiss [232], acute coronary syndromes [233], hypertension [234], and preeclampsia [4], 

Severall  studies reported the effects of microparticles on endothelial cell activation and function in 

vitro.vitro. Platelet microparticles, isolated from human platelets stimulated with various agonists, 

inducedd cyclooxygenase (COX)-2 expression and PGI2 production in cultured endothelial cells 

[157].. The COX-2 expression was initiated by the arachidonic acid fraction of microparticles 

[157].. Recently, Boulanger et al. described that microparticles from patients with acute 

myocardiall  infarction diminished endothelium-dependent relaxation in isolated bioassay arteries 

[235].. In contrast, microparticles isolated from the venous blood of patients with non-ischemic 

chestt pain had no such effect [235]. This is the first demonstration of a direct effect of 

microparticless on vascular function. Recently, we demonstrated that also microparticles from 

venouss blood of women with preeclampsia diminished endothelium-dependent relaxation in 

isolatedd resistance arteries [236] (see chapter 6 and figure 2). 

4.3.2.4.3.2. In vivo evidence 

Onlyy circumstantial evidence is presently available for a role of microparticles in vascular 

dysfunctionn in vivo. Microparticle numbers are elevated or the composition of the microparticle 

populationn is altered in cardiovascular diseases that are characterized by endothelial dysfunction, 

suchh as acute coronary syndromes, hypertension, atherosclerosis and preeclampsia (see table II) . 

Inn atherosclerosis high levels of presumably apoptotic microparticles, mainly derived from 

monocytess and lymphocytes, are also present in the atherosclerotic plaques [237]. 

4.3.3.4.3.3. Microparticle components 

Onee of the mechanisms that could mediate the above-described effects on the vascular wall 

couldd again be oxidized phospholipids, especially since oxidized PC induces endothelial 

dysfunctionn in isolated bioassay arteries [238], 
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5.. Are micropartide s cause or consequenc e of cardiovascula r diseases ? 

Inn the previous paragraphs we summarized the evidence that micropartides are likely to 
contributee to the pathogenesis of cardiovascular disease; their potent proinflammatory effect, 
theirr promotion of coagulation, and their effect on vascular function. However, it remains to be 
establishedd whether micropartides play a causal role in the pathogenesis of these diseases or 
whetherr they are a consequence of the disease. In the previous paragraphs several faas were 
discussedd that indicate an active, causal role of micropartides in the pathogenesis of 
cardiovascularr diseases. The strongest evidence for this hypothesis is provided by the studies that 
showedd a direct effect of micropartides on endothelial function. Furthermore, the fad that in vivo 
andd in vitro prepared micropartides induce increased adhesion of leukocytes to endothelial cells, 
triggerr cytokine produdion and expose TF or P-selectin, strongly suggests an adive role of 
micropartidess in inflammation and coagulation. However, increased microparticle numbers can 
alsoo be a result of inflammation, hypercoagulation or vascular dysfundion. For instance, 
cytokiness as well as thrombin can trigger microparticle generation [167,171] or enhance the 
alreadyy existing microparticle generation [154,155,159,160,198,204,223,239]. 

6.. Effect s of currentl y used therapie s on micropartide s 

Thee recognition of a role of micropartides is not only important for our understanding of the 
pathogenesiss of cardiovascular disease, but also has important implications for prevention and 
treatmentt of these diseases. Some currently used therapies are known to affect microparticle 
generation.. For instance, abciximab (ReoPro®), a GP Ilb-III a receptor antagonist that is 
currentlyy used as an antiplatelet drug in prevention of ischemic complications after percutaneous 
coronaryy intervention, also blocks platelet vesiculation [240]. Treatment of patients suffering 
fromm a transient ischemic attack with calcium channel blockers also decreased microparticle 
generationn [241]. Furthermore, treatment of patients with congestive heart failure with vitamin C 
decreasedd the number of circulating micropartides [242]. In this respect, prevention of generation 
off  oxidized phospholipids in micropartides may also be important. 

Thus,, there are some therapies that are currently used for treatment of diseases that also affect 
microparticlee numbers. Whether these effects on micropartides contribute to the exertion of the 
effectt of the therapies or are only side effects remains to be established. While research into the 
rolee of micropartides in cardiovascular disease progresses, more of these effects on microparticles 
willl  probably be discovered and may prove useful in prevention or treatment of these diseases. 
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7.. Concludin g remark s 

Inn this review we have discussed the current knowledge available on microparticle formation, 
compositionn and function. There is considerable evidence that microparticles play a role in the 
processess of inflammation, coagulation and vascular function, processes that are all involved in 
thee pathogenesis of cardiovascular diseases. Future studies are needed to provide additional 
evidencee whether the role of microparticles in these disease processes is indeed a causal one, as is 
suggestedd by the so far gathered evidence. Clarification of the microparticle composition and the 
underlyingg mechanisms involved in exertion of the effects of microparticles will hopefully supply 
uss with this evidence and enable us to develop additional intervention strategies for prevention 
andd treatment of cardiovascular diseases. 

-48--



Partt  II 

Microparticle ss and vascula r dysfunctio n 

inn preeclampsi a 





Chapte rr  4 

Endothelia ll  functio n in myometria l 

resistanc ee arterie s of norma l pregnan t 

womenn perfuse d with syncytiotrophoblas t 

microvillou ss membrane s 

Marjaa J. Van Wijk, Kees Boer, Henri Nisell, Alexander K. Smarason, 

Edd VanBavel, Karolina R. Kublickiene. 

BritishBritish Journal of Obstetrics and Gynaecology 2001;108:967-72. 



Chapterr 4 

Abstrac t t 

Objective::  To investigate the effects of STBM in concentrations, found in vivo in women with 

preeclampsia,, on endothelial function in isolated resistance arteries. 

Methods::  Twenty-nine myometrial resistance arteries were isolated from biopsies of healthy term 

pregnantt women obtained during cesarean delivery. The arteries were mounted in a pressure 

arteriographh and perfused intraluminally for three hours with STBM (20 to 2000 ng/mL) or with 

erythrocytee membranes or PSS as controls, all substituted with 0.5% bovine serum albumin 

(BSA).. BK concentration-response curves were performed before and after perfusion. The BK 

concentration-responsee curves were fitted to the Hil l equation and maximal dilatation and the 

pEC5oo values were determined from these fits. Differences within groups were analyzed with a 

pairedd Student's t test. Electron microscopic evaluation of the endothelium was performed. 

Results::  Neither STBM nor erythrocyte membrane perfusion affected maximal dilatation or the 

PEC500 values of the BK concentration-response curves at any concentration. Examination by 

electronn microscopy showed no obvious damage to the endothelium after perfusion with STBM 

orr erythrocyte membranes. 

Conclusion::  Perfusion with STBM in concentrations up to 100 times those reported in 

preeclampsiaa has no significant effect on BK-mediated dilatation in isolated myometrial arteries. 
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Introductio n n 

Preeclampsiaa is a multifactorial disease that remains a leading cause of maternal and fetal 
morbidityy and mortality. The etiology of this syndrome is still unclear. In early pregnancy 
defectivee placentation appears to be the central feature of the disease. Multiple factors of fetal and 
maternall  origin are likely to influence placentation, resulting in a reduced blood flow to the 
placenta,, thereby causing a relative placental hypoxia, leading to the release of one or more, yet 
unidentified,, factors into the maternal circulation. These circulating factors then cause the 
generalizedd maternal endothelial dysfunction observed in the late phase of preeclampsia, when 
clinicall  symptoms develop. Indeed several studies have shown that the serum and plasma of 
womenn with preeclampsia can alter endothelial cell function, indicating the presence of such 
factorss in the maternal blood [53,57,130,243]. 

STBMM have been proposed to be one of the factors linking the defective placentation to the 
endotheliall  dysfunction [65]. Morphologic evaluation of placentas of women with preeclampsia 
showss abnormally shaped syncytiotrophoblast microvilli and areas of focal necrosis, associated 
withh a reduced number of microvilli [60]. These changes resemble those seen in placental vill i 
culturedd under hypoxic conditions [61]. In vitro experiments showed that STBM can interfere 
withh endothelial cell growth in cultured endothelial cells by suppressing proliferation and 
disruptingg the cell monolayer [65] and that STBM prepared from placentas of normal pregnant 
womenn and of women with preeclampsia had similar effects on cultured endothelial cells, 
indicatingg the effect of STBM to be a quantitative rather than a qualitative effect [65]. 
Furthermore,, perfusion of isolated subcutaneous arteries from normal pregnant women with 
STBMM abolished ACh-induced vasodilatation [66]. The concentration of STBM used in these 
experiments,, however, far exceeded those determined by Knight et al, who studied the presence 
off  STBM in the maternal circulation in pregnancy and preeclampsia [64]. They reported the 
concentrationss of STBM to be significantly increased in the blood of women with preeclampsia, 
withh the concentration in the uterine vein exceeding that in the peripheral venous circulation, 
confirmingg the placental origin of the STBM [64]. 

Thee aim of this study was to assess whether STBM at concentrations similar to those found in 
vivovivo in women with preeclampsia represent a pathogenic pathway for the impaired endothelial 
function,, observed in the resistance vasculature in preeclampsia. We chose to study the effect of 
STBMM on the myometrial resistance vasculature, not only since myometrium is readily available 
inn normal pregnant women undergoing cesarean delivery, but also since uteroplacental blood 
floww has been reported to be impaired in vivo [244] in women with preeclampsia, and 
endothelium-dependentt dilatation was found to be impaired in vitro in isolated myometrial 
arteriess from women with preeclampsia [88,129,245,246]. As a measure of endothelial 
dysfunctionn we used BK-mediated dilatation, since various studies have shown BK-mediated 
dilatationn to be diminished in the myometrial vascular bed in preeclampsia [129,245,246]. 
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Method s s 

Membranee preparation 
STBMM were prepared using a modified method of Smith et al. [247] described by Smarason et 

al.. [65] from three placentas of healthy pregnant women who were delivered at term by elective 
cesareann delivery. After preparation, STBM were dissolved in PBS and kept frozen until required. 
Erythrocytee membranes were prepared according to the method described by Khalfoun et al. 
fromm the blood of three healthy men [248], Erythrocyte membranes were also dissolved in PBS 
andd kept frozen until required. STBM and erythrocyte membrane solutions were both prepared 
byy one of the authors (A.K. Smarason) according to the same methods and with the same 
equipmentt used to prepare STBM and erythrocyte membranes for previous experiments [65,66]. 
Whenn required, STBM and erythrocyte membranes were thawed, filtered through a 20 um fabric 
filterr in order to remove aggregates and then diluted 1:100 in PSS to form a stock solution. A 
samplee was then taken for quantification of protein content of the STBM and erythrocyte 
membranee solutions, and assessed using a bicinchoninic acid protein assay (Pierce, Rockford, 
USA).. The protein contents of the STBM and erythrocyte membrane solutions used in our 
experimentss were similar to those used in previous experiments [65,66] (internal 
communications).. In pilot experiments, in the absence of albumin, it became clear that STBM as 
welll  as erythrocyte membrane fragments aggregate and stick to the arteries and the cannulas, 
therebyy interfering with the perfusion. Thus, obstruction of the upstream and downstream 
pipettess caused irregular and uncontrolled perfusion in our servo-controlled perfusion system. In 
threee arteries in which perfusion with STBM 20 ng/mL (n=l) and 200 ng/mL (n=2) was 
attempted,, the endothelium was visibly damaged and BK-mediated dilatation was reduced. A 
reducedd BK-mediated dilatation was also observed after perfusion with erythrocyte membranes 
200 ng/ml (n=l). To prevent this unphysiological aggregation of particles and the resulting failure 
off  perfusion, 0.5% BSA was added to the stock solution after taking the sample for protein 
quantification.. Stock solutions were kept, while continuously being stirred at 4°C. Before the start 
off  the perfusion the stock solution was dissolved in 0.5% BSA-substituted PSS to obtain the 
desiredd concentration of STBM and erythrocyte membranes. 

Subjects s 
Thiss study was performed after approval by the Ethical Committee in Huddinge University 

Hospital,, Sweden. Healthy pregnant women (n=18), 4 nulliparous and 14 multiparous were 
includedd in the study after obtaining informed consent. Their mean age was 32 years (range 20 to 
40)) and their mean gestational age was 38.5 weeks (range 37 to 41). The women were undergoing 
electivee cesarean delivery for the indications breech presentation (n=4), previous cesarean 
deliveryy (n=6), cephalo-pelvic disproportion (n=3) and psychosocial indications (n=5). None of 
thee women was on any medication except for iron supplementation. A biopsy of the 
myometriumm was taken immediately following delivery from the upper edge of the transverse 
incisionn in the lower uterine segment and placed in ice-cold PSS at once. The biopsy site was 
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neverr the site of the placental bed and in case of a repeat cesarean delivery care was taken that the 

biopsyy contained healthy myometrial tissue. From 10 biopsies more than one artery was used (in 

22 cases 3 arteries and in 8 cases 2 arteries). In these cases one artery was perfused with STBM, 

anotherr with erythrocyte membranes and if possible still another with PSS. From 1 biopsy no 

arteriess could be obtained. Chemicals were prepared as stock solutions and all concentrations are 

expressedd as final concentrations in the system. 

Experimentall  protocol 
Intramyometriall  resistance arteries were identified and a 2.5-3 mm long segments were 

carefullyy dissected from the surrounding tissue. They were then mounted in a pressure 

arteriographh (Living Systems Instrumentation Inc, Burlington, USA). Special care was taken to 

ensuree that the direction of flow in vitro was the same as the direction in vivo. The organ bath was 

perfusedd with PSS, kept at 37°C and gassed with 5% C02 in 02. The intraluminal perfusion fluid 

consistedd of 0.5% BSA-substituted PSS. The arteries were pressurized to 60 mmHg and stretched 

untill  they appeared straight. A servo-controlled pump maintained the required intraluminal 

pressure,, using an 'in line' pressure transducer to monitor the proximal and distal pressure. The 

internall  diameter of the artery was recorded continuously using a video dimension analyzer. 

Arteriess were excluded when they failed to maintain pressure due to leakage or to demonstrate 

occlusionn of the lumen in response to NE 1 umol/L in potassium-substituted PSS (64 mmol/L 

KC11 in PSS). 

Afterr an equilibration period of approximately 45 minutes NE 1 umol/L was added to the 

superfusatee for 15 minutes to achieve a stable constriction. Subsequently a BK concentration-

responsee curve was constructed by addition of increasing concentrations of BK (final 

concentrationss 1 nmol/L to 1 umol/L) in NE-substituted PSS, application of each concentration 

lastingg three minutes. After a wash out period of 15 minutes intraluminal flow was initiated, 

usingg a flow pump. The proximal and distal pressures were adjusted in order to keep the 

intraluminall  pressure constant at 60 mmHg. The arteries were perfused intraluminally for three 

hourss at a flow rate of 75 uL/min with STBM at concentrations of 20 ng/mL (n=4), 200 ng/mL 

(n=6)) or 2000 ng/mL (n=6), or as controls with erythrocyte membranes at concentrations of 200 

ng/mLL (n=4) or 2000 ng/mL (n=3) or with BSA-substituted PSS (n=6). After a three-hour 

perfusionn the intraluminal perfusate was washed out for 15 minutes with BSA-substituted PSS. 

Arteriess were again preconstricted with NE 1 umol/L, and the BK concentration-response curve 

wass repeated. To obtain the passive diameter of the artery, the artery was superfused with a 

calcium-freee PSS, containing 1 mmol/L EGTA and 0.1 mmol/L papaverine. After finishing the 

protocoll  the arteries were fixated in Karnovsky's solution (2.5% glutaraldehyde and 2% 

paraformaldehydee in PBS, pH 7.2) at 60 mmHg in the pressure myograph and then stored for 

laterr electron microscopic evaluation. 
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Dataa analysis 
Analysiss of variance (ANOVA) was used to test for differences in passive diameter of the 

arteriess between groups. BK-mediated dilatation was calculated as the dilatation to BK after 
preconstrictionn as percentage of the maximal possible dilatation by the formula: 
((DBK-D NE)/(DP-DNE))) x 100%, where DBK=diameter with BK, DNE-diameter after 
preconstrictionn with NE and DP=passive diameter. BK concentration-response curves were 
analyzedd by non-linear regression to a Hill curve (GraphPad Prism, version 3.0; San Diego, 
USA).. For each individual curve the maximal dilatation to BK and the pEC50 value, the -log 
molarr concentration of BK needed to produce 50% of the maximal dilatation, were estimated. 
Whenn the estimated maximal dilatation was greater than 100%, maximal dilatation was set at 
100%% and a new best fitting curve was calculated. Estimated maximal dilatations to BK and the 
pEC500 values before and after perfusion were compared with paired student's t tests and the 95% 
confidencee intervals of the mean differences were calculated (SPSS Statistics, version 8.0.2). 
Differencess were assumed statistically significant when P <.05. All data are presented as the 
meann (SD), unless stated otherwise. 

Result s s 

Theree were no differences between the 6 experimental groups in the passive diameter of the 
arteries.. Mean (range) diameters of arteries perfused with STBM 20, 200 and 2000 ng/mL were 
3900 (320-500), 346 (262-469) and 350 (187-430) urn respectively. Mean (range) diameters of 
arteriess perfused with erythrocyte membranes 200 and 2000 ng/mL were 373 (188-506) and 381 
(325-457)) urn. Mean (range) diameters of arteries perfused with PSS were 477 (295-699) urn. 

Theree was no visible aggregation of STBM or erythrocyte membranes on the surface of the 
arteries.. Myometrial arteries showed a concentration-dependent dilatation to BK. This response 
too BK was reproducible after three hours of perfusion with BSA-substituted PSS (figure 1). BK 
concentration-responsee curves for STBM 20, 200 and 2000 ng/mL and control substances 
erythrocytee membranes 200 and 2000 ng/mL all showed BK-mediated dilatation before and after 
perfusionn (figure 1). One artery in the STBM 200 ng/mL group showed no dilatation at all after 
perfusion.. Since all other arteries perfused with STBM 200 and 2000 ng/mL (n=ll) showed 
levelss of BK-mediated dilatation after perfusion similar to the levels before (with maximal 
dilatationn after perfusion in these arteries varying between 71.2% and 98.7%), this extremely 
outlyingg artery was removed from the data set. 

Estimatedd maximal dilatation to BK and pEC50 values were not significantly different before 
andd after perfusion with STBM in concentrations of 20, 200 and 2000 ng/mL, as well as after 
perfusionn with control substances BSA-substituted PSS, erythrocyte membranes 200 and 2000 
ng/mLL (table I). 
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Figur ee 1. Percentage dilatation to BK in concentrations of 1 nmol/L to 1 /.imol/L after 

preconstrictionpreconstriction with NE 1 /.imol/L before (black circles) and after (open circles) a three-hour perfusion 

withwith 0.5% BSA-substitutedPSS, erythrocyte membranes (RBCM) 200 and 2000 ng/mL, and STBM 

20,20, 200, and 2000 ng/mL. Data points represent the mean (SEM). The curves shown are the best 

fittingfitting curves for the means, calculated by non-linear regression. 
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Tablee I . Endothelial function. 

STBM M 

200 ng/mL 

2000 ng/mL 

20000 ng/mL 

RBCM M 

2000 ng/mL 

20000 ng/mL 

PSS S 

MaxDi l l 

Before e 

93.4(5.3) ) 

[87 .1-- 100] 

98.77 (2.2) 

[94.88 - 100] 

96.4(5.5) ) 

[86 .1-- 100] 

89.7(14.4) ) 

[69.55 - 100] 

70.7(7.4) ) 

[63.3-78.2] ] 

96.7(5.9) ) 

[63.3-- 100] 

After r 

91.4(1.2) ) 

[90.4-93.1] ] 

87.8(10.0) ) 

[76.3-98.7] ] 

87.4(10.4) ) 

[71.2-95.1] ] 

98.1(3.8) ) 

[92.55 - 100] 

95.2(8.3) ) 

[85.7-- 100] 

97.3(5.8) ) 

[85.55 - 100] 

95%% CI 

MaxDi l l 

-6.9-- 10.8 

-3.0-24.9 9 

-6.0-23.8 8 

-32.0-15.2 2 

-62.3-13.2 2 

-2.3-- 1.0 

pECj o o 

Before e 

7.09(0.59) ) 

[6.288 - 7.62] 

7.300 (0.86) 

[6.05-8.38] ] 

7.44(1.15) ) 

[6.37-9.08] ] 

6.64(0.89) ) 

[5.455 - 7.50] 

7.66(0.54) ) 

[7.27-8.28] ] 

7.16(0.53) ) 

[6.51-7.73] ] 

After r 

7.566 (0.38) 

[7.18-7.90] ] 

7.61(1.13) ) 

[6.74-9.51] ] 

7.622 (0.63) 

[6.75-8.67] ] 

6.45(1.32) ) 

[(4.633 - 7.48] 

7.02(1.03) ) 

[6.411 - 8.20] 

7.39(0.71) ) 

[6.28-8.23] ] 

95%% CI 

pEC» » 

-1.7-0.8 8 

-1.6-- 1.0 

-0.9-0.5 5 

-1.7-2.0 0 

-0.6-- 1.9 

-0.99 - 0.4 

MeanMean percentages of estimated maximal dilatation (Max Dil) to BK after NE-induced constriction (SD) 

[range][range] and mean pEC50 values (-log molar BK concentration) (SD) [range] and 95% confidence intervals 

(95%(95% CI) of the differences between the measurements before and after a three-hour perfusion with STBM, 

erythrocyteerythrocyte membranes (RBCM) and BSA-substituted PSS. 

Electronn microscopic examination of longitudinal sections of the arteries showed no 

differencess in the aspect of the endothelium in arteries perfused with STBM 2000 ng/mL, 

erythrocytee membranes 2000 ng/mL and BSA-substituted PSS. The endothelial lining appeared 

intactt and similar in all arteries and no adherence of STBM or erythrocyte membranes to the 

endotheliall  surface was seen (data not shown). 

Comment s s 

Thiss study could not demonstrate any effect of STBM in concentrations found in women with 

preeclampsiaa on BK-mediated dilatation in isolated myometrial arteries. Therefore, if this finding 

appliess to the entire maternal circulation, the endothelial dysfunction observed in preeclampsia 

wouldd not be caused by a direct effect of STBM on the endothelial cells. 

Thee STBM concentrations we chose to test were based on the findings of Knight et al. [64]. 

Thesee authors found the STBM concentration in women with preeclampsia to be 28.3 ng/mL in 
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thee uterine vein and 10.0 ng/mL in the peripheral venous circulation. Considering the possibility 
thatt a proportion of the deported STBM is trapped in the capillary bed, we estimated the STBM 
concentrationn in peripheral arteries to be 20 ng/mL. In addition the higher concentrations of 200 
andd 2000 ng/mL were tested. 

Onee could argue that the three-hour incubation time was too short to induce endothelial 
dysfunction,, since elevation of STBM in the maternal circulation of women with preeclampsia 
hass been reported to be present already 14 days before delivery [64]. However, in the study on 
culturedd endothelial cells by Smarason et al. [65] disruption of the cultured endothelial cell 
monolayerr by STBM occurred as early as after two hours of incubation, and ACh-mediated 
dilatationn in subcutaneous arteries was also reduced after a two-hour perfusion with STBM, 
althoughh the STBM concentration used in this study was very high [66], Recently, Hayman et al. 
[249]]  reported that incubation of myometrial arteries with 2% plasma from women with 
preeclampsiaa caused a reduced BK-mediated dilatation already after an incubation period of one 
hour.. Thus, the fact that in the current study perfusion with STBM in concentrations up to 100 
timess the estimated concentrations in women with preeclampsia for three hours did not cause an 
alteredd BK-mediated dilatation indicates that it is unlikely that exposure to the 
pathophysiologicall  concentration for a longer duration would have resulted in alteration of the 
responses. . 

Ourr choice of BK-mediated dilatation to assess endothelial function was based on the fact that 
severall  groups have shown BK-mediated dilatation to be impaired in various vascular beds in 
preeclampsia,, including the myometrial vascular bed [87,129,245,246]. Therefore, the fact that 
wee found no direct effect of STBM on BK-mediated dilatation in the myometrial vascular bed 
furtherr weakens the arguments for the involvement of STBM in development of endothelial 
dysfunctionn in preeclampsia. The possibility that the myometrial circulation is relatively 
insensitivee to the actions of STBM, because of their location in vivo in the proximity of 
syncytiotrophoblastt tissue, is doubtful due to the fact that STBM are released into the uterine 
venouss circulation and only reach the myometrial arterial circulation, after circulating through 
thee lung capillary bed, in concentrations that are probably similar to those in the other resistance 
vascularr beds. One could thus expect STBM to induce similar responses in myometrial and 
subcutaneouss arteries. 

Inn pilot experiments, without addition of albumin to the perfusate, we observed aggregation of 
particless as described in the Methods section. The particles stuck to the arteries and cannulas, 
therebyy blocking perfusion and damaging the endothelium visibly, resulting in the reduction of 
BK-mediatedd dilatation in these arteries. Such aggregation is not pathophysiologically relevant, 
sincee luminal albumin prevents such clotting in vivo. Indeed, when we added a low concentration 
off  albumin, all particles remained in suspension, and we were able to maintain adequate 
perfusionn of the vessel in both the STBM and erythrocyte membrane groups. The albumin 
concentrationn in the maternal circulation in pregnancy usually is 3.1% to 4.6%. Although 
albuminn concentrations in women with preeclampsia can decrease, especially in the presence of 
edemaa and proteinuria, levels remain far above the 0.5% that we used. 
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Fromm the results of our study we may conclude that STBM per se play no major role in the 
developmentt of endothelial dysfunction in the uterine circulation during preeclampsia. It is 
howeverr possible that these particles do play a role in combination with other factors. When 
STBMM are released into the maternal circulation they not only come in contact with the 
endotheliumm but also with maternal blood cells. Leucocytes have been reported to be activated in 
preeclampsiaa [250,251]. Knight showed that STBM-like material can be found on monocytes 
[252],, which could form a mechanism for direct activation of monocytes and possibly other 
immunee cells. Furthermore, Von Dadelszen et al. [76] demonstrated that when STBM are 
incubatedd with cultured endothelial cells, a substance is produced that activates peripheral 
leucocytess and primes peripheral monocytes to give greater responses after activation. Activation 
off  leukocytes can induce production of inflammatory cytokines and other substances, resulting in 
ann increase in oxidative stress, thereby creating an alternative pathway for induction of 
endotheliall  dysfunction [68]. Ongoing research in our laboratories will in the future hopefully 
elucidatee the role of STBM-leukocyte interactions in the development of endothelial dysfunction 
inn preeclampsia and help us to obtain a better understanding of preeclampsia and to develop new 
interventionn strategies. 

Inn conclusion, we could not show a direct effect of STBM on BK-mediated dilatation in 
isolatedd myometrial resistance arteries after a three-hour perfusion with STBM in concentrations 
upp to 100 times higher than the concentration reported in vivo in preeclampsia. If these results in 
myometriall  arteries can be extrapolated to the general circulation, these data argue against a 
directt role for STBM in the etiology of endothelial dysfunction in preeclampsia. 

Wee would like to thank B.M. van den Berg for his help with electron microscopy. 
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Abstrac t t 

Objective::  The purpose of this study was to investigate the cellular origin and numbers of 
circulatingg microparticles in normal pregnancy and preeclampsia. 
Methods::  Plasma samples from 10 women with preeclampsia, from 10 normal pregnant women, 
andd from 10 nonpregnant women, matched for age and gestation, were analyzed by flow 
cytometry. . 
Results::  The total number of circulating microparticles was unaltered in pregnancy and 
preeclampsia.. The largest portion of microparticles was derived from platelets in all groups. T-
suppressorr cell microparticle numbers were decreased in normal pregnancy (P =.04). In 
preeclampsiaa T-suppressor, T-helper cell, and granulocyte microparticle numbers were increased 
(PP =.008, P =.008 and P =.03). Elastase concentration were increased in preeclampsia (P =.02) 
andd correlated with granulocyte microparticle numbers (P =.006). Elastase concentrations 
correlatedd with systolic and diastolic blood pressure (P =.001 and .003), and granulocyte 
microparticlee numbers correlated with systolic blood pressure (P =.05). 
Conclusions::  Numbers of T-cell and granulocyte microparticles are increased in preeclampsia. 
Whetherr these altered microparticle numbers cause vascular dysfunction in preeclampsia or are a 
consequencee of the disease remains to be established. 

- 6 2--



Circulatingg microparticles 

Introductio n n 

Microparticless are small membrane fragments that are released from cells during cell 
activationn and apoptosis. Many different cell types (such as endothelial cells, thrombocytes, 
leukocytes,, erythrocytes and vascular smooth muscle cells) release microparticles in vitro: the 
presencee of these microparticles in vivo has been demonstrated recently in various studies. 
Microparticlee formation is altered in several disease states. A reduced ability to generate 
microparticless occurs in Scott syndrome and Castaman's defect, both of which are bleeding 
disorderss [253]. Increased numbers of platelet microparticles have been found in patients who 
weree at increased risk for thromboembolic complications, such as patients with increased 
coagulationn activation, idiopathic thrombocytopenia, ischemic brain diseases, acute coronary 
syndromes,, multiple sclerosis [253], and sepsis [210,211]. 

Thee characteristics of microparticles seem to depend on the activation status of the cells from 
whichh they originate and on the mechanism of stimulation [154]. Consequently, they vary in size, 
structure,, antigen- and adhesion molecule-expression. The functional importance of 
microparticless in vivo, however, remains to be defined. Microparticles from different cell types 
havee different effects on vascular cells and on blood cells in vitro. Platelet microparticles induce 
COX-22 expression, PGI2 [157] and cytokine [199] production in endothelial cells, up-regulate 
adhesionn molecules on the endothelial surface [199,196], which results in monocyte adherence, 
causee platelet activation [157], and increase vascular smooth muscle mitogenesis and 
proliferationn [254]. Leukocyte microparticles also induce up-regulation of adhesion molecules on 
endotheliall  cells and initiate the production of the cytokines IL-6 and IL-8 [198]. Endothelial cell 
microparticless can activate neutrophils, which results in increased neutrophil adhesion to the 
endotheliumm [239] and can stimulate coagulation [167]. Furthermore, microparticles that have 
beenn isolated from patients with acute myocardial infarction can diminish endothelium-
dependentt relaxation in isolated arteries of rats [235]. Thus, microparticles act as potent pro-
inflammatoryy inducers, which initiate an array of signal transduction pathways and gene 
expressionn profiles in endothelial cells, thereby affecting endothelial function. Finally, the surface 
off  microparticles forms a strong procoagulant surface [184] because of the redistribution of 
membranee components during the formation of microparticles, in particular PS, which flips from 
thee cytosolic leaflet of the membrane to the extracellular leaflet. Therefore, microparticles may, in 
vivo,vivo, be involved in regulation of both coagulation and vascular function. 

Normall  pregnancy is associated with extensive anatomic and functional adaptations of the 
cardiovascularr system to accommodate the demands of pregnancy. In preeclampsia this 
adaptationn is inadequate [255]. Endothelial cells, leukocytes, and the coagulation system are all 
activatedd in normal pregnancy, while in preeclampsia this activation seems exaggerated (for 
revieww see [256]). In theory, microparticles could cause the alterations that occur in pregnancy 
andd preeclampsia. We therefore determined the numbers and cellular origin of circulating 
microparticless in pregnancy and preeclampsia. Thus far, the only microparticles that have been 
studiedd in pregnancy and preeclampsia are STBM, which were reported to be present in the 
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maternall  circulation in pregnancy and to be increased in number in preeclampsia [64]. In vitro, 
STBMM damaged endothelial cell culture structure [65] and function [66] and activated neutrophils 
[76].. However, at present no information is available on the presence of microparticles from other 
cells. . 

