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In the 4
th

 century B.C., Aristotle regarded the heart as the site of 

intelligence and the brain as an organ of minor importance. Despite this, 

Hippocrates, the father of medicine, described that apoplexy (from the 

Greek plesso, meaning “struck down by violence”) could lead to 

unconsciousness and coma and concluded that the brain must be the seat of 

consciousness.  

        It was not until the 17
th

 century that Gregor Nymman described that 

the closure of the vessels bearing “vital spirits” to the brain resulted in an 

apoplectic attack. Some years later, Johann Jakob Wepfer concluded that 

either blockage of a brain vessel or bleeding in the brain could cause 

apoplexy. He also found that the obese with livid faces and hands and 

irregular pulses, and those with hardening of the pulse, were at higher risk 

of this disease.  

        In the 18
th

 century, Domenico Mistichelli noted that if a brain lesion 

affected the left side of the brain, the patient was paralyzed on the 

contralateral side, and vice versa. The Swedish botanist and physician, Carl 

von Linné, defined aphasia as knowing what one wishes to say without 

being able to say it. In the 19
th

 century, French scientist Paul Broca 

discovered that a stroke in the left front part of the brain caused loss of 

speech. 

        In 1955, a large Danish study by Dalsgaard-Nielsen was the first to 

include clinical criteria for stroke diagnosis. In 1965, Berkson and Stampler 

were the first to demonstrate the relationship between hypertension and 

stroke. Since then, a vast body of epidemiological and experimental studies 

has accumulated that characterizes stroke and its subtypes, establishes 

stroke risk factors, and continues the quest for potential stroke therapies.   
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ABSTRACT 
 

Stroke is a common and multifactorial disease influenced by genetic and environmental risk 
factors. It is a highly heterogeneous entity consisting of two main types, ischemic (80%) and 
hemorrhagic (20%) stroke. The most common form of hemorrhagic stroke is intracerebral 
hemorrhage (ICH). Ischemic stroke mainly results from thrombotic or embolic events, while 
ICH is caused by the rupture of an artery in the brain.  
       The mean age of first-ever stroke is 75 years (73 vs. 78 years, for men and women, 
respectively) and the age-specific stroke incidence is higher for men as compared to women, 
suggesting that hormonal factors confer protection. A large body of experimental and 
observational studies shows that estrogens exert beneficial effects in the cardiovascular system. 
However, large, recent, clinical randomized trials have failed to demonstrate a lower risk of 
stroke with hormone replacement therapy (HRT) in elderly postmenopausal women. It is 
possible that HRT may only protect a subgroup of women. Here, genetic predisposition might be 
involved. Stroke incidence is 50% higher in northern compared to southern Sweden, suggesting 
a genetic predisposition in this population. This relatively homogeneous population displays 
founder effects, making it well suited for genetic studies. Since 1985, the MONICA and VIP 
projects have conducted large-scale cardiovascular health surveys in this population. 
Information about conventional stroke risk determinants and also DNA have been collected, and 
two prospective, nested case-referent cohorts (113 cases and 226 controls; 275 cases and 549 
controls) have been sampled.  
       To investigate whether genes of the estrogen signaling system may be important in stroke 
development, we performed genetic association studies, including specific functional single 
nucleotide polymorphisms in the genes for estrogen receptor alpha (ERα, ESR1), and its target 
genes osteoprotegerin (OPG, TNFRS11B) and interleukin-6 (IL-6, IL6). We found a significant 
association between the common c.454-397T/T genotype in ESR1 and ICH, remaining after 
adjustments for conventional stroke risk factors. The c.454-397T/T genotype also associated 
with increased systolic (SBP) and diastolic blood pressure (DBP). The combination of c.454-

397T/T and either hypertension, increased SBP, or increased DBP boosted this association 
substantially and significant synergistic effects on ICH risk between this genotype and increased 
blood pressure were demonstrated. In a second study, we found a similar association between 
the common OPG-1181C/C genotype and ICH. 
       Cognitive impairments, including spatial memory and learning deficiencies, are common 
after stroke. Estrogens improve cognitive functions, including memory and learning processes, 
in postmenopausal women and ovariectomized rodents. Post-ischemic housing of rats in an 
enriched environment (EE) improves recovery of spatial memory and learning impairments. 
Both estrogen and EE induce neuroplasticity in the hippocampus. We hypothesized that 17β-
estradiol combined with EE would accelerate recovery after experimental focal brain ischemia 
in ovariectomized rats and that such improvements could be related to expression of nerve 
growth factor-induced gene A (NGFI-A) in the hippocampus. Five to six weeks after middle 
cerebral artery occlusion, 17β-estradiol–treated rats housed in an EE showed significant 
improvements in cognitive function (i.e., shorter latency and path in the Morris water maze task) 
and significantly higher NGFI-A mRNA expression in bilateral cornu ammonis 1 (CA1) and 
ipsilateral dentate gyrus (DG) compared to placebo-treated animals in EE.  
       In conclusion, we present evidence for the association between polymorphic variants in the 
ESR1 and TNFRS11B genes and ICH and show that 17β-estradiol in combination with EE 
accelerates cognitive functions in a rat stroke model, putatively through upregulation of NGFI-A 
in hippocampal subregions. These findings may contribute to an increased understanding of the 
underlying genetic etiology of ICH and may be informative for the primary prevention of this 
disease. They also provide hope for 17β-estradiol combined with early environmental 
enrichment as a novel therapeutic option following ischemic stroke. 
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INTRODUCTION 

Stroke 
Stroke is the third leading cause of death and the most common cause of adult 
permanent disability in developed countries [2]. Stroke affects approximately 
30,000 Swedes annually, of whom more than 70% are first-time sufferers with a 
mean age of 75 years (73 vs. 78 years, men and women, respectively) [3]. The vast 
majority of epidemiological studies have shown a greater age-specific stroke 
incidence for men, as compared to women. The incidence of stroke increases 
steeply in old age, especially in women. This suggests that hormonal factors may 
be protective. Depending on the severity and localization of the brain damage, 
different clinical stroke symptoms are presented, including impairments of motor 
functions (hemiparesis), sensory functions (hemidysesthesia), visual field 
(hemianopsia), speech (e.g. aphasia and dysarthria), perception (e.g., hemineglect 
and vertigo), and cognitive functions (e.g. memory and learning). The degree of 
damage is dependent on the extent and duration of the disturbance in brain 
circulation. Stroke survivors often face long-term hospital care, and despite early 
rehabilitation some form of permanent disability is common. Stroke accounts for 
more days in the hospital than any other somatic disease, making stroke treatment 
costly. As stroke predominantly is a disease of the elderly, incidence and 
prevalence levels are foreseen to increase in view of an increasingly aging 
population. Today, the only approved pharmacological treatment of stroke is 
thrombolysis, only applicable for a small percentage of all stroke patients. It is thus 
of great importance to investigate etiological factors for stroke development in 
order to improve primary prevention, and to continue the quest for new potential 
therapies for stroke. 

Definitions and classifications 
Stroke is, according to the World Health Organization (WHO), defined as “rapid 
development of clinical signs of focal (or global) disturbance of cerebral function, 
lasting more than 24 hours (unless interrupted by surgery or death) with no 
apparent cause other than a vascular origin” [4]. This definition excludes transient 
ischemic attacks, subdural and epidural hemorrhages, traumatic intracerebral 
hemorrhages, and lesions caused by brain tumors. Importantly, the term “stroke” is 
a heterogenic entity comprising several disparate diseases. The two main types are 
ischemic and hemorrhagic stroke. The Trial of ORG 10172 in Acute Stroke 
Treatment (TOAST) classification system [5] categorizes ischemic stroke on the 
basis of etiology into atherosclerotic (large artery disease), cardioembolic, lacunar 
(small vessel disease), other determined etiology, and undetermined etiology (Fig. 
1). Hemorrhagic stroke is per se highly heterogenic, consisting of the main types 
intracerebral hemorrhage (ICH) and subarachnoidal hemorrhage (SAH). In 
Sweden, approximately 85% of all strokes are ischemic strokes, 10% are ICH and 
5% are SAH [6]. ICH is further divided into primary (PICH) or secondary (SICH) 
(Fig. 1). Approximately 78–88% of all ICH events are primary, while the 
remaining minority are secondary to other entities [7]. 
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Fig. 1.   Stroke subtypes 

Etiology and pathophysiology 
Notably, stroke is an umbrella term for several mechanistically different diseases. 
The pathogenetic and etiological processes underlying the various stroke subtypes 
thus differ. For instance, ischemic stroke is caused by mechanisms causing brain 
infarction, while ICH is the bleeding into the brain parenchyma due to rupture of 
an intracerebral artery. Although ischemic stroke and ICH share several risk 
factors, there are differences in their risk factor profiles, and the magnitude in 
contribution of shared risk factors to each subtype may vary. SAH, the bleeding 
into the subarachnoidal space, is on the other hand markedly different from 
ischemic stroke and ICH in etiology, pathophysiology, clinical picture, and 
management and was therefore excluded in the present thesis. Epidemiological 
studies of stroke are thus limited by the distinctions between ischemic and 
hemorrhagic stroke, not to mention all the heterogeneous phenotypes that 
constitute these two diseases.  
        The etiology of stroke is multifactorial and complex, influenced by genetic 
and environmental risk factors. Hypertension is considered the most important 
underlying mechanism for both ischemic stroke and ICH. However, several studies 
have shown that hypertension is a stronger predictor for ICH as compared to 
ischemic stroke [8-10], which has been confirmed in meta-analyses [11]. 
Atherosclerosis may, on the other hand, be of more importance in ischemic stroke. 
However, hypertension per se plays a significant role in atherogenesis because it 
places the inner arterial wall under stress and may reduce vessel elasticity and 
cause degenerative changes and deposits of lipids with subsequent atheroma 
formation. The etiologies of hypertension and atherosclerosis are consequently key 
to understanding the etiology of a large portion of all stroke events. Notably, the 
etiologies of hypertension and atherosclerosis are, as for stroke, highly 
multifactorial, including gene−environment interactions. For hypertension, the vast 
majority of all cases are primary in which the etiology is mostly unknown, 
although obesity, stress, and excessive salt intake are discussed. Mechanisms for 
secondary hypertension include various endocrine disorders, renal diseases, and 
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extensive licorice intake. The atherosclerotic process spans decades and is believed 
to be initiated by endothelial damage, leading to platelet aggregation, lipid 
accumulation and oxidation, foam cell formation, fatty streak development, 
overgrowth of fibrous tissue, and plaque formation. Arterial calcification is an 
important component of atherosclerotic lesions and may reflect the progression 
from fatty streaks to complex plaques. In the coronary arteries, atherosclerotic 
calcification is a marker of the total plaque burden and predicts future coronary 
events [12-14]. Calcification of atherosclerotic lesions in the carotid arteries may, 
on the other hand, stabilize plaques [15], thereby decreasing the risk of thrombo-
embolic events and ischemic stroke. The impact of calcification in intracerebral 
arteries on the risk of ischemic stroke and ICH is, to a large extent, undetermined. 

Ischemic stroke 
Ischemic stroke is caused by local thrombus formation, embolic events, or other 
causes of poor perfusion in the brain circulation resulting in a brain infarction. In 
large-artery disease, atherosclerosis in cerebral arteries could either result in 
thrombosis formation and local occlusion, or more distal occlusion resulting from 
artery-to-artery embolism. Atherosclerotic plaques in the carotid arteries or the 
aorta may also cause emboli. The heart is another source of emboli, predominantly 
resulting from atrial fibrillation or recent myocardial infarction. Lacunar infarcts 
are typically not caused by thrombo-embolic events, but rather by vessel wall 
thickening of small penetrating branches of the larger cerebral arteries, 
predominantly in the basal ganglia, thalamus, internal capsule, and pons. The 
etiology and pathogenesis are not fully understood but may involve degenerative 
changes arising from chronic hypertension, e.g. microatheroma and lipohyalinosis 
[16]. More rare causes of ischemic stroke include migraine and intima dissection. 
        The brain has a high metabolic demand and cannot store energy and is thus in 
need of a constant supply of glucose and oxygen transported via the bloodstream 
for its function and survival. Under normal conditions, cerebral blood flow is 
through autoregulatory mechanisms held constant (∼50 ml blood/100 g brain 
tissue/minute), independent of variations in blood pressure. A blood flow below 20 
ml blood/100 g brain tissue/minute causes sudden loss of brain function from the 
region affected. The restricted delivery of substrate (ATP depletion) and oxygen 
initiates a cascade of events, in which major acute pathogenic mechanisms involve 
excitotoxic effects and peri-infarct depolarizations. The ATP depletion causes 
dysfunction in active ion pumps, with disturbances in ion homeostasis resulting in 
loss of membrane potentials and cell depolarizations. Cells release excitatory 
amino acids (i.e., glutamate), causing excitatory damage and death of neurons and 
glia cells. Reactive oxygen species, together with hypoxia and Ca2+ influx, induces 
mitochondrial dysfunction (leading to initiation of apoptosis), expression of pro-
inflammatory genes, and release of inflammatory mediators. Water passively enters 
the cells, leading to cytotoxic edema and cell death through necrosis. Pro-
inflammatory compounds and chemoattractants activate the more-delayed 
inflammatory response.  
        There is a great degree of variance in the blood supply within the ischemic 
insult. In the central ischemic core, the blood flow rapidly drops below a critical 
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level of 20% of normal, resulting in necrotic cell death within minutes. Between 
this irreversibly damaged core and normal brain tissue lies the penumbra zone, 
where blood flow is only moderately reduced and thus allows some preserved 
metabolism. Hence, some cells in the penumbra region survive, while others die as 
a result of neuronal damage.  

Intracerebral hemorrhage  
A minority of all ICH events is secondary, i.e., they result from a variety of known 
conditions, e.g., arterio-venous malformations, aneurysms, usage of anticoagulants, 
coagulopathies, and tumors. The vast majority of all ICH events is, however, 
primary but likely results from the effects of long-term hypertension, leading to 
degenerative changes in the vessel wall. Here, small deep perforating arteries in the 
lenticulostriatal, thalamoperforating, and basilar paramedian groups are targets for 
chronic hypertension, leading to arterial pathological changes, e.g. lipohyalinosis, 
with the development of microaneurysms and miliary aneurysms, which leads to 
weakening of the vessel wall and increased risk of rupture [17]. The occurrence of 
microaneurysms strongly associates with hypertension. Another major cause is 
cerebral amyloid angiopathy with deposition of β-amyloid in the media and 
adventitia, causing degenerative changes (e.g., fibrinoid necrosis) weakening the 
vessel wall. Notably, ICH and lacunar infarctions are located in the same regions, 
i.e., in the territories of perforating cerebral arteries, and may have similar 
etiologies. ICH often occurs in the cerebral lobes, basal ganglia, thalamus, brain 
stem, and cerebellum. The bleeding forms a hematoma, initiating edema and 
neuronal damage in the surrounding parenchyma.  

Risk factors 
A risk factor is a marker that is positively associated with the risk of developing a 
disease, but that alone is not sufficient to cause the disease. Knowledge about risk 
factors is the basis for primary and secondary prevention of stroke. Importantly, 
there are differences in risk factor profiles between ischemic stroke and ICH. The 
risk of suffering a stroke depends on several elements, such as inherent biological 
traits, physiological characteristics, behavioral factors, social characteristics, and 
environmetal features, each of which encompasses numerous suggested risk factors 
beyond the scope of this thesis to describe. However, from a clinical point-of-view, 
the most important non-modifiable risk factors may include age, male gender, and 
heredity, while the most important modifiable risk factors include hypertension, 
diabetes, carotid artery stenosis, atrial fibrillation, smoking, low physical activity, 
and excessive alcohol usage. However, conventional risk factors are estimated to 
account for only approximately half of the stroke risk [18]. The remaining risk is at 
least in part dependent on genetic factors [19]. Intriguingly, conventional risk 
factors are also to a great extent determined by genetics, adding further complexity 
to the multifactorial etiology of stroke. Stroke risk factors monitored in this thesis 
include age, gender, hypertension, smoking, diabetes, cholesterol, triglycerides, 
and body mass index (BMI).  
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Age and gender       
Stroke is predominantly a disease of the elderly. The stroke incidence (the number 
of new cases that occur in a population during a specific time period) rises 
exponentially from less than 1/1000 years below 50 years of age to ~20/1000 after 
the age of 80; consequently, 75% of all new strokes occur in the age group above 
65 years of age. Men have higher age-specific stroke incidence rates than women 
[20, 21]. Notably, after menopause, this gender difference decreases and, 
consequently, in the age group older than 85 years the incidence is higher for 
women as compared to men. However, because of a greater life expectancy, more 
women will suffer a stroke during their lifetime [22]. Hence, more women than 
men die from stroke [23] or are incapacitated after stroke [24]. Projections to the 
year 2020 have foreseen that life expectancy will increase, and more so in women, 
generating a large female elderly population in which an epidemic expansion of 
stroke is likely to occur [25-27]. 

Hypertension  
Hypertension is the most important modifiable risk factor for both ischemic stroke 
and ICH. However, hypertension appears to be a stronger risk factor for ICH than 
for ischemic stroke [8-10]. In fact, hypertension has in some studies been shown to 
be the main cause of ICH in 85% of the cases [28], and ICH patients have 
markedly higher admission blood pressure readings compared to other stroke types 
[9]. The risk of stroke increases exponentially with increasing diastolic blood 
pressure (DBP) [29]. However, hypertension is a highly preventable risk factor; a 
systematic review of 17 randomized clinical trials showed that lowering DBP by 5–
6 mmHg and systolic blood pressure (SBP) by 10–12 mmHg resulted in a 38% 
reduction in strokes [29, 30]. Hypertension may cause stroke through several 
mechanisms, including atherogenesis (e.g., of the carotid or intracerebral arteries), 
development of ischemic heart disease (with subsequent emboli), and degenerative 
changes in small intracerebral vessels. Hypertension alone may also increase the 
risk of rupture related to degenerative changes of small arterioles [7].  

Smoking  
Cigarette smoking increases the risk of both thromboembolic and hemorrhagic 
stroke in terms of a dose-response relationship [31, 32]. A meta-analysis showed 
that the stroke risk increased by 50% with smoking [33]. This increased risk, 
however, disappears within two years after quitting smoking [32].  

Diabetes mellitus 
People with diabetes have an increased susceptibility to atherosclerosis in various 
locations, including the cerebral arteries [34]. Diabetes mellitus is a well-
established independent risk factor for ischemic stroke [35-38], which also is the 
case for glucose intolerance [39]. In northern Sweden, type 2 diabetes increases the 
relative risk of stroke about four- to six-fold [40, 41]. By contrast, the significance 
of diabetes or glucose intolerance for development of hemorrhagic stroke is 
controversial; either modest positive [42], null [38, 39, 43], or inverse [34] reports 
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have been published. Notably, these studies did not include subtyping for 
hemorrhagic stroke, and such studies are virtually absent from the literature. 
However, a recent study found a three- to four-fold increased risk of ICH in a 
population-based study of more than 1.35 million residents, in which 571 ICH 
events occurred during three years (abstract) [44]. 

Total serum cholesterol  
Current debate also focuses on whether or not hypercholesterolemia is a stroke risk 
factor [45, 46]. Large meta-analyses have often grouped all stroke types and only 
detected modest increased stroke risks [47] or no such associations [48]. Notably, it 
appears that this association differs with regard to stroke subtypes. Most studies 
have shown that increased serum cholesterol levels are associated with ischemic 
stroke [49]. However, the reported associations are modest, which is paradoxical 
because statin treatment reduces ischemic stroke risk [50, 51]. By contrast, 
hypercholesterolemia is associated with reduced ICH risk [52], and 
hypocholesterolemia is associated with an increased risk of ICH [49, 53, 54], 
particularly among patients with hypertension. The underlying mechanism for 
these observations is incompletely understood, but it has been suggested that an 
interaction between high blood pressure and low cholesterol may weaken 
components of the intracerebral artery wall [53]. 

Serum triglycerides 
Increased serum triglycerides are also debated as a risk factor for stroke. Some 
studies have not been able to establish a relationship, while a few have reported 
increased risk of ischemic stroke with hypertriglyceridemia [55]. Notably, in a 
study of subjects considered to have the metabolic syndrome, hypertriglyceridemia 
was the strongest stroke risk determinant [56]. 

Body mass index (BMI) 
Obesity is often accompanied by hypertension, dyslipidemia, microalbuminuria, 
and type 2 diabetes/impaired glucose tolerance and/or insulin resistance, which 
often cluster in the metabolic syndrome, a phenomenon strongly associated with 
cardiovascular complications, including stroke [57, 58]. However, measures of fat 
distribution distinguishing abdominal obesity (e.g., waist/hip ratio) are more 
sensitive in identifying patients at increased risk of stroke, as compared to BMI or 
waist circumference alone [59]. 
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Genetics 

Genetic variability 
During the development of the human genome project, numerous small regions that 
display a high variability among individuals were detected [60]. Because any two 
human genomes are approximately 99.5% identical [61], it is the remaining 
variable 0.5% in combination with epigenetic factors that are responsible for each 
persons unique attributes, characteristics, and traits. 
        Sequence variations in a population may arise because of several mechanisms, 
e.g. mutations, insertions, deletions or translocations. The most common sequence 
variations are mutations on the single nucleotide level, which could result from 
either copying errors during DNA replication or from inadequate repair of DNA 
damages. For any locus in the genome that has at least two alleles, if the frequency 
of the least common allele is higher than 1% in a population, it is said to be 
polymorphic. Single nucleotide polymorphisms (SNPs) are the most common type 
of genetic variation in the human genome, making up approximately 80% of the 
genetic variability. On average, it is estimated that there is a SNP every 100–300 
bp in the genome, although some regions are more or less dense. This estimation 
gives a total of 10 to 30 million potential SNPs. At present, more than 4 million 
individual human SNPs have been reported in different public databases (e.g., 
dbSNP and Celera's SNP reference database). Notably, many of these SNPs have 
not yet been evaluated and display variance between different ethnicities and 
populations. Other, less-common forms of putative polymorphic sequence 
variations include insertions, deletions, and variable-length tandem repeats (also 
known as micro- or minisatellites). 
     The coding portions of the DNA only account for 1.5% of the human genome, 
and because SNPs generally are relatively equally distributed, most SNPs are found 
in noncoding regions. A SNP in a coding region that results in a change in the 
amino acid sequence is said to be nonsynonymous, in contrast to a synonymous (or 
silent) SNP that has no affect on the primary protein sequence. However, SNPs in 
noncoding regions may also have functional effects, such as influencing mRNA 
expression levels if located in promoter or other regulatory sequences, or affecting 
splicing if located near an exon–intron boundary.  
     Because one chromosome in each of our 23 chromosome pairs is inherited from 
our mother and the other from our father, a genotype at a certain locus is either 
homozygous or heterozygous for a specific allele. Notably, polymorphisms can 
often be inherited together and are thus not independent of one another. A certain 
variant in one locus may thus predict another variant in another locus that even 
could be located on another chromosome. This phenomenon is referred to as 
linkage disequilibrium or allelic association, and the combination of variants on a 
chromosome is called a haplotype. Although most SNPs have no known adverse 
effects and merely contribute to genetic variation, they may still, together with 
several other SNPs, contribute to personal characteristics such as height, shoe size, 
or hair color. Some SNPs cause more dramatic functional physiological outcomes 
and are even the basis for disease development.           
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Population genetics 
Population genetics is the study of gene variation in a specific group of individuals 
defined by a certain geographical region or within a certain social setting. There are 
several important issues to consider when planning and performing population 
genetics. First, no population is like another. Certain allele frequencies may either 
vary widely or be relatively conserved within and between populations. This is the 
result of each population’s unique genetic and social history, ancestral patterns of 
migration, and bottlenecks. Bottlenecks are events, such as famine, disease, war, 
and massive emigration, which lead to a dramatic decrease in the population 
number. This decline normally results in a decreased genetic variability, as 
compared to the original population. If a population is derived from a small number 
of founders, the existence of founder effects (a particular allele present at a high 
frequency) is likely. In such populations in which the descendants tend to stay in 
the same region, such founder effects may be particularly pronounced, resulting 
from the maintenance of the original gene pool over time because of different 
levels of inbreeding. A rapid expansion in such a population promotes genetic 
homogeneity, while expansion resulting from immigration naturally increases 
genetic variability. Admixture is a common type of gene flow that occurs when 
individuals from different previously isolated parental populations form a new 
hybrid population. Random genetic drift (changes in allele frequency that occur by 
chance) is also likely to have occurred. Population stratification may be present if a 
population consists of subgroups that differ in allele frequencies. This is a major 
problem in genetic association studies and often requires extensive knowledge of 
the population in order to apply appropriate matching. The Hardy–Weinberg 
equilibrium is a useful tool for detecting differences in allele frequencies that are 
more divergent than expected for a large population with random mating. 
Divergence from the Hardy–Weinberg equilibrium may result from population 
stratification arising from the existence of subpopulations or genotyping errors.  

The northern Swedish population  
The population in the two northernmost counties of Sweden, Västerbotten and 
Norrbotten, is particularly well suited for genetic studies of stroke. The stroke 
incidence is approximately 50% higher in this region compared to southern parts of 
the country [62]. This may reflect a genetic influence, with putative gene–
environment interactions, in this population. There is an admixture of “Swedish,” 
Saami, and Finnish ethnicity in this region. The Saamis have lived in northern 
Sweden for at least 3000 years but had already become a minority prior to the 19th 
century. Finnish settlements in the Tornedalen valley may go back to about 800 
CE, and in the 17th century, Finnish immigration to the southern parts via central 
Sweden occurred. In the 14th century, the Swedish state encouraged settlement of 
the north, leading to colonization along the coast by “Swedes” from the south. The 
main part of “Swedish” colonization has occurred during the last 300–400 years, 
although the immigration rate has been low. Settlements mainly followed the coast 
areas and the river valleys; the immigrants tended to produce large families, and 
their offspring often settled in the nearby geographical area. This produced a 
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complex demographic genetic background in which genetic clusters (representing 
several generations) to a large extent became specific for the different river valleys, 
as the vast forest and mountain regions in between these valleys complicated new 
introductions into the gene pool [63, 64]. The existence of founder effects, such as 
a history of low immigration, few founders, and a rapid population expansion 
within the last centuries, has thus contributed to the establishment of low genetic 
diversity in the northern Swedish population [63, 64]. Notably, the existence of 
several recessive Mendelian diseases in the northern Swedish populations further 
supports this. Thus, this population is relatively more genetically homogeneous as 
compared to other populations driven by immigration as the main mechanism for 
population growth.  
        The inhabitants in this area are generally prone to give consent to population-
based health surveys and genetic research, enabling the mapping of patterns of 
traditional cardiovascular risk factors in this region, with a high degree of precision 
[65, 66]. Furthermore, there is a long tradition of epidemiological stroke studies in 
northernmost Sweden because Västerbotten and Norrbotten since 1985 have 
participated in the WHO Northern Sweden Monitoring of Trends and Determinants 
in Cardiovascular Diseases (MONICA) project and the Västerbotten Intervention 
Program (VIP). Notably, the northern Swedish MONICA center is the only center 
out of an initial 39 centers worldwide that still continues information gathering.  

Prospective nested case-control studies  
Nested case-control studies are increasingly used in epidemiological and genetic 
association studies that investigate potential etiological factors for disease 
development. This design involves gathering of blood samples from healthy 
participants. When a significant proportion of these participants have developed the 
disease of interest, blood samples are analyzed in those with the disease (cases) and 
in randomly sampled healthy controls from the same cohort (often matched for 
relevant factors) with regards to the specific putative etiological factor. The 
proportions or levels of these factors are then compared between cases and controls 
to establish a disease association or not. If such a study also is prospective, all 
study participants are followed for these putative risk factors over time.  

Genotyping methods  
The polymerase chain reaction (PCR) technique allows small amounts of DNA to 
be amplified exponentially. This technique is the basis for restriction fragment 
length polymorphism (RFLP) analysis, in which a fragment containing the 
polymorphic allele is amplified and thereafter subjected to restriction enzyme 
cleavage that discriminates between alleles. This method is, however, time-
consuming and thus not very well suited for large sample sizes. More recently, 
several high-throughput allelic discrimination techniques, such as the TaqMan-
based 5’ allelic discrimination technique, have evolved. This technique is based on 
PCR amplification of the region of interest and binding of allele-specific probes 
that discriminates between the alleles by wavelength differences in fluorescence. 
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Genetics of stroke  
The vast majority of all strokes have a polygenetic background; monogenic forms 
may make up less than 1% of cases. Certain ethnic groups are at greater risk of 
stroke than others. For instance, people of West African or Caribbean origin have 
higher blood pressure and twice the rate of stroke compared to Caucasians. 
African-Americans and Hispanics have a higher risk of suffering from ICH than 
non-Hispanic whites [67, 68]. In China [69, 70] and Japan [71], approximately 20–
40% of all strokes are ICH. Such racial differences may partly represent genetic 
factors. There is also vast evidence that support the role of familial genetic factors 
in stroke etiology [72]. The risk of suffering from stroke is approximately doubled 
if a first-degree relative is affected [73-75], and there is a well-described 
relationship between parental stroke and silent cerebral infarcts in the offspring 
[76]. Twin studies demonstrate greater concordance rates for monozygotic twins 
compared to dizygotic twins [77, 78]. Approximately two-thirds of the population-
attributable stroke risk is estimated to result from genetic factors [79].  

Monogenic stroke 
Several rare monogenic disorders may cause ischemic stroke [19]. Of these, the 
most common form is Cerebral Autosomal Dominant Arteriopathy with 
Subcortical Infarcts and Leucoencephalopathy (CADASIL), caused by mutations 
in the NOTCH3 gene. This leads to systemic small vessel arteriopathy with 
degeneration of vascular smooth muscle cells of mainly intracerebral arteries 
resulting in predominantly recurrent lacunar infarcts. ICH, that normally affects the 
same vessels as lacunar infarcts, also occurs to a sparse extent, while cerebral 
microbleeds are found in 31-69% of CADASIL patients [80]. Notably, two-thirds 
of CADASIL patients also develop migrane with aura prior to suffering from a 
stroke event. Other rare monogenic syndromes related to stroke include the 
MELAS syndrome, caused by mitochondrial mutations, and Fabry disease, an X-
linked recessive disorder affecting lysosomes. In familial forms of cerebral 
amyloid angiopathy with increased risk of ICH, mutations in the amyloid precursor 
protein have been identified.  

Polygenic stroke  
The classical Mendelian inheritance pattern can seldom be demonstrated in genetic 
stroke studies. However, studies in the Icelandic and northern Swedish populations 
recently established through linkage analyses the phosphodiesterase 4D (PDE4D) 
gene (involved in atherogenesis) as a risk factor for ischemic stroke [81, 82]. On 
the other hand, genetic association studies have reported a plethora of putative 
stroke susceptibility genes. Many of these genes have also been implicated in other 
cardiovascular diseases. Such genes may, for instance, encode proteins that either 
are putative stroke risk factors or somehow modulate such risk factors, e.g., by 
affecting the molecular signaling involved in stroke etiology and pathophysiology. 
Synergistic effects between different genetic markers and/or between genetic 
markers and putative risk factors may also be present. Association studies of 
polymorphic markers are based on some a priori knowledge of the molecular basis 



 15 

of disease development, and it is crucial to choose polymorphisms that may have 
some functional impact on a molecular level. In addition, stroke phenotypes are 
likely the result of gene–environment interactions, including multiple 
polymorphisms in several genes. Notably, because stroke is a heterogeneous entity, 
the genetic influence is, of course, not always as straightforwardly demonstrated as 
in more homogeneous cardiovascular diseases, such as coronary artery disease. 
        Several genetic association studies of the impact of polymorphisms on stroke 
risk have been performed. These include polymorphisms in genes involved in 
hypertension, atherogenesis, coagulation, fibrinolysis, and inflammation. In line 
with the linkage to PDE4D [81, 82], polymorphisms in this gene are associated 
with increased stroke risk [83, 84]. Another well-studied gene is angiotensinogen-
converting enzyme (ACE) (involved in hypertension), in which an 
insertion/deletion polymorphism has been associated with ischemic stroke in some 
studies [85, 86], although others have not been successful in replicating these 
findings [87]. Notably, in a study including TOAST subtyping, this association 
only persisted for lacunar infarctions [88], while another study was unable to detect 
such an association [89]. This polymorphism has further been associated with the 
presence of carotid stenosis [90] and carotid intima-media thickness [91], 
suggesting a plausible pathway of the contribution to increased risk of ischemic 
stroke. To further elucidate such putative associations, meta-analyses are 
commonly performed, in this case showing a significant overall effect of the ACE 
polymorphism on ischemic stroke risk [92].  
        In a prospective, nested case-control study of two independent cohorts, the 4G 
allele of the 4G/5G polymorphism of the plasminogen-activator inhibitor 1 gene 
(involved in coagulation) was associated with an increased risk of future ischemic 
stroke, particularly in participants with high levels of triglycerides, while no 
associations with ICH were found [93]. This study exemplifies the importance of 
not grouping different stroke types together as a combined endpoint. In this thesis, 
the genetic background for the main stroke types, ischemic stroke and ICH, is 
therefore studied separately.  