Method s s 

Reagentss and assays 
Normall  mouse serum, phycoerythrin (PEt)-labeled anti-CD4 (anti-CD4-PEt) and anti-

CD66e-PEtt were obtained from the Central Laboratory of the Netherlands Red Cross Blood 
Transfusionn Service (Amsterdam, The Netherlands). Anti-glycophorin A-PEt was obtained from 
Dakopattss (Glostrup, Denmark). Anti-CD8-PEt, anti-CD14-PEt and anti-CD20-PEt, 
immunoglobulinn (Ig) G2b-PEt, IgGrPEt and fluorescein isothiocyanate (FITC)-labeled IgG, were 
obtainedd from Beckton Dickinson (San Jose, USA). Anti-CD61-PEt was obtained from 
Pharmingenn (San Jose, USA). Anti-CD62e-FITC was obtained from Kordia (Leiden, The 
Netherlands).. Anti-CD 144-PEt was obtained from Bender (Vienna, Austria). Allophycocyanin 
(APC)-conjugatedd annexin V was obtained from Caltag (Burlingame, USA). Biotinylated 
NDOG22 and ED822 were donated by C. Redman and I. Sargent (Nuffield Department of 
Obstetricss and Gynaecology, John Radcliff Hospital, Oxford, UK) and were conjugated with 
FITC.. Plasma concentrations of elastase were determined by enzyme-linked immunosorbent 
assayy (ELISA, Enzygnost), as described by the manufacturer (Boehringer Diagnostics; Marburg, 
Germany). . 

Patients s 
Thee study was approved by the medical ethical committee of the Academic Medical Center. 

Afterr written informed consent, plasma samples were obtained from 10 women with 
preeclampsia,, from 10 healthy normal pregnant women, and from 10 nonpregnant women. 
Normall  pregnant control subjects were matched with the women with preeclampsia for 
agee (  5 yr) and gestational age (  2 wk). Nonpregnant women were matched with the women 
withh preeclampsia for age (  5 yr). 

Collectionn of blood samples 
Bloodd samples were taken from the antecubital vein without tourniquet through a butterfly 

needlee with a Vacutainer blood-collecting system (Beckton Dickinson) into a 4.5-mL tube that 
containedd 1 part of 0.105 mol/L citrate to 9 parts of blood (Beckton Dickinson). Cells were 
removedd by centrifugation for 20 minutes at 1550 g at room temperature. Plasma samples were 
dividedd in 250 uL aliquots, snap frozen in liquid nitrogen to preserve microparticle structure, and 
storedd at -80°C until further analysis. 
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Isolationn of microparticles 
AA 250-uL plasma sample was thawed on ice and then centrifuged for 30 minutes at 17570 g 

andd 20°C to pellet the microparticles. The plasma from which the microparticles were isolated 
wass not defibrinated to avoid a potential loss of platelet-derived microparticles. After 
centrifugation,, 225 jiL of the supernatant was removed and the microparticle-pellet and 
remainingg 25 uL of plasma were resuspended with 225 uL citrate-substituted PBS. After another 
centrifugationn period of 30 minutes at 17570 g and 20°C, again 225 uL of the supernatant was 
removed.. The microparticle pellet was then resuspended in 75 uL citrated PBS, of which 5 uL 
wass used per incubation. 

Floww cytometric analysis 
Thee 5 uL of microparticle suspension was diluted in 35 |iL of calcium chloride (2.5 mmol/L)-

containingg PBS and 5 uX of 5000-fold prediluted microparticle-free normal mouse serum. After 
ann incubation period of 15 minutes at room temperature, 5 uL APC-labeled annexin V was added 
too all tubes plus 5 uL of one of the labeled cell-specific monoclonal antibodies or isotype-matched 
controll  antibody (IgG,-PEt, except for anti-CD 14-PEt, which has IgG2b-PEt as a control and 
anti-CD62e-FITCC and NDOG2-FITC, which have IgG,-FITC as a control). The samples were 
thenn incubated in the dark for 15 minutes at room temperature. 

AA panel of cell-specific monoclonal antibodies was used, directed against platelets (CD61), 
erythrocytess (glycophorin A), endothelial cells (CD62e and CD 144), T-helper (TH) cells (CD4), 
T-suppressorr (Ts) cells (CD8), monocytes (CD 14), B cells (CD20), granulocytes (CD66e) and 
syncytiotrophoblastt (NDOG2). Anti-CD62e and anti-CD 144 were used to detect endothelial cell 
microparticless on the basis of previous observations [210]. NDOG2 and ED822, both antibodies 
againstt placental alkaline phosphatase, were tested for their ability to identify syncytiotrophoblast 
microparticles.. Although ED822 bound to artificially prepared STBM, this antibody could not 
detectt STBM when the samples were diluted more than 50-fold. NDOG2 detected artificially 
preparedd STBM well (figure 1) also at low STBM concentrations and in plasma samples from 
patients.. The following final concentrations were used: anti-CD8-PEt (250 ng/mL), anti-CD 14-
PEtt (250 ng/mL), anti-CD20-PEt (500 ng/mL), anti-CD62e-FITC (1.67 ug/mL), anti-
glycophorinn A-PEt (200 ng/mL), anti-CD 144-PEt (500 ng/mL), IgG,-Pet (500 ng/mL), IgG2b-
PEtt (500 ng/mL), IgG,-FITC (500 ng/mL) and annexin V-APC (3.33 umol/ml). For some 
antibodiess concentrations were not supplied by the supplier. For these antibodies the final 
dilutionss used were anti-CD4-PEt (1:50), anti-CD61-PE (1:100), anti-CD66e-PEt (1:100) and 
1:1000 for the NDOG2-FITC antibody. All antibodies were previously validated in our laboratory 
onn various templates (patients with sepsis for anti-CD 14, synovial fluid from patients with 
arthritiss for anti-CD66e and anti-CD20, buffy coat for anti-CD4 and anti-CD8, artificially 
preparedd syncytiotrophoblast microparticles for NDOG2, and endothelial cell microparticles 
fromm IL-la-stimulated human umbilical vein endothelial cells for anti-CD62e and anti-CD144). 
Thee choice of antibody concentrations used in this study was based on previous experience in our 
laboratoryy [211,186,210]. 

-65--



Chapterr 5 

10L L 1011 10z 10° 

NDOG2-binding g 
\o\oH H 

Figuree 1. Histogram presenting the 

labelinglabeling of artificially prepared STBM 

withwith NDOG2-FITC (grey area) and 

withwith control IgG,-FITC (black area). 

AllAll  events on the right side of the 

verticalvertical line are considered NDOG2-

positivepositive microparticles. 

Afterr the incubation period, 200 uL of calcium-containing PBS was added to all tubes and the 

microparticless were pelleted again by centrifugation for 30 minutes at 17570 g and 20°C. Finally, 

2000 U.L of supernatant was removed and the microparticle pellets were resuspended in 300 uL of 

calcium-containingg PBS. Samples were analyzed for one minute in a fluorescence automated cell 

sorterr flow cytometer with CellQuest software (Beckton Dickinson). Both forward scatter and 

sidewardd scatter were set at a logarithmic gain. Microparticles were identified on the basis of their 

sizee and density, as previously described [211], and on their capacity to bind annexin V and a 

celltype-specificc monoclonal antibody (the latter was used to establish the cellular origin of the 

microparticles).. Annexin V measurements were corrected for autofluorescence, and binding of 

cell-specificc monoclonal antibodies was corrected with identical concentrations of isotype-

matchedd control antibodies. Microparticles numbers, which were corrected for isotype control 

andd autofluorescence, were calculated as the number per liter plasma with the following formula: 

NN x (100/5) x (355/60) x (106/250), in which N is the number of events that stained for both 

annexinn V and a cell-specific antibody. 

Statisticall  analysis 

Dataa were analyzed in SPSS for Windows, release 10.0.7 (SPSS Inc; Chicago, USA). The 

distributionn of data was tested for normality using a Kolmogorov Smirnov 2 test. The results of 

thee demographic characteristics of patients were normally distributed and therefore analyzed with 

aa ANOVA test with a Bonferroni post hoc test for differences between groups. Because of the 
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borderlinee normal distribution and the small number of patients the Kruskal-Wallis test was used 

too test for differences in microparticle numbers among groups. When statistically significant 

differencess between groups were found, the Mann-Whitney U test with a Bonferroni correction 

wass used to test for differences between women with preeclampsia and normal pregnant women 

andd differences between normal pregnant and nonpregnant women. Spearman's p correlation test 

wass used to investigate correlations between microparticle numbers and patient characteristics. 

Differencess were considered statistically significant at P <.05. All data are given as median 

(range),, except for demographic data, which are presented as mean  SD. 

Result s s 

Patientt  characteristics 
Thee patient characteristics are presented in table I. As by definition, all women with 

preeclampsiaa had significantly increased systolic and diastolic blood pressures and had significant 

proteinuria.. Of the women with preeclampsia one woman also met the criteria for the HELLP 

syndrome.. Women with preeclampsia were delivered at significantly lower gestational ages than 

normall  pregnant women, and the birthweights of their children were also significantly lower. In 

onee woman with preeclampsia an intrauterine fetal death occurred. One normal pregnant woman 

wass excluded from the study because microparticle numbers differed >3 SD from the 

measurementss in all other women. She had an otherwise normal pregnancy outcome. One 

womann with preeclampsia was excluded from evaluation of elastase values, since her elastase 

concentrationn differed >7 SD from the other women in the preeclampsia group. 

Tablee I. Patient characteristics. 

Preeclampsiaa Normal pregnant Nonpregnant 

Sampling g 

Age(yr)) 30.7 3 30.4 + 5.3 30.8 4 

Gestationall  age (wk) 30.4 8 29.9 9 

Systolicc blood pressure (mmHg) *  116.5  12.7 110.7  10.2 

Diastolicc blood pressure (mmHg) 102.5  7.3*  71.0 1 68.6 6 

Proteinuriaa (g/24 h) 5.7 * 

Delivery y 

Gestationall  age (wk) 31.7  1.2*  40.1  0.3 

Birthweightt (g) 1451 * 3643 7 

DemographicDemographic data of the included subjects at the time of sampling and data at delivery, 

**  ANOVA P <.001 
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Numberr  and cellular  origin of circulatin g microparticles 

Figuree 2 shows representative fluorescence automated cell sorter histogram of granulocyte 

microparticless that were double stained with annexin V-APC and anti-CD66e-PEt of women 

fromm the 3 groups. The individual data points for granulocyte-, T-cell-, and endothelial cell-

derivedd microparticles are presented in figure 3. Table II summarizes the cellular origin of the 

circulatingg microparticles and their numbers. 

Anti-CD66e-binding g Anti-CD66e-binding g 

100 10 10 10 

Anti-CD66e-binding g 

Figuree 2. Example of representative histograms of annexin V-positive microparticles binding to anti-

CD66e-PEtCD66e-PEt (gray area) and control IgG,-PEt (black area) in a woman with preeclampsia (A), a 

normalnormal pregnant woman (B), and a nonpregnant woman (C). All events on the right side of the 

verticalvertical line are considered anti-CD66e-positive microparticles. 

Thee total numbers of circulating microparticles were similar in all three groups. From all 

circulatingg microparticles, the cellular origin could be established because the number of 

microparticless derived from the investigated cell types added up to the total number of 

microparticles,, as defined by the annexin V-positive events in the microparticle region of the flow 

cytometricc analysis. By far, the largest portion of circulating microparticles originated from 

plateletss in all groups (median percentage: 82.3% in women with preeclampsia, 91.7% in normal 

pregnantt women, and 87.1% in nonpregnant women). Microparticles that were derived from 

Ts-cellss were decreased in normal pregnancy (P =.04). In preeclampsia T-cell and granulocyte 

microparticless were significantly increased (P =.008 for both TH- and Ts-cell microparticles and 

PP =.03 for granulocyte microparticles). As an extra measure of granulocyte activation plasma 

concentrationss of elastase were determined, which were significantly increased in preeclampsia 

comparedd with normal pregnancy (median: 54.3 ng/mL [range 38.5-104.5 ng/mL] vs median 

37.77 ng/mL [range 27.9^17.8 ng/mL]; P =.02). The number of granulocyte microparticles 

correlatedd significantly with the elastase concentration (r = 0.52, P =.006). NDOG2-positive 
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microparticless were not only present in the circulation of normal pregnant and preeclamptic 

womenn but also in the circulation of 8 of the 10 nonpregnant women, of whom five women had 

neverr been pregnant. 

Theree was no correlation between the total number of circulating microparticles and either 

age,, systolic or diastolic blood pressure, or proteinuria. The number of granulocyte microparticles 

correlatedd with systolic blood pressure (r = 0.39, P =.05) and elastase concentrations (r = 0.52, P 

=.006),, which also correlated with both systolic and diastolic blood pressure (r = 0.64, P =.001 

andd r =0.58, P =.003, respectively). 

Tablee II . Cellular origin 

Microparticl ee origin 

Total l 

Platelett (CD61) 

Erythrocytee (GlycoA) 

Granulocytee (CD66e) 

Monocytee (CD 14) 

BB cell (CD20) 

THH cell (CD4) 

Tss cell (CD8) 

STBMM (NDOG2) 

Endotheliall  cell 

(CD62e/CD144) ) 

andand numbers of circulating microparticles. 

Preeclampsia a 

22566 (994-3839) 

1818(638-3561) ) 

234(19-520) ) 

799 (0-287) 

00 (0-253) 

5(0-479) ) 

299 (0-82) 

155 (0-133) 

422 (0-89) 

233 (0-122) 

Normall  pregnant 

1960(410-3714) ) 

1618(117-3450) ) 

1222 (0-256) 

88 (0-85) 

0(0-18) ) 

100 (0-30) 

00 (0-20) 

00 (0-6) 

2(0-95) ) 

00 (0-59) 

Nonpregnant t 

23577 (1092-3468) 

2014(405-3261) ) 

1500 (39-474) 

77 (0-267) 

00 (0-48) 

33 (0-106) 

13(0-258) ) 

12(0-101) ) 

844 (0-334) 

11(0-75) ) 

p* * 

.62 2 

.68 8 

.08 8 

.05 5 

.35 5 

.76 6 

.01 1 

.008 8 

.05 5 

.14 4 

n n 

.03 3 

.008 8 

.008 8 

.36 6 

n n 

.84 4 

.11 1 

.04 4 

.08 8 

DataData are presented as median number x Iff1/L plasma (range). 

**  differences between all groups (Kruskal-Wallis) 

%% women with preeclampsia vs normal pregnant women (Mann Whitney U, with Bonferroni correction), 

tt normal pregnant vs nonpregnant women (Mann Whitney U, with Bonferroni correction). 
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Figuree 3. Individual data points and medians for TH (A), Ts (B), granulocyte (C) and endothelial cell 

(D)(D) microparticle numbers in women with preeclampsia (PE), normal pregnant women (PR), and 

nonpregnantnonpregnant women (NP). 

Comments s 

Althoughh the total numbers of circulating microparticles were not significantly altered either 

inn normal pregnancy or in preeclampsia, we found that numbers of microparticles of certain 

subgroupss of microparticles are different in these conditions. In normal pregnancy, the number of 
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Ts-celll  microparticles was decreased as compared with the nonpregnant state, while in 
preeclampsiaa numbers of TH-cell, Ts-cell and granulocyte microparticles were increased compared 
withh normal pregnancy. The increased numbers of microparticles of these particular microparticle 
subgroupss in preeclampsia could be a possible mechanism for development of vascular 
dysfunctionn in preeclampsia and seem to reflect an altered activation status of the immune system 
ass well as an increased inflammatory response. The increased numbers of lymphocyte 
microparticless could be released into the maternal circulation from activated lymphocytes, which 
aree present in increased numbers in the placental tissue during preeclampsia [257]. These 
lymphocytee microparticles could then cause endothelial damage directly or indirectly by inducing 
microparticlee formation through activation of other cells, thus creating a vicious circle. 
Alternatively,, it is possible that cells are activated when passing through the placenta, by an 
unknownn factor that is released from the placenta. Microparticle formation could then be 
triggeredd secondarily and result in endothelial dysfunction. In this respect, it is interesting that 
culturee medium, after incubation with placentas from women with preeclampsia, stimulates 
neutrophill  granulocytes to interact with the endothelium [258]. The presence of activated 
neutrophilss in preeclampsia has been reported in several studies (review see [256]). The increased 
granulocytee microparticle and elastase concentrations in this study confirm this. Both these 
measuress of granulocyte activation also significantly correlated with blood pressure, a measure of 
diseasee severity. Another mechanism that could support microparticle formation by neutrophils is 
theirr delayed apoptosis in preeclampsia [259] because this could result in elevated numbers of 
circulatingg activated neutrophils. 

Microparticless derived from T-cells are increased in patients with HIV infection [188], whereas 
granulocytee microparticles are increased in patients with sepsis and multiple organ dysfunction 
syndromee [211,210]. Because altered immune and inflammatory responses are involved in these 
diseases,, the increased T-cell and granulocyte microparticle numbers in preeclampsia provide 
furtherr evidence for involvement of thee immune and inflammatory system in the pathogenesis of 
preeclampsiaa [256]. 

AA central phenomenon in the vascular dysfunction in preeclampsia is endothelial activation. 
Onee could therefore expect endothelial cell microparticle numbers to be increased in this disease. 
Thiss was not found in this study, although numbers of endothelial cell microparticles tended to be 
higherr in preeclampsia (figure 3D). The numbers of endothelial cell microparticles, however, 
correlatedd with numbers of microparticles that were derived from lymphocytes (r = 0.39, P =.04 
forr TH-cells and r = 0.48, P =.008 for Ts-cells), B cells (r = 0.72, P <.001), granulocytes (r = 0.51, 
PP =.005) and erythrocytes (r = 0.39, P =.04), which indicates a strong relation between the 
activationn status of all these cell types. Two additional explanations, however, should be 
considered. . 

First,, it is possible that not only the numbers of microparticles are important in the generation 
off  vascular dysfunction in preeclampsia, but also their characteristics. It has been reported that 
microparticless that result from different stimuli show different characteristics [154]. Thus, their 
effectt on cells may vary as well. It is therefore possible that a subgroup of microparticles with 
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certainn characteristics, formed after a specific stimulus (eg, hypoxia, cytokines, or free radicals), 
couldd result in the development of vascular dysfunction, which is observed in preeclampsia. In 
thiss respect it is of interest that endothelial cell microparticles, prepared in vitro by stimulation 
withh TNF were procoagulant [167]. The fact that these microparticles in addition exposed several 
adhesionn molecules leads us to the second consideration: that not only the circulating 
microparticlee fraction is important, but also -most likely- the fraction of microparticles that has 
boundd to cells. It is known that microparticles can indeed bind to cells. For example, platelet 
microparticless bind to neutrophils in a 150:1 ratio, which results in clustering of the neutrophils 
[197].. Because adhesion of microparticles to cells might induce the observed activation, the 
boundd fraction may prove to be important. No data are available yet on the amount of bound 
microparticles. . 

Itt is generally accepted that the placenta plays an important role in the pathogenesis of 
preeclampsia.. In preeclampsia trophoblast invasion is impaired, which results in the release of an 
unknownn factor from the placenta into the maternal circulation that causes a generalized vascular 
dysfunctionn (for review see [255]). Obviously, STBM would have been an excellent candidate for 
thiss unknown factor, especially because increased apoptosis of trophoblast in preeclampsia has 
beenn reported [260]. We used two antibodies to identify STBM that have previously been used to 
detectt and quantify STBM in normal pregnancy and in preeclampsia. Both antibodies bound to 
artificiallyy prepared STBM. However, ED822 was unable to detect STBM at low concentrations. 
InIn addition, NDOG2 not only bound to a subpopulation of microparticles in normal pregnant 
womenn and women with preeclampsia, but also in 8 of the 10 nonpregnant women, 5 of whom 
hadd never been pregnant before. In addition, NDOG2 also bound to microparticles that had been 
isolatedd from some healthy men (data not shown). Therefore, NDOG2 seems to be non specific 
forr STBM. Thus, we were unable to identify STBM in the maternal circulation in our study. 
However,, because the cellular origin of virtually all microparticles could be established, the 
fractionn of STBM can, at most, be a modest one, in respect to the total number of circulating 
microparticles.. Nevertheless, we can not exclude the possibility that very low numbers of STBM 
circulatee in preeclampsia, which may have a high capacity to damage the vascular endothelium 
orr to activate neutrophils [76]. 

Inn conclusion, our results show increased numbers of T-cell and granulocyte microparticles in 
preeclampsia.. It remains to be established whether these microparticles are involved in the 
pathogenesiss of preeclampsia. It is important to identify the mechanisms leading to vascular 
dysfunctionn in preeclampsia, since this could provide us with new therapeutical options and 
ultimatelyy with methods to prevent the disease. 

Wee thank Renée Baak-Pablo, Marianne Schaap and Krista Reijgwart for their excellent 
laboratoryy work. 
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Chapterr 6 

Abstrac t t 

Objectives::  To establish whether microparticles from plasma of women with preeclampsia cause 
endotheliall  dysfunction, as described for isolated myometrial arteries in preeclampsia. 
Methods::  Myometrial arteries were isolated from biopsies obtained at cesarean delivery from 
normall  pregnant women (n-22) and mounted in a wire myograph. BK concentration-response 
curvess were obtained before and after one-hour incubation or after overnight incubation with one 
off  the following preparations of plasma from individual women with preeclampsia (n=16): whole 
plasma,, microparticle-free plasma, isolated microparticles resuspended in PSS or PSS. Overnight 
incubationn was also done with microparticles isolated from normal pregnant women (n=6). One-
hourr incubation was performed with 2% or 10% solution and overnight incubation with 5% 
solution. . 
Results::  No effect of preeclamptic plasma, with or without microparticles, on BK-mediated 
relaxationn was observed. Overnight, but not one-hour incubation with preeclamptic 
microparticless caused abolishment of BK-mediated relaxation in contrast to normal pregnant 
microparticless (P <.005). 
Conclusion::  Preeclamptic microparticles, but not normal pregnant microparticles cause 
endotheliall  dysfunction in isolated myometrial arteries from normal pregnant women after 
overnightt incubation, while other preeclamptic plasma constituents protect the endothelium from 
thiss effect. 
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Introductio n n 

Thee central feature in the pathophysiological mechanisms resulting in preeclampsia is a 
generalizedd vascular dysfunction. This vascular dysfunction is characterized by endothelial cell 
activationn and resultant expression of factors favoring coagulation and impairment of 
endothelium-dependentt dilatation (for review see [255]). These vascular abnormalities are 
consideredd to arise from factors derived from the placenta, which circulate in the maternal blood. 

Numerouss in vitro experiments have indicated the presence of such factors in the plasma and 
serumm from women with preeclampsia, but their nature is still unclear. Studies using cultured 
endotheliall  cells have shown that plasma or sera from women with preeclampsia can alter 
endotheliall  cell function and cause cell activation (for review see [136]). Increased cellular 
permeability,, intracellular accumulation of triglycerides, increased thrombomodulin release, 
increasedd PGI2 and NO production and increased adhesion molecule expression and NF-kappaB 
activityy [261] are reported consequences of incubation with preeclamptic plasma or serum [136], 
Studiess on isolated arteries reported impairment of BK-induced relaxation already after one hour 
off  incubation with 2% pooled preeclamptic plasma [249,262]. It is likely that there is more than 
onee responsible factor; a high molecular weight, lipoprotein-containing fraction in preeclamptic 
plasmaa stimulated NO production in cultured endothelial cells [263] and diminished BK-
mediatedd relaxation in isolated myometrial arteries [264], while a small, aqueous, low molecular 
weightt fraction in the preeclamptic plasma stimulated PGI2 production in cultured endothelial 
cellss [263]. It was proposed that VEGF may be responsible, since anti-VEGF could block the 
effectt of preeclamptic plasma on PGI2 production by cultured endothelial cells and on BK-
mediatedd relaxation in isolated myometrial arteries [136]. 

Wee propose that microparticles may be involved in the generation of endothelial cell 
dysfunctionn in preeclampsia. Microparticles are small membrane fragments, released from cells 
duringg activation or apoptosis, which are capable of altering endothelial cell function through 
severall  mechanisms, which could be relevant to preeclampsia. In specific, microparticles can 
inducee COX expression and PGI2 production by endothelial cells [157], upregulate adhesion 
moleculess on the endothelial surface [196,198], initiate cytokine (IL-6, IL-8) [198] and TF 
productionn [201], cause platelet and neutrophil activation [239] and increase monocyte 
adhesivenesss [196,201]. Recently, we reported that the major part of microparticles circulating in 
thee blood of women with preeclampsia or normal pregnancy is derived from platelets. 
Furthermore,, there are microparticles derived from erythrocytes, leukocytes, lymphocytes and 
endotheliall  cells. We found that numbers of microparticles derived from granulocytes and 
lymphocytess are increased in preeclampsia (see chapterr 5). Since microparticles as well as plasma 
orr serum from women with preeclampsia induce many alterations in endothelial cell function and 
compositionn of the microparticle population is altered in preeclampsia, we hypothesized that 
microparticless may underlie the development of endothelial cell dysfunction in preeclampsia. The 
aimm of this study was to establish whether microparticles from plasma of women with 
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preeclampsiaa induce endothelial cell dysfunction in isolated myometrial arteries from normal 
pregnantt women. 

Method s s 

Patients s 
Plasmaa samples were collected in the Academic Medical Center after approval by the medical 

ethicall  committee. After obtaining informed consent plasma samples were collected from women 
withh preeclampsia and from normal pregnant women, who were matched for age and gestational 
agee with women with preeclampsia. 

Collectionn of blood samples 
Bloodd samples were taken from the antecubital vein without tourniquet through a 19G 

butterflyy needle with a vacutainer system into a 4.5 mL tube containing 0.105 mol/L citrate 
(Bectonn Dickinson; San Jose, USA). Blood samples were processed immediately at room 
temperaturee to prevent any cell activation. Cells were removed by centrifugation for 20 minutes 
att 1550 g at room temperature to obtain plasma. Plasma samples were divided in aliquots of 
11 mL, snap frozen in liquid nitrogen in order to preserve the microparticle structure, and stored at 
-80°C.. Before the start of thee experiments the frozen plasma aliquots were thawed on melting ice. 
Twoo tubes, containing 250 uL plasma were centrifuged at 17570 g for 30 minutes to pellet the 
microparticles.. Subsequently, 225 uL of the microparticle-free plasma was removed from each 
tubee and the microparticle pellet was resuspended in the remaining 25 uL of the plasma and 
2255 uL of calcium-free PSS. As previously confirmed, the fraction isolated from plasma 
accordingg to the above described protocol contains microparticles (see chapter 5). Whole, 
microparticle-containingg plasma, microparticle-free plasma and isolated microparticles were 
dissolvedd in calcium-free PSS to the desired concentration and used immediately. Calcium-free 
PSSS was used in order to prevent fibrin generation in the solutions. To the solutions that were 
usedd for overnight incubation heparin (1 IU/mL) was added. 

Solutions s 
NE,, L-arginine VP and BK were all obtained from Sigma-Aldrich (Stockholm, Sweden) and 

preparedd as stock solutions, which were further diluted in PSS to the required concentrations. 

Myometriall  biopsy specimens 
Myometriall  biopsies were obtained at the Huddinge University Hospital after approval by the 

medicall  ethical committee. After obtaining informed consent, uterine biopsy samples were 
obtainedd from normal pregnant women, who were undergoing an elective cesarean delivery at 
term.. At cesarean delivery, following the delivery of the placenta, a full thickness biopsy of the 
myometriumm was taken from the upper margin of the uterine incision. The site of the biopsy was 
neverr the site of the placenta location. The biopsies were collected into ice-cold PSS. Small 
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arteriess of about 200-600 um in diameter and with a length of approximately 2 mm were 

immediatelyy dissected from healthy myometrium in the biopsy in ice-cold PSS. From each biopsy 

fourr or more arteries of comparable size and preferably from the same artery segment were 

dissected. . 

Wir ee myography 
Arteriess were mounted on stainless steel wires, 40 um in diameter, which were attached to a 

forcee transducer and a micrometer, respectively, in the organ baths of a 4-channel multi 

myographh (Model 610, Danish Myo Technology; Aarhus, Denmark), which were filled with 

PSS.. Vessel length was measured with a calibrated eyepiece micrometer under the microscope. 

Afterr all arteries were mounted, they were allowed to equilibrate for 30 minutes at 37°C, while 

continuouslyy being oxygenated with 5% C02 in 02. All solutions, including the incubation 

solutions,, were refreshed every 30 minutes. A standardized normalization procedure was then 

performedd to allow for calculation of the artery diameter at which the in vivo transmural pressure 

off  the relaxed artery would have been 100 mmHg. Arteries were then set at 0.9 times this 

diameter,, since it is generally accepted that this is the diameter that enables optimal contractile 

abilityy for the arteries with a low resting tension. Myodac software was used for these calibrations 

andd for data registration (version 2.1, Danish Myo Technology). 

Afterr the normalization procedure the arteries were left to equilibrate for 20 minutes and a 

referencee constriction was then elicited with PSS containing 124 mmol/L potassium and 

11 umol/L NE. Following a washout period of 15 minutes constriction was induced with 

increasingg concentrations of VP (0.1 nmol/L to 10 nmol/L) until a stable constriction was 

achievedd to approximately the level of the reference constriction. A concentration-response curve 

withh increasing concentrations of BK (1 nmol/L to 3 umol/L) was then performed. After a 

washoutt period, incubation was started with a 2% or a 10% solution of 1) whole preeclamptic 

plasma,, 2) microparticle-free preeclamptic plasma, 3) isolated preeclamptic microparticles 

resuspendedd in PSS, or 4) PSS. Each incubation solution was prepared from the plasma of one 

womann with preeclampsia. After a one-hour incubation the plasma was washed out of the organ 

bathh by flushing 3 times with PSS. The preconstriction was then repeated up to the same 

concentrationn of VP as had been used before the incubation, followed by the BK concentration-

responsee curve. 

AA separate group of arteries was dissected freshly and then incubated overnight at 4°C in 5% 

solutionss of 1) whole preeclamptic plasma, 2) microparticle-free preeclamptic plasma, 3) isolated 

preeclampticc microparticles resuspended in PSS, 4) isolated normal pregnant microparticles 

resuspendedd in PSS or 5) PSS. The next morning these arteries were mounted in the wire 

myographh and normalization, reference constriction, vasopressin preconstriction and BK 

concentration-responsee curve were performed, as described previously. 
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Dataa analysis 
Thee force developed by the artery per mm of artery segment during application of a certain 

concentrationn of a vasoactive substance was calculated using Myodata (Danish Myo Technology, 
Aarhus,, Denmark). Data were then transferred to STATISTICA (version 5.5, StatSoft, Uppsala, 
Sweden),, in which all analyses were performed. All measurements were corrected for the baseline 
forcee developed by the arteries. VP constriction was calculated as the percentage of the reference 
constriction.. Vessel relaxation to BK was calculated as the percentage of VP preconstriction. 
ANOVAA was used to test for differences between groups in diameter, reference and VP 
constriction.. Paired student t tests were used to compare VP preconstriction before and after 
incubation.. RM-ANOVA was used to compare BK concentration-response curves before and 
afterr incubation and for differences between groups. All data are presented as mean  SEM. 
PP <.05 was considered to be statistically significant. 

Result s s 

Patients s 
Plasmaa was obtained from 16 women with preeclampsia at admission into the hospital and 

fromm 6 normal pregnant women. Demographic data of these patients at the moment of sampling 
andd at delivery are presented in table I. Three women with preeclampsia also fulfilled the criteria 
forr the (H)ELLP syndrome at the time of sampling and one woman had developed eclampsia. In 
fourr women with preeclampsia perinatal death occurred. Myometrial biopsies were obtained 
fromm 22 healthy pregnant women. Demographic data and the indications for cesarean deliveries 
off  these women are presented in table II. 

Arteries s 
Ninety-twoo arteries were dissected from the biopsies, usually at least four per biopsy. Six 

arteriess were excluded for having an insufficient endothelial function at the start of the 
experimentss (maximal relaxation to BK <30%). In the one-hour incubation group 13 arteries 
weree incubated with PSS, 15 with whole preeclamptic plasma (2% n=7, 10% n=8), 15 with 
microparticle-freee preeclamptic plasma (2% n-7, 10% n=8) and 14 with isolated preeclamptic 
microparticless (2% n=7, 10% n=7). For the overnight incubation 6 arteries were incubated with 
5%% whole preeclamptic plasma, 6 with 5% microparticle-free preeclamptic plasma, 6 with 5% 
isolatedd preeclamptic microparticles, 6 with isolated normal pregnant microparticles and 5 with 
PSS.. The mean diameter of all arteries was 386.0  19.0 urn. There were no differences in 
diameterr of the arteries allocated to the different study groups. 
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Tablee I . Patient characteristics. 

Sampling g 

nn = 

Agee (yr) 

Gestationall  age (wk) 

Parity y 

Systolicc blood pressure (mmHg) ) 

Diastolicc blood pressure (mmHg) 

Proteinuriaa (g/24 h) 

Delivery y 

Gestationall  age (wk) 

Birthweightt (g) 

Preeclampsia a 

16 6 

30.99 4 

29.77 9 

00 (0-4) 

157.66 6 

100.77  2.4 

3.55 7 

31.44 9 

12022  163 

Normal l 

29.9 9 

29.0 0 

pregnant t 

6 6 

8 8 

5 5 

0.5(0-1) ) 

103.3 3 

55.0 0 

40.4 4 

3622 2 

0 0 

1 1 

--

0 0 

8 8 

DemographicDemographic data at the moment of plasma collection and at delivery of women with preeclampsia and 

normalnormal pregnant women from whom plasma was collected. All data are means  SEM, except for parity 

whichwhich are median (range) 

Tablee II . Patient characteristics. 

Demographicc data 

nn -

Agee (yr) 

Gestationall  age (wk) 

Parity y 

22 2 

32.33  1.5 

38.88 2 

11 (0-3) 

Indicationss for  cesarean delivery 

•• Previous cesarean delivery (n-11) 

•• Social (n-6) 

•• Previous sphincter damage (n=4) 

•• Breech presentation (n= 1) 

DemographicDemographic data of the normal pregnant women from whom myometrial biopsies were obtained at cesarean 

deliverydelivery and indication for cesarean delivery. Data are mean  SEM, except for parity, which are median 

(range). (range). 

Contractil ee properties 
Thee mean reference constriction in all arteries was 3.7  0.2 mN/mm. There were no 

differencess in reference constriction between the arteries allocated to the one-hour incubation 

groupss and the overnight incubation groups. All arteries constricted in response to increasing 

concentrationss of VP. The VP concentration required to get a stable constriction up to the level of 
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thee reference constriction in arteries used for one-hour incubation was usually 1 nmol/L (n=30) 

orr 0.3 nmol/L (n=20). Lower (0.1 nmol/L (n=3)) and higher concentrations (3 nmol/L (n=9)) 

weree needed in some arteries. The VP preconstriction was similar before and after one-hour 

incubationn in all arteries (data not shown), except those incubated with whole preeclamptic 

plasmaa (105  3% vs 90  4%, P =.02 for 2% plasma and 121%  6 vs 109  5%, P =.007 for 10% 

plasma).. After overnight incubation the VP concentration used to reach the level of the reference 

constrictionn was 0.1 nmol/L (n=15) or 0.3 nmol/L (n=14). The level of VP preconstriction was 

similarr in all groups (P =.86). 

Relaxationn properties 
Thee arteries incubated for one hour with PSS relaxed to BK before and after incubation to a 

similarr extent (figure 1, P =.61). There was also no difference in BK-mediated relaxation before 

andd after incubation in arteries incubated with 2% or 10% whole preeclamptic plasma (figure 

2A,B,, P =.90 and P =.29, respectively), microparticle-free preeclamptic plasma (figure 2C,D, 

PP =.56 and P =.44, respectively) or isolated preeclamptic microparticles (figure 2E,F, P =.85 and 

PP =.85, respectively). Arteries incubated overnight with PSS tended to have a reduced relaxation 

too BK compared with the arteries that were used for one-hour incubation, although it did not 

reachh significance (maximal relaxation to BK 59  8% (n=5) vs 80  3% (n=57), P =.08). BK-

mediatedd relaxation was similar in arteries incubated with isolated normal pregnant 

microparticles,, whole preeclamptic plasma or microparticle-free preeclamptic plasma compared 

withh arteries incubated in PSS (figure 3, P =.54, P =.35 and P =.98, respectively). In contrast, 

BK-mediatedd relaxation was abolished in arteries incubated overnight with a 5% isolated 

preeclampticc microparticles solution (figure 3, P <.005 compared with arteries incubated with 

normall  pregnant microparticles and P <.0001 compared with arteries incubated with PSS). 
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Figuree 1. BK-mediated 

relaxationrelaxation before (black circles) 

andand after (open circles) a one-hour 

incubationincubation with PSS (n=13). 
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Figuree 2. BK-mediated relaxation before (black circles) and after (open circles) one-hour incubation 

withwith 2% (A, n=7) and 10% (B, n=8) whole preeclamptic plasma, 2% (C, n=7) and 10% (D, n=8) 

microparticle-freemicroparticle-free preeclamptic plasma and with 2% (E, n-7) and 10% (F, n-7) isolated preeclamptic 

microparticlesmicroparticles in PSS. 
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Figuree 3. BK-mediated relaxation after overnight incubation with 5% whole preeclamptic plasma 

(black(black squares, n=6), microparticle-free preeclamptic plasma (open squares, n=6), isolated 

preeclampticpreeclamptic microparticles in PSS (black diamonds, n—6), isolated normal pregnant microparticles in 

PSSPSS (open circles, n-6) or with PSS (black circles, n=6). 

Comments s 

Wee found no effect of a one-hour incubation with whole plasma, microparticle-free plasma or 

isolatedd microparticles from individual women with preeclampsia on BK-mediated relaxation in 

isolatedd myometrial arteries from normal pregnant women. However, after an overnight 

incubationn with isolated preeclamptic microparticles BK-mediated relaxation was abolished. In 

contrast,, isolated normal pregnant microparticles did not cause any alteration in BK-mediated 

relaxationn after overnight incubation. Similarly, overnight incubation with whole and 

microparticle-freee preeclamptic plasma had no effect on BK-mediated relaxation. Thus, 

circulatingg microparticles from women with preeclampsia in contrast to microparticles from 

normall  pregnant women are able to damage the endothelium after prolonged exposure, while 

otherr preeclamptic plasma constituents protect the endothelium from such damage. 

Wee performed two sets of experiments. In the first set, vessels were exposed to microparticle-

freee preeclamptic plasma, preeclamptic microparticles, or their combination for one hour. 

Previously,, a one-hour incubation with 2% pooled preeclamptic plasma has been shown to be 

sufficientt to demonstrate impaired endothelium-dependent dilatation [262]. In our study we 

performedd a paired comparison of endothelial function before versus after incubation. 

Surprisingly,, we found no evidence for endothelial dysfunction at all after a one-hour incubation 

-99 -8 -7 -6 

Logg [bradykinin] (mo l /L) 
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withh 2% plasma, nor with 10% plasma. We therefore prolonged the incubation period to 
approximatelyy 18 hours at 4°C in a second set of experiments. In these experiments vessels were 
mountedd on the wires only after the incubation, which provides the disadvantage that paired 
observationss of endothelial function are no longer possible. However, we considered that quite a 
largee database of responsiveness of freshly isolated vessels was available after the first set of 
experiments,, which could serve as a reference here. This second set of experiments clearly shows 
fulll  suppression of endothelium-dependent relaxation after incubation with isolated preeclamptic 
microparticles,, while normal pregnant microparticles, microparticles in preeclamptic plasma and 
microparticle-freee preeclamptic plasma had no effect. Since microparticle isolation procedures 
weree similar for both types of microparticles our findings strongly suggest that the endothelial 
dysfunctionn developed after incubation with preeclamptic microparticles is specific for 
preeclampticc microparticles and does not result from alterations in microparticle characteristics 
duringg the isolation procedure. 

Concerningg the mechanism that may cause the endothelial damage, it is interesting to note 
thatt incubation with isolated microparticles caused no endothelial dysfunction after a one-hour 
incubationn at 37°C, but caused full suppression of BK-mediated relaxation after overnight 
incubationn at 4°C. We believe this indicates that a critical step in the damaging mechanisms of 
microparticless is of physical rather than biochemical origin, since at low temperature enzymatic 
processess such as free radical production are inhibited to a much greater extent than physical 
processess such as diffusion and attachment. Thus, the picture emerges that microparticles slowly 
diffusee towards the endothelium and become attached during overnight incubation. The attached 
microparticless then induce the endothelial dysfunction either during the incubation period or, 
moree likely, immediately after restoring the temperature to 37°C the next morning after mounting 
thee arteries and prior to assessment of endothelial function. It can not be excluded that genetic 
processes,, involved in the regulation of endothelium-dependent relaxation (e.g. NOS, COX or 
ET-1)) could take place, although the low temperature would slow these processes dramatically. 

Itt remains to be investigated which microparticles cause the observed effect on endothelial 
function.. In a previous study we found that granulocyte- and lymphocyte-derived microparticle 
numberss are increased in preeclampsia. Therefore, it is likely that one or both of these types of 
microparticless are involved. On the other hand it is also known that characteristics of 
microparticless not only depend on the cells they originate from, but also strongly on the stimulus 
thatt resulted in activation of these cells [167]. It does therefore remain possible thatt microparticles 
derivedd from other cell types are responsible for the observed effect [154]. 

Whilee the above suggested chain of events clearly needs further experimental evidence, it is 
interestingg to note that preeclamptic plasma had a clear protective effect on the endothelial 
function.. Plasma proteins, in particular albumin, are known to protect endothelial function in 
isolatedd arteries [265]. The fact that the isolated microparticle solutions do contain a small 
amountt of plasma, ten times lower than in the microparticles dissolved in plasma, indicates that 
thee interfering effect of plasma is dependent on the concentration of plasma. An extra argument 
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forr this theory is formed by the fact that albumin concentrations are reduced and characteristics 
off  albumin are altered in preeclampsia [266]. 

Thee question rises whether the damage that we observed is representative for endothelial 
dysfunctionn as it occurs in preeclampsia, since the time courses of these processes are different. 
Basedd on the above reasoning, a critical step in the damaging effect would be the firm attachment 
off  microparticles to the endothelium. Two conditions in preeclampsia may promote such 
attachment.. First, as already discussed, albumin concentrations are reduced in preeclampsia and 
albuminn structure is altered. Second, oxidative stress is increased in preeclampsia (review see 
[255]).. Oxidative stress has been reported to affect the endothelium protecting layer, resulting in 
increasedd adhesion of platelets to the endothelium [267]. This mechanism could well be involved 
inn attachment of microparticles to the endothelium, also since microparticles can express 
adhesionn molecules on their surface [167]. 

Furthermore,, the vasculature of women who develop preeclampsia might be more susceptible 
too damage. This is supported by the fact that preeclampsia occurs more often in women with 
vascularr diseases, such as diabetes or hypertension (for review see [255]). Moreover, women who 
developedd preeclampsia have altered hemodynamic characteristics 5 months after delivery [268] 
andd an increased risk of developing cardiovascular disease later in life [7], 

Itt remains to be discussed why in our study preeclamptic plasma, with or without 
microparticles,, did not cause endothelial dysfunction in contrast with previous studies [249,262], 
Theree are however some important differences in experimental approach between our study and 
previouss studies. Firstly, we used individual plasma samples instead of pooled plasma, to 
evaluatee whether damaging factors are present in all patients. Although the preeclamptic patients 
includedd in our study were early and severe cases, with a high incidence of complications, we did 
nott observe any effect of the plasma samples from the 16 preeclampsia patients included in this 
studyy on endothelial function. Secondly, unlike in previous studies, we determined endothelial 
functionn before and after a one-hour incubation in the same artery. This paired observation 
shouldd provide a more sensitive test for endothelial function changes, but as said before, even 
withh this more sensitive test such changes were not observed after one-hour incubation. Thirdly, 
thee preconstriction level is essential for the assessment of dilatory function. Supermaximal 
preconstrictionn will reduce the ability of the arteries to relax [269]. The VP concentrations that we 
usedd for preconstriction were chosen to approximate the potassium and NE reference 
constriction,, which are submaximal and were also previously shown to produce a submaximal 
constrictionn in isolated myometrial resistance arteries from normal pregnant women [148]. Using 
thiss preconstriction level, we achieved a BK-mediated relaxation up to approximately 80% in all 
arteries.. Interestingly, VP-induced contraction levels were decreased after incubation with whole 
preeclampticc plasma, but not after incubation with microparticle-free preeclamptic plasma or 
isolatedd preeclamptic microparticles. The cause of this effect is unclear, but seems to result from 
ann interaction between plasma and microparticles. Fourth, the plasma that we used in our study 
wass collected in such a way that cellular activation and thus additional microparticle release 
duringg sampling and processing was prevented. Furthermore, immediate snap freezing ensured 
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perseverancee of the microparticle structure. Plasma that has not been collected according to this 
protocoll  could contain additional, altered or destructed microparticles that are not present in vivo 
andd that could have a damaging effect on endothelial function. 

Inn conclusion, isolated microparticles from women with preeclampsia cause endothelial 
dysfunctionn after overnight incubation in isolated myometrial arteries from normal pregnant 
womenn in contrast to microparticles derived from normal pregnant women. Furthermore, other 
preeclampticc plasma constituents protected the endothelium from this damaging effect. We 
suggestt that attachment of microparticles to the endothelium forms a critical step in the induction 
off  this endothelial dysfunction, while albumin and other plasma constituents act protective. This 
hypothesiss will need further investigation. 

Wee would like to thank Joris A.M. van der Post and Augueste Sturk for their help in the 
planningg of this study and Danielle S. Grootfaam for her help in performing the experiments. 
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Abstrac t t 

Objective::  To determine whether the phospholipid composition of circulating microparticles 
fromm women with preeclampsia, normal pregnant and nonpregnant women and to establish their 
effectt on endothelial function in isolated myometrial arteries from normal pregnant women. 
Methods::  Plasma samples were collected from women with preeclampsia (n=ll), normal 
pregnantt (n-10) and nonpregnant women (n=10), matched for age and gestational age. The 
phospholipidd composition of the microparticles was determined by high performance thin layer 
chromatography.. Myometrial resistance arteries were isolated from myometrial biopsies at 
cesareann delivery of normal pregnant women and mounted in a wire myograph after overnight 
incubationn with isolated microparticles from women with preeclampsia, normal pregnant and 
nonpregnantt women. BK-mediated relaxation was determined. 

Results::  Microparticles in all groups mainly consisted of PC and smaller amounts of SM, PEa, PI 
andd lyso-phospholipids. The percentage lyso-PC was significantly decreased in pregnancy and 
preeclampsia.. There were no major differences in phospholipid composition between women 
withh preeclampsia and normal pregnant women. BK-mediated relaxation was significantly 
decreasedd in myometrial arteries after incubation with preeclamptic microparticles, in contrast to 
normall  pregnant and nonpregnant microparticles. 
Conclusions::  Circulating microparticles from women with preeclampsia diminish endothelium-
dependentt relaxation after overnight incubation in isolated myometrial arteries. This difference 
doess not seem to result from differences in the phospholipid composition of circulating 
microparticles. . 
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Introductio n n 

Circulatingg micropartides may play a role in the pathogenesis of many cardiovascular 

diseases,, since they affect inflammation, coagulation and vascular function. Micropartides have 

beenn studied in various disease states, in which their numbers, cellular source and composition 

provedd altered (see chapter 3). Previously, we determined numbers and cellular origin of 

circulatingg micropartides in women with preeclampsia, normal pregnant and nonpregnant 

women.. Although the total number of circulating micropartides was similar in these three 

conditions,, increased numbers of lymphocyte and granulocyte micropartides were found in 

womenn with preeclampsia (see chapter 5). Furthermore, we reported that isolated micropartides 

fromm women with preeclampsia diminished endothelium-dependent relaxation in isolated 

myometriall  arteries from normal pregnant women, in contrast to micropartides from normal 

pregnantt women (see chapter 6). The mechanism(s), however, through which these preeclamptic 

micropartidess cause endothelial dysfunction are currently unknown, but may be related to their 

phospholipidd composition. 

Theree is only very limited information available on the phospholipid composition of 

micropartidess in health and disease. Weerheim and coworkers determined the phospholipid 

compositionn of micropartides from venous blood of healthy humans by high performance thin 

layerr chromatography (HPTLC) [185], These micropartides proved to contain mainly PC 

(approximatelyy 60%), and smaller amounts of SM, PEa and PS [185]. Although circulating 

micropartidess in healthy humans are mainly platelet-derived, and thus may be expected to 

resemblee the phospholipid composition of platelet plasma membranes, the phospholipid 

compositionn of these circulating micropartides clearly differs from that of platelet plasma 

membraness [270]. These apparent differences may be due to the presence of micropartides from 

non-platelett origin, such as erythrocytes and leukocytes, and/or from selective shedding of 

phospholipidss into micropartides. This latter hypothesis is supported by the finding that major 

differencess can occur in protein/antigen composition of micropartides and the composition of 

thee "parent cell" membrane, indicating selective shedding of proteins/antigens into 

micropartidess [162,189-192]. Fourcade and coworkers reported the phospholipid composition of 

micropartidess from synovial fluids of inflamed joints of arthritic patients [165]. These 

micropartidess contained PC, SM, PM, and lyso-phospholipids (all 20-25%), and small amounts 

off  PS [165]. Clearly, this phospholipid composition differed significantly from that of 

micropartidess in blood from healthy humans [185]. Possibly this is due to the different cellular 

originn of the micropartides: whereas micropartides in inflamed synovial fluids are mainly 

leukocyte-derivedd [187], micropartides in healthy humans are mainly platelet-derived. 

Alternatively,, the high concentrations of lyso-phospholipids in synovial micropartides are due to 

thee presence of phospholipases in the synovial fluid. Thus, the phospholipid composition of 

micropartidess is likely to be dependent on their cellular origin, the mechanisms underlying their 

release,, and the presence of environmental factors such as phospholipases. 

Sincee circulating leukocyte microparticle numbers are increased in preeclampsia, and 

preeclampsiaa is characterized by an inflammatory state, the phospholipid composition of 
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microparticless may be changed in such a way that they induce endothelial dysfunction upon 
incubationn of isolated arteries with microparticles. Therefore, in this pilot study we determined 
thee phospholipid composition of circulating microparticles from women with preeclampsia, 
normall  pregnant and nonpregnant women and established their effect on endothelial function in 
isolatedd myometrial arteries from normal pregnant women. 

Method s s 

Subjects s 
Plasmaa samples were collected in the Academic Medical Center in Amsterdam after approval 

byy the local medical ethical committee. Myometrial biopsies were collected in Huddinge 
Universityy Hospital in Stockholm after approval by the local medical ethical committee. After 
obtainingg informed consent, plasma samples were collected from women with preeclampsia, 
normall  pregnant, and nonpregnant women, and myometrial biopsies were obtained at elective 
cesareann delivery from normal pregnant women. For collection of the plasma samples normal 
pregnantt women were matched for age (+ 5 yr) and gestational age (  2 wk) with women with 
preeclampsiaa and nonpregnant women were matched for age (  5 yr) with the women with 
preeclampsia. . 

Collectionn of blood samples and isolation of microparticles 
Bloodd samples were taken from the antecubital vein without tourniquet through a 19G 

butterflyy needle with a vacutainer system into a 4.5 mL tube containing 0.105 mol/L citrate 
(Bectonn Dickinson; San Jose, USA). Blood samples were processed immediately at room 
temperaturee to prevent any cell activation. Cells were removed by centrifugation for 20 minutes 
att 1550 g at room temperature to obtain plasma. Plasma samples were divided in aliquots of 
11 mL, snap frozen in liquid nitrogen in order to preserve the microparticle structure, and stored at 
-80°C.. Before the start of the experiments the frozen plasma aliquots were thawed on melting ice. 

Myometriall  biopsies 
Afterr obtaining informed consent from normal pregnant women undergoing an elective 

cesareann delivery at term, a full thickness myometrial biopsy was taken from the upper margin of 
thee uterine incision following the delivery of the placenta. The site of the biopsy was never the 
sitee of the placenta location. The biopsies were collected into ice-cold PSS. Small arteries of about 
200-6000 |im in diameter and with a length of approximately 2 mm were immediately dissected 
fromm healthy myometrium in the biopsy. From each biopsy four or more arteries of comparable 
sizee and preferably from the same artery segment were dissected. 

Wir ee myography 
Plasmaa samples (250 |iL) from a matched set of women were defrosted on melting ice for each 

experiment.. Results of some of the women with preeclampsia and normal pregnant women (n=6 
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inn each group) were previously reported (see chapter 6). Plasma samples were centrifuged at 
17570££ for 30 minutes to pellet the microparticles. Subsequently, 225 uL of the microparticle-free 
supernatantt was removed from each tube and the microparticle pellet was resuspended in the 
remainingg 25 uL of the plasma and 225 uL of PSS. As previously confirmed, the fraction isolated 
fromm plasma according to the above-described protocol contains microparticles (see chapter 5). 
Thee microparticle solution was diluted to 5% (v/v) and heparin (1 IU/mL) was added to prevent 
clottingg in the solutions. In each solution a freshly dissected myometrial artery was placed and 
leftt to incubate overnight at 4°C. Control incubation was done with PSS, with or without 
supplementationn of 0.5% microparticle-free plasma from one of the patient groups. 

Afterr overnight incubation, the arteries were mounted on stainless steel wires, 40 urn in 
diameter,, which were attached to a force transducer and a micrometer, respectively, in the organ 
bathss of a 4-channel multi myograph (model 610, Danish Myo Technology; Aarhus, Denmark), 
whichh were filled with PSS. Vessel length was measured with a calibrated eyepiece micrometer 
underr the microscope. After all arteries were mounted, they were allowed to equilibrate for 
300 minutes at 37°C, while continuously being oxygenated with 5% C02 in 02. All solutions were 
refreshedd every 30 minutes. A standardized normalization procedure was then performed to 
alloww for calculation of the artery diameter at which the in vivo transmural pressure of the relaxed 
arteryy would have been 100 mmHg. Arteries were then set at 0.9 times this diameter, since it is 
generallyy accepted that this is the diameter that enables optimal contractile ability for the arteries 
withh a low resting tension. Myodac software was used for these calibrations and for data 
registrationn (version 2.1, Danish Myo Technology). 

Afterr the normalization procedure the arteries were left to equilibrate for 20 minutes and a 
referencee constriction was then elicited with PSS containing 124 mmol/L potassium and 1 
n.moI/LL NE (Sigma Aldrich; Stockholm, Sweden). Following a washout period of 15 minutes, 
constrictionn was induced with 10 nmol/L VP (Sigma Aldrich) until a stable constriction was 
achieved.. A concentration-response curve with increasing concentrations of BK (1 nmol/L to 3 
^mol/L,, Sigma Aldrich) was then performed. 

Phospholipidd composition of microparticles 
Microparticless were isolated from 4 x 250 uL of the plasma from a matched set of women by 

centrifugation,, as described previously. To remove most plasma, the microparticles were 
resuspendedd in citrate-substituted PBS and centrifuged again. The supernatant was removed. 
Phospholipidss were extracted from the microparticles by application of 
methanol/chloroform/aceticc acid in various concentrations as described previously by Weerheim 
andd coworkers [185], The chloroform fractions were pooled and dried under nitrogen. After 
redissolvingg the phospholipids in methanol: chloroform (100 u.L; 2: 1), paired samples were 
appliedd with a Camag Linomat IV (Merck, Darmstadt, Germany) to HPTLC glass plates with a 
thinn silica layer (Merck) as narrow bands (3 mm). A mix of phospholipid standards, containing 
PC,, lyso-PC, SM, PS, lyso-PS, PEa, lyso-PEa and PI (Sigma Aldrich, Zwijndrecht, The 
Netherlands),, was also loaded on the HPTLC plate at increasing concentrations to enable 
identificationn and quantification of individual phospholipid spots. The plates were developed in a 
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Camagg horizontal developing chamber (Merck) with dichloromethane: ethylacetate: acetone 
(80:: 16: 4) for 70 mm to remove cholesterol, free fatty acids and triglycerides. After drying the 
platess at a heating plate (40°C, 10 minutes), the phospholipids were separated by chloroform: 
ethylacetate:: acetone: isopropanol: ethanol: methanol: water: acetic acid (30: 6: 6 : 6: 16: 28: 6: 2) 
solutionn for 55 mm. After drying and cooling the plate, 10 mL charring reagent (7.5% Cu-acetate 
(w/v),, 2.5% CuS04 (w/v) and 8% H3P04 (v/v) in water) was applied for 60 seconds. The excess 
charringg reagent was removed and the plate was allowed to complete charring at increasing 
temperaturess (60-140°C), before being analyzed by photodensitometric scanning (GS800 Scanner 
pluss Quantity One Software, version 3.2.2.; Bio-Rad, Veenendaal, The Netherlands). 
Concentrationss of phospholipids were determined using the standard ranges, which were fitted to 
aa nonlinear curve (equation y = a x/(b + x)) in GraphPad (GraphPad Prism version 3.0; San 
Diego,, USA). The mean value of a duplicate determination was used. 

Statisticall  analysis 
ANOVAA with a Bonferroni post hoc test was used to test for differences between groups, in 

patientt characteristics, artery characteristics and phospholipid composition. For the 
concentration-responsee curves to BK RM-ANOVA was used to test for differences between the 
groups.. P <.05 was considered statistically significant. Data are presented as means  SEM, 
unlesss indicated otherwise. 

Result s s 

Subjects s 
Characteristicss of the women included in this study from whom plasma samples were 

collectedd are presented in table I. In five women with preeclampsia perinatal death occurred. 
Dataa of the normal pregnant women from whom myometrial biopsies were obtained are also 
presentedd in table I. 

Phospholipidd composition of microparticles 
Thee total concentration of phospholipids from micropaiticles did not significantly differ 

betweenn the three groups (32.7  6.8 ug/mL plasma in micropaiticles from women with 
preeclampsiaa vs 22.8  3.4 ug/mL in micropaiticles from normal pregnant women and 19.9 1 
ug/mLL in micropaiticles from nonpregnant women, P =.16). In table II the phospholipid 
compositionn of microparticles in the different groups is presented. Micropaiticles in all groups 
mainlyy consisted of PC and smaller amounts of SM, PEa, PI and lyso-phospholipids. There were 
noo significant differences in phospholipid concentrations of microparticles between normal 
pregnantt women and women with preeclampsia. Only the percentage lyso-PC was significantly 
decreasedd in normal pregnancy and preeclampsia as compared to nonpregnant women (P <.001 
forr both). 
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Tablee I. Patient characteristics. 

Sampling g 

nn -

Agee (yr) 

Gestationall  age (wk) 

Parity y 

Systolicc blood pressure (mmHg) 

Diastolicc blood pressure 

Proteinuriaa (g/24 h) 

Delivery y 

Gestationall  age (wk) 

Birthweightt (g) 

(mmHg) ) 

PE E 

11 1 

30.00  1.5 

28.66  1.2 

00 (0-4) 

1555 * 

999 * 

4.11  1.0 

30.55  1.0* 

9866 * 

Plasma a 

PR R 

10 0 

30.88 6 

28.77  1.5 

0.55 (0-4) 

1011 3 
# # 

--

39.00  0.9 

34555  180 

NP P 

10 0 

29.33  1.4 

--

0(0-1) ) 

113+4 4 

733 3 

--

--

--

Myometriu m m 

PR R 

11 1 

322 2 

38.44  0.6 

22 (1-4) 

1166  3 

611 3 

--

38.44 6 

33122 7 

DemographicDemographic data of the included women with preeclampsia (PE), normal pregnant (PR) and nonpregnant 

(NP)(NP) women that contributed plasma or myometrium. Data are mean  SEM, except for parity, which are 

medianmedian (range). 

**  ANOVA, P <.001 vs normal pregnant women 

**  ANOVA, P -.001 vs nonpregnant women 

Tablee Ü. Phospholipid composition of membranes of microparticles. 

Phospholipid d 

Lyso-PC C 

SM M 

PC C 

PI I 

PE E 

Preeclampsia a 

1.77 + 0.2* 

5 5 

59.33 1 

3.00 + 0.5 

10.88 8 

Normall  pregnant 

* * 

20.44 + 2.8 

48.66 5 

3.66 5 

11.11  1.9 

Nonpregnant t 

3.77 3 

20.66  1.3 

46.44 4 

4.11 5 

12.00 8 

Controls s 

0.0-4.2 2 

14.0-24.3 3 

50.9-65.5 5 

1.5-7.8 8 

5.2-20.5 5 

PhospholipidPhospholipid composition of circulating microparticles (mean percentage  SEM) from venous blood of 

womenwomen with preeclampsia (n-S), normal pregnant (n=7) and nonpregnant women (n-7). For comparison 

thethe composition of microparticles from healthy controls (range) is also presented [185}'. 

**  ANOVA, P <0.001 vs nonpregnant women. 

Wir ee myography 
Diameterss and contractile properties of the normal pregnant arteries after overnight incubation 

withh microparticles from different patient groups are presented in table III . The mean diameter of 
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thee arteries used for incubation with PSS was significantly lower than the diameter of arteries 

usedd for incubation with preeclamptic or normal pregnant plasma. The VP constriction, as a 

percentagee of the reference constriction to NE and potassium, was significantly increased in 

arteriess incubated with PSS compared with arteries incubated with preeclamptic or normal 

pregnantt microparticles. There was no correlation between artery diameter and normalized VP 

constrictionn (P =.83). 

Arteriess incubated with PSS, normal pregnant or nonpregnant microparticles all relaxed to BK 

too a similar extent (normal pregnant vs PSS P =.39, normal pregnant vs nonpregnant P =.19 and 

nonpregnantt vs PSS P =.72) (figure 1). There was no beneficial or deteriorating effect of 0.5% 

plasmaa of any of the women's plasmas to the PSS incubation. BK-mediated relaxation was 

significantlyy impaired after incubation with preeclamptic microparticles compared with normal 

pregnantt (P =.002) and nonpregnant microparticles (P =.05) and with PSS (P =.04) (figure 1). 

Tablee EH. Artery characteristics. 

PEE PR NP PSS 

n== 11 10 10 11 

Diameterr (urn) 497173 516 0 417 1 283  26* 

Referencee constriction (mN/mm) 3.7+0.5 4.0  0.6 3.5  0.5 2.3  0.3 

Vasopressinn constriction (%) 110 + 2 109 4 113 4 127  5* 

CharacteristicsCharacteristics of the included arteries, incubated with microparticles from the blood of women with 
preeclampsiapreeclampsia (PE), normal pregnant (PR) or nonpregnant (NP) women or with PSS. 

*ANO*ANO VA P < 05 vs arteries incubated with preeclamptic and normal pregnant microparticles. 

Figuree 1. BK-mediated 

relaxationrelaxation in isolated myometrial 

arteriesarteries from normal pregnant 

womenwomen after overnight incubation 

withwith microparticles from women 

withwith preeclampsia (black 

diamonds),diamonds), normal pregnant 

womenwomen (open circles) or 

nonpregnantnonpregnant women (black 

triangles)triangles) or with PSS (crosses). 