Estrogen signaling  
Estrogens have traditionally been described as the female sex hormones, based on 
their regulatory properties in the female reproductive system. However, estrogen 
signaling regulates numerous biological processes in both females and males. 
There are three main forms of naturally occurring estrogenic compounds in 
humans, 17β-estradiol, estrone, and estriol. Of these, 17β-estradiol is the most 
abundant and most biologically active. Estrogens are secreted under the control of 
the hypothalamic–pituitary axis. In non-pregnant premenopausal women, the 
primary location of estrogen synthesis is the ovaries. At menopause, there is a 
dramatic drop in ovarian function and estrogen levels. After menopause, estrogens 
are still locally synthesized in several extragonadal organs and tissues, including 
adipose tissue, muscles, osteoblasts, chondrocytes, brain, vascular endothelium, 
vascular smooth muscle cells, and liver. In men, estrogens are mainly produced in 
the testes, but also in the same extra-ovarian sites as in women. In the circulation, 
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most estrogen molecules are bound to plasma proteins while transported to their 
target tissues. Examples of such target tissues are the cardiovascular system, 
central nervous system (CNS), bone tissue, breast tissue, cartilage, testes, 
urogenital tract, liver, lung, and intestine. In the CNS, estrogens may pass the 
blood–brain barrier via lipid-mediated transport. 
        The biological actions of estrogens are mediated by binding to either estrogen 
receptor alpha (ERα) or beta (ERβ), which may homo- or heterodimerize upon 
ligand binding. ERα and ERβ belong to the steroid receptor family, and interact in 
a complex manner. Both receptor types display a great degree of homology, 
especially in their DNA-binding domains. Although the ligand-binding domains 
only vary slightly, 17β-estradiol preferentially binds ERα, while some other 
estrogenic compounds such as phytoestrogens preferentially bind ERβ. However, 
several ER splice variants have been described, each of which may have different 
gene-regulating properties. Gene expression is further regulated by positive or 
negative interactions with several transcription factors, which may bind to 
recognition sites (e.g., activation functions 1 and 2), which widely differ between 
ERα and ERβ. Fine-tuning of gene expression is further mediated by ligand-
specific conformational changes in ERα and ERβ, thereby affecting interaction 
with additional transcription factor activators [94]. The effects of estrogens are 
mediated by activated ligand–receptor complexes through at least four different 
pathways (Fig. 2). The amount and the relative ratio between ERα and ERβ differ 
between tissue and cell types, which modulate the specific cellular response. ERα 
is highly expressed in classical estrogen response tissues such as uterus, mammae, 
bone, and the cardiovascular system, while ERβ displays high expression in non-
classical tissues, including prostate, urinary tract, and ovary [95]. The cellular 
response seems correlated to the intracellular and/or membrane-associated levels of 
ERs in a specific cell type. Thus, the mRNA expression and protein regulation of 
each ER are important in fine-tuning the estrogenic responses throughout the body.  

 
Fig. 2.   Estrogen signaling through genomic and non-genomic pathways 
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Estrogens bind to ERα or ERβ, which homo- or 
heterodimerize and bind to estrogen response  
elements (EREs), thereby regulating gene 
transcription.  
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ERE-independent genomic actions via transcription  
factor (TF) interactions and binding to activity binding 
protein-1 or specificity binding protein-1 sites.  
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Activation of protein kinase cascades,  
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Cardiovascular effects of estrogen signaling  

An impressive number of observational studies have shown that hormone 
replacement therapy (HRT) reduces the risk of cardiovascular diseases. Large 
meta-analyses have concluded that there is extensive and consistent observational 
evidence that HRT in postmenopausal women reduces the risk of cardiovascular 
diseases between 35–50% [96, 97]. One of the first well-conducted randomized 
clinical trials of HRT and cardiovascular risk confirmed these beneficial effects 
[98], while more recent randomized clinical trials in elderly postmenopausal 
women have produced contradictory and controversial results  [99-103]. 
        Activated ERs target numerous processes in the body, including lipid 
metabolism and vessel wall structure and function. Notably, both ERα and ERβ are 
expressed in endothelial cells [104, 105] and vascular smooth muscle cells [106, 
107]. The protective properties of ERα signaling in the cardiovascular system are 
supported by the fact that a human disruptive mutation in the ERα gene (ESR1) 
causes dyslipidemia, endothelial dysfunction, insulin resistance, impaired glucose 
tolerance, obesity, and premature coronary artery disease [108-110]. Furthermore, 
both male and female ESR1 knockout mice display impaired glucose tolerance, 
insulin resistance, and obesity [111]. 

Estrogens and hypertension 
Hypertension is more common in men (30–45 years of age) than in age-matched 
women and more prevalent in postmenopausal as compared to premenopausal 
women [112, 113]. The time since menopause is a main predictor for the 
development of hypertension [114]. Although a few percentages of 
postmenopausal HRT users may display an idiosyncratic increase, most HRT users 
experience a decrease in blood pressure [115-120]. By contrast, oral contraceptives 
elevate blood pressure in premenopausal women [121]. Moreover, experimental 
studies support the blood pressure-lowering capacity of estrogens. In 
ovariectomized spontaneously hypertensive female rats, 17β-estradiol prevents the 
development of hypertension [122-125], and estrogen modulates vascular tone in 
ovariectomized female rats [126]. These findings suggest that 17β-estradiol may 
reduce blood pressure by modulation of vascular reactivity [127, 128]. Molecular 
mechanisms for this modulation may include several estrogenic effects on 
vasotension throughout the vascular system, including peripheral resistance 
vessels. Estrogen-induced vasodilatation is, at least partly, dependent on nitric 
oxide (NO) production [129]. Short-term estrogen exposure of cultured endothelial 
cells activates endothelial nitric oxide syntethase (eNOS), causing increased NO 
release [130, 131]. Notably, ERα knockout mice display decreased basal levels of 
endothelial NO in cerebral arteries and in the aorta as compared to wild-type mice, 
suggesting that the level of ERα may be critical in regulating vascular wall NO 
production [132, 133]. It has been shown that the increase in endothelial NO levels 
is mediated by ERα, but not ERβ [134]. Both long-term genomic [133] and rapid 
non-genomic ERα-dependent stimulation of eNOS [134-136] seem to be of 
importance. The rapid non-genomic actions are thought to involve a membrane-
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associated pool of ERα [137]. ERα-mediated signaling further targets other genes 
of importance for regulating vasotension in the vessel wall, including endothelin-1 
[138, 139], cyclooxygenase-1 [140], prostaglandin H synthase [141], and inducible 
nitric oxide synthase. In addition, estrogens may modulate intracellular calcium 
concentrations in vascular smooth muscle cells, thus relaxing these cells, with 
potential impacts on systemic blood pressure [142]. Downregulation of ERα-
mediated signaling could thus be of importance in the pathophysiology of 
hypertension, with its complications.  

Estrogens and cerebral vasotension 
In the cerebral vasculature, estrogen and testosterone display opposing effects on 
vasotension; estrogens decrease it, and testosterone increases it. Thus, rat studies 
have shown that male cerebral arteries display a more constricted state as compared 
to females [143]. As for estrogen-induced systemic blood pressure regulation, these 
effects are, in the cerebral arterial wall at least partly mediated through eNOS-
dependent pathways [144-146]. However, estrogenic effects on the 
cyclooxygenase/prostaglandin system may also be important [145, 147, 148]. Both 
male and female rats exposed to estrogen exhibit higher eNOS mRNA [149] and 
protein levels [150] in their cerebral arteries. This induction is not present in ERα-
deficient mice [132], suggesting a crucial role for ERα in regulating 
cerebrovascular tone. This may be of particular interest in stroke pathophysiology 
and may to some extent explain the increased stroke risk seen with migraine and 
postpartum. The relation between migraine and stroke is well known [151]. 
Women who suffer from migraine, predominantly with aura, are 3–6 times more 
likely to develop stroke. The mechanisms for this relationship are not fully 
understood, although variations in estrogen levels may cause local disturbances in 
vasomotor function in cerebral arteries, thus influencing the risk of migraine [152]. 
In line with this, polymorphisms in ERα have been associated with migraine [153, 
154]. Notably, in women who smoke, take oral contraceptives, and have migraines, 
the risk of stroke is increased by up to 34 times [155].  

Estrogens and serum lipids 
It is well documented that estrogens exert beneficial effects on the lipid profile, 
mainly by effects on lipid synthesis in the liver, which include increasing 
circulating high density cholesterol lipoprotein (HDL) and decreasing low density 
cholesterol lipoprotein (LDL) cholesterol levels [156-160] and lipoprotein(a) levels 
[161]. However, the improved serum lipid profile mediated by estrogens only 
provides a slight contribution to the overall observed vascular protection [97, 162].  

Estrogens and atherogenesis   
Numerous epidemiological studies have shown that postmenopausal estrogen 
therapy delays atherosclerosis [163, 164]. However, recent reports have suggested 
that these atheroprotective effects are restricted to HRT initiated early after 
menopause [165]. This is supported by primate studies, in which estrogen inhibits 
progression of atherosclerosis during the early, but not the late, period after 
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ovariectomy [164]. Furthermore, the inhibitory effects of 17β-estradiol on 
atherogenesis are well documented in numerous other animal models, including 
atherosclerotic mouse models [166], and in models of diet-induced atherosclerosis 
in primates [160, 167] and rabbits [168, 169]. Molecular mechanisms for this may 
include favorable effects of estrogen on lipid accumulation [168, 169] and LDL 
oxidation [170, 171], which may prevent macrophages from converting into foam 
cells, thus reducing fatty streak development and plaque formation. Because 
atherosclerosis is considered a chronic inflammatory process in the vascular wall, 
including adhesion and intimal migration of monocytes, the beneficial estrogenic 
effects on various leukocyte adhesion molecules (e.g., vascular cell adhesion 
molecule-1, intercellular adhesion molecule-1, and E-selectin) may be also be 
important [172]. Furthermore, estrogens inhibit the proliferation and migration of 
vascular smooth muscle cells from the media to the intima, and suppress elastin 
and/or collagen accumulation, other important mechanisms in atherosclerosis 
development [173] [174]. 17β-estradiol also accelerates reendothelialization [175]. 
Interestingly, the major mediator of such atheroprotective effects of estrogens may 
be ERα, rather than ERβ [175]. 

Estrogens and hemostasis 
It is generally accepted that oral contraceptives and HRT may increase the risk of 
thrombo-embolic events, mainly in the venous system [176]. By contrast, some 
studies have shown that estrogens may have favorable effects on coagulation and 
fibrinolysis [177, 178]. Target genes for ERα signaling of importance for 
homeostasis include E-selectin, prostacyclin synthase, plasminogen activator 
inhibitor-1, tissue plasminogen activator, tissue factor, fibrinogen, antithrombin III, 
protein S, and coagulation factors VII and XII [135, 136, 163]. Estrogen may 
decrease antithrombin III levels [179-181], and some [180, 181], but not all [179], 
studies have found that postmenopausal HRT users display higher factor VII and 
lower fibrinogen levels. Furthermore, the estrogenic upregulation of NO may 
regulate homeostasis because NO inhibits platelet aggregation. 

Estrogens and arterial calcification 
Several observational studies have shown that HRT is associated with lower 
calcium content and plaque area in coronary arteries [182-186]. Recently, a large 
randomized clinical trial based on the Womens Health Initiative (WHI) material 
has confirmed this association; the calcified plaque burden in coronary arteries was 
lower in younger (50–59 years) postmenopausal women assigned to estrogen vs. 
those receiving placebo [187]. This finding supports that HRT promotes 
atheroprotective effects if given in early menopause.   

Estrogen signaling and stroke 
The mean age of suffering from a first-ever stroke is 5 years higher for women than 
men, and the age-specific stroke incidence is higher for men compared to women. 
For women, the risk of stroke increases significantly towards incidence levels in 
men after menopause, and most observational studies have shown that HRT 
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decreases stroke risk [188-193]. These findings lead to the general understanding 
that estrogens have protective properties against stroke. Recently, this dogma was 
challenged as large randomized clinical trials in elderly postmenopausal women 
did not demonstrate a protective role of HRT against stroke risk [99-102, 194].  
        In premenopausal women, usage of oral contraceptives has, in most studies, 
been associated with increased risk of ischemic stroke, particularly in women with 
additional risk factors like hypertension, smoking, and migraine [195]. Whether it 
is the estrogenic or gestagenic component that contributes to increased risk of 
ischemic stroke is, however, not clear. Notably, the risk of hemorrhagic stroke 
attributable to usage of oral contraceptives is not increased in younger women and 
only slightly increased in older women [196]. However, to our knowledge no 
studies of oral contraceptives and risk of ICH per se have been performed.  

The calcification paradox and stroke  
Arterial calcification is an important component of atherosclerotic lesions, and is 
regarded as a measurement of the severity of the atherosclerotic process; thus, it 
represents a risk factor for cardiovascular diseases. Arterial calcification of the 
intima, as in advanced atherosclerosis, or in the media, as in Mönckeberg´s 
arteriosclerosis, is associated with increased risk of stroke [197]. Vascular 
calcification, predominantly of the arteries, often occurs with atherosclerosis and 
various metabolic diseases, such as diabetes mellitus and osteoporosis.  
        Interestingly, arterial calcification and osteoporosis often co-exist, especially 
in estrogen-deficient postmenopausal women [198-202], and HRT slows the rate of 
bone resorption and arterial calcification [182]. This information suggests that 
impaired estrogen signaling may be a link between cardiovascular diseases and 
osteoporosis. A shift of calcium from the skeleton towards the arterial wall may be 
a key in explaining this paradox [203]. Furthermore, osteoporosis has been 
associated with a substantially increased risk of stroke in elderly women, at a 
similar magnitude as hypertension [204]. The underlying mechanisms for this 
association remain unclear but likely reflect disturbances in estrogen-signaling 
pathways. Estrogen signaling through ERα may exert protective properties on bone 
metabolism as well as in the vascular system. Cytokines regulating both bone 
turnover and vascular wall structure and function may thus represent strong 
candidate genes for, and may provide the long-sought link between, arterial 
calcification and osteoporosis. Such cytokines include the potential ERα target 
genes, osteoprotegerin (OPG, also denoted osteoclastogenesis inhibitory factor 
OCIF), and interleukin-6 (IL-6). 

Osteoprotegerin (OPG) 
OPG is a soluble, secreted member of the tumor necrosis factor (TNF) receptor 
superfamily, that in an antagonistic manner acts as a decoy receptor and binds to 
the receptor activator of nuclear factor κB ligand (RANKL, osteoprotegerin ligand, 
OPGL) [205-208]. In vitro studies have shown that estrogen [209-213] and the 
selective estrogen receptor modulator raloxifene [214, 215] stimulate gene 
expression and protein production of OPG. Notably, this stimulatory effect on OPG 
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production is mediated through activation of ERα, rather than ERβ [209, 210]. In 
bone, OPG is secreted by osteoblasts to inhibit osteoclast differentiation, 
activation, and survival, thereby exerting protective properties in the skeletal 
system. OPG production in bone declines with estrogen deficiency and age but is 
increased by estrogen substitution [216].  

OPG in arterial calcification and vascular diseases 
Recent studies also suggest the involvement of OPG in arterial calcification and 
cardiovascular diseases. The primary cells implicated in arterial calcification are 
smooth muscle cells, macrophages, and mast cells. OPG is abundantly expressed in 
the vascular wall [217, 218], where OPG mRNA expression and secretion have 
been demonstrated in various vascular cell types and compartments, including 
coronary [208], aortic [219, 220], and renal artery [208] smooth muscle cells, as 
well as in endothelial cells [221, 222]. 
        OPG-deficient mice display early onset of severe osteoporosis and profound 
medial and subintimal calcification of the aorta and renal arteries, with intimal and 
medial smooth muscle cell proliferation, as well as partial aortic dissection [208, 
223]. These mice die prematurely due to ruptured aneurysms [224]. Cross-breeding 
between OPG-deficient mice and transgenic over-expressing OPG mice prevents 
development of osteoporosis and arterial calcifications, indicating that OPG 
deficiency may be a crucial link between bone loss and vascular disease [225]. In 

vivo administration of OPG in rats reduces bone resorption activity [226], increases 
bone density [205], and prevents estrogen-deficiency–associated bone loss 
following ovariectomy [205, 225]. Moreover, OPG administration prevents arterial 
calcification induced by warfarin [226], suggesting that OPG may protect against 
warfarin-associated ICH. Furthermore, OPG may exert atheroprotective properties 
through anti-apoptotic properties promoting survival of endothelial cells, thereby 
maintaining the integrity of the vascular wall [221]. 
        However, while rodent models suggest a protective role of OPG in the 
vascular system, correlation studies of circulating OPG levels and vascular diseases 
in humans are somewhat contradictory. Some studies have shown that increased 
circulating OPG levels in humans are correlated with complications including 
coronary artery disease [227-229], severity and progression of carotid 
atherosclerosis disease, increased risk for cardiovascular disease including 
myocardial infarction, stroke, and vascular mortality [230], and progression of 
abdominal aortic aneurysms [231]. In post-menopausal women (65 years of age or 
older), increased OPG serum levels were associated with a risk of fatal thrombotic 
stroke, but there was no association between OPG levels and the risk of incident 
(nonfatal) thrombotic strokes [232]. Furthermore, OPG levels were increased by 
30% in women with diabetes, and high OPG levels were correlated with overall 
cardiovascular mortality [232]. In humans, OPG is locally expressed in 
symptomatic atherosclerotic plaques in the carotid arteries [233] and abdominal 
aorta [234]. 
        Notably, there are differences between the calcification seen in OPG-deficient 
mice and that seen in humans. There was no fat deposition in lesions from 
knockout mice, and there was an early onset of arterial calcification in mice, 
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whereas the atherosclerosis process occurs late in humans [225]. It has been 
proposed that the discrepancy in association with vascular disease between 
increased circulating OPG levels in humans and the phenotypes in rodents may 
arise from insufficient regulatory mechanisms for preventing further bone loss and 
progression of vascular lesions [203, 224]. The increased OPG levels in human 
vascular diseases may thus represent an (incomplete) defense mechanism against 
other factors that promote arterial calcification, atherosclerosis, and other forms of 
vascular damage [203, 235]. This may be reflected by the fact that circulating 
serum levels of OPG increase with age in men and women [232, 236-239]. 

Interleukin-6 (IL-6) 
IL-6 is a pro-inflammatory cytokine involved in the development of both 
cardiovascular diseases and osteoporosis. In the vessel wall, IL-6 increases C-
reactive protein production [240] and activates endothelial cells [241], both of 
which are related to atherogenesis. In bone, IL-6 induces osteoclast maturation and 
is thus involved in regulation of bone turnover [242]. Because estrogen 
downregulates expression of IL6 via an ERα-dependent pathway in bone and cell 
lines [243], these effects are likely to be present also in the vascular wall.  

Investigated polymorphisms  

Estrogen receptor alpha (ERαααα) gene (ESR1) polymorphisms 
Two SNPs in the first intron of ESR1 (c.454-397T>C and c.454-351A>G) have, in 
addition to osteoporosis, been associated with several cardiovascular endpoints. 
These polymorphisms are in strong linkage equilibrium, and it has been shown that 
the c.454-397T allele results in lower ESR1 mRNA levels [244, 245]. This allele 
has been linked to aortic valve sclerosis [246], increased LDL [246] and total 
cholesterol levels [246], and a risk of in-stent restenosis [247]. Consistent with 
these findings, the c.454-397C allele has been ascribed protective properties, 
associated with increasing HDL cholesterol [248] and reducing E-selectin (a potent 
vasoconstrictor) [244]. The combination of c.454-397T and c.454-351A alleles is 
associated with an increased risk of myocardial infarction and ischemic heart 
disease [245].  

             

                  Intron 1 

     GTCCCAGCCGTTTTATGCTTTGTCTCTGTTTCCCAGAGACCCTGAGTGTGGTCTGGAGTT  

Exon 2 

c.454-351A/G 

        (Xba I) 

GTCCCAGCTGTTTTATGCTTTGTCTCTGTTTCCCAGAGACCCTGAGTGTGGTCTAGAGTT  

  c.454-397T/C 

    (Pvu II) 

 46 bp   351 bp 

  

Exon 1 

Functional myb  
binding site 

Fig. 3.  
Genomic localizations  
of ESR1 polymorphisms 
The c.454-397T>C SNP  
and the c.454-351A>G SNP  
have identification numbers  
rs2234693 and rs9340799,  
respectively, at  
http://www.ncbi.nlm.nih.gov/SNP,  
according to reference sequence  
NM_000125.  
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OPG gene (TNFRS11B) polymorphisms 
 

Two SNPs in TNFRS11B, OPG-1181G/C and OPG-950T/C, have, in addition to 
osteoporosis [249, 250], been associated with several cardiovascular endpoints, 
including coronary artery disease [251], increased intima-media thickness of the 
common carotid artery, and decreased maximal forearm blood flow [252, 253]. The 

OPG-1181G/C SNP constitutes a G/C variation resulting in a lysine/asparagine 
variation in the third codon (AAG/AAC) of the 21 amino acid signal peptide of 
OPG (Fig. 4). This signal peptide is necessary for adequate secretion from the cell. 
Because OPG is a secreted protein and lysine has a positively charged R-group 
while asparagine is nonpolar, it could not be excluded that this polymorphism has 
important effects on intracellular trafficking or export efficiency of the final 
protein. Such mechanisms involve targeting and transport of the precursor protein 
to the endoplasmic reticulum or signal peptidase-mediated removal of the signal 
peptide prior to secretion. Theoretically, the secretory kinetics of OPG would thus 
be affected by such a nucleotide change, with the OPG-1181C allele yielding lower 
circulating OPG levels. This outcome was also demonstrated in a recent study in 
which carriers of the OPG-1181C/C genotype had lower circulating OPG levels 
[254]. Previous studies have shown that these polymorphisms are in strong linkage 
disequilibrium [249].  
 

 
 
 
 
 

IL-6 gene (IL6) polymorphism 
The IL6-174G/C SNP is located in the promoter region. Carriers of the IL6-174 

G/G genotype have higher expression levels of IL-6, resulting in markedly higher 
plasma levels of IL-6 than non-carriers. This polymorphism associates with 
hyperlipidemia, insulin resistance, and dyslipidemia [255, 256], increased systolic 
blood pressure and an increased risk of coronary artery disease [257], increased 
common carotid artery intima media thickness, lacunary infarction [258], and 
multi-infarction dementia [259]. 

    GCGTTAATCCTGGAGCTT                                                   

HincII 

promoter 

 

ATG 

AP2 SP1 E2 TATATAA SP1 E1  I1 

 

OPG-1181G/C: 

Signal peptide: Met Asn Lys Leu Leu Cys Cys Ala Leu Val Phe Leu Asp Ile Ser Ile Lys Trp Thr Thr 
Gln Lys 

(AAG) 
Asn 

Fig. 4.   Genomic localizations of TNFRS11B polymorphisms 
The OPG-1181G/C and OPG-950T/C polymorphisms have identification numbers 
rs2073618 and rs2073617, respectively, at http://www.ncbi.nlm.nih.gov/SNP, according 
to reference sequence AB008821. Abbreviations: SP1, specificity protein 1 binding site; 
AP2, activity protein 2 binding site; E1, exon 1; I1, intron 1; E2, exon 2. 
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Functional recovery after stroke  
Most surviving stroke victims show some degree of spontaneous functional 
recovery in both cognitive and motor functions, although there is a high degree of 
interindividual variability in this recovery. However, persistent impairments in 
sensorimotor and cognitive functions are common. Cognitive impairments, 
including deficiencies in memory and learning, contribute substantially to 
decreased quality of life in stroke survivors [260].  
        Notably, functional impairments may initially also occur in brain regions 
remote from the infarct area (diaschisis), and resolution of such impairments may 
contribute to recovery [261]. Recovery following ischemic stroke involves at least 
three distinct processes: recovery of function in the penumbra region, neuronal 
plasticity, and behavioral compensation. Brain imaging studies have shown that 
intact brain regions may compensate for the ischemic region by taking over 
important functions [262-264]. Because most of the spontaneous improvement in 
function occurs in the first three months after a stroke, it appears plausible that the 
brain is particularly prone to plastic changes during this time window. It is thus 
important to initiate multidisciplinary rehabilitation interventions involving both 
motor and cognitive training (as in stroke units) as soon as possible after stroke 
diagnosis to achieve optimal enhancement in the recovery process and minimize 
the functional disability. The level of activity and social interaction positively 
influences functional outcome and quality of life in stroke patients [265].  

Brain plasticity 
Plasticity is often used to describe adaptive changes that occur in response to 
altered demands and new conditions. Brain plasticity could thus be defined as “the 
ability of the brain to be shaped by experience and, in turn, for this newly 
remodeled brain to facilitate the embrace of new experiences” [266]. At least three 
main types of induced changes in the structure and function of neurons can be 
distinguished: morphological changes (e.g., increased synaptogenesis, dendritic 
branching, and dendritic density); neurochemical changes (e.g., increased 
production of neurotransmitters); and metabolic changes (e.g., glucose utilization). 
During development, the plasticity of the brain is immense and highly dynamic to 
build up functional neuronal networks. In the adult brain, this capacity is only 
partly maintained, but there is, for instance, a constant formation and elimination of 
dendritic spines. However, brain plasticity in adults may be influenced by 
experience [267], hormonal factors (e.g., estrogens) [268], and brain lesions [269].  
        In addition to such changes at the morphological level, there is also the 
concept of behavioral plasticity, with neuronal plasticity-related phenomena 
resulting in more easily observed alterations in behavior and cognition. Cognitive 
functions such as memory and learning could thus be regarded as a form of 
behavioral plasticity, which depends on changes in neuronal structure and function.  
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The hippocampal formation and memory  
The hippocampal formation, a cortical structure of the limbic system, is located in 
the medial temporal lobes. The name was derived from the curve-shaped 
appearance of this structure, which to early anatomists resembled a seahorse 
(hippocampus in Greek). Although there is a lack of consensus regarding which 
structures to include in the hippocampal formation, it typically refers to the 
hippocampus proper (i.e., cornu Ammonis [CA] 1-3), the dentate gyrus (DG), the 
subicular cortex, and the enthorinal cortex. The hippocampus proper encompasses 
a single layer of densely packed pyramidal cells, while the DG consists of a layer 
of granular cells. CA pyramidal neurons are composed of a triangular soma, a large 
tree of dendrites, an axon, and presynaptic terminals (Fig. 5). Dendrites are 
receptive for incoming signals and are densely covered with dendritic spines, 
which are the primary post-synaptic targets of excitatory glutaminergic synapses. 
Dendritic spines have been suggested to be the primary sites for synaptic plasticity 
[270, 271], and morphological changes in dendritic spine shape may occur within 
seconds, suggesting highly rapid synaptic plasticity [272]. The axon, on the other 
hand, constitutes the output component of the neural cell. The most distal part of 
the axon is divided into fine branches, each of which ends in a presynaptic terminal 
that connects to receptive surfaces on the dendrites of neighboring neurons.  
        The hippocampal formation is strongly implicated in the process of memory 
acquisition, retention, and retrieval. In humans, the hippocampus is essential for 
declarative (“explicit”) memory, whereas other brain regions are implicated in non-
declarative (“implicit”) memory. Declarative memory is the conscious retrieval of 
memories, e.g., to recollect facts or past events, as opposed to non-declarative 
memory, which involves non-conscious memories, such as motor skills and habits.  
        The exact molecular and morphological basis of memory formation and 
learning is to a large extent unknown but may depend on strengthening of 
hippocampal neural connections due to several plastic phenomena, including an 
increased number of synapses because of increased dendritic branching and 
dendritic spine numbers. The complex process of storage of explicit memory 
involves transfer of information between individual hippocampal components and 
their related cortical structures at several levels. In the hippocampus, information 
flows in a trisynaptic circuit, in which the enthorinal cortex may be regarded as a 
traffic junction from which information is sent to the other hippocampal structures, 
such as the DG (perforant pathway), CA3 (mossy fiber pathway), and CA1 
(Schaffer collateral pathway) [273]. Information flows in the direction DG-CA1 
and thereafter to the subiculum prior to projection back to the enthorinal cortex. 
However, this model likely only reflects a simplified version of the true complexity 
of the organization of hippocampal connections [274]. Notably, the hippocampus 
and its related cortical structures are primarily implicated in the formation of long-
term memories, while other structures, like the prefrontal cortex, are implicated in 
short-term memories. Damage to the hippocampus may thus result in profound 
defects on the formation of new memories (anterograde amnesia) or on the retrieval 
of stored information (reterograde amnesia).  
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       The hippocampal formation is also of particular importance in spatial memory 
and navigation. Human studies have shown that more experienced taxi drivers have 
larger hippocampi than less experienced drivers, who in turn have larger 
hippocampi than the general population [275], indicating that plasticity in the 
hippocampus occurs with spatial training. In rats, it has been shown that certain 
specific pyramidal cells may encode information about place, and these cells were 
thus denoted place cells [276, 277]. Such cells may discharge when the animal 
enters a specific location. The rat hippocampus may therefore contain a map-like 
representation of the surrounding environment [277]. Spatial memory may require 
an intact hippocampal trisynaptic circuitry. However, studies of subregion-specific 
knockouts have demonstrated specific roles of the different hippocampal 
subregions in memory and learning. For instance, functional N-methyle-D-
Aspartate (NMDA) receptors in CA1 are essential for storage and retrieval of 
spatial memory [278], while NMDA receptors in CA3 instead may be crucial for 
pattern recognition [279].  
        Although ischemic lesions in stroke seldom involve the hippocampal 
formation, disturbances in hippocampal-dependent cognitive processes are 
common after stroke. This association may be due to the fact that the hippocampus 
is exquisitely sensitive to input and thus also particularly affected by brain 
ischemia because, for example, abnormally high levels of glutamate (a 
neurotransmitter) accompanied by stroke initiate a cascade of events promoting 
defects in hippocampal function affecting both spatial navigation memory as well 
as declarative memory. 

Estrogens and memory  
A large body of observational and experimental data demonstrates that estrogens 
have beneficial effects on learning and memory in humans and rodents. In 
premenopausal women, memory performance may be related to hormonal 
fluctuations across the menstrual cycle [280], and female rats display enhanced 
hippocampal-dependent learning in parallel with increased synaptic plasticity 
during the proestrus (high estrogen levels) compared to the estrus phase (low 
estrogen levels) [281, 282]. HRT—particularly estrogens in monotherapy—
improve cognitive functions, mainly measures of verbal memory and associative 
learning processes, in naturally [283-285] and surgically [286] postmenopausal 
women. In experimental studies, estrogen substitution improves in several memory 
tasks the cognitive impairment that follows ovariectomy; these tasks are tests of 
spatial reference memory (Morris water maze) [287], or tests of the combination of 
spatial reference and working memory (eight-arm radial maze) [288-290]. 
Furthermore, ovariectomized rats receiving intrahippocampal 17β-estradiol 
injections outperform similar rats receiving saline in the Morris water maze task 
[291].  
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Estrogens and plasticity 
The estrogenic effects on cognition may be at least partly mediated by 17β-
estradiol–induced morphological plasticity. Estrogens mediate several structural 
and functional plasticity-related changes in brain regions important for cognitive 
processing, such as the hippocampus [268]. On a cellular level, 17β-estradiol 
induces synaptogenesis and increases dendritic spine density in hippocampal CA1 
pyramidal neurons [268, 292-297] and affects the cyclic formation and breakdown 
of excitatory synapses in the hippocampus [298]. Spine density increases within 24 
hours following estradiol injection in ovariectomized animals, peaks at two to three 
days, then gradually decreases over the next following seven days [294]. A number 
of molecular mechanisms may be involved in the actions of estrogen in the 
hippocampus. The 17β-estradiol–induced synaptic induction in CA1 seems to 
involve a specialized subpopulation of pyramidal cells containing the NMDA 
receptor, where 17β-estradiol increases the density of NMDA receptors [299, 300] 
and sensitizes pyramidal cells to NMDA-receptor–mediated synaptic input [300, 
301]. Notably, NMDA receptors are expressed in large amounts in CA1 pyramidal 
neurons [302], and activation of NMDA receptors in CA1 is essential for the 
formation of spatial and non-spatial memory [278, 303]. Furthermore, 17β-
estradiol increases several synaptic proteins regarded as reliable markers of 
synaptogenesis, including synaptophysin, syntaxin, and spinophilin in CA1 
pyramidal cells [304, 305]. Notably, of these synaptic proteins, synaptophysin has 
been shown to be induced by both 17β-estradiol [306] and enriched environment 
(EE) [307].  

Environmental enrichment and memory 
Hebb originally raised the idea of environmental enrichment improving cognitive 
functions in rats, observing enhanced performance in learning and memory tasks in 
laboratory rats housed freely in his home as compared to rats housed in standard 
cages in his laboratory [308]. This idea was further developed by Rosenzweig et al. 
[309-311]. It is now widely accepted that housing healthy rats in an EE improves 
spatial [312-314] and non-spatial hippocampal-dependent memory functions [303]. 
In aged rats, EE inhibits age-related decline in spatial memory [315]. Related to 
this, EE also enhances long-term potentiation (LTP) in the hippocampal CA1 
region in female mice [316]. LTP is a cellular process for memory, mediated by 
simultaneous activation of pre- and postsynaptic neurons, inducing long-lasting 
strengthening of hippocampal synaptic transmission. 

Environmental enrichment and plasticity 
EE promotes several morphological and functional changes in the brain. 
Neuroanatomically, EE increases brain size and cortical thickness, and on a cellular 
level EE increases neuron size, neuronal soma size, dendritic and dendritic spine 
density and length, dendritic branching, and synaptogenesis in several extra-
hippocampal brain regions [309-311, 317-320]. In the hippocampus, several EE-
dependent plastic changes have been reported that may be directly related to 
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enhanced spatial memory and learning. For instance, EE increases dendritic spine 
density in CA1 pyramidal cells (Fig. 5) [303, 321], indicating an increase in the 
numbers of excitatory synapses [312]. Notably, CA1-restricted NMDA knockouts 
are profoundly impaired in spatial memory tasks [278, 322, 323], a phenotype that 
can be rescued by EE [303]. Furthermore, EE initiates plastic events in DG, 
including enhanced dendritic branching in female but not male rats [324] and an 
increased number of newborn neurons, which relates to enhanced spatial memory 
and learning [313, 325, 326]. There are several putative molecular mediators of this 
EE-induced plasticity. EE increases mRNA and/or protein levels of several 
plasticity-associated molecules in different brain areas, including the hippocampus. 
This effect includes neurotrophic factors, such as brain-derived neurotrophic factor 
(BDNF), neurotrophin-3 (NT-3), and nerve growth factor (NGF) and their 
receptors, including trkA and p75 [327-334]. Other potential mediators include the 
glucocorticoid receptor (GR) [335, 336], the serotonin (5-HT)1A receptor [337], an 
NMDA receptor subunit, and nerve growth factor-inducible gene-A (NGFI-A) 
[336]. Of these, we chose to study NGFI-A, based on previous studies in our 
laboratory showing that housing in an EE vs. a DE for one month after MCAO 
resulted in higher mRNA expression of NGFI-A in regions outside the infarct, 
which associated with accelerated functional recovery [338].  