Logg [BK] (mol/L) 
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Comment s s 

Wee found that microparticles isolated from venous blood of women with preeclampsia 

significantlyy impair endothelium-dependent relaxation of isolated myometrial arteries from 

normall  pregnant women after overnight incubation, in contrast to microparticles derived from 

normall  pregnant or nonpregnant women. This difference did not seem to be due to an altered 

phospholipidd composition of these microparticles, since there were no significant differences in 

phospholipidd composition between microparticles from venous blood of women with 

preeclampsiaa and normal pregnant women. The concentration of lyso-PC, however, was 

significantlyy lower in microparticles from normal pregnant women as compared to nonpregnant 

women. . 

Thee phospholipid composition of circulating microparticles from women with preeclampsia, 

normall  pregnant and nonpregnant women closely resembled the composition of microparticles in 

bloodd from healthy controls [185]. As already outlined in the introduction, the composition of 

thesee microparticles clearly differed from that of platelet plasma membranes [270], erythrocyte 

ghostss [185] and leukocyte microparticles in inflamed joints [165]. Previously, we established the 

cellularr origin of circulating microparticles from preeclamptic patients. These microparticles 

predominantlyy originated from platelets (approximately 85%), erythrocytes (8%) and leukocytes 

(6%)) (see chapter 5). The fact that microparticles from human plasma samples contain elevated 

concentrationss of both PC and SM compared to platelet plasma membranes and erythrocyte 

ghosts,, suggests that PC and SM may be selectively released into the microparticle membranes. 

Thee microparticle fractions studied all contained detectable quantities of lyso-PC, with the 

highestt level in nonpregnant women. Lyso-PC is formed by hydrolysis of PC by secretory 

phospholipasee A2. Since secretory phospholipase A2 levels are known to be increased in blood 

fromm preeclamptic women [271,272], especially microparticles from these women were expected 

too contain elevated levels of lyso-PC. However, one has to bear in mind that also 

lysophospholipasee activity is increased in preeclamptic plasma [273]. Thus, the overall action of 

phospholipasee and lyso-phospholipase activities on microparticles is difficult to predict. Lyso-

phospholipids,, in particular lyso-PC, are of interest, since they affect endothelial function. In the 

presentt study, however, no relation was observed between the lyso-PC levels and endothelial 

dysfunction.. Since we measure the overall phospholipid composition, there is still the possibility 

thatt large variations occur between individual microparticles (or subpopulations thereof) with 

regardd to their, e.g. lyso-PC, contents. Therefore, the possibility cannot yet be excluded that 

particularr subpopulations of microparticles, containing elevated concentrations of lyso-PC, affect 

endotheliall  function in vivo and in vitro. 

Itt is important to realize that the fact that we found no differences in the phospholipid 

compositionn of circulating microparticles between normal pregnant and preeclamptic women 

doess not warrant the conclusion that there are no differences. Due to the small sample size of this 

pilott study only major differences would probably be detected. Small differences may thus be 

presentt between the groups. Furthermore, we did not determine the concentrations of all 

phospholipidss that could be present, but only of the ones that were most likely to be present and 
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wee did not determine the exact fatty acid composition or the oxidation status of the detected 
phospholipids.. Since we determined the phospholipid composition of all circulating 
microparticles,, differences in the phospholipid composition of subgroups of microparticles of 
differentt cellular origin could not be detected. 

Ann alternative pathway through which phospholipids in microparticles may be involved in 
vascularr dysfunction in preeclampsia is through their oxidation status. Huber and coworkers 
recentlyy reported the presence of oxidized phospholipids in microparticles released from 
endotheliall  cells exposed to an oxidative stress stimulus or undergoing apoptosis, as well as in 
microparticless exposed to oxidative stress after their formation. These oxidized phospholipids 
weree absent in microparticles released from cells stimulated with a non-oxidative stimulus. The 
presencee of these oxidized phospholipids in microparticles was related to attraction of monocytes 
too the endothelium [172]. Oxidized PC also causes impairment of endothelium-dependent 
relaxationn in isolated bioassay arteries [238]. Since preeclampsia is accompanied by oxidative 
stresss [274], and administration of antioxidants vitamins C and E to women at high risk of 
developingg preeclampsia reduced the incidence of preeclampsia dramatically [77], oxidized 
phospholipidss may be involved in the generation of vascular dysfunction in preeclampsia. Future 
researchh will hopefully clarify this issue. 

Wee conclude that microparticles isolated from the blood of women with preeclampsia 
diminishh endothelium-dependent relaxation in isolated myometrial arteries from normal pregnant 
women,, in contrast to microparticles isolated from the blood of normal pregnant and 
nonpregnantt women. This difference does not seem to result from differences between groups in 
thee overall phospholipid composition of the microparticles, but more extensive studies are 
requiredd to elucidate the role of phospholipids in the generation of vascular dysfunction in 
preeclampsia. . 
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Chapterr 8 

Abstrac t t 

Coagulationn activation in pregnancy is further enhanced in preeclampsia. We investigated 
whetherr this results from increased thrombin generation by the plasma itself or its cell-derived 
microparticles.. Plasma samples were obtained from preeclamptic, normal pregnant and 
nonpregnantt women (each n=10). Prothrombin fragment 1+2 (F|+2) and thrombin-antithrombin 
complexx (TAT) concentrations were increased in pregnancy and further increased in 
preeclampsia.. In pregnancy and preeclampsia, increased aPC resistance occurred (aPC sensitivity 
ratio:: 3.3  0.8 and 2.5  0.8, both P <.001 vs nonpregnant). In normal pregnant microparticle-
freee plasma the thrombin generation correlated with TAT (r - 0.84, P =.005) and aPC resistance 
correlatedd with F1+2 (r = 0.68, P =.04). In preeclampsia thrombin generation by plasma was 
increasedd (P =.005), independent of aPC resistance. Thrombin generation by microparticles was 
similarr in all groups, although different coagulation activation pathways were utilized, indicating 
thatt circulating microparticles are not directly involved in coagulation activation in pregnancy 
andd preeclampsia. In contrast, aPC resistance can explain coagulation activation in pregnancy, 
whilee enhanced coagulation activation in preeclampsia results -in part- from an increased 
thrombinn generating capacity of plasma independent of aPC resistance. 
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Introductio n n 

Inn normal pregnancy the hemostatic balance is shifted towards hypercoagulability. In 
preeclampsiaa coagulation is further activated compared with normal pregnancy, as reflected by 
increasedd thrombin generation, platelet activation, and fibrin deposition in renal and placental 
vasculaturee (for review see [275]). In some cases mild coagulation changes occur, which antedate 
thee development of preeclampsia by weeks [276,277]. When the disease becomes evident there 
usuallyy is a compensated coagulopathy [278], although severe coagulation abnormalities can 
develop,, resulting in disseminated intravascular coagulation in approximately 10% of the severely 
affectedd women [276]. 

Thrombinn generation is an essential step in the coagulation cascade. Two stages dominate the 
regulation.. First, the initiation of coagulation activation by TF and activated factor VII is 
inhibitedd by tissue factor pathway inhibitor. Second, activated factors V and VII I are inhibited by 
thee protein S/aPC complex. Furthermore, inactivation of thrombin occurs by antithrombin and 
a2-macroglobulin.. aPC resistance occurs in pregnancy [279,280], whereas an increased aPC 
resistancee has been reported in preeclampsia during [280] and even after pregnancy [281], 
probablyy due to decreased concentrations [277] and activity [282] of protein C and its cofactor 
proteinn S. Also, preeclampsia is associated with gene mutations in regions coding for protein C, 
antithrombin,, prothrombin, and possibly factor V, which are all involved in coagulation 
[52,283,284].. Thrombin generation not only requires (activated) coagulation factors and calcium 
ions,, but also the presence of membranes exposing negatively charged phospholipids, such as PS. 
Exposuree of PS is a prerequisite for (activated) coagulation factors to bind to the membrane 
surface,, thereby enabling the formation of tenase- and prothrombinase-complexes. 

Microparticless are small membrane vesicles that are released from various cell types during 
celll  activation and apoptosis. Their presence in vivo has recently been demonstrated in several 
studiess [167,186,203,204,210,211,241,253,285]. Microparticles expose negatively charged 
phospholipidss and can expose TF for instance in fulminant disseminated intravascular 
coagulationn [211] and in pericardial wound blood [226]. There are several indications that 
microparticless are involved in the initiation and propagation of coagulation activation. 
Microparticlee numbers are increased in diseases involving hypercoagulation, such as in patients 
withh idiopathic thrombocytopenia, ischemic brain diseases and acute coronary syndromes 
[202,203,207,208,241].. Furthermore, microparticle numbers are decreased in several bleeding 
disorders,, such as Scott Syndrome and Castaman's defect [253]. Microparticles in various clinical 
conditions,, including meningococcal sepsis [211], sepsis with multiple organ dysfunction [210] 
andd pericardial wound blood of patients on cardiopulmonary bypass during cardiac surgery [226] 
aree linked to increased coagulation involving TF and other coagulation initiation or propagation 
pathways.. Furthermore, microparticles isolated from the circulation of patients with myocardial 
infarctionn induced endothelial dysfunction in vitro [235]. Microparticles may therefore have 
procoagulant,, but also other functions. 

Inn a previous study we found that lymphocyte microparticle numbers are decreased in normal 
pregnantt women and that granulocyte and lymphocyte microparticle numbers are increased in 
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womenn with preeclampsia when compared to normal pregnant women [286]. In view of the 
evidencee for a role of microparticles in coagulation, we investigated whether microparticles in 
pregnancyy and preeclampsia promote thrombin generation in vitro and whether they are related to 
thee systemic coagulation activation in these conditions. Furthermore, we investigated the 
contributionn of plasma, and specifically its aPC resistance, to coagulation activation in pregnancy 
andd preeclampsia. 

Method s s 

Reagentss and assays 
Plasmaa concentrations of F1+2 and TAT were determined by ELISA (Enzygnost), as described 

byy the manufacturer (Boehringer Diagnostics; Marburg, Germany). Recombinant human TF 
thromboplastinn (Innovin®) was obtained from Dade Behring (Deerfield, USA). Phospholipids 
(l,2-dioleoyl-sn-glycerol-3-phosphocholine,, -phosphoserine and -phosphoethanolamine) were 
obtainedd from Avanti Polar Lipids (Alabaster, USA). Normal mouse serum was obtained from 
thee CLB (Amsterdam, The Netherlands). FITC-labeled anti-TF was obtained from American 
Diagnosticss (Greenwich, USA), IgGrFITC from Becton Dickinson (San Jose, USA) and APC-
conjugatedd annexin V from Caltag (Burlingame, USA). Reptilase was derived from Boehringer 
(Mannheim,, Germany) and the chromogenic substrate S2238 from Chromogenix AB (MoTndal, 
Sweden).. Monoclonal antibodies against factor Vila (clones VII-1, VII-15), XI and XII were a 
generouss gift from C.E. Hack (CLB; Amsterdam, The Netherlands). The monoclonal antibodies 
factorr VII-1 and VII-15 were mixed at a 1:1 ratio. Thrombin-deficient plasma was derived from 
Biopooll  AB (Umea, Sweden). 

Patients s 
Thee study was approved by the medical ethical committee of the Academic Medical Center. 

Afterr written informed consent was obtained, plasma samples were collected from 10 women 
withh preeclampsia, 10 normal pregnant women and 10 nonpregnant women. Normal pregnant 
andd nonpregnant control subjects were matched with the women with preeclampsia for age 
(  5 yr), and normal pregnant women also for gestational age (  2 wk). The patients included in 
thiss study were the same as the patients included in the study described in chapter 4, in which 
numberss and cellular origin of circulating microparticles were determined [286]. 

Collectionn of blood samples 
Bloodd samples were taken from the antecubital vein without tourniquet through a butterfly 

needlee with a vacutainer system into a 4.5 mL tube containing 0.5 mL 0.105 mol/L citrate 
(Bectonn Dickinson). Cells were removed by centrifugation for 20 minutes at 1550 g and at room 
temperature.. Cell-free plasma samples were divided in 250 uL aliquots, snap frozen in liquid 
nitrogenn and stored at -80°C until further analysis. 
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Microparticl ee isolation 
Microparticless were isolated from plasma as described previously [186]. In short, 250 uL of 

plasmaa was thawed on melting ice and centrifuged to pellet the microparticles. Of the 
microparticle-freee plasma 225 ^L was removed. The microparticle pellet in the remaining 25 uL 
off  plasma was resuspended in citrate-containing PBS and centrifuged again. This step was 
repeatedd once. For flow cytometric analysis, the microparticle pellet and the remaining 25 uL of 
solutionn were resuspended in 75 (XL citrate-containing PBS, of which 5 uL was used per 
incubation.. For the thrombin generation assay of the microparticles, the pellet was resuspended 
inn the remaining 25 uL of supernatant, from which 20 uL was used. 

Thrombinn generating capacity of plasma 
Thee thrombin generating capacity of microparticle-free plasma was determined as the 

endogenouss thrombin potential [287]. Briefly plasma, defibrinated by addition of reptilase (0.1 
Bethesdaa Units/250 uL plasma) and incubated for 10 minutes at 37 °C, was centrifuged for 35 
minutess at 17570 g to remove all fibrin and microparticles. Thrombin generation was then started 
byy addition of phospholipid vesicles (15 umol/L, containing PC: PS: PEa-60: 20: 20), 
0.11 ng/mL recombinant human TF thromboplastin and 15 mmol/L CaCl2. The conversion of 
S2238,, a chromogenic substrate specific for thrombin, was stopped after 20 minutes and the 
generatedd p-nitroaniline, as a measure of the thrombin activity, was determined on a 
spectrophotometerr (>.=405 nm). Since inactivation of factors Va and Vill a by aPC is important to 
down-regulatee thrombin formation, aPC resistance was assessed. Therefore, thrombin generation 
wass determined for each plasma sample with and without addition of aPC [287]. The amount of 
addedd aPC (4 nmol/L) was determined in a separate experiment to reduce thrombin generation 
inn pooled plasma from nonpregnant women by approximately 90%. The inhibition of thrombin 
generationn by aPC and the remaining thrombin generation in the presence of aPC were 
determined.. The more conventional method for evaluation of aPC resistance, calculation of the 
aPCC sensitivity ratio was also used. aPC sensitivity ratios were calculated by dividing the 
percentagee of thrombin generation remaining after addition of aPC in plasma from normal 
pregnantt or preeclamptic women by the mean percentage of thrombin generation remaining after 
additionn of aPC in the plasma samples of the nonpregnant women. 

Thrombinn generating capacity of microparticles 
Thee in vitro thrombin generating capacity of microparticles was assessed in a thrombin 

generationn test [186]. Briefly, the isolated microparticles (20 uL) were reconstituted in 
defibrinatedd normal plasma (a pooled plasma derived from the venous blood of 20 healthy 
volunteers)) and thrombin generation was started by addition of CaCl2. At fixed intervals, 3 iiL 
portionss were removed from this mixture and added to S2238 in an EDTA-containing buffer to 
blockk further thrombin generation. The conversion of S2238 was stopped after 3 minutes by the 
additionn of citric acid and the generated p-nitroaniline, as a measure of the thrombin activity, was 
determinedd on a spectrophotometer (A.=405 nm). The optical density was converted into the 
actuall  thrombin concentration (nmol/L) by use of a reference curve, which was prepared using 
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purifiedd human oc-thrombin (0-600 nmol/L) [186]. The total amount of thrombin activity 
generatedd in the time interval of 0 to 16 minutes after addition of CaCl2 was calculated for each 
patientt using Graphpad software (Graphpad Prism version 3.0, Graphpad; San Diego, USA) as 
thee area under the curve. To investigate the contribution of the extrinsic and intrinsic coagulation 
pathways,, and contact activation in thrombin generation by microparticles, inhibition 
experimentss were performed with monoclonal antibodies against factors VII , XI and XII . The 
concentrationss of antibodies causing maximal inhibition of thrombin generation, determined in 
preliminaryy experiments, were 0.2 mg/mL for anti-FVII, 0.92 mg/mL for anti-FXI and 
0.711 mg/mL for anti-FXII [186]. The monoclonal antibodies were added to both plasma (20 uL) 
andd microparticles (10 uL). The percentage of inhibition caused by each of the antibodies was 
expressedd as the percentage of thrombin generation in the presence of microparticles in the 
absencee of antibodies. 

Micropartid ee numbers and TF exposure on microparticles 
Microparticlee numbers and TF exposure on microparticles were determined by flow 

cytometry,, as described previously [186]. In short, isolated microparticles (5 uL) were labeled 
withh APC-labeled annexin V (final dilution 1:300) and FITC-labeled anti-TF (final dilution 
1:200)) or its control antibody IgGrFITC (final dilution 1:100). Samples were analyzed for one 
minutee in a fluorescence automated cell sorter with CellQuest software (Becton Dickinson). 
Microparticless were identified on basis of their characteristic side and forward scatter and on their 
abilityy to bind annexin V [226]. The number of microparticles/L plasma was calculated from the 
numberr of microparticles found in the upper right quadrant of the flow cytometric analysis of 
FL-11 versus FL-2, corrected with isotype Ig control and in the absence of calcium to prevent 
annexinn V binding. 

Statisticall  analysis 
Dataa were analyzed in SPSS for Windows (release 10.0.7, SPSS Inc; Chicago, USA). 

Distributionn of data was tested for normality using a Kolmogorov Smirnov 2 test. All data were 
normallyy distributed and therefore analyzed with an ANOVA test with a Bonferroni post hoc test 
forr differences between groups. The paired Student t test was used to analyze the effect of specific 
inhibitorss of coagulation pathways on thrombin generation. Pearson's correlation test was used to 
investigatee correlations between microparticles, thrombin generation and coagulation 
characteristics.. Differences were considered statistically significant at P <.05. All data are 
presentedd as mean  SD. 

Results s 

Patientt  characteristics 
Thee characteristics of the patients included in the study are presented in table I. All women 

withh preeclampsia had increased blood pressures and proteinuria. Of the women with 
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Tablee I . Patient characteristics. 

Preeclampsiaa Normal pregnant Nonpregnant 

Sampling Sampling 

Age(yr)) 30.7 3 30.115.6 30.8  5.4 

Gestationall  age (wk) 30.4 + 4.0 29.7  5.2 

Diastolicc blood pressure (mmHg) 102.5  7.3*  70.0  7.9 67.9  6.4 

Systolicc blood pressure (mmHg) 155.8  14.3*  117.8  12.8 110.7  10.2 

Proteinuriaa (g/24 h) 5.7 9 

Delivery y 

Gestationall  age (wk) 31.7  3.7*  40.1  1.0 

Birthweightt (g) 1451  731* 3643  650 -

PatientPatient characteristics at the moment of sampling and at delivery in women with preeclampsia, normal 

pregnantpregnant women and nonpregnant women. Data are presented as means  SD. 

*ANOVA,P<001. *ANOVA,P<001. 

preeclampsia,, one also met the criteria for the HELLP syndrome [2]. Women with preeclampsia 

deliveredd at lower gestational ages than normal pregnant women, and the birthweight of their 

childrenn was significantly lower. One woman with preeclampsia had a perinatal death. One 

normall  pregnant woman was excluded from the study because all data, microparticle numbers as 

welll  as thrombin and coagulation parameters, were more than 3 SD higher than the 

measurementss in all other women. 

InIn  vivo coagulation activation status 
Inn normal pregnancy F1+2 concentrations were significantly increased compared with the 

nonpregnantt state (2.7  1.1 vs 1.1  0.4 nmol/L, P =.001, figure 1A), while TAT concentrations 

tendedd to be increased (7.8  2.0 vs 3.2  0.9 ug/L, P =.07, figure IB). In preeclampsia TAT 

concentrationss were further increased compared with normal pregnancy (15.7  6.4 ug/L, 

PP =.001, figure IB), while Fi+2 concentrations were not significantly different from values in 

normall  pregnancy (3.4  1.0 nmol/L, P =.34, figure 1A). Both TAT and F1+2 correlated 

significantlyy to systolic (r = 0.62, P =.001 and r = 0.51, P =.01 respectively) and diastolic blood 

pressuree (r = 0.77, P <.001 and r = 0.57, P =.003, respectively). 

Thrombi nn generating capacity of plasma 
Dataa on the thrombin generating capacity of plasma are presented in figure 2. In nonpregnant 

plasmaa the generated thrombin activity was 40  12 mOD/min. Addition of aPC reduced this 

thrombinn generation to 5  3 mOD/min (87  7% inhibition). Since the aPC concentration used 

wass chosen on basis of a 90% inhibition of thrombin generation in pooled nonpregnant plasma, 
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thiss extent of inhibition was expected. The thrombin generation in normal pregnant women was 

comparablee with that in nonpregnant women (43  6 mOD/min). 

24 4 

20 0 

JJ 16 

12 2 

PE E PR R NP P PE E PR R NP P 

Figuree 1. F,+2 (graph A) and TAT (graph B) concentrations in plasma from women with 

preeclampsiapreeclampsia (PE), normal pregnant women (PR) and nonpregnant women (NP). 

**  ANOVA, P < 0.001 vs nonpregnant women for F/+2 concentrations and vs normal pregnant women 

forfor TAT concentrations. 
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Figuree 2. Thrombin generation of plasma from 

womenwomen with preeclampsia (PE), normal 

pregnantpregnant women (PR) and nonpregnant women 

(NP)(NP) after addition of phospholipids, TF and 

CaClCaCl22 (black boxes) and thrombin generation in 

thethe presence of APC in a concentration that 

wouldwould inhibit 90% of the thrombin generation in 

pooledpooled plasma from NP women (white boxes). 

**  ANOVA, P < 005 vs PR and NP women 

****  ANOVA, P <. 001 vs NP women 
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Additionn of the same amount of aPC to normal pregnant plasma reduced the thrombin 
generationn to 19  7 mOD/min (56  11% inhibition). Thus, the remaining amount of thrombin 
generatedd in the presence of aPC was higher in normal pregnant than in nonpregnant plasma 
(PP <.001), indicating that there is aPC resistance in normal pregnancy. This is also reflected in the 
aPCC sensitivity ratio, which is 3.3  0.8 in normal pregnant plasma (P <.001). In preeclamptic 
plasma,, the thrombin generating capacity was significantly increased compared to both normal 
pregnantt and nonpregnant plasma (58  12 mOD/min, P =.005 and P =.001, respectively). 
Additionn of aPC inhibited thrombin generation to 20  8 mOD/min (67  11% inhibition). The 
remainingg thrombin generation after addition of aPC was similar to that in normal pregnant 
plasma,, which are both higher than in nonpregnant women (P <.001, both). This indicates that 
aPCC resistance also occurs in preeclampsia, as reflected by the aPC sensitivity ratio of 2.5  0.8 
(PP <.001). The aPC sensitivity ratio in preeclampsia, however, tended to be lower than in normal 
pregnancyy (P =.09). In normal pregnancy the thrombin generating capacity of plasma correlated 
withh the coagulation activation status in vivo (r = 0.84, P =.005 for TAT concentrations and 
rr = 0.61, P =.08 for Fw2 concentrations), and aPC resistance correlated with F,+2 concentrations 
(rr = 0.68, P =.04). 

Thrombinn generating capacity of microparticles 
Thee capacity of the isolated microparticles to generate thrombin upon reconstitution in normal 

plasmaa was similar in the three groups (365  143 nmol/L in preeclampsia, 295  241 nmol/L in 
normall  pregnancy and 278  198 nmol/L in nonpregnant women, P = 0.59, figure 3). The total 
numberss of circulating microparticles were similar in the three groups (2347  564 xl06/L in 
preeclampsia,, 2070  1116 in normal pregnancy, and 2488  713 in nonpregnant women). The 
numberr of circulating microparticles correlated with the thrombin generating capacity of the 
microparticless (r = 0.55, P =.002). The thrombin generating capacity of the microparticles did not 
correlatee with Fi+2 and TAT concentrations (r = 0.65, P =.74 and r = -0.10, P =.96, respectively). 
Thee contribution of the various coagulation pathways to thrombin generation by microparticles 
inn the three patient groups is presented in figure 4. Inhibition of the extrinsic coagulation pathway 
byy anti-FVII significantly reduced the thrombin generation in women with preeclampsia by 
144  14% (P =.04) vs 7  11% (P =.63) in normal pregnant and 11  14% (P =.19) in 
nonpregnantt women. The numbers and percentages of TF-expressing microparticles were very 
smalll  and did not differ between groups (79  62 xlOVL (3.6  2.7%) in preeclampsia, 
633  71 xlOVL (3.0  3.5%) in normal pregnancy and 128  72 xlOVL (5.9  4.5%) in 
nonpregnantt women). There was no correlation between the extent of inhibition of thrombin 
generationn by anti-FVII and exposure of TF on microparticles. Anti-FXI inhibited thrombin 
generationn in all three groups (26  9%, P <.001 in preeclampsia, 15  12%, P =.03 in normal 
pregnancyy and 23  18%, P P =.04 in nonpregnant women), whereas anti-FXII inhibited thrombin 
generationn only in women with preeclampsia (17  12%, P =.02) and nonpregnant women 
(244  18%, P P =.04), but not in normal pregnant women (7  7%, P =.52). 
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Figuree 3. Mean thrombin 

generationgeneration by micropartides 

inin women with preeclampsia 
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Figuree 4. Relative contribution of the different coagulation pathways to thrombin generation by 

microparticlesmicroparticles in women with preeclampsia, normal pregnancy and nonpregnant women. The role of 

thethe extrinsic (VII), intrinsic (XI) and contact activation (XII) coagulation pathways are presented as 

wellwell as other mechanisms of thrombin generation (other). 

Comments s 

Thee coagulation system is known to be activated in pregnancy and further enhanced in 

preeclampsiaa [275]. This was confirmed in the present study; F,+2 and TAT concentrations were 

increasedd in pregnancy, and further increased in preeclampsia. We found that both TAT and Fi+2 

correlatedd with blood pressure, an important marker of disease severity in preeclampsia. 

Kobayashii  et al. previously reported this correlation between coagulation and disease severity 

[288]]  and they even used coagulation parameters to determine the optimal moment for 

-- 106-



Enhancedd coagulation activation 

terminationn of pregnancy [282]. We investigated whether this coagulation activation was due to 

ann increased thrombin generating capacity of the plasma itself or of its cell-derived microparticles. 

Thee coagulation activation in pregnancy and preeclampsia can in part be explained by increased 

aPCC resistance. In both pregnancy and preeclampsia thrombin generation in microparticle-free 

plasmaa showed increased aPC resistance. Furthermore, both the thrombin generating capacity of 

thee plasma and its aPC sensitivity ratios correlated with the in vivo coagulation activation markers 

Fi+22 and TAT in normal pregnancy. Therefore, the coagulation activation in pregnancy seems to 

resultt from aPC resistance of the microparticle-free plasma. However, the fact that coagulation 

activationn is even more enhanced in preeclampsia cannot solely be explained by aPC resistance. 

Plasmaa samples from women with preeclampsia had an increased thrombin generating capacity, 

butt aPC resistance tended to be decreased rather than increased when compared with normal 

pregnancy.. Thus, microparticle-free plasma must contain other factors that enhance coagulation 

inn preeclampsia. Possible candidates are somewhat defective inhibitors of thrombin generation 

suchh as tissue factor pathway inhibitor, or thrombin itself, e.g. antithrombin or a2-macroglobulin. 

Att present studies are being performed to test whether correction of coagulation abnormalities by 

administrationn of antithrombin or aPC could be beneficial to the maternal and neonatal outcome. 

Thee first results are promising. Administration of antithrombin to women with preeclampsia 

improvedd maternal symptoms (blood pressure, proteinuria and edema) and fetal weight gain, and 

resultedd in prolongation of pregnancy and reduced numbers of small for gestational age babies 

[289]. . 

Wee also investigated whether circulating microparticles could be involved in the coagulation 

activationn in pregnancy and preeclampsia. Microparticles from all groups initiated thrombin 

generationn in normal plasma, but there were no differences in their thrombin generating capacity. 

Microparticles,, however, can also have an anticoagulant function [155,186]. In vitro, platelet-

derivedd microparticles catalyzed factor Va inactivation by aPC. The extent of factor Va 

inactivationn not only depended strongly on the stimulus for microparticle generation, but also on 

thee presence of protein S and shear stress [155]. Thus, it is possible that specific subgroups of 

microparticless have specific anti- or procoagulant characteristics. In this respect it is also 

interestingg that the TF/factor VII dependent coagulation activation pathway by the 

microparticles,, which is inactive in healthy humans [186] and in pregnancy (this study), but 

activee in sepsis and disseminated intravascular coagulation [211], is also active in preeclampsia 

(thiss study). This may be due to the increased numbers of leukocyte-derived microparticles in 

preeclampsia,, since microparticles from synovial fluid of patients with rheumatoid arthritis, 

whichh predominantly originate from leukocytes, mediate thrombin generation exclusively 

throughh factor VII [187]. We have not yet studied the thrombin generating capacity of 

microparticless in their own plasma, nor have we investigated the properties of specific 

microparticlee subgroups. It is possible that certain combinations of microparticles and plasma 

synergisticallyy act on thrombin generation. Further research is needed to clarify these issues. 

Alternatively,, thrombin generation may be initiated on the cellular surface of e.g. endothelial 

cellss or circulating blood cells. There is extensive evidence for endothelial cell dysfunction in 

preeclampsiaa (review see [4]). Due to this dysfunction the endothelial surface may be converted 
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fromm anticoagulant to procoagulant. Furthermore, erythrocyte membranes are procoagulant in 
bothh pregnancy and preeclampsia, with an increased thrombin generation on preeclamptic 
erythrocytess [290], Also platelet activation, which occurs in both pregnancy and preeclampsia 
[275],, results in a net increase of negatively charged phospholipids on the platelet surface, thus 
conferringg the platelet surface into a procoagulant surface [291]. It is possible that microparticles 
aree involved in initiating thrombin generation on cells. Circulating microparticles might adhere to 
cells,, thereby conferring the microparticle-covered cell surface into a thrombin generation site or 
alternatively,, adhering microparticles may activate the cells, thereby making the cellular surface 
procoagulantt by inducing exposure of negatively charged phospholipids and/or TF. 

Inn conclusion, aPC resistance can explain coagulation activation in pregnancy. The enhanced 
coagulationn activation in preeclampsia seems -in part- due to an increased thrombin generating 
capacityy of the plasma independent of aPC resistance. The present study does not support a role 
forr circulating microparticles in coagulation activation in both pregnancy and preeclampsia. 

Wee thank Kamran Bakhtiari for excellent technical assistance, and Drs. Saskia Middeldorp 
andd Harry R. Büller for their advice on the thrombin generation assay in plasma. 
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Abstrac t t 

Objective::  The purpose of this study was to investigate whether the altered vascular resistance in 
pregnancyy and preeclampsia results from alterations in intrinsic vascular smooth muscle 
propertiess or from external influences on vascular smooth muscle function. 
Methods::  We studied subcutaneous resistance arteries from women with preeclampsia, from 
normall  pregnant women, and from nonpregnant women, that were obtained during cesarean 
deliveryy or gynecologic surgical procedures, in a pressure myograph. Arteries were denervated, 
andd smooth muscle cells were loaded with calcium indicator fura-2. Contractile properties were 
testedd in PSS and during potassium- and NE-induced constriction at various pressures. In 
addition,, endothelial function was assessed. Intracellular calcium and tone were measured 
continuously. . 
Results::  No significant differences in basal tone, constrictor and myogenic responses were found 
betweenn groups. Contractile element calcium sensitivity was significantly increased in women 
withh preeclampsia. NE caused an increase in calcium sensitivity in all groups. 
Conclusion::  Vascular smooth muscle calcium sensitivity is increased in preeclampsia. 
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Introductio n n 

Inn normal pregnancy extensive changes of the cardiovascular system occur to accommodate 

thee demands of pregnancy. These adaptations are characterized mainly by an increase in blood 

volume,, an increase in cardiac output, a fall in blood pressure, a fall in peripheral resistance, and 

aa generalized vasodilatation. Preeclampsia is a multisystem disorder of pregnancy, in which a 

malfunctioningg vascular system exists. This condition is characterized by an elevation in blood 

pressuree and proteinuria and by a reduction in plasma volume, an increase in peripheral 

resistancee and a generalized vasoconstriction. It usually develops after 20 weeks of gestation and 

resolvess after delivery of the placenta. Preeclampsia is still one of the major causes of maternal 

andd perinatal death and morbidity. Current treatment consists of symptom relief and ultimately 

deliveryy [255]. A better understanding of the control of vascular tone in pregnancy and 

preeclampsiaa could form a basis for development of new intervention strategies for treatment of 

preeclampsia. . 