Environmental enrichment and experimental stroke  
Of major interest for this thesis is the fact that early post-ischemic housing of rats 
in EE improves functional recovery from cognitive [339] and sensorimotor [340-
342] impairments. Notably, these positive effects of EE on recovery are not 
dependent on reduced infarct volumes [339-342] and thus not mediated through 
neuroprotection. Instead, they are likely to be related to neuroplastic processes 
outside the lesion [343]. 
 
Nerve Growth Factor-Inducible gene-A (NGFI-A) 
NGFI-A is a transcription factor of the Egr family, strongly associated with 
neuronal plasticity and memory, including stabilization of LTP in the hippocampus 
[344-349] and long-term memory [350]. NGFI-A belongs to the immediate early 
genes, which are rapidly and transiently activated by a wide range of stimuli, such 
as brain ischemia [351-356]. There is, however, a low basal expression of NGFI-A 
in the nuclei of neurons of several brain regions, and of these, the cortex, striatum, 
and CA1 exhibit the highest expression [357, 358], likely reflecting ongoing 
neuronal activity. Moreover, hippocampal expression of NGFI-A seems essential 
for spatial memory and neuronal plasticity; aged rats with impaired spatial memory 
have lower levels of NGFI-A in CA1 [359], and NGFI-A deficient mice display 
impaired long-term memory and late LTP [348, 350]. 
        Housing of healthy rats in EE increases expression of NGFI-A in the 
hippocampal and cortical regions [336, 360, 361] and postischemic EE-housing 
increases NGFI-A expression in the CA1 and cortex [338] and is associated with 
events at the functional level one month after focal brain infarction [338]. After 
experimental ischemia, improvements in sensorimotor and cognitive performance 
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have also been linked to alterations in levels of GR [362] and BDNF [363]. 
Interestingly, there are potential binding sites for NGFI-A in the gene promoter 
regions of both GR and BDNF, making them possible target genes for NGFI-A 
induction [364, 365]. The 5HT1A receptor is another potential target gene for 
NGFI-A, upregulated in the hippocampus by EE [337]. However, EE also increases 
mRNA levels of other neurotrophic factors, including NGF, BDNF, and NT-3 in 
the hippocampus [327-330, 332, 334, 366]. Of major interest is the fact that 17β-
estradiol stimulates NGFI-A expression in several organs and cell types [367-371]. 
This regulation may involve rapid ERα-dependent non-genomic pathways of 
estrogen actions [371]. Interestingly, while nuclear expression of ERα in CA1 
pyramidal cells is sparse and mainly found in interneurons, immunolabeling 
experiments have shown localization of ERα within several extranuclear sites 
within the hippocampal formation, including dendritic spines, axons, axon 
terminals associated with dendritic spines, and synaptic terminals [302]. 
Furthermore, ERα is most abundantly found in CA1 stratum radiatum, where the 
estrogen-mediated spine induction is most clearly evident [302]. Interestingly, 
NGFI-A is induced by synaptic NMDA activation and blocked by NMDA receptor 
antagonists [345, 372, 373]. Thus, the upregulation of NGFI-A by estrogen may 
occur through estrogen-mediated regulation of NMDA receptors. NGFI-A may 
thus be a putative link between EE and 17β-estradiol in induction of brain 
plasticity.  

                         
Fig. 5.   Effects of 17ββββ-estradiol and EE on plasticity in the hippocampus 

Showing the localization and a schematic coronal section of the rat hippocampus. 
Neuroplastic processes induced by 17β-estradiol and EE include increased dendritic 
branching and increased numner of dendritic spines on CA1 pyramidal cells. 
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AIMS 
 

The general objectives of this thesis were to gain more insight in the genetic 
background of stroke and to evaluate 17β-estradiol treatment in combination with 
environmental enrichment as a novel therapy for enhancing stroke recovery in an 
experimental setting.  
 
 
The respective specific aims of each paper were: 
 
 

I. To test the hypothesis that specific ESR1 polymorphisms are associated with 
the risk of first-ever ischemic stroke or intracerebral hemorrhage in a 
prospective nested case-control study. 

 
 

II. To test the hypothesis that specific TNFRS11B and IL6 polymorphisms are 
associated with risk of first-ever ischemic stroke or intracerebral hemorrhage 
in a prospective nested case-control study. 

 
 

III. To investigate the role of estrogen substitution in combination with 
environmental enrichment on stroke recovery and hippocampal mRNA 
expression of NGFI-A in ovariectomized rats. 
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MATERIALS AND METHODS 
 

Paper I and II 
 

Study populations  
These population-based studies were based on the MONICA project and VIP, and 
included 25–74-year-old participants living in the two northernmost counties of 
Sweden, Norrbotten and Västerbotten. In the MONICA project, randomly selected 
samples of 2000–2500, 25–74-year-old inhabitants of Norrbotten and Västerbotten, 
stratified by age and sex, were invited to participate in health surveys in 1986, 
1990, 1994, and 1999 [374]. The mean participation rate in these surveys was 
77.2%, resulting in a total of 6942 screened individuals. The VIP is an ongoing 
community intervention program targeting cardiovascular disease and diabetes 
prevention in Västerbotten. When participants turned 30, 40, 50, and 60 years old, 
they were invited to participate in a health survey, with a design similar to the 
MONICA surveys, at their primary health care center. The overall participation 
rate has been 60%, and possible selection bias has been investigated [375]. 
Between January 1, 1985, and September 20, 2000, approximately 66,300 
individuals took part in the VIP or MONICA studies. As part of the MONICA and 
the VIP surveys, participants were invited to donate fasting blood samples to be 
stored at the Northern Sweden Medical Research Bank.  

Case ascertainment 
Since 1985, all acute stroke events in the age group 25–74 years living in the study 
area have been included in the Northern Sweden MONICA stroke registries, using 
WHO criteria and MONICA methodology [374]. Putative stroke events were 
identified through screening hospital discharge records, general practitioners’ 
reports, and death certificates. International Classification of Diagnosis (ICD) 9 or 
10 was used for case ascertainment. Either computed tomography/magnetic 
resonance (CT/MR) or, in case of fatal stroke, autopsy was used for stroke 
subtyping with the following criteria: ICH (ICD-9, 431; ICD-10, I61) – positive 
finding on CT/MR scan or at autopsy; ischemic stroke (ICD-9, 434; ICD-10, I63) – 
no signs of hemorrhage on CT/MR scan or at autopsy; and unspecified stroke 
(ICD-9, 436; ICD-10 I64) – not investigated by CT/MR scan or autopsy. In this 
study, only cases classified as “definitive stroke” were included as non-fatal events. 
In the case of fatal events, the “unclassified stroke” category was also included 
[374]. Between January 1, 1985, and September 20, 2000, all acute, definitive first-
ever stroke events in Västerbotten and Norrbotten occurring in those aged 25–74 
years were recorded. Blood samples and DNA have been stored in the Northern 
Sweden Medical Research Bank. Those with prior stroke, myocardial infarction, or 
cancer were excluded, as were those with SAH. The number of people with 
confirmed or suspected stroke included in the registry but who were unwilling to 
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participate in further studies after information gathering has averaged six per year 
(0.6%). For each case, two matched controls without known cardiovascular disease 
or cancer were selected from the MONICA and VIP cohorts. Matching was by age 
(±2 years), cohort (MONICA or VIP), date (±1 year) of health survey, and 
geographical locale. Inclusion and exclusion criteria for cases and controls are 
shown in Fig. 6. For three cases of ischemic stroke, only one matched control was 
available. This approach resulted in a cohort comprising 388 cases of first-ever 
stroke (160 women and 228 men) and 773 controls (319 women and 454 men). In 
total, 320 (82.5%) ischemic stroke, 61 (15.7%) ICH, and 7 (1.8%) unspecified 
stroke cases were identified, all occurring in people who, prior to the stroke event, 
had participated in a MONICA (44 cases) or VIP (344 cases) survey. 
 

 
               

Biomedical factors and biochemical analyses 
In MONICA, a random zero method was used for blood pressure measurements. 
Blood pressure was measured twice after 5 min rest, and mean values were used. In 
VIP, a mercury sphygmomanometer was used for blood pressure measurements, 
with most subjects positioned in a sitting posture. An adjustment for the sitting 
posture was made in those subjects who had their blood pressure measured in the 
recumbent position. Hypertension was defined according to WHO criteria as SBP 
≥140 mmHg and/or DBP ≥90 mmHg and/or use of antihypertensive medication.  
Height and weight were measured with subjects in light indoor clothing without 
shoes. Blood sampling was performed in most subjects (80%), with samples taken 
in the morning after an overnight fast or, if this was not applicable, at least after a 
4-h fast. A 75-g oral glucose tolerance test was performed in nearly all participants 
in the VIP and in >65% of the participants in MONICA. The subjects were 
classified as having diabetes or not based on self-reported data, information 
regarding pharmacological treatment, and/or fasting plasma glucose levels ≥7.0 
mmol/l and/or post-load glucose levels ≥11.0 mmol/l (≥12.2 mmol/l in VIP, 

Excluded 

VIP and MONICA surveys  
66,300 unique samples 

1297 strokes 
 

14 lack of blood samples 

55 with MI before stroke 

 29 with cancer 

  243 duplicates 

 54 SAH 

 14,030 stroke cases  
(MONICA data base) 

 
Stroke events that 
participated in VIP or 
MONICA with stored blood 

Remaining strokes 
after exclusions 

129 strokes 
CASTRO I 

404 strokes 
 

 497 strokes before survey   

113 strokes 

16 excluded due 
 to lack of DNA  

275 strokes 
CASTRO II 

 2 matched controls for 
 each case from data base 

and 773 controls 

Total 388 strokes 

Fig. 6.   
Flow-chart illustrating  
the selection of  
cases and controls 
Reasons for inclusion  
and exclusion are given.  
Modified from  
Söderberg et al [1] 
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measured in capillary plasma). Smoking was defined as daily tobacco smoking of 
cigarettes, cigars, or pipes. Subjects were assigned to categories (current, previous, 
or never) depending on smoking frequency. Occasional smokers, without a 
previous history of regular smoking, were included in the “never” category. 

Molecular genetic methods  
DNA was extracted from peripheral blood leukocytes using standard methods. In 
paper I, the CASTRO I material was genotyped by RFLP-PCR) using the same 
primer pair flanking both polymorphisms. Also in paper I, the CASTRO II 
material was genotyped using the TaqMan 5’endonuclease PCR allelic 
discrimination technique on an ABI prism 7000 or 7900 (Applied Biosystems), 
according to the manufacturers’ instructions. In total, 1045 and 1046 subjects were 
genotyped for c.454-397T>C and c.454-351A>G, respectively.  
        In paper II, the CASTRO I material was genotyped for OPG-950T/C using 
RFLP-PCR. Because of insufficient DNA from CASTRO I, OPG-1181G/C and IL-

6-174G/C (rs1800795, reference sequence NM_000600) were only genotyped in 
CASTRO II, using the TaqMan technique. In total, 214 participants (143 controls 
and 71 cases), 800 participants (534 controls and 266 cases), and 805 participants 
(538 controls and 267 cases) were genotyped for OPG-950T/C, OPG-1181G/C, 
and IL-6-174G/C, respectively.  
        PCR conditions and design of primers and probes are given in paper I and II. 
For all TaqMan analyses, Primer Express® software was used for design of 
TaqMan MGB probes and primers. In both paper I and II, each sample was run as a 
single sample both in the RFLP and TaqMan analyses. These genotyping methods 
were carefully validated against each other by running DNA from 24 control 
subjects in duplicate using both RFLP and TaqMan, resulting in complete match in 
100% of the samples. Of these controls with validated genotypes, two in each 
allelic cluster were used as internal standards on each TaqMan plate. In cases of 
unsuccessful genotyping, a second attempt was performed before participants were 
excluded because of lack of DNA or poor DNA quality.  
 
                        RFLP                         TaqMan 
   (c.454-397T>C and c.454-397T>C)                            (OPG-1181G/C) 

 
 
Fig. 7.   Genotyping techniques 
The restriction fragment length polymorphism method was used for both ESR1 SNPs and the OPG-

950T/C SNP in CASTRO I. The 5´ TaqMan allelic discrimination method was used for all SNPs in 
CASTRO II, except for the OPG-950T/C SNP, which was excluded in this material. 
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Statistical analyses 
Allele and genotype frequencies were calculated and χ2 tests were used to test for 
Hardy–Weinberg equilibrium. Baseline characteristics are presented as mean, 
standard deviation (SD), and frequencies. Two-tailed t-tests were used for 
continuous variables, and Pearson’s χ2 tests were used for categorical variables. 
Conditional logistic regression was used to estimate odds ratios (OR) and 
corresponding 95% confidence intervals (CI). Each variable was first analyzed 
using separate univariate regression models; variables that showed statistical 
significance or are established stroke risk factors were included in a conditional 
multiple regression model. Synergy indices (SIs) with 95% CIs were calculated 
[376], where an SI >1.00 indicates a positive interaction, while a value <1.00 
indicates antagonism. P<0.05 was considered significant. P values were not 
corrected for multiple comparisons.  
 
 

Paper III 

Experimental design  
Thirty-eight female Sprague-Dawley rats were divided into the following groups: 
 
Estrogen-treated rats placed in EE  (E2/EE, n=8) 
Estrogen-treated rats placed in DE  (E2/DE, n=8)  
Placebo-treated rats placed in EE  (Placebo/EE, n=7) 
Placebo-treated rats placed in DE  (Placebo/DE, n=7) 
Sham operated rats placed in EE (Sham/EE, n=4)  
Sham operated rats placed in DE  (Sham/DE, n=4) 
 
An overview of the experimental set-up is shown in Fig. 8. All rats were allowed to 
acclimatize during four days before being accustomized to handling for three days. 
Thereafter, they were pre-tested using sensorimotor tests (Bederson/DeRyck, 
cylinder test and the rotating pole test). After bilateral ovariectomy (OVX), rats 
were allowed to recover for one week prior to MCAO. Six hours after removal of 
the intraluminal suture, rats received subcutaneous implants in the neck of 0.075 
mg 17β-estradiol pellets. Sensorimotor functional recovery was evaluated in the 
limb-use asymmetry test (cylinder test), Bederson and DeRyck sensorimotor tests, 
the vibrissae-stimulating forelimb test, and the rotating pole test, before OVX and 
two and four weeks after MCAO. The Morris water maze test was used for 
evaluating the spatial learning and memory at days 35–38 with four trials per day 
followed by a probe test at day 39. At day 42, all animals were trained to swim to a 
visible platform (non-spatial learning). Each animal was given three training blocks 
of four trials/block. The platform was moved to a different location in each of the 
four trials/blocks. Rats were decapitated the following morning. 
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Ovariectomy (OVX)  
All rats were anesthetized with Hypnorm/Dormicum. Bilaterally, the abdominal 
cavity was entered through a retroperitoneal incision and the ovary was exposed 
with forceps. The site immediately rostral to the uterus was clamped with a suture, 
and the ovary was excised. The uterus was gently placed back into the abdominal 
cavity, and the muscle layer and the skin incision were closed with sutures. The 
rats recovered fully within 24 h of surgery. Eight rats were sham-ovariectomized, 
thus treated in the same way but without the excision of the ovaries.  

Middle Cerebral Artery Occlusion (MCAO) 
Non-fasting rats were anesthetized with 3% fluothane in N2O:O2 (70:30) and 
thereafter intubated and artificially ventilated with 1.5% fluothane in the same gas 
mixture during the surgical procedures. Rectal temperature was monitored and 
maintained at 37°C. A PE-50 catheter was inserted into the tail artery for blood 
sampling and continuous measurements of blood pressure. Blood glucose levels 
were measured 10 min before induction of ischemia and blood gases 5 min before 
MCAO and 5 min after induction of ischemia and 5 min after reperfusion. The 
MCAO procedure was modified from Longa et al [377] (Fig. 9). After MCAO, the 
neck incision was closed, and the animal was allowed to awake and then was 
returned to its cage. Paresis was confirmed according to Bederson et al. [378] prior 
to re-anesthetization, as described, but with 2% fluothane in a close-fitting nose 
mask. The temperature probe was reinserted, and the intraluminal suture was 
carefully removed. Again, the neck incision was closed and the animal was allowed 
to awake and return to its cage. Sham-MCAO was performed by the same 
procedure as for MCAO, but without the incision in the external carotid artery and 
without insertion of the monofilament. Two days after surgery, sustained 
hemiparesis was confirmed [378]. 