InIn vivo vascular tone depends on intrinsic basal tone and on the acute effect of many factors of 

hormonal,, neural, and endothelial origin. Many investigators have reported alterations in 

endotheliall  function [4,292] and sympathetic nervous activity [119] in both normal pregnancy 

andd preeclampsia and the presence of factors, which circulate in the maternal blood, that can 

causee endothelial dysfunction in preeclampsia [4]. It is, however, unclear whether the altered 

levelss of tone that are observed in normal pregnancy and preeclampsia are due only to changes in 

thesee external influences on vascular smooth muscle, or whether intrinsic alterations in vascular 

smoothh muscle cell signaling are also involved. The in vitro study of human resistance arteries 

couldd resolve this question. However, such studies are rare in pregnancy and preeclampsia and 

havee been limited to the constrictor responses of isolated arteries [89,148,150]. Understanding 

vascularr smooth muscle properties and changes therein could be of pivotal importance for the 

developmentt of new pharmacotherapeutic intervention strategies in preeclampsia. Accordingly, 

ourr goal was to study tone and responsiveness of isolated, cannulated, human subcutaneous 

arteriess in normal pregnancy and in preeclampsia. From animal experiments it has become clear 

thatt vascular tone and responsiveness depend on modulations in both the intracellular calcium 

concentrationn and the sensitivity of the contractile machinery to calcium [293]. Vascular smooth 

musclee calcium handling has not been determined in pregnancy and preeclampsia, and 

measurementss of intracellular calcium were therefore included in this study. 

Method s s 

Subjects s 
Thiss study was performed in the Academic Medical Center and the Onze Lieve Vrouwe 

Hospitall  after obtaining approval of the local ethical committees of both hospitals. After 

obtainingg informed consent from the patients, subcutaneous fat biopsy specimens were taken 

duringg cesarean delivery from women with preeclampsia and normal pregnant women and at 

electivee abdominal surgical procedures from nonpregnant women. Women with preeclampsia 
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whoo had been treated with calcium channel blockers were excluded from the study. Nonpregnant 
controll  subjects were women who underwent elective abdominal surgical procedures for 
nononcologicc gynecologic reasons. 

Experimentall  set-up 
Subcutaneouss fat biopsy specimens that were taken during operation were placed immediately 

inn ice-cold PSS and stored in the refrigerator until dissection was started. The biopsy specimens 
weree placed in a cooled dissection chamber that was kept continuously at 0 to 4°C; resistance 
arteriess in the range of 100 to 200 u.m in diameter were identified and carefully dissected from the 
surroundingg tissue. The arteries were cannulated at both ends on glass microcannulas and sutured 
withh 17 u.m nylon filaments. After cannulation the arteries were pressurized to 100 mmHg for 
approximatelyy 1 minute and stretched until they appeared straight. Arteries were pressurized 
throughh both cannulas, with the use of a Fairchild voltage-pressure converter. A pressure gradient 
betweenn both pipettes of approximately 1 mmHg was applied to provide a small refreshment flow 
inn the artery. This subphysiological flow did not cause flow-induced dilatation or constriction. 
Arteriess were immersed in PSS. The intraluminal perfusion fluid consisted of PSS that was 
supplementedd with 0.5% BSA. The inner diameter of the artery was determined continuously 
fromm processing of a video signal by self-built analogue hardware. For the measurement of fura-2, 
excitationn was achieved with a 75-W xenon light source and a filter wheel that rotated at 
approximatelyy 40 Hz and contained 340- and 380-nm interference filters. The 510-nm 
fluorescencee intensities at each excitation wavelength were measured by a photomultiplier tube, 
recordedd at a time interval of 250 msec, and stored with the diameter signal on a computer. 

Experimentall  protocol 
First,, viability of the arteries was tested. Arteries that failed to constrict to NE 1 umol/L were 

excludedd from the study. After an equilibration period of 30 minutes at 60 mmHg, the arteries 
weree denervated by superfusion with 6-hydroxy-dopamine (0.3 mg/mL) in PSS, without 
NaHC033 and with 10 mmol/L HEPES buffer (pH 4.0), at 30°C for 10 minutes, followed by a 
washoutt period of 20 minutes at 37°C. This denervation step was performed to prevent the 
possiblee release of neurotransmitters from nerve endings during potassium-induced 
depolarizationn later in the experiment. Subsequently, the arteries were loaded with the calcium 
indicatorr Fura-2 AM. Fura-2 AM (50 ug) was dissolved in 50 |iL dimethyl sulphoxide that 
containedd 2% pluronic, and suspended in 5 mL of PSS. The arteries were then superfused with 
thiss solution in the dark at approximately 30°C for 1 hour, followed by a washout period of 
300 minutes at 37°C. After denervation and fura-2 loading, the arteries were preconstricted with 
NEE 1 umol/L and endothelium-dependent dilatation to ACh 1 umol/L and to BK 0.1 umol/L 
wass determined at 60 mmHg. Both dilators were applied for 4 minutes with a washout period of 
44 minutes between and afterwards. Tone and calcium responses of the arteries were determined 
underr basal conditions in PSS and during NE 1 umol/L- and potassium 36 mmol/L-induced 
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constrictionn at pressures of 20, 60, and 100 mmHg, each pressure being applied for 3 minutes. At 

thee end of the experiments, maximal and minimal fluorescence values for the 340/380 fura-2 

ratioo were determined in the presence of 2 umol/L ionomycin and, respectively, 10 mmol/L 

CaCl22 and 10 mmol/L EGTA in calcium-free PSS. During the application of the calcium-free 

solutionn the passive diameter-pressure relationship was determined at pressures 5, 10, 20, 30, 60, 

andd 100 mmHg. Finally, the background fluorescence level was determined after quenching with 

200 mmol/L manganese chloride. 

Chemicals s 
Al ll  vasoactive agents were applied by changing the superfusion solution. NE, ACh, BK, and 

ionomycinn were obtained from Sigma Chemical Co (St Louis, USA). Fura-2 AM was obtained 

fromm Molecular Probes (Leiden, The Netherlands). Al l substances were dissolved in PSS, unless 

describedd otherwise. 

Dataa analysis 
ACh-- and BK-mediated dilatation were calculated by the formula: 

%% dilatation = ([DD1L-DNt]/[D P-DNE] ) x 100%, where DDn. is the diameter with ACh or BK, DNE 

iss the diameter after preconstriction with NE, and DP is the passive diameter at 60 mmHg. Basal 

tonee in PSS and NE- and potassium-induced tone were calculated as the percentage constriction 

fromm the passive diameter at equal pressure. The intracellular calcium concentration was 

expressedd as the 340/380 fura-2 ratio, normalized to the minimal ratio and corrected for the 

backgroundd fluorescence. We tested for differences in calcium sensitivity between the groups in 

thee following manner: in a general linear ANOVA model over all data in PSS, tone was assumed 

too depend on calcium and on patient group. In this model, calcium was treated as a continuous 

covariate;; hence the effect of calcium was determined by linear regression, while the patient 

groupp is treated as a fixed factor, as usual. Bonferroni post-hoc tests were then performed for 

testingg which of the patient groups were different in respect to calcium sensitivity. To visualize 

thesee differences, we have plotted both the calcium-tone relations for the 3 groups (figure 3) and 

thee determined deviation from the overall calcium-tone relation for individual data points (figure 

4).. ANOVA and RM-ANOVA were also used to test for other differences between groups and 

changess within groups. All statistical analyses were performed with SPSS for Windows, version 

10.0.77 (SPSS Inc., Chicago, USA). Al l data are presented as mean  SEM, unless indicated 

otherwise.. Differences were considered to be significant when P <.05. 

Result s s 

Subcutaneouss resistance arteries from 24 women were used for this study, 1 artery per woman. 

Thee demographic data of these women are presented in table I. Systolic and diastolic blood 

pressuress were significantly higher in the women with preeclampsia, compared with the normal 

pregnantt and nonpregnant women. Gestational age at delivery tended to be lower in the women 
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Tablee I. Patient characteristics 

Preeclampsiaa Normal pregnant Nonpregnant 

n --

Agee (y) 

Parity y 

Systolicc blood pressure (mmHg) 

Diastolicc blood pressure (mmHg) 

Gestationall  age (wk) 

Birthweightt (g) 

7 7 

29.88  1.7 

0 0 

177.55  14.4* 

115.00 * 

34.11  1.4 

19599  316f 

10 0 

32.00 2 

0 0 

112.22 0 

69.88 + 2.8 

38.55 0 

33177 4 

7 7 

34.00  1.8 

2 2 

121.66 6 

74.66  2.2 

DemographicDemographic data of women with preeclampsia, normal pregnant and nonpregnant women, who were 

includedincluded in this study. Values represent mean  SEM, except for parity, where values represent the median. 

*P*P <. 001, vs both normal pregnant and nonpregnant women 

"]"" P <. 05, vs normal pregnant women 

withh preeclampsia (ANOVA P =.07) and birthweight was significantly lower in the women with 

preeclampsiaa compared with the normal pregnant women. Two women with preeclampsia 

receivedd methyldopa therapy, for 1 and 3 days before delivery, respectively; 1 patient was treated 

withh ketensin for 5 days before delivery. No other medication was taken by the women with 

preeclampsiaa or the normal pregnant women. Of the nonpregnant women, 2 women were taking 

orall  contraceptives, and 1 woman was taking a (5-blocker (propranolol) for palpitations. No 

obviouss effect of the use of any medication on in vitro vascular function was observed. None of 

thee women with preeclampsia, but 4 normal pregnant women, had contractions before their 

cesareann delivery. 

Noo significant differences in endothelial function, tone and calcium concentrations in PSS and 

inn response to NE and potassium were found between normal pregnant women who did and did 

nott have contractions before delivery. The median interval between obtaining the biopsy 

specimenn and cannulation of the artery was 2 hours (range, 1-23 hours) and was similar in all 

groups.. When we subdivided all women in groups with a cannulation interval of 0 to 8, 8 to 16 

andd 16 to 24 hours, we found no differences in endothelial function, tone, and calcium 

concentrationss in PSS and in response to NE and potassium. 

Thee mean inner diameter of the pressurized arteries was 164.4 +.11.9 um and was similar in 

alll  groups. Passive mechanical properties of the arteries, as assessed from the pressure-diameter 

relation,, were similar in all groups (figure 1). There were no differences in dilatation of 

preconstrictedd arteries to ACh 1 umol/L and BK 0.1 umol/L between groups (table II) . Al l 

arteriess developed some basal tone in PSS at all pressures (figure 2A). 
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Figuree 1. Passive properties of 

subcutaneoussubcutaneous resistance arteries of 

womenwomen with preeclampsia (grey 

diamonds),diamonds), normal pregnancy (open 

circles)circles) and nonpregnant women 

(black(black triangles). 
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Figuree 2. Percentage tone (A), andfura-2 ratios (B) in isolated subcutaneous resistance arteries from 

womenwomen with preeclampsia (PE), normal pregnant (PR) and nonpregnant women (NP), superfused 

withwith PSS at pressures of 20 (white boxes), 60 (grey boxes), and 100 (black boxes) mmHg. 

Tablee II . Endothelium-dependent dilatation. 

Preeclampsia a Normall  pregnant Nonpregnant t 

Dilatationn to ACh 

Dilatationn to BK 

67.88 8 

64.66  10.9 

74.33  9.3 

80.77 + 4.5 

77.44  13.3 

68.00  12.9 

ValuesValues represent mean percentage dilatation  SEM to ACh Iff6 M and BK 101 M in women with 

preeclampsia,preeclampsia, normal pregnancy and nonpregnant women. There were no statistically significant differences 

betweenbetween groups. 
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Thee amount of tone that was developed was not statistically different when comparing the 

groups,, although there was a clear trend towards a decreased tone in arteries from normal 

pregnantt women, compared with the women with preeclampsia and nonpregnant women 

(ANOVA ,, P =.13, P =.07 and P =.19 at 20, 60 and 100 mmHg). 

Ann increase in pressure did cause an increase in tone in all groups (RM-ANOVA, P =.006; 

figuree 2A). Intracellular calcium concentrations rose in response to increases in pressure in all 

groupss (RM-ANOVA, P =.05; figure 2B). These calcium elevations substantiate the observation 

fromm figure 2A that tone increases with pressure, which indicates the presence of myogenic 

responsivenesss in these subcutaneous arteries, even though the responses were weak. Although 

calciumm concentrations seem to be lower in normal pregnancy, there were no significant 

differencess between groups. 

AA plot of tone as a function of intracellular calcium concentration reveals an upward shift of 

thiss relation in preeclampsia, compared with normal pregnancy and the nonpregnant state (figure 

3).. Thus, these data indicate that for a given calcium concentration, arteries from women with 

preeclampsiaa have more tone, i.e. a higher calcium sensitivity. An analysis of calcium and tone 

indeedd reveals a highly significant increase in calcium sensitivity in arteries from women with 

preeclampsia:: figure 4 plots the deviation of tone in individual arteries from the values that were 

predictedd on basis of the intracellular calcium concentrations (linear regression over all data in 

PSS).. These deviations were similar in arteries from normal pregnant and nonpregnant women 

(-3.26%%  0.74% and -1.26%  1.68%), but were significantly higher in arteries from women with 

preeclampsiaa (+4.85%  2.11% deviation), compared with both the arteries from normal 

pregnantt and nonpregnant women (ANOVA with Bonferroni post hoc test, P =.001 and P =.03, 

respectively). . 

Figuree 3. Percentage basal tone 

plottedplotted against fura-2 ratios in 

subcutaneoussubcutaneous resistance arteries 

fromfrom women with preeclampsia 

(grey(grey diamonds), normal pregnant 

(open(open circles) and nonpregnant 

womenwomen (black triangles) in PSS at 

pressurespressures of 20, 60 and 100 

mmHg.mmHg. SEMfor fura-2 ratios and 

percentagespercentages basal tone are 

presentedpresented in figure 4. 
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Figuree 4. Percentage deviation of 

tonetone from the regression line 

depictsdepicts the calcium-tone 

relationshiprelationship in women with 

preeclampsiapreeclampsia (PE), normal 

pregnantpregnant (PR) and nonpregnant 

womenwomen (NP) in PSS at pressures 

ofof 20, 60 and 100 mmHg. 
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Figuree 5. Percentage of tone and fura-2 ratios in isolated subcutaneous resistance arteries from 

womenwomen with preeclampsia (PE), normal pregnancy (PR) and nonpregnant women (NP), superfused 

withwith NE 1 /.imol/L (A and B) or potassium 36 mmol/L (C and D) at pressures of 20 (white boxes), 60 

(grey(grey boxes) and 100 (black boxes) mmHg. 
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NE-- and potassium-induced tone were similar in all groups at all pressures, as well as the 
calciumm concentrations (figure 5). While tone was significantly higher in arteries constricted with 
NE,, compared with arteries constricted with potassium at all pressures (RM-ANOVA, P <.001), 
calciumm concentrations were comparable in these arteries at 20 and 60 mmHg and even 
significantlyy higher in arteries constricted with potassium at 100 mmHg (RM-ANOVA, P =.001). 
Thus,, arteries that are constricted with NE produce more tone at comparable or lower calcium 
levelss than arteries constricted with potassium, which suggests the presence of an NE-induced 
calciumm sensitization in these human subcutaneous resistance arteries. The differences between 
groupss in the calcium-tone relation that were found in PSS were not detectable during potassium-
orr NE-induced constriction (ANOVA after linear regression, P =.52 and P =.42, respectively). 

Comment s s 

Thiss study reports on contraction and calcium handling of cannulated human subcutaneous 
resistancee arteries in relation to pregnancy and preeclampsia. We found no significant differences 
inn passive pressure-diameter relations, basal tone, and NE- and potassium-induced tone among 
arteriess from women with preeclampsia, women with normal pregnancy, and nonpregnant 
women,, although tone tended to be reduced in normal pregnancy. Calcium sensitivity was 
significantlyy increased in arteries from women with preeclampsia compared with both normal 
pregnantt and nonpregnant women. NE induced an increase in calcium sensitivity. There are, 
however,, some comments to be made with respect to the chosen tissue and methods. 

Humann tissue available from cesarean deliveries is limited to subcutaneous fat, omentum and 
myometrium.. We only studied the subcutaneous vascular bed. Because preeclampsia is a 
systemicc disease that is believed to affect the vasculature of all organs, we expect vascular smooth 
musclee function of the resistance vasculature in the other vascular beds to be similar. 

Severall  studies have addressed endothelial reactivity of arteries that were isolated from the 
resistancee vasculature [255]. Only few also addressed vascular smooth muscle reactivity, and in 
thesee studies arteries were mainly studied under isometric conditions with wire myography. We 
chosee to perform isobaric studies on cannulated arteries (pressure myography) rather than the 
moree common isometric wire studies, to more closely approximate in vivo conditions and to 
includee the effects of changing pressure and to study basal tone. With the use of isobaric 
conditions,, we found NE- and potassium-induced constriction in subcutaneous arteries to be 
unaffectedd by pregnancy and preeclampsia. NE-induced constriction has been reported also to be 
similarr in pregnancy and preeclampsia in the omental vascular bed in isobaric conditions [150] 
andd in isometric conditions in subcutaneous arteries [86,87], but was found to be increased in 
preeclampsiaa at high concentrations of NE under isometric conditions in omental [131] and 
myometriall  arteries [148]. Potassium-induced constriction has also been reported to be increased 
inn preeclampsia in omental arteries in response to a high concentration of potassium under 
isometricc conditions [89]. It is well known that the vasoconstrictor sensitivity of arteries in 
isobaricc and isometric conditions is different, for reasons related to both the mounting technique 
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andd the mechanical loading [294,295]. In particular, medial hypertrophy might result in a higher 
maximall  tension development to vasoconstrictors in isometric arteries, while isobaric arteries 
wouldd show similar maximal constrictions as long as the pressure load is not too high. Because of 
thee hypertension some medial hypertrophy might exist in preeclampsia, as described by Aalkjaer 
ett al. [296] in omental arteries; this could explain the increased vasoconstrictor sensitivity found 
inn the isometric studies [131,148]. 

Wee only applied a single concentration of NE and potassium to test contractile responses 
ratherr than to quantify the vasoconstrictor sensitivity from concentration-response curves. This 
choicee was based on the limited time for experimentation available in fura-2 loaded arteries, 
becausee of the loss of the calcium dye over time. To determine as well as possible the 
responsivenesss to the vasoconstrictors, concentrations of NE and potassium were used that 
shouldd give submaximal contractions. The choice of the concentrations was based on the 
extensivee literature on animal resistance arteries, the limited studies on isometric human 
resistancee arteries in preeclampsia, and data from additional experiments, in which we obtained 
completee concentration-response curves to NE and potassium. 

Anotherr point that needs to be addressed is the loading of the arteries with fura-2. Fura-2 is a 
calciumm buffer, and overloading will result in blunted and slow calcium responses. On the basis of 
previouss work on animal vessels [293], 1 hour of loading at 30° C, using 10 (ig/mL fura-2 AM 
ester,, provides sufficient fluorescence signal without signs of buffering effects (as judged from 
vasoconstrictorr responses and vasomotion). Furthermore, the concentration of pluronic, which 
wass used to facilitate dissolving the fura-2 ester, was kept low (0.02%). Vessels remained viable 
andd did not shown signs of deterioration in the hours of experimentation after loading. 

Theree is a difference in gestational age between the women with preeclampsia and normal 
pregnantt women at the moment of cesarean delivery, obviously related to the need to terminate 
pregnancyy earlier in preeclampsia because of fetal or maternal distress. In all published studies 
concerningg isolated arteries, this gestational age difference has been present. No longitudinal data 
onn vascular function in isolated arteries in pregnancy are available, but from longitudinal data on 
hemodynamicss in normal pregnancy, it is known that the peripheral resistance reaches a plateau 
beyondd the second trimester [297]. Because peripheral resistance is, for a large part, generated in 
thee resistance vasculature, no major changes are expected to occur in systemic vascular function 
inn normal pregnancy during the third trimester. Therefore, the difference in gestational age 
betweenn women with preeclampsia and normal pregnant women is not likely to influence the 
results. . 

Wee found that the sensitivity of the contractile apparatus to calcium is significantly increased 
inn arteries from women with preeclampsia, compared with arteries from normal pregnant and 
nonpregnantt women. This indicates that the increased peripheral resistance in preeclampsia is not 
onlyy under the influence of external factors, but may result also from the intrinsically higher 
calciumm sensitivity in the resistance vasculature. The cause of this altered calcium sensitivity 
remainss to be established. The reason that the observed differences in calcium sensitivity in these 
arteriess are only present under basal conditions and the reason that differences disappear during 
potassium-- or NE-induced constriction remain to be established. In our ex vivo system the 
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increasedd calcium sensitivity could result from intrinsic alterations either in the vascular smooth 
musclee cells or in the endothelium. Endothelial cells could reduce calcium sensitivity by 
productionn of NO [298]. Thus, endothelial dysfunction, if associated with a decreased NO 
production,, indeed would result in an increased calcium sensitivity. It was not the main purpose 
off  our study to assess endothelial function. Therefore, we tested only single concentrations of BK 
andd ACh, which produced a submaximal dilatation, as based on previously reported 
concentration-responsee curves [86,87]. With this test we found no differences in BK- and ACh-
mediatedd dilatation in pregnancy and preeclampsia, which indicates an absence of gross 
endotheliall  damage. The possibility, however, remains that the altered calcium sensitivity in 
preeclampsiaa results from an altered endothelial function, due to changes in the release or action 
off  endothelial products that could not be detected with our tests. 

InIn vivo vascular smooth muscle function is under the influence of the sympathetic nervous 
system.. Sympathetic nervous activity has been reported to be decreased in normal pregnancy and 
increasedd in preeclampsia in vivo [119]. NE is the most important neurotransmitter involved in 
sympatheticc nervous activity. In resistance arteries from animals, NE has been reported to cause 
constrictionn not only by increasing the calcium concentration, but also by upregulating calcium 
sensitivityy [293]. We also observed this acute upregulation of calcium sensitivity in response to 
NEE in isolated human subcutaneous arteries. Elevated NE levels in preeclampsia that result from 
increasedd sympathetic nervous activity could acutely upregulate vascular smooth muscle calcium 
sensitivity.. Because the sympathetic nervous system is obviously absent in our ex vivo system, 
thiss cannot explain the rise in intrinsic calcium sensitivity in the isolated arteries from women 
withh preeclampsia. The observed upregulation of calcium sensitivity by NE could provide an 
explanationn for the disappearance of the differences in calcium sensitivity between groups during 
NE-inducedd constriction. Intrinsic differences in calcium sensitivity that are present during the 
basall  state are then likely to be overruled by upregulation in arteries from all groups, thereby 
equalizingg calcium sensitivities. However, the pathways that result in the observed changes in 
intrinsicc properties and the upregulation of calcium sensitivity by NE are still unknown; further 
investigationss are needed to clarify them. 

Inn conclusion, we found an increased vascular smooth muscle calcium sensitivity in isolated 
subcutaneouss arteries in preeclampsia. Intrinsic alterations in resistance artery calcium sensitivity 
couldd therefore be involved in the increased peripheral resistance in preeclampsia. 
Pharmacologicall  modulation of calcium sensitivity may provide a future means for the treatment 
off  preeclampsia-associated hypertension. 

Wee thank the Onze Lieve Vrouwe Gasthuis, in particular Jan M. van Lith, for their active 
participationn in inclusion of patients in this study. 
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Abstrac t t 

Objective::  To determine whether preeclampsia is associated with maladaptive vascular 
remodeling. . 
Methods::  Resistance arteries were isolated from subcutaneous fat biopsies, obtained during 
cesareann delivery or abdominal surgery from preeclamptic (n=14), normal pregnant (n=21) and 
nonpregnantt women (n~8), and mounted in a pressure myograph. Plasma samples were obtained 
fromm preeclamptic women at hospital admission and from age- and gestational age-matched 
normall  pregnant and nonpregnant women (n=24 each). 
Results::  Passive mechanical properties and wall thickness to lumen ratios of subcutaneous 
arteriess were similar in the groups. Matrix metalloproteinases (MMP) 2 and 9 were determined 
byy zymography. Active MMP-9 was increased in normal pregnancy compared with nonpregnant 
womenn (260  79 vs 192  65 intensity units, P=.008) and further increased in preeclampsia 
(3344  84 intensity units, P=.03). 
Conclusion::  We found no direct evidence for vascular remodeling in isolated subcutaneous 
arteriess in pregnancy and preeclampsia. However, the increased plasma activity of MMP-9 in 
thesee conditions could reflect ongoing matrix degradation and thus remodeling. 
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Introductio n n 

Normall  pregnancy is associated with extensive anatomical and functional changes of the 

cardiovascularr system to accommodate the demands of pregnancy. In preeclampsia this 

adaptationn is inadequate. This condition is mainly characterized by a generalized vascular 

dysfunction,, resulting in an increased peripheral resistance and hypertension. Whether the 

increasedd peripheral resistance results from increased microvascular tone, a quantity that may 

changee in seconds, or from remodeling of the resistance vasculature, a process that takes days 

[299],, is unclear. The rapid recovery of preeclampsia, within days after delivery, is consistent with 

bothh processes. However, the possibility that pregnancy and preeclampsia are associated with 

vascularr growth or remodeling of the resistance vasculature deserves serious consideration since it 

hass consequences for the possible role of growth factors and for antihypertensive or anti-

remodelingg therapy [300]. 

Noo straightforward approach is available to assess the structure of the resistance vasculature 

longitudinally.. Moreover, on cross-sectional studies it is difficult to make comparisons between 

groupss due to biases introduced by selection of vessels from irregularly branching microvascular 

networkss of individual patients [301], Still, there is some evidence that suggests the involvement 

off  remodeling in preeclampsia. In isolated omental arteries from women with preeclampsia, the 

ratioo of wall thickness to lumen diameter is reported to be increased, compared with that in 

vesselss from normal pregnant women and nonpregnant women [150]. 

Inn previous studies on animal vessels in organoid culture we observed that inward remodeling 

iss associated with a change in the passive pressure-diameter curve [151]. In particular, 

pressurizationn caused less distention of the remodeled vessels as compared to controls [151,299]. 

Thus,, a comparison of the distensibility of resistance vessels from preeclamptic, normal pregnant 

andd nonpregnant women could provide information on ongoing remodeling even though the 

locationn of the isolated vessel segments within their networks may be different. 

Inn this study we tested whether microvascular inward remodeling occurs in preeclampsia. In 

particular,, we determined passive properties of isolated subcutaneous arteries from the resistance 

vasculaturee of preeclamptic, normal pregnant and nonpregnant women women. In addition, we 

consideredd that vascular remodeling requires adaptation of the extracellular matrix, notably the 

collagenn backbone in the vascular wall. Accordingly, concentrations and activation status of two 

off  the involved MMP's, MMP-2 and MMP-9, were determined in the plasma's of women with 

preeclampsia,, normal pregnant and nonpregnant women. 

Method s s 

Propertiess of isolated subcutaneous arteries 

Thee medical ethical committee of the Academic Medical Center approved the study. After 

obtainingg informed consent, subcutaneous fat biopsies were taken during cesarean delivery from 

womenn with preeclampsia and normal pregnant women and at elective abdominal surgery from 
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nonpregnantt women. The samples were immediately placed in ice-cold PSS From the 

subcutaneouss fat resistance arteries of about 200 um in diameter were dissected and mounted on 

twoo glass cannulas in a pressure myograph. The chamber was filled with PSS, which was 

continuouslyy refreshed. Some of the included arteries were also used for the experiments 

describedd in chapter 10. After a calibration period of approximately 30 minutes, arteries were 

pressurizedd to 100 mmHg in calcium-free PSS containing EGTA 10 mmol/L and ionomycin 

22 jimol/L . The passive pressure-diameter relation was then determined at pressures of 5, 10, 20, 

30,, 60, 80 and 100 mmHg. The diameter at all intraluminal pressures was calculated as a 

percentagee of the passive diameter at 100 mmHg. The lumen diameter and wall thickness, as 

imagedd by a CCD camera attached to the microscope, were measured at each pressure and 

analyzedd with the use of own-built software. The wall thickness to lumen ratio was calculated. 

Measurementt  of MMP- 2 and MMP- 9 in plasma 

Afterr obtaining informed consent, plasma samples were obtained from separate groups of 

women,, with preeclampsia or a normal pregnancy, matched for age (  5 yr) and gestational age 

(  2 wk) and nonpregnant women, matched with the women with preeclampsia and the normal 

pregnantt women for age (  5 yr). Blood samples were taken from the antecubital vein without 

tourniquett through a butterfly needle with a vacutainer system into a 4.5 mL tube containing 

0.1055 mol/L citrate (Becton Dickinson; San Jose, USA). Cells were removed by centrifugation 

forr 20 minutes at 1550,? at room temperature. Plasma samples were divided in aliquots of 250 uL, 

snapp frozen in liquid nitrogen and stored at -80°C until tests were performed. 1 uL of each plasma 

samplee was dissolved in 10 uL sample buffer (sucrose 20%, Tris-HCl 125 mmol/L, SDS 4%, 

EDTAA 10 mmol/L and bromophenol blue 0.05%o) and loaded on a standard polyacrylamide gel, 

containingg 10% SDS and 0.2% gelatin. Samples of matched subjects were loaded on the same gel. 

Thee samples were run at 50mA through the gel. The gel was then rinsed in a Tris-HCl buffer 

(50mM,, pH 7.5) containing 5mM CaCl2 and 2.5% Triton for 15 min and then incubated 

(overnightt at 37°C) in a Tris-HCl buffer (50mM, pH 7.5) containing 5mM CaCl2 with 1% triton. 

Thee overnight incubation was followed by 2 short washes in aquadest, staining the gel with 

Coomassiee blue 0.1% for 2 hrs. at 60°C and destaining of the gel in a 7% acetic acid and 4% 

methanoll  solution for 1 hr. at 60°C. This results in clear white bands against a blue background. 

Thee white bands for MMP-2 and MMP-9 (both active and inactive) were identified on basis of 

theirr molecular weights (72 and 92 kDa, respectively), which were determined by comparison 

withh protein molecular weight standards (Bio-Rad high range: myosin 213 kDa, (3-gaIactosidase 

1200 kDa, BSA 76 kDa, ovalbumin 47 kDa). The white bands were quantified using a 

densitometricc method on a GelDoc 2000 system (Bio-Rad) using the Quantity One 4-2-0 software 

(Bio-Rad).. Al l bands were normalized for background density. The average intensity of each 

bandd was determined and multiplied with the broadness of the band to determine the MM P 

levels. . 
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Statisticall  analysis 

Differencess in the groups were determined with ANOVA with a Bonferroni post hoc test. 

Differencess in patient characteristics, passive mechanical properties of arteries and in wall 

thicknesss to lumen ratio between groups were determined with ANOVA with a Bonferroni post 

hocc test. Since matched subjects were loaded on the same gels, in order to exclude effects of inter-

gell  variability, differences in MM P levels between preeclamptic and normal pregnant women, 

andd between nonpregnant and normal pregnant women were determined with paired student 

tt tests with a Bonferroni correction. Differences were considered statistically significant with 

PP <.05. Al l data are presented as means  SEM. 

Result s s 

Subjects s 

Thee characteristics of the women from whom subcutaneous fat biopsies or plasma were 

obtainedd are presented in table I. Women with preeclamsia had higher systolic and diastolic 

bloodd pressures and significant proteinuria. Ten women also fulfilled the criteria for the (H)ELLP 

syndrome,, four in the subcutaneous fat biopsy group and six in the plasma group. The 

preeclampticc women delivered at earlier gestational ages of children with lower birthweights. In 

threee women with preeclampsia, who contributed plasma, perinatal death occurred. 

Propertiess of isolated subcutaneous arteries 

Thee passive diameter of the isolated arteries at 100 mmHg was similar in the three groups 

(1822  18 um in the preeclamptic vessels, 173  11 um in the normal pregnant vessels and 

1633  17 um in the nonpregnant vessels). Being part of heterogeneous microvascular networks 

thesee passive diameters are not directly comparable. However, their resemblance in diameter 

indicatess that similar vessels were isolated from the three groups. There were no differences 

betweenn the three groups in passive mechanical properties of the isolated subcutaneous arteries, 

ass indicated by the pressure-diameter relationships (figure 1). Wall thickness to lumen ratios were 

alsoo similar at all pressures. Wall thickness to lumen ratios are presented at 60 mmHg in figure 2. 

Plasmaa MMP- 2 and MMP- 9 levels 

Figuree 3 shows an example of a zymographic analysis of MM P levels in the plasma of a 

matchedd set of women, one with preeclampsia, a normal pregnant woman and a nonpregnant 

woman.. Inactive MMP-2 was present in the plasma of all women and concentrations were 

similarr in all groups (figure 4). In none of the women active MMP-2 was detected. Inactive 

MMP-99 tended to be increased in normal pregnancy compared with nonpregnant women and 

womenn with preeclampsia (702  88 vs 558  58 and 574  57 intensity units, P =.07 and P =. 10, 

respectively).. Active MMP-9 was increased in normal pregnancy compared with nonpregnant 
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womenn (260  79 vs 192  65 intensity units, P =.008) and further increased in preeclampsia (334 

 84 intensity units, P =.03). 

Tablee I. Patient characteristics. 

Isolatedd arteries 

nn -

Agee (yr) 

Gestationall  Age (wk) 

Birthweightt (g) 

Diastolicc blood pressure 

Systolicc blood pressure 

Proteinuriaa (g/24 h) 

(mmHg) ) 

,mmHg) ) 

Preeclampsia a 

14 4 

30.00 + 1.0 

30.11 * 

14733  192* 

111.88 * 

173.55 * 

5.44 4 

Normall  pregnant 

21 1 

33.44 0 

39.11 6 

3332  187 

73.11 0 

0 0 

--

Nonpregnant t 

8 8 

33.88 6 

--

--

74.66 2 

121.66 6 

--

MM PP measurement 

Sampling g 

nn = 

Agee (yr) 

Gestationall  Age (wk) 

Diastolicc blood pressure 

Systolicc blood pressure 

Proteinuriaa (g/24 h) 

Delivery y 

Gestationall  Age (wk) 

Birthweightt (g) 

**  (mmHg) 

(mmHg) ) 

Preeclampsia a 

24 4 

31.11  1.0 

30.44 8 

102.3+1.9* * 

157.33 + 3.3* 

4.66 8 

32.00 * 

1368  133* 

Normall  pregnant 

24 4 

3I.0++ 1.0 

30.33 9 

64.55 3 

108.66 0 

--

39.66  0.4 

35922 6 

Nonpregnant t 

24 4 

31.00 + 1.0 

--

71.55 6 

111.33 4 

--

--

--

DemographicDemographic data of the women with preeclampsia, normal pregnant and nonpregnant included in the 

study,study, who contributed either a subcutaneous fat biopsy or plasma. 

*ANOVA*ANOVA P <.001 
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Figuree 1. Passive mechanical properties of isolated subcutaneous arteries from women with 

preeclampsiapreeclampsia (black circles, n=14), normal pregnancy (open circles, n-21) and nonpregnant women 

(grey(grey triangles, n=8) at increasing intraluminal pressures. 
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Figuree 2. Wall thickness to lumen ratio at 

6060 mmHg in isolated subcutaneous fat 

arteriesarteries of women with preeclampsia (black 

box,box, n=13), normal pregnancy (white box, 

n-21)n-21) and nonpregnant women (grey box, 

n=7). n=7). 
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PE E PR R NP P 

Figuree 3. Zymographic analysis of plasma 

samplessamples from a matched set of women, a woman 

withwith preeclampsia (PE), a normal pregnant (PR) 

andand a nonpregnant (NP) woman The 

predominantpredominant band, which runs with a MW of 72 

kDa.kDa. (C) represents inactive MMP-2. The smaller 

band,band, with a MW of 92 kDa (A) represents 

inactiveinactive MMP-9. In the row with the plasma of 

thethe woman with preeclampsia an extra band can 

bebe seen below the 92 kDa band (B), which 

representsrepresents active MMP-9. 

800 0 

££ 600 

a a 
££ 400 

200 0 

** * 

MMP- 2 2 MMP- 9 9 Activ ee MMP- 9 

Figuree 4. Expression of inactive MMP-2, inactive and active MMP-9 in the plasma of women with 

preeclampsiapreeclampsia (black boxes, n=24), normal pregnancy (white boxes, n=24) and nonpregnant women (grey 

boxes,boxes, n—24). 

**  Paired t test P <. 01 vs nonpregnant women 

****  Paired t test P <. 05 vs normal pregnant women 
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Comment s s 

Microvascularr distensibility at full dilatation and wall thickness to lumen ratios provided no 
indicationss for the presence of established vascular inward remodeling in isolated subcutaneous 
arteriess in pregnancy and preeclampsia. However, the level of circulating active MMP-9 was 
increasedd in normal pregnancy and further increased in preeclampsia. Since MMP-9 is involved 
inn alterations in extracellular matrix composition. This finding indicates the possibility of ongoing 
systemicc vascular remodeling in normal pregnancy and in preeclampsia. There are several 
importantt considerations regarding the used techniques that could explain the discrepancy 
betweenn the information obtained from isolated arteries and from circulating MMP's. 

First,, it should be emphasized that we have investigated remodeling in isolated subcutaneous 
arteriess and it may be argued whether these arteries are representative for the whole resistance 
circulation.. However, it is generally assumed that alterations in the vasculature in pregnancy and 
preeclampsiaa are systemic, and subcutaneous vessels have been used as a representative source on 
manyy occasions. Therefore, one would expect that when remodeling occurs in the vasculature it 
shouldd also be found in the subcutaneous vascular bed. Nevertheless, it cannot be excluded that 
differentt vascular beds remodel in different gradients, with the most prominent changes in the 
uterinee circulation and minor, undetectable alterations in the subcutaneous vascular bed. Thus, it 
iss possible that signs of remodeling are found in other vascular beds in preeclampsia, as has been 
reportedd in the omental vascular bed by Aalkjaer et al. [150]. 

Second,, lumen diameter and wall thickness are all highly dependent on the branching level of 
thee vascular tree, where the studied vessel has been taken from [301]. However, wall thickness to 
lumenn ratio of small vessels has been reported to be a highly reproducible morphometric 
parameterr even in small groups of patients [301-303]. We tried to include vessels of roughly the 
samee diameter from women in all groups in this study. Still, we can not exclude the possibility 
thatt a systematic sampling error has been introduced, due to differences in the vascular 
architecturee of the resistance vasculature between women with preeclampsia, normal pregnant 
andd nonpregnant women [301,304]. 

Third,, the absence of tethering to surrounding tissue and the lack of effects of perivascular 
tissuee pressure results in the measurement of a greater diameter than is probably present in these 
arteriess in vivo. Furthermore, when transmural pressure is increased vessels not only distend, but 
alsoo elongate, which could result in a decreased wall thickness to lumen ratio [305]. Whether 
suchh elongation also occurs in vivo or whether surrounding tissue prevents this is unclear. 
Furthermore,, it is possible that vessels from different patient groups respond in different ways to 
thee applied in vitro conditions. 

Fourth,, we assumed that the MMP's circulating in the plasma reflect spill over of the enzymes 
ass a result of their raised levels in the vascular wall during ongoing remodeling. A direct relation 
betweenn vascular wall and plasma concentrations of these enzymes has however not yet been 
demonstrated.. There are other possible sources of the MMP's in blood, such as the placenta. 
Placentall  production of MMP's has been shown to be involved in early placentation [306,307], 
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andd thus could be involved in the remodeling of the uteroplacental vasculature. To our 
knowledgee no measurements of vascular wall MMP levels have been performed in pregnancy 
andd preeclampsia. 

Onee previous study investigated MMP-2 and MMP-9 concentrations in plasma from women 
withh preeclampsia and normal pregnant women by zymography [308]. Those authors reported 
thatt MMP-2 concentrations were three times higher in the blood of women with preeclampsia. 
Noo MMP-9 was detected [308]. In that study, however, samples with equal protein loads were 
loadedd on the gel instead of a standard amount of plasma. Since protein concentrations, in 
specificc albumin, are substantially decreased in the blood of women with preeclampsia, larger 
volumess of plasma from women with preeclampsia were probably loaded onto the gel, possibly 
explainingg why increased MMP-2 concentrations were found in that study and not in ours. The 
factt that MMP-9 was undetectable in that study can probably be explained by underloading. 

Altogether,, it seems most important that techniques are developed that allow longitudinal in 
vivovivo observations of the structure of the same part of the resistance vasculature throughout normal 
pregnancyy and upon development of preeclampsia. This type of longitudinal in vivo measurement 
iss possible for monitoring of large arteries (echo wall-tracking [309] or magnetic resonance 
imagingg [310]) and capillaries (OPS imaging and intravital microscopy or capillaroscopy [311]), 
althoughh these techniques, to our knowledge, have not yet been used for longitudinal monitoring 
off  vascular structure. Hopefully, future studies will indicate whether remodeling is present in 
thesee large and small vessels in pregnancy and preeclampsia. Techniques for in vivo monitoring of 
resistancee vasculature structure remain to be developed, since current techniques are not 
applicablee for this vasculature mainly due to resolution problems. 

Inn conclusion, we found no direct evidence for vascular remodeling in the isolated 
subcutaneouss arteries in pregnancy and preeclampsia. However, the increased activity of MMP-9 
inn plasma in pregnancy and preeclampsia could reflect ongoing matrix degradation and thus 
vascularr remodeling in other vascular beds. Measurements in other vascular beds and 
longitudinall  in vivo observations are needed to provide evidence whether the process of vascular 
remodelingg is involved in pregnancy and preeclampsia. 
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Abstrac t t 

Objective::  To evaluate whether a 3-hour incubation with 17ji-estradiol will enhance flow- and 
BK-mediatedd dilatation and alter pressure-induced basal tone in myometrial resistance arteries 
fromfrom women with preeclampsia, and to evaluate the role of NO in the responses observed. 
Methods::  Flow- and BK-mediated dilatation and responses to intraluminal pressure of 60 and 80 
mmHgg were compared before and after 3 hours incubation with 17p-estradiol (10 nmol/L) in 
isolatedd myometrial arteries using pressure myography technique. In separate experiments the 
rolee of NO on 17(3-estradiol-induced responses was evaluated in the presence of the NOS 
inhibitorr (L-NAME, 0.1 mmol/L). Endothelial morphology was evaluated by scanning electron 
microscopy. . 
Results::  Incubation with 17J3-estradiol significantly improved flow-mediated dilatation as 
comparedd to initial flow-mediated response in arteries from women with preeclampsia. This 
effectt was NO-mediated, since L-NAME abolished the response. Arteries from women with 
preeclampsiaa demonstrated impaired BK-mediated dilatation compared to that obtained in 
arteriess from normal pregnant women. 17p-estradiol had no effect on BK-mediated dilatation in 
arteriess from women with preeclampsia. The enhanced pressure-induced tone at 80 mmHg as 
comparedd to tone developed at 60 mmHg in arteries from women with preeclampsia was reduced 
afterr incubation with 17p-estradiol. This reduction was also NO-mediated. Morphological signs 
off  endothelial dysfunction were evident in arteries from women with preeclampsia. 
Conclusions::  17[3-estradiol improved impaired flow-mediated dilatation and reduced basal tone 
throughh a NO-mediated pathway in isolated myometrial arteries from women with preeclampsia. 
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Introductio n n 

Endotheliall  dysfunction is considered to be a central pathogenic feature of preeclampsia. This 

iss supported by alterations in a variety of biochemical markers, and by functional studies in 

isolatedd resistance artery preparations by measuring dilatory response to endothelium-dependent 

agonistss or flow-mediated dilatation [255]. A current hypothesis suggests that compromised 

endotheliall  function in preeclampsia may be related to oxidative stress, which is developed under 

influencee of enhanced lipid peroxidation [312] and impaired availability of antioxidant agents 

[73]. . 

Inn view of substantial evidence of endothelial dysfunction in preeclampsia treatment options 

shouldd be designed towards reduction, repair or prevention of endothelial damage. Estrogens are 

knownn to have antioxidative effects [313] and to cause both immediate endothelium-independent 

[314]]  and -dependent dilatation [315] as well as longer-term endothelium-dependent responses, 

whichh may be genomic in origin and primarily involve the regulation of endothelial NOS [316]. 

Moreover,, in cultured endothelial cells estrogens may stimulate a calcium independent pathway 

off  NO synthesis, similar to that obtained by flow-induced shear stress-mediated stimulation of 

NOO synthesis facilitated by heat shock protein 90 [317]. 

Preeclampsiaa is associated with reduced placental estrogen production, reduced supply of fetal 

estrogenn precursors and an impaired conversion of these compounds into estrogens by the 

placentall  tissue resulting in decreased maternal plasma estrogen levels [318]. The lower risk for 

breastt cancer later in life for women who experienced preeclampsia [319] has been attributed to a 

reducedd estrogen effect. 

Thee present study was undertaken to evaluate whether a 3-hours incubation with 17pJ-estradiol 

mayy improve endothelial function in isolated myometrial arteries from women with 

preeclampsia,, and, if so, whether this improvement is NO-mediated. Endothelial function was 

estimatedd by evaluation of flow-mediated dilatation, which is known to be NO-mediated in these 

arteriess during normal pregnancy and is absent in preeclampsia [123]. Impaired BK-mediated 

dilatationn in isolated myometrial arteries from women with preeclampsia has been demonstrated 

previouslyy by using conventional wire-myography technique [129]. In our study we used a more 

physiologicall  approach, i.e. a pressure myography system, in order to confirm endothelial 

dysfunctionn and to investigate whether estrogens may improve this response. In addition, the role 

off  estrogens on the modulation of pressure-induced tone was determined. Finally, we used 

scanningg electron microscopy technique to compare the surface morphology of the endothelium 

inn myometrial arteries from women with preeclampsia and normal pregnant women. 

Method s s 

Subjects s 
Thee ethical committee of Huddinge University Hospital approved this study and all women 

gavee their informed consent to participate. Twenty women with preeclampsia (15 nulliparous) 
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withh a median age of 34 years (range 22-38) and a median gestational age of 35 weeks (range 31-
37)) undergoing cesarean delivery for deterioration of the preeclamptic condition were enrolled. 
Women,, who had received antihypertensive agents, were excluded. The control group included 
277 healthy pregnant women (18 nulliparous) with a median age of 36 years (range 21-42) and a 
mediann gestational age of 39 weeks (range 37-41) undergoing elective cesarean delivery due to 
breechh presentation (n=12), previous cesarean delivery (n=8) or psychosocial reasons (n=7). The 
biopsiess were taken immediately following delivery, from the upper edge of the transverse 
incisionn in the lower uterine segment. 

Experimentall  set-up 
Intramyometriall  small arteries (internal diameter approximately 200 urn and 2.5-3 mm length) 

weree immediately dissected from the biopsies, carefully removing surrounding myometrium, 
connectivee tissue and adventitia. The myometrial arteries were then mounted in a pressure 
arteriographh (Living Systems Instrumentation Inc; Burlington, USA), as previously described 
[123].. The vessels were orientated in the in vivo direction of flow on a pair of opposing glass 
microcannulaee matched for flow resistance. The organ bath was perfused (7 mL/min) with PSS. 
AA servo-controlled pump maintained the required intraluminal pressure and the internal diameter 
off  the artery was recorded continuously using a video dimension analyzer, "in-line" pressure 
transducerss monitored the proximal and distal pressure on each side of the specimen, enabling 
calculationn of the mean intraluminal pressure. Each artery was equilibrated for 60 minutes while 
pressurizedd to 50-60 mmHg. 

Effectss of 17p-estradiol on flow-mediated dilatation 
Afterr the equilibration period, the intraluminal pressure was increased to 80 mmHg for 30 

minutess and internal diameter was recorded thereafter. NE (1 (imol/L) was then added to the 
superfusatee for 30 minutes and internal diameter was recorded before intraluminal flow was 
initiatedd using a flow pump. Flow was increased at 5 minute intervals (from 0 to 204 ul/min) and 
thee internal diameter was recorded at the end of each flow step. During flow establishment at 
differentt flow rates, the proximal and distal pressure gradient was controlled by changing the 
distall  pressure in order to keep the intraluminal pressure constant i.e. 80 mmHg. After 
achievementt of the first flow response curve intraluminal flow was stopped and intraluminal 
pressuree was kept at 80 mmHg. The vessel was then incubated with 17p-estradiol in PSS 
(100 nmol/L, 3hours, and 37°C). Estradiol was then removed by washing with PSS (30 minutes) 
andd the flow-response assessment was repeated. In order to find out whether the effect of 
17$-estradioll  on flow-mediated dilatation is NO-mediated, in separate arteries the first flow-
mediatedd response was performed after initial incubation with 17(3-estradiol (10 nmol/L) and a 
washingg period for 30 minutes with PSS and repeated after incubation with the NOS-inhibitor 
L-NAM EE (0.1 mmol/L). At the end of each experiment, while pressure was maintained at 
800 mmHg, the arteries were incubated in calcium-free solution with EGTA (1 mmol/L) and 
papaverinee (0.1 mmol/L) for 30 minutes and the increase in internal diameter was recorded. 
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Effectss of 17p*-estradiol on BK-mediated dilatation 
Inn separate arteries after an equilibration period at 60 mmHg NE (1 umoI/L) was added to the 

superfusatee for 30 minutes to achieve a stable constriction. Concentration-response curves were 

constructedd by addition of cumulative concentrations of BK (1 nmol/L to 1 (imol/L) in 

NE-substitutedd PSS, application of each concentration lasting 3 minutes. Dilatation to BK was 

determinedd before and after pre-incubation with 17P-estradiol (10 nmol/L, 3 hours), as in the 

floww protocol described above. Finally, while pressure was maintained at 60 mmHg, the arteries 

weree incubated in calcium-free solution for 30 minutes and the increase in internal diameter was 

recorded. . 

Scanningg electron microscopy 
Isolatedd small myometrial arteries from women with preeclampsia and normal pregnant 

womenn were carefully dissected and immersed in 2.5% glutaraldehyde solution in a sodium 

cacodylatee buffer (0.15 moI/L, pH 7.3, 24 hours). The arteries were then post fixed in 

1%% osmium tetraoxide in sodium cacodylate buffer (0.15 mol/L, pH 7.3) containing 75 mmol/L 

sucrose.. They were then dehydrated in acetone and dried in a critical point drier with carbon 

dioxide.. The samples were mounted, coated with gold palladium and examined under a 

JEOLL 820 scanning electron microscope. 

Statisticall  analysis 
Valuess in the text and figures are given as mean  SEM. Flow- and BK-mediated dilatation 

weree calculated as a percent change in internal diameter from initial preconstriction with NE. 

Thee flow- and BK-mediated responses obtained in arteries from preeclamptic and normal 

pregnantt women under different treatment conditions were compared by RM-ANOVA (StatSoft 

Inc;; Tulsa, USA). The difference in internal diameter of the arteries when pressurized at 60 and 

800 mmHg before and after equilibration in calcium-free PSS (calcium-free PSS with EGTA) 

providess an estimate of pressure-induced myogenic tone, which was calculated from the 

followingg equation: 

Myogenicc tone (%) = (ID calcium-free PSS ID PSS) / ID calcium-free PSS) x 100, in which 

ID=internall  diameter. Pressure-induced tone was compared within and between the groups with 

pairedd and unpaired t tests respectively. Significance was assumed if P <.05. 

Result s s 

Thee arteries obtained from women with preeclampsia and women with normal pregnancy had 

similarr diameters when equilibrated in PSS alone at 60 mmHg (212  24 urn (n=23) vs 

2288  37 urn (n=24), respectively). 
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17(3-Estradioll  and flow-mediated dilatation 

Inn accordance with a previous study [123], we found that myometrial arteries from women 

withh preeclampsia failed to dilate in response to increasing intraluminal flow (% change from 

initiall  preconstriction -8  6% at the maximum flow rate of 204 ul/min, figure 1). In contrast, 

followingg 3 hours incubation with 17(5-estradiol these arteries demonstrated a substantial 

dilatationn in response to flow (60  19% at the maximum flow rate of 204 ul/min, RM-ANOVA, 

FF = 4.6, P =.006, n=7, figure 1). This estrogen-induced upregulation of flow-mediated dilatation 

wass NO-mediated, since in separate arteries the increased vasodilatation in response to increase 

inn intraluminal flow obtained after 3 hours incubation with 17(3-estradiol was reversed after 

NOS-inhibitionn with L-NAM E (50  15% after 17p-estradiol vs 5  15% after L-NAM E at the 

maximumm flow rate of 204 ul/min, RM-ANOVA; F = 8.7, P =.02, n=4, figure 2). 

00 70 140 210 
Floww (ul/min) 

Figuree 1. Flow-mediated dilatation in myometrial arteries from women with preeclampsia in PSS 

(open(open circles) vs after incubation with 17^-estradiol (black circles) (n-7). 
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L-NAMEL-NAME (open circles) 

(n=4). (n=4). 

17P-EstradioII  and BK-mediated dilatation 
Arteriess obtained from women with preeclampsia demonstrated a reduced dilatation to 

increasingg concentrations of BK in comparison with dilatation obtained in arteries from normal 

pregnantt women (e.g. at concentration of 1 umol/L, % change from initial preconstriction was 

900  25% (n=12) vs 175  14% (n=24), RM-ANOVA; F = 6.4, P =.02, figure 3). Pre-incubation 

withh 17(3-estradiol did not affect BK-mediated dilatation in arteries obtained from women with 

preeclampsiaa (figure 4). 
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Figuree 4. BK-mediated 

dilatationdilatation in isolated 

myometrialmyometrial arteries from 

womenwomen with preeclampsia 

inin PSS (black circles) and 

afterafter incubation with 17/3-

estradiolestradiol (open circles) 

(n=7). (n=7). 

17P-Estradioll  and pressure-induced myogenic tone 

Myometriall  arteries from women with preeclampsia developed pressure-induced tone at 60 

mmHgg that was similar before and after incubation with 17p-estradiol (11  2% vs 11  2%, 

n=7).. When pressurized to 80 mmHg, developed tone was enhanced in comparison with that 

obtainedd at 60 mmHg (33  4%, n = 7 vs 13  3%, n=12, P <.001, fig 5). In contrast, 3 hours 

incubationn with 17(3-estradiol significantly reduced pressure-induced tone at 80 mmHg (33  4% 

inn PSS vs 11  2% after 17p-estradiol, n=7, P <.001, figure 5). The effect of 17p-estradiol on the 

reductionn of pressure-induced myogenic tone was due to a dilatory influence of NO, since in 

separatee arteries, L-NAM E significantly reversed the myogenic tone developed at 80 mmHg after 

initiall  incubation with estradiol to a value similar to that obtained in PSS alone (13  1% after 

17P-estradioll  vs 42  5%, P <.01, n=4, figure 5). 
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Figuree 5. Pressure-induced tone in isolated myometrial arteries from women with preeclampsia in 

PSSPSS and after incubation with 17j5-estradiol or L-NAME. 

**  P <. 001 for tone in PSS at 60 mmHg (n-12, 5 additional arteries included, that were not exposed to 

l7j5-estradiol)l7j5-estradiol) vs 80 mmHg (n=7). 

§§ P <. 001 for tone at 80 mmHg in PSS (n-7) vs after incubation with 17j5-estradiol (n=7). 

#P<#P< 01 for tone at 80 mmHg after incubation with 17/5-estradiol (n =4) vs L-NAME (n =4). 

Scanningg electron microscopy 
Thee entire surface of arterial lumen obtained from arteries from women with preeclampsia 

(n=6)) and arteries from women with normal pregnancy (n=5) was examined by using scanning 

electronn microscopy with particular attention to the quality of endothelial cell plasma 

membranes,, the presence of degenerated/detaching cells, and the presence of attached 

erythrocytes,, platelets or other particles. Striking differences in respect to morphology between 

arteriess from normal pregnant women and women with preeclampsia were noted (figure 6). In 

normall  myometrial arteries, a continuous sheath of elongated endothelial cells with apparently 

thickk intact plasma membranes covered the luminal surface of the intima. These cells were tightly 

connectedd (figure 6A-C). In arteries from women with preeclampsia, many endothelial cells were 

shrunken,, with blebbing and thin plasma membranes detaching from basal lamina. This 

morphology,, which was observed in all arteries from women with preeclampsia, could be 

compatiblee with apoptotic cell death (figure 6D). On the other areas of the vascular intima 

plateletss and nonspecific protein aggregates were adhering (figure 6E). In addition, endothelial 

celll  layers with disruption of intercellular junctions were observed in myometrial arteries from 

womenn with preeclampsia (figure 6F). 
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Figuree 6. Scanning electron microscopy pictures (x 1125 fold magnification) of the endothelial cell 

layer:layer: myometrial artery from a normal pregnant woman (A, B, C), arteries from women with 

preeclampsiapreeclampsia (D, E, and F). For details see "Results" section. 
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Comment s s 

Inn this study we have confirmed that endothelium-dependent dilatation in response to flow-
mediatedd shear stress and BK are impaired in small arteries from the uterine circulation in 
preeclampsia.. Both shear stress, generated by flow, and BK, produced by endothelial cells, has 
beenn suggested to be important physiological agonists for the release of endothelium-derived 
factorss and contribute significantly to the vasodilatation seen in normal pregnancy [255]. The 
impairmentt of these responses would lead to the development of increased vascular resistance in 
thee uterine circulation in preeclampsia. Morphological alterations (i.e. shrunken, detached, 
degeneratedd thin cell membranes or signs of endothelial cell death, cells adhesion, enlarged 
intercellularr junctions) in small myometrial arteries give further support for an important role for 
endotheliall  malfunction in the uterine circulation in this disease. These morphological findings 
wouldd at least partly explain the enhanced vascular permeability through enlarged intercellular 
junctionss and is in line with an activated coagulation system in preeclampsia. Whether 
endotheliall  cell death in vascular endothelium found in our study is compatible with apoptosis 
needss to be confirmed with other techniques for assessment of apoptosis, although increased 
apoptosiss and altered expression of different mediators for apoptosis in the placenta from women 
withh preeclampsia has been demonstrated by others [320]. Whether persistence of endothelial cell 
deathh in the endothelium of myometrial arteries from women with preeclampsia is a consequence 
off  estrogen deficiency, oxidative stress or impaired NO production remains unknown. However, 
aa similar morphological pattern has been observed in our laboratory when using isolated arteries 
fromm women after menopause (unpublished observation). 

Estrogenss are considered to confer cardiovascular protection in women after menopause or in 
thee aging population with hypertensive disorders [321], To our knowledge, this is the first in vitro 
studyy demonstrating beneficial effects of estrogen on dysfunctional endothelium in women at 
reproductivee age. Incubation with estrogens significantly improved the impaired flow-mediated 
dilatationn in isolated myometrial arteries from women with preeclampsia. In addition, it also 
reducedd pressure-induced myogenic tone known to be enhanced in this disease [123]. NO 
mediatedd both effects, since inhibition of NOS abolished the responses. In the in vivo situation 
thiss would reflect an increase in blood flow with the reduction of the vascular resistance in the 
uteroplacentall  circulation. Our results are thus in line with other studies demonstrating estradiol-
inducedd reduction in basal tone and up-regulation of flow-mediated dilatation in small arteries 
fromm hypertensive male and female rats [322,323] or in small subcutaneous arteries from 
postmenopausall  women [324]. Thus, reduced pressure-induced tone and improved flow-
mediatedd dilatation seem to be important mechanisms of estrogen action in the vasculature. In 
contrast,, impaired BK-mediated dilatation was not affected by three-hour incubation with 
17[3-estradioll  in our study. This might indicate the presence of different regulatory mechanisms 
byy which 17(3-estradiol upregulates release of vasodilators in response to pressure, flow-mediated 
shearr stress and BK. 
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Initiall  studies suggested that the beneficial effects of estrogen on vascular tone are related to 
pathwayss associated with calcium dynamics in smooth muscle cells [325]. However, the 
physiologicall  relevance of these findings is far from clear, since pharmacological concentrations 
usedd were far above those achieved under in vivo conditions. At physiological levels, the main 
effectt of estrogens on pressure-induced tone is to open vascular smooth muscle calcium-activated 
potassiumm channels, which occurs via a NO/cyclic GMP-dependent pathway as demonstrated in 
pressurizedd small arteries obtained from ovarectomized animals [326]. In our study, estrogen-
inducedd reduction in pressure-induced tone was NO-mediated. However, it has to be proven 
whetherr this effect occurred through the same mechanism as described above. 

17[3-estradioll  at physiological concentrations may upregulate calcium-dependent endothelial 
NOS,, as demonstrated in cultured endothelial cells [327] and in isolated arteries obtained from 
femalee animals in different hormonal environments [316]. In addition, increasing evidence 
suggestss that estrogens may upregulate flow-mediated NO release through mechanisms peculiar 
too this process. Thus estradiol has been shown to activate endothelial NOS via tyrosin kinases or 
mitogen-activatedd protein kinase-dependent mechanisms, through heat shock protein 90-binding 
[317]]  or through activation of endothelial NOS, involving phosphatidylinositol 3-kinase-Akt 
[328].. These pathways are unique to a limited number of stimuli, including primarily flow-
inducedd shear stress, but not agonist, such as BK, -dependent pathways. This could explain the 
effectss of 17p-estradiol on flow- but not on BK-mediated dilatation in myometrial arteries from 
womenn with preeclampsia. We have previously suggested, that preeclampsia might be associated 
withh impairment of several shear-mediated signal transduction pathways involved in the 
activationn of endothelial NOS, rather than changes in NO activity perse, since the basal release of 
NOO was similar in arteries from both normal and preeclamptic women [123]. Taken together it 
seemss that estradiol might upregulate one or several signal transduction pathways involved in the 
activationn of endothelial NOS and leading to NO release in response to flow-induced shear stress 
inn myometrial arteries from women with preeclampsia. Recently, it has been demonstrated that 
reactivee oxygen species are involved as physiological signaling mediators in activation of 
endotheliall  NOS and NO release in response to shear stress [329,330], although the biological 
effectss are critically dependent on reactive oxygen species concentration. Whether estrogens in 
thee presence of oxidative stress in preeclampsia may act as a stabilizer between pro- and 
antioxidantt reactions to regulate production of reactive oxygen species remains to be determined. 

Itt cannot be assumed that the lack of effect of estradiol on the blunted BK response would 
pertainpertain to other endothelium-dependent vasodilators e.g. ACh. It also remains to be determined 
whetherr the abnormal BK responses in these vessels are primarily due to a lack of NO or other 
vasodilatorss and whether the effects are tissue specific since incubation with estradiol significantly 
improvedd BK-mediated dilatation in small subcutaneous arteries from postmenopausal women 
(unpublishedd observation). 