MCAO 

Postural reflex tests 
Cylinder test 
Rotating pole 

 

OVX Decapitation 

Handling 

EE or DE 

17ββββ-estradiol or placebo pellets 

Hidden 
platform 

Habituation Probe 
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  - 3         - 2         - 1          1            2           3            4           5           6            7 
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Weeks 

Fig. 8.   Experimental design 
OVX, ovariectomy;  
MCAO, middle cerebral artery occlusion;  
EE, enriched environment;  
DE, deprived environment. 
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17ββββ-estradiol treatment 
Six hours after reperfusion, pellets containing placebo or 0.075 mg 17β-estradiol in 
60-day-release preparations were inserted subcutaneously via neck incisions.  

Housing conditions 
Three days after reperfusion, a total of 30 MCA-occluded rats and eight sham-
operated animals were assigned to either an EE or deprived environment (DE) (Fig. 
10). In EE, rats were housed in large cages (820 × 610 × 450 mm) with several 
objects, such as elevated horizontal and inclined boards, ladders, wooden tunnels, 
swings, and chains that were moved around and exchanged daily. In DE, rats were 
placed singly in standard cages (425 × 266 × 185 mm) containing no such objects 
(Fig. 10). The animals in EE and DE were housed in separate rooms at 23°C under 
a 12 h light/dark cycle (lights on/off 6 a.m/6 p.m.) with free access to food and 
water. 
 
              Enriched environment                           Deprived environment 

             
 
   Fig. 10.   The enriched and deprived environments 

Fler tester

Fig. 9.   The MCAO model 
The right common carotid artery (CCA) is 
isolated and the internal carotid artery (ICA) is 
isolated. A 3-0 monofilament is inserted via the 
proximal external carotid artery (ECA) and slided 
into the ICA and thence into the circle of Willis, 
effectively occluding the middle cerebral artery 
(MCA) for 90 min. 
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Evaluation of cognitive functions 
Spatial learning and memory was assessed using the Morris water maze task, 
originally developed for detecting deficits in hippocampally dependent cognitive 
functions such as spatial memory and learning [379]. However, this test has in later 
studies also proved to be sensitive for damage to other brain regions, including 
striatum, basal forebrain, cerebellum, and parts of the cerebral cortex. Five weeks 
after the MCAO, the rats were assessed using the non-cued version of the Morris 
water maze task, in which the animal must learn the non-visible platform’s spatial 
position relative to the surrounding environment in order to escape. All 
experiments were performed between 8 and 11 a.m. In a circular pool (∅, 180 cm) 
filled with clear water (25°C), a transparent circular platform (∅, 10 cm) was 
placed 1.5 cm below the water surface in the middle of the northeast corner of the 
pool. Visual cues were placed on the walls around the pool. Habituation to 
swimming was performed two days before the start of training and included a 60 
s/day swim without a platform. The rats were given four trials per day using four 
different starting positions assigned in a random order but equal for all rats each 
day during four consecutive days. Rats were placed in the pool facing the sidewall 
and were given a maximum of 120 s to find the platform. The time (latency) and 
the distance (path) each rat used in order to find the escape platform were recorded. 
        At day five, a probe test was carried out, which was a single 60-s test in which 
the platform was removed from the pool. The time each rat spent in the correct 
quadrant was recorded. In the cued version, the platform was visible to the animals, 
as the platform protruded 2.5 cm above the water surface. For maximum visibility, 
the platform was marked by a black film tube with red stripes, hanging 2 cm above 
the platform. Animals were given 60 s to find the platform. Visible platform 
training took place over three days with four trials/day. On all days, the visible 
platform was moved to a different location in the pool in each of the four 
trials/blocks. The latency to reach the visible platform was measured.    
 
                  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 11.  The Morris water maze task 
Showing the initial swimming behaviour (left) as compared with swimming behaviour  
after learning (left) in a rat. Start, the rat begin to swim; headg, heading; cg, cumulative 
Gallagher; end, the rat enters the escape platform. 
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Evaluation of sensorimotor functions 
All sensorimotor tests were performed before OVX and two and four weeks after 
MCAO. Evaluation and grading of the sensorimotor test status of each rat was 
performed according to Bederson et al. [378]. Forelimb placement reactions to 
visual and proprioceptive stimuli were measured for each forelimb in five different 
tests modified after DeRyck et al. [380]. Briefly, for visual limb placing, rats were 
slowly lowered towards a tabletop and held above it with free-hanging forelimbs. 
Normal rats reached and placed the forepaws on the tabletop. Tactile forward and 
lateral limb placing were tested by lightly contacting the table edge with the dorsal 
or lateral aspects of the rat’s paw. Intact rats reached and placed both forelimbs on 
the tabletop. Next, the rats were placed upon a table and gently pushed from behind 
towards the table edge and thereafter laterally pushed towards the table edge [341, 
380]. Scoring was 0, if the placing response was immediate and normal; 1, if the 
placing response was slow or delayed; and 2, if the placing response did not occur 
within 2 s. In the vibrissae-stimulated forelimb-placing test [381], rats were gently 
held by the torso with forelimbs hanging freely, and the vibrissae on each side of 
the nose were brushed laterally against the table edge. Intact rats immediately 
placed the forelimbs onto the tabletop. Injured animals have difficulties in placing 
the limb contralaterally to the injured side. Ten trials were performed on either side 
and the asymmetry was calculated as percent unsuccessful contralesional forelimb 
placements. The rotating pole test was used to investigate coordination and 
movement [341]. Scoring was 0 if the rat fell off; 1 if it was unable to traverse the 
pole but remained sitting across; 2 if the animal fell down while walking; 3 if the 
animal crossed the pole while jumping with both hind limbs; 4 if the animal 
crossed the pole with 50% slips; 5 if the animal crossed the pole with few foot 
slips; and 6 if the animal crossed the pole without foot slips. The forelimb-use 
asymmetry test [382], shown to be effective in measuring motor dysfunction after 
brain ischemia, was performed on all rats. Forelimb use was analyzed by 
videotaping rats in a transparent cylinder for 5 min according to Schallert et al. 
[382] prior to scoring by an investigator blinded to the condition of the animals. 

Tissue collection and sectioning 
All rats were decapitated between 8 and 9 a.m. the day after the last swim in the 
visible platform test. Blood was collected and plasma was stored at -20°C. The 
brains were immediately frozen on dry ice and stored at -80°C. Coronal cryostat 
sections 10 µm thick were thawed onto slides for estimation of infarct volumes.  

Infarct volumes 
Thirteen coronal sections 1 mm apart were dried at room temperature for 30 min, 
fixated in 4% formaldehyde for 15 min, and stained with hematoxylin and eosin. 
Quantification of infarct volume was performed under a microscope equipped with 
a U-DA camera lucida attachment projecting the image onto a digitizing tablet 
connected to a computer with morphometric software. Areas of both hemispheres 
and infarct area were each summed over the number of sections evaluated. The 
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total infarct volume was calculated as percent of the contralateral hemisphere by 
multiplying the sum of the infarct area by the distance between the sections.  

17ββββ-estradiol assay  
An ultra-sensitive radio immunoassay kit for quantitative measurement of 17β-
estradiol in plasma was used according to the manufacturer’s instructions.  

NGFI-A in situ hybridization 
cRNA antisense probe for NGFI-A was generated by in vitro transcription in the 
presense of [35S]-UTP using a 230 bp rat NGFI-A cRNA transcript, as previously 
described [336, 359]. The plasmid was linearized with EcoRI and transcribed using 
T7 polymerase. Slides with 3 adjacent sections from the dorsal hippocampus were 
fixed with 4% paraformaldehyde in 0.1M phosphate buffer, acetylated with 0.25% 
acetic anhydride in 0.1M triethanolamine, and dehydrated in graded ethanol. 
Hybridization was performed using 200 µl hybridization mixture (50% formamide; 
0.6M NaCl; 20 mM Tris-HCl, pH 7.5; 1x Denhardt’s solution; 1mM EDTA; 0.2 
mg/ml salmon sperm DNA; 10% dextran sulphate; 0.5 mg/ml yeast tRNA; and 
0.1M dithiothreitol) per slide containing 1.5 x 106 cpm denatured riboprobe. Slides 
were hybridized overnight at 50°C in a humidified sealed box, and thereafter 
washed with 1x SSC and 0.01% SDS at 60°C before incubation with RNase A (30 
µg/ml) for 1 h at 37°C. Slides were then washed in 1x SSC with 0.01% SDS at 
60°C and 0.1x SSC with 0.01% SDS at 60°C, and were allowed to cool to room 
temperature prior to dehydration in graded ethanol (in 0.3M NH4Ac) and air drying 
before exposure to Hyperfilm β-max for 1-2 weeks. NGFI-A expression was 
quantified on 3 sections of the dorsal hippocampus. Expression was estimated in 
each animal in the pyramidal CA1 and CA3 cell layers, and in the granular DG cell 
layer by measuring optical density (OD) on autoradiograms using computerized 
image analysis. The OD quantification was made using a standard curve calculated 
from 14C microscales. Background OD values were subtracted. 

Statistical analyses                                                              
Physiological parameters, temperature, body weight, infarct volume, and 
sensorimotor tests were compared by one-way ANOVA followed by post hoc 
Tukey’s HSD testing. Latency, path, and speed were measured four times/day over 
four days. For each variable, subject, and day, the four swims were summarized by 
the mean value. A new variable with four categories was defined by treatment and 
environment (0=placebo/DE; 1=placebo/EE; 2=17β-estradiol/ isolated; 3=17β-
estradiol/EE). The effects of treatment and environment on latency, path, and speed 
were analyzed by repeated-measures ANOVA. Day was included as the repeated 
factor and the new treatment*environment variable as the between-subject factor. 
If the overall effect of treatment*environment was statistically significant, pairwise 
comparisons of the four categories were carried out. For OD data, Mann-Whitney 
U tests were used for comparisons between groups and for comparisons between 
the brain hemispheres. P-values are two-tailed and not corrected for multiple 
comparisons. P< 0.05 was considered statistically significant.  
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SUMMARY OF RESULTS 
 

Paper I and II 

Baseline characteristics  
In papers I and II, the associations between specific genetic polymorphisms at the 
ESR1 (Paper I), TNFRSIIB (Paper II), and IL-6 (Paper II) genes and stroke 
subtypes ischemic stroke and ICH were studied. In the merged material, mean 
SBP, DBP, BMI, triglyceride, cholesterol, and fasting glucose levels were 
significantly higher in cases compared to controls and diabetes and hypertension 
were significantly more common among cases (Table 2). These findings remained 
significant after splitting the data from the two subprojects, with the exception of 
BMI and cholesterol levels, which only reached statistical significance in the larger 
cohort.  
                   
                    Table 2. Baseline characteristics of participants  
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                             ayears at health survey, bmmHg, ckg/m2, dmmol/l 

  
          
 

   Controls Cases P 

 (n=773) (n=388)  

Age (SD)a 55.0 (8.1) 55.0 (8.1) Matched 

SBP (SD)b 136.5 (18.1) 144.2 (20.3) <0.001 

DBP (SD)b 85.3 (9.3) 89.2 (10.3) <0.001 

BMI (SD)c 26.0 (3.6) 27.1 (4.3) <0.001 

Triglycerides (SD)d 1.5 (0.8) 1.7 (1.0) <0.001 

Total cholesterol (SD)d 6.2 (1.3) 6.4 (1.4) 0.014 

Fasting glucose (SD)d 5.3 (1.1) 5.6 (1.5) 0.001 

Postload glucose (SD)d 6.7 (1.9) 7.0 (2.4) 0.065 

Women 319 (41.3) 160 (41.2) Sex 

Men 454 (58.7) 228 (58.8) 
Matched 

No 742 (96.0) 339 (87.4) Diabetes 

Yes 31 (4.0) 49 (12.6) 
<0.001 

No  365 (48.0) 105 (28.1) Hypertension 

Yes 395 (52.0) 276 (71.9) 
<0.001 

Current 144 (19.3) 94 (25.1)  

Previous 189 (25.3) 94 (25.1) 0.063 

Smoking 

Never 414 (55.4) 186 (49.8)  
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Screening for stroke risk determinants 
To screen for stroke risk determinants that may confound the genetic analyses, we 
first analyzed each variable using separate univariate regression models. In these 
analyses, hypertension, BMI, cholesterol, and triglyceride levels were associated 
with ischemic stroke, while hypertension, BMI, and triglycerides were associated 
with ICH (Table 3). These variables were included in the conditional multiple 
regression models investigating the relationship between each SNP and ischemic 
stroke and ICH. In addition, we also adjusted for current smoking in the multiple 
models because of its well-established relationship with both ischemic stroke and 
ICH. 
 
Table 3. Univariate logistic regression analyses of important stroke risk markers. 

 

Paper I  
In this study, we investigated the role of ESR1 polymorphisms c.454-397T>C and 

c.454-351A>G on risk of first-ever ischemic stroke and ICH. The risk-contributing 
c.454-397T/T genotype was present in 29.7% of all participants. No differences in 
allele or genotype frequencies were observed between genotyping methods. The 
genotype frequencies were in accordance with previous reports in northern 
Europeans and did not differ from those predicted by the Hardy–Weinberg 
equilibrium. 
        Table 5 shows the associated risk of first-ever ICH in carriers of the genotype 
c.454-397T/T compared to non-carriers. The genotype c.454-39T/T was 
univariately associated with ICH, an association that remained in the multiple 
models after adjustments. After gender stratification, these associations remained 
(OR=2.34; 95% CI, 1.04–5.27; P=0.041, and OR=9.16; 95% CI, 2.07–40.58; 
P=0.004, univariate and multiple analyses, respectively) in men (cases, n=44; 
controls, n=88), but not in women (cases, n=17; controls, n=34), likely because of 
a lack of power. Exchange of the hypertension variable with SBP or DBP as 
continuous variables did not alter these outcomes. We observed no association 
between this genotype and ischemic stroke, nor between the c.454-351A>G 

polymorphism or haplotypes of these polymorphisms and subtypes of stroke. 
 

 Ischemic stroke ICH 

 OR  (95% CI) P OR (95%  CI) P 

Hypertension 2.39 (1.75–3.26) <0.001 8.07 (2.77–23.47) <0.001 

Total cholesterol >6.8; >7.1 vs. <5.3; <5.5 1.74 (1.14–2.65) 0.01 1.15 (0.50–2.67) 0.74 

Current smoking 1.37 (0.97–1.92) 0.07 1.54 (0.66–3.58) 0.32 

Diabetes 3.64 (2.17–6.11) <0.001 3.68 (0.68–19.86) 0.13 

BMI >28.0 ; >28.3 vs. <24.0; <22.9 1.75 (1.16–2.65) 0.008 3.22 (1.23–8.43) 0.017 

Triglycerides >1.9; >1.8 vs. <1.0; <0.9 1.70 (1.10–2.62) 0.018 3.72 (1.23–11.21) 0.02 
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Table 5. ESR1 c.454-397T/T genotype in relation to first-ever ICH 

 
Carriers of either the c.454-397T/T or c.454-397T/C genotypes had a significantly 
higher mean SBP than did c.454-397T/C carriers, after exclusion of participants 
receiving antihypertensive treatment and those for whom information regarding 
medication was missing (Fig. 12). A similar allele–dose dependent relationship was 
observed for DBP, with carriers of the c.454-397T/T genotype having significantly 
higher DBP than carriers of c.454-397C/C (Fig. 12).  

 
 
             
            
 
       Notably, strong associations with first-ever ICH were found for the 
combinations of genotype c.454-397T/T and either hypertension (OR, 21.46; 95% 
CI, 5.20–88.51), high SBP (OR, 18.17; 95% CI, 4.91–67.31) or DBP (OR, 11.94; 
95% CI, 3.75–38.03). Significant synergistic relationships between this genotype 
and either hypertension, (SI, 5.49; 95% CI, 1.60–18.83) high SBP (SI, 4.20; 95% 
CI, 1.28–13.75) or DBP (SI, 5.23; 95% CI, 1.13–24.06) were observed to influence     
ICH risk. No such associations were present for ischemic stroke.   

  ICH 
  OR (95%  CI) P 

Multiple conditional c.454-397T>C:   

logistic regression Genotype T/C or C/C 1.00 – 

 Genotype T/T 3.94 (1.54–10.03) 0.004 

 Hypertension 10.87 (2.97–39.75) <0.001 

 Diabetes 6.95 (0.62–78.09) 0.116 

 BMI;  >28.0; >28.3 vs. <24.0; <22.9          1.24 (0.39–3.92) 0.717 

 Triglycerides;  >1.9; >1.8 vs. <1.0; <0.9 3.55 (0.87–14.58) 0.079 

p=0.017 
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Fig. 12.   Mean SBP and DBP grouped for c.454-397T>C genotype 
Subject without antihypertensive treatment included. Optimal blood pressure set as cut off. 
Bars show mean and error bars show SEM. P-values calculated by two-tailed t-tests. 
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Paper II 
In paper II, a similar approach was used to investigate putative associations 
between polymorphisms of the OPG and IL-6 genes (TNFRSIIB and IL-6, 
respectively) and ischemic stroke and ICH. The frequency of the risk-contributing 
OPG-1181G/G genotype was 26.1% (see paper II for complete allele and genotype 
frequencies). Genotype frequencies were in accordance with previous reports in 
northern Europe and did not differ from those predicted by the Hardy–Weinberg 
equilibrium. 
        The OPG-1181C/C genotype was univariately associated with ICH (data not 
shown), and this association remained after adjustments in the multiple regression 
model (Table 8). By contrast, no association was found between this genotype and 
ischemic stroke, or between the other TNFRS11B or IL6 polymorphisms or 
haplotypes of these polymorphisms and subtypes of stroke.  
 
Table 8. OPG-1181C/C genotype in relation to first-ever ICH 

Paper III 
The main findings in this study were that although there were no differences in 
infarct volumes between groups, there were pronounced beneficial effects of the 
combination of 17β-estradiol treatment and EE on recovery of cognitive functions, 
i.e., spatial memory and learning.  

17ββββ-estradiol levels 
After 46 days of treatment with subcutaneous 17β-estradiol pellets, plasma 17β-
estradiol levels were in all groups comparable to levels normally found in OVX 
rats. Therefore, in separate experiments we compared plasma 17β-estradiol levels 
during six weeks in normal OVX rats, either receiving placebo (n=4) or the same 
17β-estradiol pellets as in the intervention study. Placebo treated rats had a mean 
plasma 17β-estradiol level of 9.3±3.0 pg/ml. 17β-estradiol treated rats displayed an 
initial high supraphysiological peak of 596.8±142.0 pg/ml and 214.6±47.2 pg/ml at 
4 and 24 hours after implantation, respectively, which gradually decreased to levels 
found in placebo treated rats after 2-3 weeks. 

  ICH 

  OR (95% CI) P 

Multiple conditional OPG-1181G/C:   

logistic regression Genotype G/C or G/G 1.00 – 

 Genotype C/C 6.04 (1.71–21.29) 0.005 

 Hypertension 15.08 (3.70–61.46) <0.001 

 Diabetes 10.02 (0.73–137.48) 0.084 

 BMI; >28.0; >28.3 vs. <24.0; <22.9           2.59 (0.75–8.93) 0.131 

 Triglycerides; >1.9; >1.8 vs. <1.0; <0.9 1.19 (0.26–5.44) 0.823 
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Effects of 17ββββ-estradiol and EE on sensorimotor functions 
No significant differences between treatment groups were observed in 
sensorimotor function tests, except for a modest but significant (P=0.042) 
beneficial effect of 17β-estradiol in DE on the rotating pole at the highest speed (10 
rpm/min). This effect was most likely the result of the fact that the 17β-estradiol–
treated rats gained less weight than the placebo-treated rats (P=0.03). 

Effects of 17ββββ-estradiol and EE on latency and path 
When testing rats in the Morris water maze, we found the overall 
treatment/environment effects to be significant for latency (P=0.019) and path 
(P=0.016), while no significant overall effect was found for speed (P=0.083). 
Therefore, individual comparisons between groups were only performed for 
latency and path. When comparing EE-housed rats receiving 17β-estradiol with 
placebo-treated rats housed in the same environment, we observed independent 
effects of 17β-estradiol treatment; 17β-estradiol–treated rats having shorter mean 
latencies (P=0.029) and paths (P=0.031) compared to placebo-treated rats (Fig. 13). 
Likewise, significant beneficial effects of environment were present, as 17β-
estradiol-treated rats housed in EE had shorter mean latencies (P=0.006) and paths 
(P=0.01) compared to DE-housed rats receiving 17β-estradiol (Fig. 13). When 
comparing the extremes, i.e., 17β-estradiol–treated rats housed in EE vs. placebo-
treated rats housed in DE, similar effects on latency (P=0.008) and path (P=0.004) 
were observed (Fig. 13). When comparing DE-housed rats receiving 17β-estradiol 
with those receiving placebo, no significant effects on latency or path were 
observed. Neither were any significant effects found for EE per se; there were no 
significant differences in latency or path between placebo-treated rats housed in EE 
vs. placebo-treated rats housed in DE.   
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Fig. 13.    
Latency and path 
during four trial blocks 
Learning curves of trial blocks 
1-4 during the Morris water 
maze, days 36-39 after 
surgery. Estimated marginal 
means for latency and path to 
find the escape platform for                          
17β-estradiol-treated, placebo-
treated and sham rats housed 
in EE or DE are plotted. Data 
are presented as means ± SE 
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Effects of 17ββββ-estradiol and EE on NGFI-A mRNA expression 
NGFI-A mRNA expression was demonstrated in the cerebral cortex and the 
hippocampus, with the highest expression in CA1 (Fig. 14A). After NGFI-A 
quantification, positive effects of 17β-estradiol on NGFI-A expression were 
observed in EE; 17β-estradiol-treated rats had significantly higher NGFI-A 
expression in both hemispheres of CA1 and in ipsilateral DG compared to rats 
receiving placebo (Fig. 14B). In DE, similar effects of 17β-estradiol were 
observed; 17β-estradiol–treated rats had significantly higher NGFI-A expression in 
the contralateral CA1 than did placebo-treated rats (Fig. 14). Furthermore, when 
comparing 17β-estradiol–treated rats in EE with 17β-estradiol–treated rats in DE, 
we observed positive effects of EE on NGFI-A expression (Fig. 14B). 
 
                                                                              
                                        
 
 
 
 
 

            
 
 
 

 

0 

20 

40 

60 

80 

100 

120 

140 

160 

CA1  CA3  CA3  DG  CA1  DG  

* 
* 

* 

* 

* 

* 

* 

  Ipsilateral 

Hippocampal subregions 

Contralateral 

Fig. 14.   Distribution of NGFI-A mRNA expression in rat brain and quantification 
of NGFI-A mRNA expression levels in hippocampal subregions 
Representative autoradiograms from in situ hybridization of NGFI-A mRNA expression 46 days 
after MCAO. Effects of 17β-estradiol and EE on NGFI-A mRNA levels in hippocampal 
subregions are shown. Measurements are mean optical density above background (±SD). *P<0.05 
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DISCUSSION 
 

Paper I 
 In this study, we showed that there was an increased risk of first-ever ICH in 

carriers of the ESR1 c.454-397T/T genotype. This association remained after 
adjustment for conventional stroke risk factors. Carriers of either one or two copies 
of the risk-contributing c.454-397T allele also had higher SBP and/or DBP and the 
combination of the c.454-397T/T genotype, and either hypertension, high SBP or 
DBP increased the ICH risk markedly. These findings suggest that the observed 
association to ICH may be a consequence of a putative role of c.454-397T in 
determining blood pressure. Therefore, interaction studies between the c.454-

397T/T genotype and increased blood pressure were performed. These showed that 
there was a significant interaction between this genotype and increased blood 
pressure on ICH risk, as shown by the synergy indices for the combination of the 
c.454-397T/T genotype and either hypertension or elevated SBP or DBP. However, 
we did not find any association between the ESR1 polymorphisms and ischemic 
stroke. Notably, ischemic stroke and ICH are two mechanistically disparate 
diseases partially influenced by the same risk factors. In line with our data, 
hypertension has been more strongly linked to ICH than to ischemic stroke [8-10]. 
This may, at least partly, explain the lack of association with ischemic stroke.  
        The c.454-397T/C polymorphism is located at intron 1, a non-coding region of 
the ESR1 gene (Fig. 3). However, intronic sequences may contain elements that 
enhance gene expression, and the c.454-397T/C polymorphism is situated in such 
an element, a myb recognition site (Fig. 3) in which the C-allele but not the T-
allele produces a functional binding site. In agreement with this, the c.454-397T 

allele has been functionally related to lower mRNA expression levels of ESR1 
[244, 245]. Interestingly, the ESR1 haplotype comprising this allele in combination 
with the c.454-351A allele is associated with lower plasma 17β-estradiol levels 
[383], but the underlying mechanism for this association is not understood. 
However, such a relationship could also affect ESR1 expression levels because 
17β-estradiol in a ligand-dependent autoregulatory manner modulates the 
expression of ERα via increasing the activity of two distinct ERα promoters [384]. 
Unfortunately, we did not have 17β-estradiol levels from the participants in this 
study and were thus unable to further examine the individual contribution of the 
respective included polymorphisms on 17β-estradiol secretion. Regardless of the 
underlying molecular mechanisms, a functional effect of the c.454-397T allele in 
decreasing mRNA expression levels of ESR1 seems highly plausible because 
diminished ERα signaling may cause both systemic and cerebrovascular 
disturbances in eNOS-dependent pathways in the arterial wall, thus contributing to 
increased blood pressure and abnormalities in the regulation of cerebrovascular 
tone. 
        In line with this, the c.454-397T/T genotype has been associated with 
increased SBP in men [385] and the ESR1 haplotype comprising c.454-397T and 
c.454-351A increased DBP in women [245]. We were thus able to replicate these 
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associations with increased blood pressure and observed an increased risk of ICH, 
a putative consequence of the blood pressure-increasing properties of the c.454-

397T allele. Furthermore, this genotype has been associated with several risk 
factors and hard endpoints of cardiovascular diseases [245-247, 386]. The c.454-

397T/T genotype has also been associated with low bone density and osteoporosis 
[387], entities clearly induced by low estrogenic activity. Also in line with our 
findings, but conversely, the c.454-397C allele has been linked to protective 
properties within the cardiovascular system in postmenopausal women [244, 248, 
388].  
        In seeming contradiction to our findings, a recent study by Shearman et al. 
showed that the c.454-397C/C genotype was associated with stroke in an 
investigation involving a limited number of male stroke patients (n=55) and a 
substantial number of controls (n=2654) [389]. However, this study applied the 
combined endpoint stroke, consisting of 31 cases of cerebral artery occlusion and 6 
ICH cases together with a large portion of nonspecific cerebrovascular events 
(33%). They also found coincidental support for an association between this 
genotype and diabetes. The authors implied that an underlying mechanism for these 
associations may be related to the relatively higher ESR1 mRNA transcription 
levels for the c.454-397C vs. the c.454-397T allele, and stated that this suggestion 
was consistent with the report of impaired glucose tolerance and hyperinsulinemia 
in a man with a disruptive ESR1 mutation. However, this mutation results in the 
expression of a truncated non-functional ERα protein [108, 109] and is thus in 
conflict with the relatively higher ESR1 expression for the c.454-397C vs. the 
c.454-397T allele [244]. This estrogen-resistant person also developed endothelial 
dysfunction, dyslipidemia, and premature coronary artery disease [108, 109] By 
contrast, a recent study of the impact of c.454-397T/C and c.454-351A/G on 
ischemic stroke risk could not establish any associations, an outcome in agreement 
with the findings in our study [390]. This contradictory information in the literature 
illustrates the need for further prospective studies of the impact of the c.454-

397T/C polymorphism and separate stroke subtypes in large and well-classified 
clinical patient populations.  
        While the study by Shearman et al. only included male participants, our study 
included both men and women, but was, by design, carefully matched for gender 
(Table 2). This design does not permit extrapolation of gender-specific results in 
our sample to larger populations. However, in gender-stratified analyses of our 
material, we observed only an association between the c.454-397T/T genotype and 
ICH in males, but not in females. Notably, there were only 17 women with ICH in 
our study, yielding low power. Further exploration of possible gender-specific 
effects, including in vivo studies of the functional effects of these polymorphisms 
on mRNA levels of ESR1 in the vessel wall, is certainly of interest.  
        Unfortunately, we lacked data on HRT use in our studies. The vast majority of 
observational studies (evidence level III-2 or III-3), including several hundred 
thousand women-years of follow-up, indicate that HRT protects postmenopausal 
women from stroke [188-193]. Large meta-analyses concluded that there is 
extensive and consistent observational evidence that HRT reduces the risk of 
cardiovascular diseases by 35–50% [96, 97]. The Postmenopausal 
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Estrogen/Progestin Intervention study, one of the first well-conducted randomized 
clinical trials of HRT and cardiovascular risk, confirmed these beneficial effects 
[98]. This large body of observational evidence, together with the fact that 
premenopausal women have lower incidence and prevalence levels of 
cardiovascular diseases as compared to men, lead to the general understanding that 
estrogens exert protective roles throughout the cardiovascular system.  
        However, this dogma has recently been challenged, as the results of large 
prospective randomized clinical trials (evidence level II) could not support a 
protective role against stroke of combined HRT (0.625 mg/d conjugated equine 
estrogen [CEE] and 2.5 mg/d medroxyprogesterone acetate [MPA]) administered 
to elderly postmenopausal women [99, 100], or even showed an over-
representation of stroke events in women taking HRT [101-103]. One randomized 
clinical study of HRT estrogen alone (1 mg 17β-estradiol) was designed to study 
postmenopausal women who recently had suffered from an ischemic stroke or a 
TIA [194]. In this study, non-significant relationships of higher risk of fatal stroke 
and an over-representation of 99 strokes or deaths from any cause among estradiol 
users vs. 93 among participants receiving placebo were reported [194].  
        It should be noted that there are several putative methodological and 
biological explanations for the discrepant results between these randomized clinical 
trials and observational studies [391]. First, the dose, type, and composition of the 
administered HRT have been to the target of criticism. Although CEE, 
predominantly Premarin, the most extensively prescribed preparation in the United 
States and Great Britain, has been used for 50 years, its composition is still rather 
unknown. CEE comprises a mixture of estrogens and other steroids (both 
androgens and progestins) isolated from the urine of pregnant horses. Some of 
these estrogens are identical to those found endogenously in humans, but a large 
proportion (>40%) are equine estrogen types (e.g., estrone sulfate, equilenin, and 
equilin). The biological effects of such equine types in humans are mostly 
unknown, and the manufacturers of CEE have been committed by the FDA to 
further characterizing the content of CEE. The combination of CEE with MPA 
could also be questioned because CEE apparently already contains significant 
levels of progestins, which may confer negative effects. Furthermore, the authors 
of the WHI study pointed out that their results are not necessarily attributable to 
low doses of estrogens, different formulas of oral HRT, or other routes of 
administration. Notably, while CEE still are the most frequently prescribed HRT in 
the U.S, it is in Europe and particularly in Scandinavia more common to choose 
more defined alternatives (e.g., pure 17β-estradiol or synthetic estrogens such as 
ethinyl estradiol preparations) in the lowest possible dose. Second, a limiting factor 
in these trials was that they included relatively elderly women with a lengthy 
period of estrogen deficiency prior to HRT. For instance, the WHI study included 
women that on average were 10 years older than the normal average age for 
menopause, which is remarkable because most women start HRT at perimenopause 
or shortly after onset of menopause. Finally, most of the randomized clinical 
studies of stroke have used combined endpoints, such as stroke incidence and 
stroke death, with no subtyping for ischemic or hemorrhagic stroke, nor further 
subtyping for ICH and SAH, for example. 
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        There is thus a debate over whether or not estrogens have protective effects. A 
recent meta-analysis of available randomized clinical trials (evidence level I, gold 
standard) showed that cardiac events were reduced by 39% in the HRT groups 
compared to placebo control groups if treatment was initiated in women before the 
age of 60, while in women starting HRT after 60 years, no such protection was 
observed [392]. All-cause mortality was also significantly reduced in younger HRT 
users [393]. Recent data support the “critical therapeutic window” hypothesis, 
implying that HRT may confer beneficial cardiovascular effects only if given 
around or no later than within five years from menopause when there are still 
responsive vascular ERs left [394-397]. It is also possible that the putative negative 
effects of HRT are limited to a subgroup of women who are genetically 
predisposed to adverse effects of estrogen and/or progesterone signaling. Future 
studies are thus warranted to study such a putative interaction between the c.454-

397T/T genotype and HRT in stroke.  
        In conclusion, we found a significant and independent increased risk of first-
ever ICH in carriers of the c.454-397T/T genotype, with a synergistic relationship 
between this genotype and hypertension. As the field of pharmacogenomics grows, 
these findings may be informative for the primary prevention of ICH because 
c.454-397T/T carriers may represent a subpopulation that derives greater benefits 
than noncarriers from pharmacological interventions, including antihypertensive 
treatment, ER modulation, and HRT. However, because of the relatively moderate 
number of ICH cases in our study, the presented data should be interpreted 
cautiously and require replication in larger cohorts of different ethnicities. 