Inn our study we have not elucidated whether the effects of 17(3-estradiol on NO release were 
rapidd or longer-term genomic in origin. Estrogens may evoke responses within several minutes in 
celll  cultures, and during in vivo experiments. The rapid responses associated with increase in NO 
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synthesiss in endothelial cell cultures have been shown to be short lived and reversible [331], but 
thee physiological role of these rapid effects in vivo remains poorly understood and needs to be 
clarified.. Our intention was to investigate the longer-term genomic effect. We can, however, not 
excludee the possibility that the achieved effects in our study are rapid in origin or a combination 
off  both. In this context it should also be emphasized the mechanism of estrogen induced NO 
releasee when extraluminal incubation with 17(5-estradiol is applied, as in the present study, the 
ligandd may need a relatively longer time to reach the endothelial cells as compared with a cell 
culturee model. 

Severall  studies in isolated small arteries from hypertensive animals [322] and cultured 
endotheliall  cells [327] have suggested a predominant role for estrogen receptor-alpha in estrogen-
inducedd upregulation of NO release. There is evidence for the presence of a rapid acting 
membranee receptor for the estrogen [332]. This corroborates with a recent finding of a 
subpopulationn of estrogen receptor-alpha to be localized in the endothelial cell caveolae, where 
theyy are coupled to endothelial NOS in a functional signaling module [331]. It has been recently 
suggestedd that the rapid effect caused by physiological levels of estrogen is mediated, at least in 
part,, by the action of the same receptor that could act as a transcription factor to mediate the 
genomicc effects of estrogen on vascular gene expression [332]. Ongoing studies in our laboratory 
willl  aim to elucidate the role of this receptor in the initiation of responses in arteries from women 
withh preeclampsia. 

Bothh estrogen and NO play critical roles in blood vessel development, function or remodeling 
[321].. Understanding of the interaction between these two powerful, interdependent vascular 
modulatorss may be the first step in designing strategies for treatment in conditions such as 
ischemic,, diabetic, postmenopausal and preeclamptic vascular dysfunction. We have presented 
dataa demonstrating that estrogen improves endothelial function through upregulation of flow-
mediatedd dilatation and reduction of pressure-induced myogenic tone in resistance myometrial 
arteriess from women with preeclampsia. These effects were NO-mediated and might suggest a 
possiblee role for estrogen to improve uteroplacental blood flow in preeclampsia. 

Thiss research project was supported by grants from the Swedish Medical Research Council 
(09512),, Ake Wiberg, Tore Nilsons, Harald Jeanssons and The Harald and Greta Jeanssons 
foundations. . 
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Introductio n n 

Inn this chapter we will first comment on the sample size of the studies described in this thesis. 
Secondly,, the role of microparticles in the pathogenesis of in preeclampsia will be discussed. The 
studiess described in part II of this thesis direct us towards the hypothesis that microparticles are 
causallyy involved in the generation of vascular dysfunction in preeclampsia. In this section we 
wil ll  combine the knowledge gathered in the studies in this thesis with information from the 
literaturee in order to further develop this hypothesis. Possibilities for future research will be 
described.. Thirdly, the contribution of vascular smooth muscle to vascular dysfunction in 
preeclampsiaa will be discussed. The evidence from studies described in part III of this thesis will 
bee combined with information from the literature on this subject to evaluate the implications of 
thesee findings for future research and treatment options. 

Sampl ee size of the studie s in this thesi s 

Att the start of the project described in this thesis, only very limited information was available 
onn vascular smooth muscle function in preeclampsia and practically no information was available 
onn the role of microparticles in vascular dysfunction in preeclampsia. Therefore, many of the 
studiess in this thesis were aimed at unraveling fundamental differences in these aspects between 
normall  pregnancy and preeclampsia, rather than quantitating possible more subtle differences. 
Wee therefore chose to use rather low sample sizes (typically n=10) in several of the studies 
presentedd in this study. It is well apreciated that these sample sizes limit the statistical power of 
thee experiments. It should however be realized that the applied techniques, notably the 
cannulationn of arterioles, is quite time-consuming. Also, we applied strict inclusion criteria for the 
patientt groups in order to reduce intra-group variability as much as possible. Therefore, collecting 
tissuee and performing these studies on larger groups would have extended the studies 
considerably,, and would have prevented us from following the large set of approaches described 
inn the previous chapters. In several of the studies trends were detected (e.g. endothelial cell-
derivedd microparticles in chapter 5) that we believe warrant future studies with a larger sample 
sizes.. With due observance of the above discussed, we were cautious with the interpretation of 
thee results of the studies described in this thesis. 

Microparticle s s 

Ass described in the introduction, a central mechanism in the pathogenesis of preeclampsia is 
thee release of an unknown factor from the placenta into the maternal blood that causes a 
generalizedd vascular dysfunction. In the studies described in this thesis we investigated whether 
microparticless could be this unknown factor. The results of these studies indeed direct us towards 
aa causal role for microparticles in the generation of vascular dysfunction in preeclampsia. 
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Numberss of circulating microparticles derived from granulocytes and lymphocytes were increased 

inn women with preeclampsia (Chapter 5) and the total group of circulating microparticles isolated 

fromm the blood of women with preeclampsia induced endothelial dysfunction in resistance 

arteriess isolated from healthy pregnant women in contrast to microparticles isolated from the 

bloodd of normal pregnant (Chapters 6 and 7) or nonpregnant women (Chapter 7). This damage 

didd not seem to be directly related to the phospholipid composition of the microparticles 

(Chapterr 7). Furthermore, microparticles were not directly involved in the increased coagulation 

activationn in preeclampsia. Thus, many questions remain, including: which subpopulation(s) of 

microparticless are the damaging ones? How and when are these damaging microparticles formed? 

Howw do they exert their effects? Which components of the microparticles cause the damage? 

Howw could microparticle-induced damage be prevented in vivol The possible answers to these 

questionss and possibilities for research that wil l help to answer them wil l be discussed in the next 

section. . 

Whichh subpopulations of microparticles are the damaging ones? 
Severall  possible subpopulations of microparticles could be involved in the generation of 

vascularr dysfunction in preeclampsia. The largest portion of circulating microparticles in 

nonpregnant,, normal pregnant and preeclamptic women was derived from platelets (Chapter 5). 

Furthermore,, microparticles from erythrocytes, leukocytes and endothelial cells were present 

(Chapterr 5). The subgroup, however, that is most likely to be involved in the generation of 

vascularr dysfunction in preeclampsia is formed by leukocyte-derived microparticles. We found 

thatt their numbers are increased in the blood of women with preeclampsia (Chapter 5). We also 

investigatedd the role of STBM in the pathogenesis of vascular dysfunction in preeclampsia. 

Previously,, STBM numbers have been reported to be increased in women with preeclampsia [64] 

andd high concentrations of artificially prepared STBM were found to damage endothelial 

functionn in isolated subcutaneous arteries [66]. However, in our experiments the antibody, 

previouslyy used to detect microparticles in venous blood from women with preeclampsia, proved 

too be non-specific (Chapter 5). Since no syncytiotrophoblast-specific antibodies are currently 

availablee we were unable to establish the possible presence of STBM in our samples. However, 

sincee we were capable of determining the cellular origin of virtually all circulating microparticles, 

STBMM - if present in the maternal blood - can only comprise a modest percentage of the total 

(Chapterr 5). The assumption that STBM are not the microparticle subgroup involved in 

generationn of vascular dysfunction was strengthened by the results of the study described in 

chapterr 4, in which we found that artificially prepared STBM did not cause vascular dysfunction 

inn isolated myometrial arteries. 

Howw and when are these damaging microparticles formed? 
Theree are several possibilities to answer the question how and when these damaging 

microparticless are formed. One possibility is that cells are activated while they pass through the 

placenta.. As described in chapter 2 there is a substantial amount of evidence that placentation is 
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suboptimall  in preeclampsia. This results in a placenta with specific characteristics, such as 
increasedd cytokine production, adhesion molecule- and antigen expression [49,333]. During 
passagee of this "activated" preeclamptic placenta, blood cells may also become activated. 
Activationn of leukocytes during passage through preeclamptic placentas has recently been 
reportedd [334]. Furthermore, culture medium incubated with placentas from women with 
preeclampsiaa stimulated the interaction between neutrophils and endothelial cells [258], 
indicatingg that something is derived from these placenta's that stimulates leukocytes and/or 
endotheliall  cells and their interaction. Lymphocyte microparticles could also be derived from 
activatedd lymphocytes that are present in increased amounts in the placental tissue during 
preeclampsiaa [257]. 

Howw do the damaging microparticles exert their  effects? 
Afterr their formation, leukocyte microparticles could cause endothelial activation and/or 

dysfunctionn directly or indirectly by interacting with other cells that could then in turn start 
formingg microparticles, thus creating a vicious cycle. So far, the only experiments that have 
determinedd microparticle numbers in relation with preeclampsia, measured when preeclampsia 
hadd already developed. As a consequence, we do not have any information about microparticles 
inn relation to the time-course of the disease. 

Itt is also possible that the population of circulating microparticles substantially differs from the 
populationn of microparticles bound to endothelial cells. It seems reasonable that the latter group 
formss the culprit. The fact that microparticles contain cell-specific adhesion molecules or 
adhesionn molecule ligands enables them to bind to cells that expose either ligands or adhesion 
moleculess (Chapter 3). Binding of microparticles to cells has indeed been shown [197] as well as 
directt transfer of molecules from microparticles to cells [196], which implies that there must have 
beenn direct contact between microparticles and cells. [200]. In the experiments described in 
chapterr 6 we observed that microparticles affected vascular function only after prolonged 
incubation.. Since this incubation was performed at 4°C, a temperature at which enzymatic and 
biochemicall  processes are largely inactive in contrast to physical processes such as diffusion and 
attachment,, we hypothesize that attachment of microparticles to the endothelium is an important 
stepp in the generation of vascular dysfunction in preeclampsia. We also observed that 
preeclampticc microparticles affected endothelial function when minimal amounts of plasma were 
present,, but endothelial function was unaffected when higher concentrations of plasma were 
presentt (Chapter 6). We assume this protective effect of plasma is due to inhibition of 
microparticlee attachment. The most likely substances involved in such protection are plasma 
proteins.. Albumin protects endothelial function in isolated arteries [265] and albumin and other 
plasmaa proteins bind to the glycocalyx - a layer on the endothelial cell membrane that consists of 
specificc proteoglycans and glycoproteins - to form a protective layer that is essential for 
maintenancee of the vascular endothelium [335]. Albumin also binds arachidonic acid and 
platelet-activatingg factor [336,337]. Both arachidonic acid and platelet-activating factor can be 
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presentt in or on microparticles [157,338]. Therefore, it is possible that plasma proteins support a 
glycocalyxx layer around microparticles or on the endothelium that prevents the interaction 
betweenn them. The reduced albumin concentrations and altered albumin characteristics in 
preeclampsiaa [266] fit  in this theory, as well as the fact that the effect of plasma was 
concentration-dependentt (Chapter 6). 

Thee presence of oxidative stress in preeclampsia [274] could be involved. Oxidative stress 
couldd further enhance the damaging effect of microparticles. Oxidative stress also diminish the 
endotheliall  glycocalyx, thereby facilitating adhesive interactions of blood cells with the 
endotheliumm [267]. 

Whichh components of the microparticles cause the damage? 
Whichh components of the microparticles are involved in generation of vascular dysfunction in 

preeclampsiaa and other diseases remains unclear. As discussed in chapter 3, the composition of 
microparticless not only depends on the "parent cell", but also on the underlying cellular process, 
thee stimulus that initiated microparticle generation and on the presence of oxidative stress. Not 
onlyy the adhesive capacity of microparticles could be important, but also their protein and 
phospholipidd composition. We found that the phospholipid composition of the circulating 
microparticlee population in women with preeclampsia did not significantly differ from that in 
normall  pregnant women (Chapter 7). Thus, the phospholipid composition of microparticles 
seemss not to be of importance for the induction of vascular dysfunction in preeclampsia. Whether 
thee oxidation status of the phospholipids in microparticles is of importance remains to be 
investigated. . 

Thee role of microparticles in coagulation and inflammation 
Microparticless have not only been implicated in the generation of vascular dysfunction but 

alsoo in coagulation and inflammation (Chapter 3). Both these processes are activated in 
preeclampsia.. We investigated the possible involvement of microparticles in the hypercoagulation 
inn preeclampsia. Although microparticles were involved in thrombin generation, and different 
pathwayss of thrombin generation initiation were involved in preeclampsia when compared to 
microparticless from normal pregnant and nonpregnant women, the hypercoagulation did not 
directlyy result from an altered thrombin generating capacity of the circulating microparticles 
(Chapterr 8). Several characteristics indicate an exaggerated inflammatory state in preeclampsia; 
leukocytess are activated, there is increased leukocyte adhesion and circulating cytokine levels are 
increasedd [256]. The increased numbers of circulating leukocyte microparticles and the increased 
elastasee concentrations we observed, also point towards this inflammatory state (Chapter 5). No 
experimentss have been performed to study the contribution of microparticles to inflammation in 
preeclampsia. . 
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Hypothesis s 
Consideringg the above-mentioned evidence, we hypothesize that microparticles are involved 

inn the pathogenesis of vascular dysfunction in preeclampsia. We propose that leukocytes become 
activatedd during passage through the preeclamptic placenta or are already present in the placenta 
andd start generating microparticles with specific characteristics. These microparticles then either 
bindd other cells, stimulating them to start microparticle generation or directly bind to the 
endothelium,, thereby causing endothelial dysfunction. Obviously, further investigations are 
neededd to confirm this hypothesis. 

Possibilitiess for  futur e research 
Firstly,, the microparticle subgroup that causes endothelial dysfunction has to be identified. 

Therefore,, microparticles from women with preeclampsia have to be separated based on cellular 
origin.. This separation can be achieved using affinity beads. After separation, the effect of the 
microparticlee subgroups can be tested according to the protocol described in chapter 6, by 
overnightt incubation of isolated arteries with the different microparticle groups and analysis of 
endotheliall  function after incubation. 

Secondly,, after identification of the microparticle group(s) that causes endothelial dysfunction, 
thee characteristics of these microparticles will have to be determined. Furthermore, it will be of 
interestt to investigate which mechanism resulted in production of microparticles with these 
specificc characteristics. Analysis of the antigen composition of microparticles can be done by 
flowcytometryy using various antigen-specific antibodies directed against e.g. adhesion molecules 
andd receptors. The oxidation status of phospholipids in microparticles can be determined with 
electrosprayy ionization mass spectometry. To identify the stimulus that generates microparticles 
withh specific damaging characteristics, stimulation of cells, either cultured cells or cells isolated 
fromm blood of healthy subjects, with various stimuli, such as apoptosis inducers, oxidative stress 
orr cytokines can be performed. Analysis of the resulting microparticles by flowcytometry, high 
performancee thin layer chromatography and electrospray ionization mass spectometry could 
clarifyy which stimulus is responsible for the generation of microparticles with characteristics that 
resemblee those isolated from women with preeclampsia. Clarification of this mechanism could 
helpp to unravel the hypothesis on the pathogenesis of preeclampsia further. 

Longitudinall  studies are also essential to reveal when leukocyte microparticle numbers and 
characteristicss start to change. The longitudinal course of microparticle numbers in pregnancy 
andd preeclampsia has not been established yet. It will be interesting to determine when in the 
processs of development of preeclampsia leukocyte microparticle numbers start to increase and/or 
whenn characteristics of microparticle subgroups start to alter, e.g. phospholipid content of 
microparticles.. Furthermore, the correlations of numbers and characteristics of (subgroups of) 
microparticless with disease severity, including their behavior during episodes of deterioration of 
thee clinical symptoms, e.g. during a HELLP episode, should be determined. 
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Thirdly,, it should be established whether adhesion of microparticles to endothelial cells is 

indeedd an important step in mediating their damaging effect on endothelial function. In order to 

investigatee whether there is a difference in adhesion of microparticles from women with 

preeclampsiaa and from normal pregnant women we performed pilot experiments. In these 

experimentss we labeled preeclamptic microparticles and normal pregnant microparticles 

irreversiblyy with two different fluorescent dyes, with different emission spectra (Dil and DiO 

(Molecularr Probes, Leiden, The Netherlands)). After the labeling procedure we mixed the two 

typess of microparticles and then perfused them simultaneously through an isolated subcutaneous 

arteryy from a normal pregnant woman. We monitored binding of fluorescent microparticles to 

thee vascular wall under a confocal microscope (Leica). We envision that the total number of 

microparticless attached to the vessel wall can be counted from 3D reconstructed images. Figure 1 

depictss an example of a single optical section showing emission of both Dil - and DiO-labeled 

particless at the vascular wall. Using Dil and DiO as fluorescent tracers, we had several problems. 

Firstly,, it is very difficult to dissolve these lipophilic tracers adequately in the water-rich solution 

inn which microparticles are suspended and, therefore, to label the microparticles adequately. 

Furthermore,, Dil and DiO have co-emission at the same absorption wavelength, as visible on the 

overlayy projection in figure 1. 

Thus,, before definite experiments can be started, other tracers wil l have to be tested that do 

nott have problems with dissolving in a water-rich environment and with emission spectra that are 

furtherr apart. In these experiments, the origin of the used bioassay artery may also be of 

importance.. Endothelial activation or dysfunction may result in an altered capacity of the 

endotheliumm to bind microparticles. Therefore, it wil l be of importance not only to test adhesion 

off  the different microparticle types to vessels from normal pregnant women, but also to vessels 

fromm women with preeclampsia or to vessels that have been exposed to e.g. oxidative stress and 

thuss lack their glycocalyx. [267]. Also, as previously discussed, plasma proteins may be of 

importancee to prevent microparticle adhesion to the endothelium. Thus, microparticle adhesion 

alsoo needs to be tested in the presence of plasma or with plasma proteins, such as albumin, in 

differentt concentrations. An alternative approach could be to investigate microparticle adhesion 

usingg intravital microscopy in an animal model. In this approach fluorescent-labeled 

microparticlee behavior could be investigated in e.g. the cremaster microcirculation in the 

hamster. . 

Figuree 1. Overlay projection of an isolated subcutaneous artery 

afterafter perfusion with normal pregnant microparticles labeled with 

DiO,DiO, and microparticles from women with preeclampsia labeled 

withwith Dil. The extra bright spots are emitting in the Dil and DiO 

spectrum. spectrum. 
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Thiss technique as previously been used in our laboratory to evaluate the effect of intravascular 
oxidativee stress on the glycocalyx and the resulting adhesive interactions of blood cells with the 
microvascularr endothelium [267] and is probably also applicable for microparticles [339]. 

AA second alternative study strategy that could provide information whether adhesion of 
micropartricless is involved in the pathogenesis of preeclampsia is to try to envision them on the 
vascularr wall of isolated resistance arteries from women with preeclampsia. This could be done 
byy scanning electron microscopy. It may also be possible to determine the cellular origin of 
adherentt microparticles in these isolated arteries by fixating them for electron microscopy and to 
labell  them with cell specific antibodies, e.g. CD 66e, which is specific for granulocytes. 

Interventionn strategies 
Afterr the mechanisms through which microparticles induce vascular dysfunction in 

preeclampsiaa have been clarified, development of prevention or intervention strategies has to be 
initiated.. A role for oxidative stress in the pathogenesis of preeclampsia and in the generation of 
damagingg microparticles seems likely. Therefore, antioxidant therapy may prove useful. 
Previously,, it has been shown that treatment of women at increased risk for preeclampsia with 
antioxidantss vitamin C and E reduces the prevalence of preeclampsia [77]. Furthermore, 
treatmentt of patients with congestive heart failure with vitamin C decreased the number of 
circulatingg microparticles [242]. Thus, the effect of treatment of women at increased risk of 
preeclampsiaa with vitamins C and E may be (partially) due to a reduction in microparticle 
formation.. Another possible effect of antioxidants may be the prevention of phospholipid 
oxidation.. The fact that treatment of isolated arteries from women with preeclampsia with the 
antioxidantt estrogen improves endothelial function partially (Chapter 11) may imply that it 
interferess with ongoing oxidative damage. In the near future a collaborative study will hopefully 
start,, in which the numbers and characteristics of microparticle will be determined longitudinally 
inn women at high risk for preeclampsia, that were either treated with vitamin C and E or placebo. 
Inn this way, we may get a clear picture of the effects of antioxidant therapy on microparticle 
numberss and composition and the effect on pregnancy outcome. 

Anotherr possible future therapeutic target is prevention of microparticle generation. In this 
respect,, abciximab (Reopro®), a GP Ilb-III a receptor antagonist that is currently used as an 
antiplatelett drug in prevention of ischemic complications after percutaneous coronary 
intervention,, is interesting since this drug also blocks platelet vesiculation [240]. Alternatively, 
calciumm channel blockers are of interest, since they can also decrease microparticle generation, as 
wass shown in patients suffering from a transient ischemic attack [241]. 

Anotherr possible therapeutic target could be formed by albumin. As discussed in chapter 6 
andd in this chapter the presence of plasma prevented the damaging effect of preeclamptic 
microparticless on vascular function and albumin, as a protector of endothelial function and the 
integrityy of the glycocalyx, could be responsible for this effect. The reduced albumin 
concentrationss in preeclampsia and the altered albumin characteristics [266] could amplify the 
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damagingg effect of microparticles. Albumin replacement therapy has been evaluated in 

preeclampsia,, although not in a randomized controlled setting. No clear beneficial effects were 

observedd from albumin suppletion on maternal blood pressures and need for antihypertensives, 

norr on the fetal condition [340]. Presently, albumin replacement therapy in disease states with 

hypoalbuminemiaa has become less used with the upcoming of alternative colloid solutions [341]. 

Obviously,, when interventions are done to prevent the development of vascular dysfunction in 

preeclampsia,, they need to be done as early in the course of the disease as possible, preferably 

evenn before pregnancy. This necessitates early identification of patients at increased risk for 

preeclampsia.. Thus far, two-stage uterine artery doppler analysis has been used to identify 

womenn at increased risk, which works reasonably [77]. Ongoing research in the Academic 

Medicall  Center into the pre-pregnancy and early pregnancy hemodynamic function of women 

thatt later develop preeclampsia may provide us with such early markers. 

Vascula rr  dysfunctio n 

Thee role of vascular  smooth muscle 
Fromm the studies described in part 3 of this thesis, regarding the nature of the vascular 

dysfunctionn in the resistance vasculature in preeclampsia, we can conclude that vascular smooth 

musclee function is altered in preeclampsia. We found that vascular smooth muscle calcium 

sensitivityy of the resistance vasculature in preeclampsia is increased (Chapter 9). Four 

mechanismss are involved in regulating vascular smooth muscle function; intrinsic vascular 

smoothh muscle characteristics, endothelial function, sympathetic nervous activity and circulating 

factorss in the blood. In the currently studied isolated vessels effects of the sympathetic nervous 

systemm and substances circulating in the maternal blood could be excluded. Therefore, the 

increasedd sensitivity had to stem from either intrinsic changes in vascular smooth muscle cells or 

endotheliall  factors. Based on single dose dilatations to ACh and BK, endothelial function was 

nott affected in these vessels. It thus seems that the intrinsic calcium sensitivity of the vascular 

smoothh muscle cells was increased in preeclampsia. The pathways involved in generation of this 

effectt have not been clarified. In view of the previously discussed microparticle theory, we 

hypothesizee that circulating microparticles in the maternal blood not only affect the endothelium, 

butt also intrinsic vascular smooth muscle cell characteristics. Since there is most likely no direct 

contactt between microparticles in the blood and vascular smooth muscle cells, endothelial 

processess are probably involved in mediation of this effect. A second vascular smooth muscle 

functionn that we investigated is vascular remodeling, the process in which the structure of the 

vascularr wall, in specific the vascular smooth muscle and the extracellular matrix, is altered in 

orderr to capacitate the altered hemodynamic conditions in the vessels. We found no direct 

evidencee for remodeling of the subcutaneous resistance vasculature in preeclampsia. However, 

wee did find evidence for ongoing extracellular matrix degeneration (Chapter 10). This indirectly 

supportss the presence of vascular remodeling somewhere in the vasculature in preeclampsia. 

Otherr vascular beds in preeclampsia may therefore show signs of vascular remodeling. Aalkjaer 
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andd coworkers indeed reported remodeling in the omental resistance circulation in preeclampsia 
[150]. . 

Improvin gg vascular  dysfunction 

Thee fact that vascular dysfunction in preeclampsia not only comprises endothelial 

dysfunction,, but also vascular smooth muscle dysfunction could have therapeutical implications. 

Currentt therapy consists of symptomatic treatment of hypertension with antihypertensive drugs 

andd ultimately delivery. Modulation of calcium sensitivity in experimental systems is possible by 

e.g.. NO donors, such as nitroprusside, or rho-associated protein kinase inhibitors. NO donors 

havee been used for treatment of hypertension in preeclampsia. Clinical studies with NO donors in 

womenn with preeclampsia have shown to cause an adequate blood pressure reduction and an 

improvedd umbilical cord flow to the fetus [124,125]. However, no large controlled trials have 

evaluatedd the long-term effects. This may be due to the possible side effects; maternal and fetal 

cyanidee poisoning has been reported to result from the use of NO donors in animal studies, 

althoughh strategies for prevention of this complication have also been developed [342]. An 

inhibitorr of rho-associated protein kinase, Y-27632, has been developed by Uehata and coworkers 

[343]]  and was tested in vitro on rat mesenteric arteries [344]. Y-27632 inhibited basal tone and 

vascularr smooth muscle calcium sensitivity in those isolated bioassay arteries [344], In general, 

thee vascular component of antihypertensive treatment acts on a spectrum from pure reduction of 

vascularr smooth muscle intracellular calcium (e.g. blockers of voltage-operated calcium channels) 

too reduction of calcium sensitivity. Towards which end of this spectrum antihypertensive 

treatmentt in preeclampsia should be directed is not clear and this deserves further research. In 

particular,, future in vivo testing of the rho-associated protein kinase inhibitor Y-27632 wil l have to 

reveall  whether treatment of calcium sensitivity is effective for in vivo treatment of preeclampsia. 

Inn the last chapter of part II I we describe that flow-mediated dilatation and myogenic tone of 

myometriall  arteries from women with preeclampsia can be improved by incubation of these 

arteriess with estrogens, while BK-mediated dilatation was unaffected (Chapter 11). Estrogens 

havee antioxidant effects [313], and also affect vascular function. They can cause short-term 

endothelium-independentt [314] and endothelium-dependent dilatation [315], and longer-term 

endothelium-dependentt effects, which may be genomic and primarily involve NOS [316]. The 

beneficiall  effect of estrogens on vascular function is probably due to their effect on vascular 

smoothh muscle cell calcium metabolism [325]. This effect is mediated through endothelial NO 

andd cyclic GMP [326] (Chapter 11), substances that can affect vascular smooth muscle calcium 

sensitivity.. Whether estrogens indeed affect vascular smooth muscle calcium sensitivity has not 

beenn investigated. The fact that estrogens do improve flow- but not BK-mediated dilatation 

indicatess that vascular dysfunction could not completely be converted and that additional 

damagee remains. Prolonged incubation with estrogens may improve this remaining dysfunction 

orr supplementation of estrogens during pregnancy may prevent this damage due to their 
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antioxidantt effect. Possibly, the antioxidant effect of estrogens could also prevent generation of 

oxidizedd phospholipids in microparticles. 

Conclusion s s 

Inn conclusion, there are two major conclusions that can be drawn from the studies described in 

thiss thesis: 

1.. Microparticles form a good candidate for the unknown circulating factor, involved in the 

pathogenesiss of vascular dysfunction in preeclampsia 

2.. The dysfunction of the resistance vasculature in preeclampsia does not solely consist of an 

endotheliall  dysfunction, but also has a vascular smooth muscle contribution. Vascular 

functionn can, at least partially, be improved by treatment with estrogens. 
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Introductio n n 

Preeclampsiaa is worldwide still one of the leading causes of perinatal fetal and maternal 
morbidityy and mortality. Many studies have been performed that investigated the cause of 
preeclampsia,, resulting in several hypotheses about the pathogenesis, but no agreement has been 
reached.. The currently most accepted hypothesis is that preeclampsia has a multifactorial origin, 
inn which different factors contribute to reach a threshold for development of preeclampsia. 
Centrall  feature in the pathogenesis of preeclampsia is a generalized vascular dysfunction, which 
resultss in the symptoms of preeclampsia, hypertension and proteinuria. This vascular dysfunction 
seemss to result from a factor that is released from the placenta into the maternal blood. In this 
thesiss the role of microparticles in the generation of vascular dysfunction and the characteristics 
off  vascular dysfunction were investigated. 

Part i i 

Inn Chapter  1 a general introduction on preeclampsia and the aims of this thesis are presented. 
Thee aims of this thesis were: 

1.. to determine the role of circulating microparticles in the pathogenesis of preeclampsia. 

2.. to investigate the vascular dysfunction in the resistance vasculature in preeclampsia, and 
whetherr this is endothelium and/or vascular smooth muscle related. We also attempted to 
identifyy mechanisms that could improve vascular function in this disease. 

Chapterr  2 presents an overview on vascular function in preeclampsia. The mechanisms 
involvedd in the generation of vascular dysfunction in this disease are discussed. 

Inn Chapter  3 a synopsis is presented on microparticles, membrane vesicles released from 
differentt cell types of cells. Mechanisms of formation, composition and function in relation to 
cardiovascularr diseases are presented. 

Partt  II 

Partt II describes several studies undertaken by us to clarify whether microparticles are 
involvedd in the generation of endothelial dysfunction in preeclampsia. 

Inn Chapter  4 a set of experiments is described in which isolated myometrial arteries from 
normall  pregnant women were perfused with artificially prepared syncytiotrophoblast 
microvillouss membrane particles in a pressure myograph. We found that syncytiotrophoblast 
microvillouss membranes, in concentrations up to 100 times those previously reported in women 
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withh preeclampsia, did not cause diminished endothelium-dependent dilatation to BK in these 
arteriess after a three-hour perfusion period. 

Inn the study presented in Chapter  5 the composition of the circulating microparticle 
populationn in women with preeclampsia, normal pregnant women and nonpregnant women was 
determinedd by flowcytometry. The total number of circulating microparticles did not significantly 
differr between the groups and the largest portion was derived from platelets, followed by 
erythrocyte-- and leukocyte-derived microparticles. In normal pregnancy numbers of circulating 
microparticles,, derived from lymphocytes were decreased. In women with preeclampsia 
lymphocyte-- and granulocyte microparticle numbers were increased and numbers of circulating 
endothelium-derivedd microparticles tended to be increased. Syncytiotrophoblast-derived 
microparticlee numbers could not be determined due to non-specificity of the antibody. However, 
sincee the cellular origin of virtually all microparticles could be determined, the 
syncytiotrophoblast-derivedd fraction can only be a modest one. 

Inn Chapter  6 the effect of microparticles, isolated from the blood of women with preeclampsia 
andd normal pregnant women, on endothelial function was determined in a wire myograph. We 
foundd that overnight, but not one-hour incubation of isolated myometrial arteries with 5% 
isolatedd preeclamptic microparticles caused a diminished BK-dependent relaxation, in contrast 
withh isolated normal pregnant microparticles. When arteries were incubated with 5% 
preeclampticc plasma (containing its original microparticles) no such effect was seen. Thus, it 
seemss that isolated microparticles have a deteriorating effect on endothelial cell function, but the 
presencee of plasma prevents them from exerting their damaging effect. 

Chapterr  7 describes a pilot study investigating whether the phospholipid composition of 
microparticless is involved in the generation of vascular dysfunction in isolated arteries after 
incubationn with preeclamptic microparticles. Circulating microparticles mainly consisted of 
phosphatidylcholine,, and smaller amounts of sphyngomyeline, phosphatidylethanolamine, 
phosphatidylinositoll  and lyso-phospholipids, as determined by high performance thin layer 
chromatography.. Lyso-phosphatidylcholine was decreased in normal pregnancy and 
preeclampsia.. We found no major differences in the phospholipid composition of circulating 
microparticless from women with preeclampsia and normal pregnant women. Overnight 
incubationn with microparticles from women with preeclampsia diminished bradykinin-mediated 
relaxationn in isolated myometrial arteries in a wire myograph, in contrast with microparticles 
fromm normal pregnant and nonpregnant women, but this does not seem to result from an altered 
phopholipidd composition of microparticles. 

Inn Chapter  8 a study is presented that investigates whether the activated coagulation in 
pregnancyy and the increased coagulation in preeclampsia result from increased thrombin 
generationn by the plasma itself or its cell-derived microparticles. We found that in pregnancy and 
preeclampsiaa increased aPC resistance occurred. In pregnancy this aPC resistance could explain 
mostt of the coagulation activation. In preeclampsia the thrombin generating capacity of the 
plasmaa was further enhanced, independent of aPC resistance. Thrombin generation by 
microparticless was similar in all groups, although different coagulation pathways were used. 
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Partt  III 

Partt III focuses on vascular dysfunction in the resistance vasculature in preeclampsia. Three 

studiess are described that investigated resistance artery vascular function. 

Chapterr  9 describes a study in which characteristics of vascular smooth muscle function were 

determinedd in isolated subcutaneous arteries from women with preeclampsia, normal pregnant 

andd nonpregnant women. We found no differences in basal tone, constrictor and myogenic 

responses.. However, contractile element calcium sensitivity was significantly increased in arteries 

fromm women with preeclampsia. Thus, vascular smooth muscle characteristics seem to be altered 

inn preeclampsia. 

Inn Chapter  10 we investigated whether remodeling occurs in the resistance vasculature in 

preeclampsia.. We obtained passive mechanical properties of isolated subcutaneous arteries from 

womenn with preeclampsia, normal pregnant and nonpregnant women in a pressure myograph. 

Passivee pressure-diameter curves and wall thickness to lumen ratio were similar in arteries from 

womenn with preeclampsia, normal pregnant and nonpregnant women. In separate groups of 

womenn we determined plasma concentrations and activity of matrix metalloproteinases, enzymes 

involvedd in vascular remodeling, by zymography. Active matrix metalloproteinases-9 was 

increasedd in normal pregnant women and further increased in women with preeclampsia, 

suggestingg that there is matrix degeneration and possibly remodeling somewhere in the 

vasculaturee in normal pregnancy and in preeclampsia. 

Inn Chapter  11 we describe vascular dysfunction in isolated myometrial arteries from women 

withh preeclampsia mounted in a pressure myograph. Furthermore, we test whether vascular 

functionn can be improved by incubation with estrogens. Impaired flow-mediated and BK-

dependentt dilatation and increased myogenic tone at higher pressures were observed in arteries 

isolatedd from women with preeclampsia. Flow-mediated dilatation was improved and the 

increasedd myogenic tone at higher pressures was reduced by three-hour incubation with 17(3-

estradiol.. In contrast, the impaired BK-dependent dilatation, was not improved by incubation 

withh 17P-estradiol. 

Partt  IV 

Inn part IV, Chapter  12, the conclusions of the studies described in this thesis are presented. 

Thee main conclusions of the studies described in this thesis are: 

1.. Microparticles form a good candidate for the unknown factor, circulating in the maternal 

blood,, involved in the pathogenesis of vascular dysfunction in preeclampsia. 

2.. The dysfunction of the resistance vasculature in preeclampsia does not solely consist of an 

endotheliall  dysfunction, but also has a vascular smooth muscle contribution. Vascular 

functionn can, at least partially, be improved by treatment with estrogens. 
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AA hypothesis about the role of microparticles in the generation of vascular dysfunction in 
preeclampsiaa is presented and discussed. We hypothesize that microparticles are involved in the 
pathogenesiss of vascular dysfunction in preeclampsia. We propose that leukocytes become 
activatedd during passage through the preeclamptic placenta or are already present in the placenta 
andd start generating microparticles with specific characteristics. These microparticles then either 
bindd other cells, stimulating them to start microparticle generation or directly bind to the 
endothelium,, thereby causing endothelial dysfunction. Obviously, further investigations are 
neededd to confirm this hypothesis. Future research will have to clarify whether leukocyte 
microparticless are indeed the harmful ones, how and when these harmful microparticles are 
formed,, how they exert their effect and which of their components are involved in the exertion of 
theirr effect. After clarification of the role of microparticles in the pathogenesis of preeclampsia, 
pre-- or intervention strategies aiming need to be developed. 

Thee fact that not only the endothelium, but also vascular smooth muscle function is altered 
duringg preeclampsia may also have implications for treatment strategies. Studies are needed to 
investigatee the effectiveness of treatment strategies aiming to interfere with vascular smooth 
musclee function. 
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Inleidin g g 

Preëclampsie,, ook wel zwangerschapsvergiftiging genoemd, is wereldwijd nog steeds een van 

dee belangrijkste oorzaken van ziekte en sterfte rond de zwangerschap van zowel moeder als kind. 

Err zijn talloze studies verricht om de oorzaak van preëclampsie te achterhalen, maar tot nu toe 

zonderr duidelijk resultaat. Op dit moment lijk t het het meest waarschijnlijk dat preëclampsie door 

meerderee factoren wordt bepaald, die samen de patient over de drempel tillen om preëclampsie te 

ontwikkelen.. Centraal in het ontstaan van preëclampsie staat een gegeneraliseerde dysfunctie van 

dee bloedvaten, hetgeen leidt tot het ontstaan van de symptomen van preëclampsie, namelijk hoge 

bloeddrukk en eiwit in de urine. Deze vaatdysfunctie lijk t te worden veroorzaakt door een factor, 

diee vanuit de placenta wordt afgescheiden in de bloedbaan van de moeder. In dit proefschrift 

werdenn de rol van micropartikels in het ontstaan van vaatdysfunctie en de aard van de 

vaatdysfunctiee onderzocht. 

Deell l 

Inn hoofdstuk 1 wordt een algemene inleiding over preëclampsie gegeven en worden de 

doelstellingenn van het proefschrift geformuleerd. De doelstellingen van dit proefschrift waren: 

1.. om de rol van circulerende micropartikels in de pathogenese van preëclampsie te bepalen. 

2.. om de vaatdysfunctie in de weerstandsvaten in preëclampsie te onderzoeken en of deze 

vaatdysfunctiee gerelateerd is aan endotheel of ook aan gladde spiercellen. Verder hebben we 

geprobeerdd om mechanismen die vaatfunctie kunnen verbeteren te identificeren. 

Inn hoofdstak 2 wordt een overzicht gegeven over vaatdysfunctie in preëclampsie. De 

mechanismenn die betrokken zijn in het ontstaan van vaatdysfunctie in preëclampsie worden 

besproken. . 

Hoofdstukk 3 bestaat uit een overzichtsartikel over micropartikels, membraan partikels, die 

doorr verschillende celtypen afgescheiden worden. Mechanismen, die betrokken zijn in het 

ontstaan,, de samenstelling en de functie van micropartikels worden gepresenteerd in relatie tot 

cardiovasculairee ziekten. 

Deell  II 

Inn deel II worden verschillende studies beschreven, waarin de rol van micropartikels in het 

ontstaann van vaatdysfunctie in preëclampsie werd onderzocht. 
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Hoofdstukk 4 beschrijft een set experimenten, waarin geïsoleerde weerstandsvaatjes uit het 
myometriumm van normaal zwangere vrouwen werden geperfundeerd met artificieel gemaakte 
syncytiotrofoblastt micropartikels in een perfusie myograaf. We vonden dat perfusie met 
syncytiotrofoblastt micropartikels in concentraties tot 100 keer de concentraties die eerder waren 
beschrevenn in vrouwen met preëclampsie, geen verminderde endotheel afhankelijke dilatatie op 
bradykininee veroorzaakte na een perfusie periode van drie uur. 

Inn hoofdstuk 5 wordt de samenstelling van de circulerende micropartikel populatie in 
vrouwenn met preëclampsie, normaal zwangere en niet zwangere vrouwen beschreven, die met 
behulpp van flowcytometrie werd bepaald. Het totale aantal circulerende micropartikels verschilde 
niett significant tussen de groepen en het grootste deel was in alle drie de groepen afkomstig van 
bloedplaatjes,, gevolgd door van erythrocyten en leukocyten afkomstige micropartikels. In 
normaall  zwangere vrouwen was het aantal micropartikels, afkomstig van lymfocyten verlaagd. In 
vrouwenn met preëclampsie was het aantal lymfocyt en granulocyt micropartikels toegenomen, 
terwijll  het aantal circulerende endotheelcel micropartikels een trend vertoonde om hoger te zijn. 
Syncytiotrofoblastt micropartikels konden niet worden geïdentificeerd, doordat de 
syncytiotrofoblastt antistof niet specifiek bleek te zijn. Aangezien wel van vrijwel alle circulerende 
micropartikelss de cellulaire herkomst kon worden bepaald, kan de fractie van syncytiotrofoblast 
afkomstigee micropartikels slechts een geringe fractie zijn. 

Inn hoofdstuk 6 werd het effect van micropartikels, geïsoleerd uit het bloed van vrouwen met 
preëclampsiee en normaal zwangere vrouwen, op endotheelcel functie bepaald met behulp van een 
draadjess myograaf. Overnacht, maar niet één-uurs incubatie met een 5% oplossing van 
geïsoleerdee preëclamptische micropartikels veroorzaakte een verminderde bradykinine 
afhankelijkee relaxatie in geïsoleerde myometrium vaten, in tegenstelling tot incubatie met 
normaall  zwangere micropartikels. Als werd geïncubeerd met 5% preëclamptisch plasma (met 
daarinn micropartikels) vonden we geen beschadigend effect. Het lijkt er dus op dat 
preëclamptischee micropartikels een beschadigend effect hebben op endotheelcel functie, maar dat 
dee aanwezigheid van plasma dit beschadigende effect voorkomt. 

InIn hoofdstuk 7 wordt een studie gepresenteerd waarin werd bestudeerd of de fosfolipiden 
samenstellingg van micropartikels een rol speelt in het veroorzaken van endotheelcel dysfunctie in 
geisoleerdee myometrium vaatjes na incubatie met micropartikels van vrouwen met preëclampsie. 

Circulerendee micropartikels bestonden voornamelijk uit fosfatidylcholine en kleinere 
hoeveelhedenn sfyngomyeline, fosfatidylethanolamine, fosfatidylinositol and lyso-fosfolipiden, 
zoalss met 'high performance thin layer chromatography' werd bepaald. Lyso-fosfatidylcholine 
wass verlaagd in normale zwangerschap en in preëclampsie. We vonden geen grote verschillen in 
dee fosfolipiden samenstelling van circulerende micropartikels tussen vrouwen met preëclampsie 
enn normaal zwangere vrouwen. Overnacht incubatie met micropartikels van vrouwen met 
preëclampsiee leidde tot een verminderde bradykinine afhankelijke relaxatie in geisoleerde 
myometriumm vaatjes in een draadjes myograaf, in tegenstelling tot micropartikels van normaal 
zwangeree en niet zwangere vrouwen, maar dit lijkt dus niet het gevolg te zijn van een veranderde 
fosfolipidenn samenstelling van micropartikels. 
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Hoofdstukk 8 beschrijft een studie waarin werd onderzocht of de stollingsactivatie in de 
zwangerschapp en de toegenomen stollingsactivatie in preëclampsie het resultaat zijn van een 
toegenomenn trombine productie door het plasma zelf of door de micropartikels erin. We vonden 
eenn verhoogde geactiveerd proteine C resistentie in zowel normale zwangerschap als in 
preëclampsie.. In de zwangerschap kon geactiveerd proteine C resistentie de stollingsactivatie 
verklaren.. In preëclampsie was het trombine genererende vermogen van het plasma nog verder 
toegenomen,, onafhankelijk van de geactiveerd proteine C resistentie. Het trombine genererend 
vermogenn van micropartikels was vergelijkbaar in niet zwangeren, zwangere vrouwen en in 
vrouwenn met preëclampsie, hoewel de trombine generatie via verschillende paden werd verricht. 

Deell  III 

Deell  III concentreert zich op vaatdysfunctie in de weerstandsvaten in preëclampsie. Er 
wordenn 3 studies beschreven, die de vaatfunctie van weerstandsvaatjes in preëclampsie 
bestudeerden. . 

Inn hoofdstuk 9 wordt een studie beschreven waarin de karakteristieken van gladde spiercel 
functiee in geïsoleerde subcutane weerstands vaatjes van vrouwen met preëclampsie, normaal 
zwangeree en niet zwangere vrouwen werden bepaald in een perfusie myograaf. We vonden geen 
verschillenn tussen de verschillende groepen in basale vaattonus, constrictor en myogene 
responsen.. De calcium gevoeligheid van de contractiele elementen was echter wel significant 
verhoogdd in vaten van vrouwen met preëclampsie. Gladde spiercelfunctie lijkt dus veranderd te 
zijnn in preëclampsie. 

Inn hoofdstuk 10 onderzochten we of er remodeling optreedt in weerstandsvaatjes in 
preëclampsie.. Om dit te onderzoeken bepaalden we de passieve mechanische eigenschappen van 
subcutanee weerstandsvaatjes van vrouwen met preëclampsie, normaal zwangere en niet 
zwangeree vrouwen in een druk myograaf. Er waren geen verschillen in passieve druk-diameter 
curvess en in de vaatwand dikte-lumen verhoudingen tussen de groepen. In afzonderlijke groepen 
vrouwenn werden de concentraties en de activiteit van matrix metalloproteinase-2 en -9 bepaald, 
enzymenn die betrokken zijn bij vaatwand remodeling, met behulp van zymografie. De 
concentratiess actief matrix metalloproteinase-9 waren verhoogd in normaal zwangere vrouwen 
enn nog verder verhoogd in vrouwen met preëclampsie, hetgeen een aanwijzing vormt dat er 
remodelingg optreed ergens in de vaatboom van vrouwen met preëclampsie. 

Inn hoofdstuk 11 beschrijven we vaatdysfunctie in geïsoleerde myometrium vaatjes van 
vrouwenn met preëclampsie en we testen of de vaatfunctie verbeterd kan worden door de vaatjes te 
incuberenn met oestrogenen in een druk myograaf. We vonden verminderde flow afhankelijke en 
bradykininee afhankelijke dilatatie en een verhoogde myogene tonus bij hogere drukken in vaatjes 
vann vrouwen met preëclampsie. Door deze vaatjes gedurende drie uur te incuberen met 17(3-
oestradioll  werd de flow afhankelijke dilatatie verbeterd en nam de myogene tonus bij hogere 
drukkenn af. De verminderde bradykinine afhankelijke dilatatie werd niet verbeterd door incubatie 
mett 17p-oestradiol. 
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Deell  IV 

Inn deel IV, hoofdstuk 12, worden de belangrijkste conclusies van de verrichte studies 

besproken.. De belangrijkste conclusies van dit proefschrift zijn: 

1.. Micropartikels zijn een goede kandidaat voor de onbekende circulerende factor in het 

maternalee bloed, die betrokken is bij de pathogenese van vaatdysfunctie in preêclampsie. 

2.. Niet alleen endotheelcel karakteristieken, maar ook gladde spiercel karakteristieken zijn 

veranderdd in preêclampsie. Vaatfunctie kan, in ieder geval gedeeltelijk, worden verbeterd 

doorr behandeling met oestrogenen. 

Dee hypothese over de rol van micropartikels in het ontstaan van vaatdysfunctie in 

preêclampsie,, die naar aanleiding van de resultaten van dit proefschrift is geformuleerd, wordt 

gepresenteerdd en besproken. Circulerende leukocyten micropartikel aantallen zijn verhoogd in 

preêclampsie.. Deze micropartikels kunnen afkomstig zijn van leukocyten, die geactiveerd raken 

tijdenss passage door de preeclamptische placenta of van leukocyten uit de preeclamptische 

placenta,, die daar in verhoogde aantallen aanwezig zijn. Deze micropartikels kunnen dan of aan 

anderee cellen hechten, waardoor die worden aangezet tot micropartikel generatie, of ze kunnen 

directt aan het endotheel binden en daar endotheelcel dysfunctie veroorzaken. Toekomstig 

onderzoekk zal opheldering moeten verschaffen of leukocyten micropartikels inderdaad de 

schadelijkee subgroep vormen, hoe en wanneer deze schadelijke micropartikels worden gevormd, 

hoee zij hun effect uitoefenen en welke componenten betrokken zijn bij het uitoefenen van dit 

effect.. Na opheldering van de rol van micropartikels in de pathogenese van preêclampsie, zullen 

err specifieke therapeutische strategieën moeten worden ontwikkeld, die zich direct richten op het 

voorkomenn of behandelen van de effecten van micropartikels. 

Hett feit dat niet alleen de endotheel- maar ook de gladde spiercel functie is veranderd in 

preêclampsie,, kan ook consequenties hebben voor de therapeutische strategie. Studies naar de 

effectiviteitt van behandelingsstrategieen gericht op gladde spiercellen zijn dan ook nodig. 
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Ditt proefschrift is tot stand gekomen dankzij de medewerking van talloze mensen. Ik ben ieder 

vann hen zeer dankbaar. Hoewel het altijd gevaarlijk is te proberen iedereen te bedanken, 

aangezienn het bijna onmogelijk is niemand te vergeten, zal ik toch een poging wagen. 

Allereerstt wil ik natuurlijk alle patiënten bedanken voor hun bereidwilligheid en interesse. In 

hett bijzonder dank ik ook alle gezonde zwangere vrouwen en hun niet zwangere leeftijdsgenoten, 

diee volledig belangeloos hun bloed of een stukje weefsel hebben afgestaan "in het belang van de 

wetenschap".. Zonder hun medewerking had dit proefschrift nu niet vioor u gelegen. Uiteraard 

dankk ik ook alle verpleegkundigen, arts-assistenten, verloskundigen en gynaecologen voor hun 

hulpp bij het includeren van patiënten. 

Mij nn twee co-promotoren, Ed van Bavel en Kees Boer, waren de grondleggers van dit project. 

Samenn schreven zij een onderzoeksplan, waarin de verloskunde en de vaatfysiologie werden 

samengebrachtt om de vaatdysfunctie in preeclampsie te bestuderen. Ik dank julli e beiden voor 

julli ee enorme inzet. Kees, zonder jouw initiatief was dit project er nooit geweest. Je boorde 

verschillendee connecties aan, waarop we het project verder uit konden bouwen. Ik dank je voor 

hett vertrouwen dat je in me stelde en uiteraard ook voor de enorme hoeveelheid werk die je in de 

afrondingsfasee voor me hebt verricht, terwijl ik in warmer oorden verkeerde. Ed, het was heerlijk 

omm jou als begeleider te hebben. Ik kon altijd bij je binnen lopen met kleine en grote problemen, 

mett de eindeloze stroom vragen die ik had, maar gelukkig ook voor een babbeltje of een 

bemoedigendd woord. Dankzij jouw vermogen om ingewikkelde dingen toch helder uit te kunnen 

leggenn zijn talloze duistere dingen in de loop der tijd helder voor mij geworden. Ik heb het ook 

ergg gewaardeerd datje altijd bereid was even te komen helpen in het lab of om een kilometertje of 

1000 met me te fietsen (en nog een week zadelpijn te hebben). 

Mij nn promotoren, Otto Bleker en Jos Spaan, dank ik voor hun stimulerende enthousiasme 

voorr dit project. Door julli e (bij)sturing tijdens bijeenkomsten wisten julli e het project keurig op 

koerss te houden. 

Afterr my promoters and co-promotors, I would like to thank Karolina Kublickiene, who has 

beenn very important in the development of the project. Dear Karolina, I want to thank you for the 

wonderfull  times that we have had in Stockholm. Not only did you teach me a lot about vascular 

research,, it was also great spending time together in the lab or in the city. It's not that bad to work 

latee if you can do it together. I think it is fair to say that our collaboration was very fruitful, seeing 

thee large number of chapters in this thesis, resulting from it. I also want to thank you for making 

myy visits very enjoyable; it was always a pleasure to stay with your family. I would also like to 

thankk Marius for his hospitality and very pleasant company and of course to Vytautas, who was 

alwayss willin g to lend me his room. You really made Sweden feel like a second home. 
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Ookk Joris van der Post heeft zich erg voor dit project ingespannen. Met al een hele AIO-
periodee ervaring op het lab van Guus Sturk achter de rug, legde hij nu de link naar de 
micropartikelss van de Experimentele Klinische Chemie. Het moge duidelijk zijn dat hieruit een 
productievee samenwerking is ontstaan. Tijdens dit project stond Joris me al vaak terzijde met 
nuttigee adviezen en aangezien hij het onderzoek naar de rol van micropartikels in preeclampsia 
zall  voortzetten samen met Christianne Lok, heb ik er geen twijfel over dat er nog veel 
interessantee nieuwe ontdekkingen zullen volgen. Verder hoop ik in de toekomst nog vaak met 
julli ee te kunnen afreizen voor congressen; gaan we weer op zoek naar leuke mafia hotelletjes in 
Beverlyy Hills 90210. 

Guuss Sturk en Rienk Nieuwland waren binnen dit project de micropartikel experts. Net als 
velee mensen was aan het begin van mijn project het begrip micropartikels mij onbekend. Dankzij 
Guuss en Rienk is hier inmiddels verandering in gekomen. Rienk, het is erg prettig met je samen 
tee werken, ik kon altijd bij je aankloppen voor advies of hulp of gewoon voor een bakje koffie en 
watt uitleg over vogels of gipsplaatjes. Verder sta ik er altijd weer versteld van hoe snel en kritisch, 
dochh effectief, je manuscripten kunt doorwerken. Guus wil ik met name bedanken voor het altijd 
bereidd zijn tijd in te plannen voor overleg, het doornemen van een manuscript of voor het geven 
vann uitleg. Ik hoop dat we in de toekomst deze prettige samenwerking kunnen voortzetten. 

Hett samenwerken met veel verschillende afdelingen heeft vele voordelen. Ik kon een beroep 
doenn op mensen van verschillende afdelingen met verschillende expertise gebieden, waardoor er 
opp vrijwel iedere vraag wel ergens een antwoord te halen was; door projecten op verschillende 
afdelingenn te bespreken werden ze vanuit vele verschillende hoeken belicht, en zijn er 
verschillendee plaatsen om af en toe eens bij te kletsen of koffie te drinken! 

Dee werk- en literatuurbesprekingen van de Medische Fysica waren altijd erg nuttig. Als ik hier 
eenn van mijn onderzoeken besprak, vertrok ik steevast met nieuwe ideeën, verklaringen voor 
vreemdee observaties en nieuwe vragen. Esther van der Meulen werkte mij in op de afdeling. 
Tallozee uurtjes brachten we samen door in het vaatlab om de dissectie technieken en de druk 
myografiee onder de knie te krijgen. Met Paul van Haaren deelde ik de eerste tijd dit vaatlab, waar 
wee vaak urenlang in het donker (vanwege de fluorescentie proeven) met een muziekje op de 
achtergrondd met onze vaatjes hebben doorgebracht. Bernard van der Berg hielp me met de 
scanningg electronen microscopie van vaatjes en Erik Bakker leerde me zymografie. Verder was er 
opp het lab altijd wel iemand beschikbaar om een gezellig babbeltje mee te maken of mijn vragen 
aann te stellen. Alina, Oana, Annemiek, Radha, Mirella, Jop, Hans, Jurgen, Mare, Carin en 
natuurlijkk Jetty, hartstikke bedankt voor al jullie hulp en gezelligheid. 

Att the Huddinge Hospital in Sweden I spent many months, which I enjoyed enormously. The 
atmospheree at the department is not only very professional, but also very comfortable. As I 
previouslyy said, I learned a lot from Karolina Kublickiene. Furthermore, I worked a lot with 
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Eimantass Svedas, PhD student from Lithouania. Eimantas, due to your very relaxed manner and 
yourr very professional approach, it was always a pleasure working with you. Henry Nisell, it was 
alwayss lovely when you made time to drop by in the lab to discuss our progress or just to have 
lunch.. Your input in some of the studies described in this thesis was very much appreciated. The 
presencee of Guan, Magdalena, Lucy, Jennifer and Natalia ensured a lot of fun during lunchtime 
andd at nights out! Thank you all for that! 

Mett de afdeling Experimentele Klinische Chemie van het LUMC in Leiden heb ik met heel 
veell  plezier samengewerkt. Ik ben erg onder de indruk van de professionaliteit van jullie lab. De 
proceduress zijn tot in de puntjes uitgewerkt en alle regels worden strikt nageleefd. Het was al erg 
prettigg met julli e samen te werken in Leiden, maar toen jullie ook nog eens met het grootste deel 
vann de club je boeltje bijeen pakten en naar Amsterdam kwamen, werd ook de logistiek wat 
makkelijker.. René, Marianne, Renée, Anita, Mohammed, Chi, Eva, Dennis en Yung, het was 
prettigg dat ik te allen tijde met vragen, problemen en werk bij jullie terecht kon en natuurlijk ook 
ergg bedankt voor alle gezelligheid op het lab. 

Mett de 'jonge onderzoekers' van de divisie Gynaecologie en Verloskunde heb ik een 
fantastischee tijd gehad. Dat 'gedeelde smart halve smart is' weten wij maar al te goed. Met 
Saskia,, Moira, Judith en Marianne begonnen we ongeveer tegelijk aan onze onderzoeken. Het 
wass dan ook heerlijk om de verschillende fases van het wetenschappelijk onderzoek tegelijk te 
doorlopen.. Altij d wel iemand in de buurt om psychologische eerste hulp te verlenen. Dat ook 
onzee levenslijnen nagenoeg parallel liepen maakte de band nog hechter. Ik kijk er erg naar uit dat 
onzee paden elkaar tijdens de opleiding weer kruisen! Ook met de andere jonge onderzoekers, 
eerderr of later begonnen, was het altijd erg gezellig. Er werd altijd met smart op het lunch uurtje 
gewacht.. Neriman, Nathalie, Madeion, Wessel, Henrike, Wouter, Etelka, Maureen, Pieternel, 
Jann Willem en Liesbeth wil ik allemaal erg bedanken voor alle gezelligheid, met name tijdens de 
lunchess en zeker tijdens congressen. 

Verscheidenee studenten hebben meegewerkt aan studies in dit proefschrift. Krista Reijgwart 
werktee in Leiden aan de karakterisatie van circulerende micropartikels, Esther Wortelboer werkte 
aann de MMP bepalingen, Wieneke Metsaars hield zich bezig met VEGF en Danielle Grootfaam 
reisdee met mij af naar Zweden om vaatjes te incuberen met micropartikels. Ik heb het altijd erg 
gezelligg gevonden met jullie samen te werken en wil jullie bedanken voor jullie inzet en 
enthousiasme. . 

Velee anderen werkten mee aan het tot stand komen van dit boekje. Van hen wil ik in ieder 
gevall  noemen, Alexander Smarason, who was so nice to have me visit at the research department 
inn Oxford, where he was working at the time, and to prepare the STBM for one of our studies, 
Joostt Meijers, Kamran Bakhtiari, Saskia Middeldorp and Harry Btiller, die geweldig hebben 
geholpenn bij het voorbereiden en interpreteren van de thrombine generatie studies, Jan van Lith, 
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diee hielp preeclampsia patiënten te includeren in de gladde spiercel functie studie en natuurlijk de 

secretaressess van de divisie verloskunde, Ria, Marjolein, Thea, Nancy, Debby, Marijke en Clara, 

diee altijd bereid waren te helpen met allerhande klusjes. 

Barbaraa en Esther, mijn paranimfen en vriendinnen, julli e dank ik voor julli e hulp, 

enthousiasmee en vriendschap! Het is een enorme geruststelling dat julli e straks naast me zullen 

staan. . 

Mij nn broer en zusjes dank ik voor hun belangstelling. Het was echt heel leuk om te zien hoe 

julli ee met mam de verschillende artikelen, die toch buiten julli e expertise gebied liggen, van a t/m 

zz uit hebben geplozen en dan ook nog vaak goede vragen wisten te stellen! 

Lievee pap en mam, dankzij julli e is het uiteindelijk zover gekomen. Jullie hebben me altijd 

gestimuleerdd te studeren wat en hoe ik dat wilde. Het resultaat daarvan is onder meer dit boekje, 

datt ik daarom aan julli e opdraag. 

Enn last but not least... , Mark, ji j was niet alleen heel belangrijk voor dit proefschrift, waar je me 

steedss voor stimuleerde. Jij zorgde er ook voor dat het altijd heerlijk was om thuis te komen. Om 

driee maanden lang, 24 uur per dag met je door te brengen was wel het summum! Ik hoop dat er 

nogg veel van dit soort tripjes zullen volgen. Ik heb in ieder geval erg veel zin in de toekomst met 

jou... . 
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Schooll  she also worked on research projects at the departments of Internal Medicine and 
Obstetricss and Gynecology at the Leiden University Medical Center and at the Diabetes Division 
off  the University of Texas at San Antonio. From May to October 1997 she worked as a company 
doctorr at ArboNed Haaglanden. From October 1997 to August 1998 she worked as a house 
officerr at the department of Obstetrics and Gynecology at the Academic Medical Center in 
Amsterdam.. In august 1998 she started working as a PhD student at the departments of 
Obstetricss and Gynecolgy and Medical Physics of the Academic Medical Center in Amsterdam 
onn the project "Vascular dysfunction in preeclampsia". She received a travel grant from the 
NWOO and the Swedish Medical Research Counsil, thanks to which she was able to do part of her 
researchh at the Karolinska Institute in Stockholm. Furthermore, she received travel awards from 
thee International Society for the Study of Hypertension in Pregnancy. In 2001 she also started 
workingg as a medical writer for Ariez Pharma Consultancy. In januari 2003 she will start with 
herr residency program in Obstetrics and Gynecology at the Spaarne Hospital in Haarlem. 
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Vascula rr  dysfunctio n in preeclampsi a 

1.. Micro-particles may turn out to be of macro-importance in the pathogenesis of not only 

preeclampsia,, but also of other cardiovascular diseases (this thesis). 

2.2. The in preeclampsia frequently used term 'endothelial dysfunction' should be replaced by the 

termm 'vascular dysfunction' (this thesis). 

3.. Although syncytiotrophoblast microparticles seem an obvious candidate for causing vascular 

dysfunctionn in preeclampsia, the evidence so far does not support this (this thesis). 

4.. Estrogens could -at least partially- improve vascular function in preeclampsia (this thesis). 

5.. Het bestuderen van de vasculaire component van het ziektebeeld preëclampsie, verschaft niet 

alleenn inzicht in de pathogenese van preëclampsie, maar ook in vasculaire pathologie in het 

algemeen.. In dit ücht is het beleid van de Nederlandse Hartstichting subsidievoorstellen voor 

dergelijkk onderzoek niet in behandeling te willen nemen onterecht. 

6.. De aanwezigheid van een dikke, negatief geladen glycocalyx op het endotheel oppervlak 

voorkomtt de adhesie van bloedcellen en bloedplaarjes en is mede verantwoordelijk voor het 

behoudd van de endotheliale permeabiliteitsbarrière (Vink, Constantinescu en Spaan, Circulation 

2000:1500-02). 2000:1500-02). 

7.. Whenever man comes up with a better mousetrap, nature immediately comes up with a 

betterr mouse (James Carswell). 

8.. The characteristic of a course in advanced physics is that the instuctor finds the subject 

confusing;; if he didn't, the course would be called elementary physics (Luis Alvares, Nobel 

LaureateLaureate 1964), 

9.9. You've got the watches; we've got the time... (Afrikaans gezegde). 

10.. Een scharreleitje geeft meer kans op zwangerschap, maar helaas ook op preëclampsie. 

Marj aa J. van Wqk 
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