Paper II 
In paper II, a significant association between the OPG-1181C/C genotype of the 
TNFRS11B gene and first-ever ICH was demonstrated and remained after 
adjustments for conventional stroke determinants. Carriers of this risk allele have 
been shown to be at higher risk of developing low bone density [249], and carriers 
of the haplotype likely driven by this allele (genotype combinations OPG-

1181CC/OPG-950CC or OPG-1181TC/OPG-950TC) have increased the risk of 
coronary artery disease [251]. The OPG-1181G/C SNP is non-synonymous 
(Lys/Arg) and located in the signal peptide, necessary for adequate targeting and 
transport of the precursor protein to the endoplasmic reticulum, where signal 
peptidase removal occurs prior to secretion from the cell. Common to such signal 
peptides is the requirement of at least one positively charged residue amongst the 
first five residues. Lysine is positively charged, while asparagine is non-polar, 
which theoretically would yield lower secretion of OPG. Unfortunately, we did not 
include measurements of OPG levels in our study. However, a previous study 
found evidence for lower circulating OPG levels for carriers of the OPG-1181C/C 

genotype [254]. Because of this observation and because these OPG SNPs are in 
strong linkage disequilibrium, it is likely that the OPG-1181C/C is the true 
functional variant. The OPG-950T/C SNP was therefore excluded in the larger 
cohort. We did not include any in vitro functional studies of a putative effect of the 
OPG-1181G/C SNP on mRNA transcription or in vivo studies of circulating OPG 
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levels in our study. However, such studies are warranted to establish a robust 
functional outcome of this SNP. 
        Decreased OPG levels may, in addition to osteoporosis, be associated with 
vascular diseases involving arterial calcification. OPG-deficient mice develop 
osteoporosis and profound subintimal and medial calcification of the aorta and 
renal arteries, with intimal and medial smooth muscle cell proliferation, 
accompanied by partial aortic dissection [208]. These mice die prematurely 
because of ruptured aneurysms [224]. Osteoporosis has been associated with a 
substantially increased risk of stroke in elderly women [204]. The underlying 
mechanisms for this association are not fully understood but may be related to the 
paradoxical co-existence of osteoporosis and vascular calcification often found in 
the postmenopausal patient population. Here, diminished estrogen signaling may 
be a key because estrogen (besides retarding bone resorption) slows arterial 
calcification [182-187]. OPG is an estrogen-responsive target gene and may 
therefore be a putative candidate in explaining this paradox. Furthermore, OPG 
prevents arterial calcification induced by warfarin and vitamin D [226], implying 
that a decrease in OPG levels also may relate to warfarin-associated ICH. 
Moreover, OPG prevents apoptosis in vascular cells, a process that may reduce the 
arterial wall resistance and favor atherosclerotic plaque instability and rupture, as 
well as promoting rupture of intracranial aneurysms. In ICH, small deep 
perforating arteries in the lenticulostriatal, thalamoperforating, and basilar 
paramedian groups are targets for chronic hypertension, leading to arterial 
pathological changes, such as lipohyalinosis, with the development of 
microaneurysms and miliary aneurysms (Charcot-Bouchard), leading to weakening 
of the vessel wall and an increased risk of rupture [17]. Whether arterial 
calcification and apoptosis contribute to the vulnerability to rupture of these 
arteries or stabilize present aneurysms is undetermined, but it is possible that 
arterial calcification in combination with apoptosis in atherosclerotic, 
lipohyalinotic lesions may cause the vessel wall to become brittle and weakened.  
        Another major cause of ICH is cerebral amyloid angiopathy (CAA) with 
deposition of β-amyloid in the media and adventitia causing weakness in the blood 
vessel wall. The presence of several secondary microvascular degenerative and 
inflammatory alterations in CAA patients, including vessel wall calcification and 
microaneurysm formation, have been described [398], suggesting that arterial 
calcification may also play a role in the pathogenesis of microangiopathy and 
consequent ICH.  
        We did not observe any associations between the OPG-1181C/C genotype and 
ischemic stroke. Notably, OPG has not been linked to atheroprotective properties 
per se, but rather to protection against arterial calcification, and this entity may be 
of different relevance to ICH and ischemic stroke. Although carotid artery 
atherosclerosis predisposes to thromboembolic events, it has been shown that 
patients with extensive calcification of carotid atherosclerotic lesions actually are 
less likely to suffer from symptomatic ischemic strokes and TIA events [15]. This 
may, at least in part, explain the lack of association with ischemic stroke. 
        In conclusion, we demonstrate an independent association between the OPG-

1181C/C genotype and first-ever ICH, implying that genetic variation in 
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TNFRS11B may contribute to the development of this disease. If these findings are 
replicated in other studies, they may be informative for the primary prevention of 
this disease because several currently available drugs have been shown to retard the 
calcification rate in the arterial wall, including HRT, selective estrogen receptor 
modulators, statins, and calcium channel blockers [399]. Whether early 
pharmacological treatment aimed at reducing arterial calcification in this genetic 
subpopulation may be a therapeutic option in the prevention of ICH remains to be 
determined.  

General aspects of paper I and II 
In papers I and II, a prospective, population-based, nested case-control design was 
used to study putative genetic associations between specific polymorphisms and 
main stroke subtypes in a northern Swedish population. In genetic association 
studies, genotype or allele frequencies of polymorphic markers (e.g., SNPs) are 
compared in cases vs. unaffected controls. Genetic association studies are 
statistically less powerful than other approaches (e.g., family studies). Furthermore, 
due to the high number of reported SNPs, of which the majority is harmless, this 
approach requires selection of the most plausible candidate genes based on a priori 
knowledge about the molecular pathways involved in the pathophysiology of the 
disease. In this thesis, we thus chose to focus on functional SNPs in genes of the 
estrogen signaling system, based on previous reports of their implications in 
cardiovascular diseases. 
        Genetic association studies are preferably performed in population-based 
samples. Recently, critical focus has been directed towards SNP association studies 
of complex diseases because it has been difficult to replicate positive findings. 
Successful replication studies are essential for establishing the credibility of a 
genotype–phenotype association. An extensive debate about the quality control of 
genetic association studies has thus arisen, resulting in numerous published 
recommendations, proposed guidelines, reviews, and meta-analyses [400, 401]. For 
instance, SNP association studies of complex, multifactorial, and polygenic 
diseases often require high numbers of participants. A small sample size may result 
in insufficient power to detect minor contributions of alleles. Normally, in 
populations with a higher degree of genetic diversity, huge sample sizes are needed 
to achieve statistical power in genetic association studies. The sample sizes of our 
case-control studies are small compared to international recommendations. 
However, the northern Swedish population displays a relatively low genetic 
diversity because of founder effects and rapid population expansion. This low 
genetic diversity makes our study material particularly well suited for investigating 
the genetics of complex traits like stroke. Furthermore, the fact that the incidence 
level of stroke is approximately 50% higher in northern compared to southern 
Sweden suggests a genetic predisposition in the former population. Certainly, 
environmental factors and gene–environment interactions may also be important in 
explaining this discrepancy. There are, for instance, differences in food and 
beverage intake between inhabitants of northern and southern Sweden, which may 
be related to cardiovascular morbidity. The physical environment and climate of 
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northern Sweden may also contribute to this north–south gradient. The fact that the 
incidence rate of stroke increases during the winter [402, 403] may probably also 
be of importance.  
        Population stratification is another common reason for non-replication of 
genetic association results. To avoid population stratification in such studies, it is 
important that the patients and controls are similar in terms of ethnicity, sex, age, 
geographical origin, lifestyle, and, if possible, environmental factors like 
medications [404]. This goal necessitates careful matching of control participants 
with patients. Our material was matched for age, gender, geographical domicile, 
and type of study. A limitation in our studies was that we did not have information 
about ethnicity. We were thus unable to include ethnicity data in our matching, 
which would have been preferable although likely difficult in many cases because 
of admixture. However, the vast majority of the population is of “Swedish” origin, 
and the existence of geographically defined subpopulations, in which the degree of 
genetic homogeneity is high, implies that matching for geographical region may 
serve as a surrogate. 
        The population-based, prospective, nested case-control design is a valuable 
advantage in these studies because it allows inclusion and evaluation of data 
gathered before the stroke event. Moreover, registration, validation, and subtyping, 
according to strict WHO criteria and International classification of Diagnosis 9 
and 10 were performed prior to the initiation of the studies included in this thesis. 
This approach reduces the risk of recall bias and misclassification of outcome. The 
participation rates of the MONICA and the VIP projects have been satisfactory, 
and the cohorts have shown small differences in demographic and social factors 
[375], which reduces the risk for selection bias [375].  
        For unclear reasons, it is not uncommon to combine different stroke subtypes 
into a common phenotype in epidemiological studies. This approach may generate 
problems in studies of genetic factors that may interact with or modulate factors of 
potential importance in stroke pathophysiology. Stroke may be regarded as an 
umbrella term for several mechanistically disparate diseases, in part and in 
different magnitudes influenced by the same risk factors. We therefore chose to 
study ICH and ischemic stroke separately in our studies, although this certainly 
resulted in loss of power. Because of the relatively moderate number of ICH cases 
(n=61) in our studies, our findings thus require replication in larger cohorts. In 
addition, because of the great similarities in the etiology and pathophysiology 
between ICH and lacunar infarcts, it would have been preferable to analyze the 
material in the context of the different ischemic subtypes. Unfortunately, we could 
not subclassify the cases of ischemic stroke according to the TOAST classification 
system. Future studies are warranted for investigations of such putative subtype-
specific associations. 
        We chose not to include corrections for multiple testing in this thesis. The 
issue of multiple testing is constantly debated because it involves two 
considerations of opposite characters; the risk of falsely rejecting (type 1 error) vs. 
falsely accepting (type 2 error) the null hypothesis. Although corrections for 
multiple testing (e.g., the Bonferroni correction) decrease the level of significance 
to diminish the risk for type 1 errors, they increase the risk of making type 2 errors. 



 

 53 

The Bonferroni correction thus adjusts the α level (usually set as 0.05) downwards, 
through the rather crude approximation of α/n, where n is the number of tests 
performed. This type of correction results in very conservative decisions, which 
may be too conservative and thus not appropriate in genetic studies of multiple 
putative risk markers, particularly when performing studies based on preformed 
hypotheses or when including subgroup analyses and splitting for different 
characteristics (e.g., gender) [405, 406]. 

Paper III 
Our hypothesis was that post-ischemic 17β-estradiol administration combined with 
EE would enhance stroke recovery in ovariectomized rats. We present evidence for 
a beneficial role of 17β-estradiol substitution in combination with EE after 
experimentally induced focal brain ischemia. 17β-estradiol accelerated cognitive 
recovery (i.e., spatial memory and learning) after focal brain ischemia in rats living 
in an EE. Of major interest is that short-term supra-physiological 17β-estradiol 
levels induced long-term effects on spatial memory. We found an independent 
effect of 17β-estradiol treatment on spatial memory performance in rats housed in 
EE; EE-housed rats receiving 17β-estradiol required significantly shorter time and 
distance to reach the escape platform compared to placebo-treated rats in the same 
environment. This improvement in memory impairment was pronounced; rats 
exposed to the combination of 17β-estradiol and EE showed the same cognition 
recovery as sham-operated animals. Furthermore, in 17β-estradiol–treated animals, 
there was a similar effect of EE. In comparisons between the extreme 
combinations—17β-estradiol treatment to EE-housed animals vs. placebo treatment 
to DE-housed animals—these effects were naturally most pronounced. 
        By contrast, in animals housed in DE there were no significant effects of 17β-
estradiol. This suggests that the EE is necessary for 17β-estradiol–mediated 
cognitive recovery. However, it remains uncertain whether this outcome resulted 
from the putative negative effects of environmental deprivation or if housing in EE 
is necessary to prime the brain for estrogen-mediated neuroplastic actions to occur; 
this question is certainly of major interest to explore in future studies. Moreover, 
we failed to demonstrate any effects of EE on latency and path in placebo-treated 
rats. Thus, EE in placebo-treated rats were not sufficient to enhance cognitive 
recovery in our study, further suggesting that there might be a synergistic 
relationship between 17β-estradiol and EE on post-ischemic cognitive recovery. 
The lack of effects of EE on spatial memory in placebo-treated rats may seem 
surprising because a previous study from our laboratory showed that housing of 
male Sprague-Dawley rats in EE after MCAO attenuated the long-term 
impairments in spatial memory and learning [339]. However, it should be noted 
that the previous study used gonadally intact young male rats, while this study used 
ovariectomized female rats. In accordance with the previous study by Dahlqvist et 
al., the placebo-treated female rats housed in EE in the present study performed 
markedly better in latency (60 vs. 90 s) and path (1500 vs. 2500 cm), already at day 
1, compared to placebo-treated rats housed in DE. However, for our EE-housed 
placebo-treated rats, no improvements were observed for latency and path during 
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water maze trials during day two and three, while they improved at trial block four. 
By contrast, similar rats housed in DE showed improvements in latency and path 
during trial blocks two and three, while no such improvements were found at the 
last trial block. These results contrast with those of Dahlqvist et al., in which the 
enriched and deprived groups displayed the same learning profile and the EE-
housed rats outperformed the DE-housed rats [339]. These discrepancies may 
reflect behavioral changes arising from gender differences and/or the effect of 
estrogen withdrawal, but this remains to be determined. Thus, it would be of major 
interest in future studies to include both ovariectomized and non-ovariectomized 
rats to investigate the effect of estrogen deficiency on cognitive recovery after 
experimental brain ischemia. Likewise, studies are warranted to determine whether 
similar improving effects on cognitive functions could be achieved by 17β-
estradiol in male rats. 
        In accordance with the report from Dahlqvist et al. [339], we did not observe 
any differences in size or distribution of the brain infarct between groups, 
indicating that the improvements in cognitive performance were not mediated 
through neuroprotection but rather through neuroplasticity-related phenomena 
outside the lesion. We thus chose to study mRNA expression of the plasticity-
associated transcription factor NGFI-A in the hippocampus, a brain region crucial 
for the formation of spatial memory [407]. NGFI-A has been shown to be up-
regulated by both EE [362] [338] and 17β-estradiol [367-371]. The improvements 
in cognitive functions were associated with increased NGFI-A mRNA expression 
in the hippocampus, predominantly in CA1.  
        The beneficial effects of estrogens on learning and memory in humans and 
rodents have been extensively reported. Surgically postmenopausal women 
randomly assigned to estrogen replacement therapy perform significantly better in 
memory tasks compared to placebo, suggesting protection against age-related 
cognitive decline, including deficiencies in memory and learning processes [283, 
285]. These protective effects of estrogen on hippocampus-dependent cognitive 
functions, i.e., memory and learning, are likely to result from estrogenic effects on 
brain plasticity mechanisms predominantly in the hippocampus. For instance, there 
is a natural fluctuation of spine synapses on hippocampal pyramidal neurons during 
the four- to five-day estrous cycle in female rats; diestrous and estrus (low estradiol 
levels) displaying markedly lower synapse density than proestrous (high estradiol 
levels). Furthermore, 17β-estradiol increases dendritic spine density on CA1 
pyramidal neurons within 24–72 h after administration [298] [292]. These findings 
provide a plausible mechanism for estrogen-mediated post-ischemic recovery 
because hippocampus-dependent memory processes are affected in parallel with 
such plastic alterations. 
        We did not find any significant effects between groups in motor function, 
except for a modest beneficial effect of 17β-estradiol in DE on the rotating pole, 
most likely explained by the relatively lower weight gain in estrogen-treated rats as 
compared to rats receiving placebo. Neither were any differences in infarct 
volumes observed between groups. This may appear to conflict with other studies 
in which 17β-estradiol given to ovariectomized rats after various models of brain 
ischemia confers neuroprotective properties, thereby reducing the infarct volume 
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and improving motor functions [408-411]. However, these studies substituted 17β-
estradiol back to physiological doses prior to the experimental ischemia, whereas 
our approach gave initial supraphysiological doses and aimed at administering 17β-
estradiol during a clinically relevant time window, after ischemia. These factors 
may at least in part explain the lack of effects on infarct volumes in our study. It is 
thus likely that both the timing and dosage of 17β-estradiol are crucial to achieve 
optimal effects on morphological and behavioral plasticity after brain ischemia. 
Future studies are warranted to further explore these aspects.   

General aspects of paper III 
In experimental studies, it is important to consider methodology in terms of 
limitations, validity, and clinical relevance. We chose the MCAO model for 
mimicking a stroke in our experimental setting. This method has several 
advantages compared to other methods. MCAO provides the opportunity to study 
the effects of both occlusion and reperfusion of the middle cerebral artery in a 
time-controlled and non-invasive manner. This choice is clinically relevant because 
this artery commonly is occluded in stroke patients. The reproducibility of MCAO 
infarct sizes is high, provided that all operations are performed under identical 
conditions and by the same operator, as in this thesis.  
        We used an EE consisting of several components, including interaction with a 
stimulating and altering milieu of complex objects, social interaction, and increased 
opportunity for physical activity, all of which have been linked to enhanced 
behavioral or morphological plasticity. To ensure maximum differences between 
groups, the DE was chosen as control housing. This strategy maximized our 
chances of detecting environmental-dependent changes. However, it could be 
argued that the normal environment of rats living freely in nature is much like the 
EE. It should therefore be emphasized that the contribution of environment in our 
studies either could be to the result of increased plasticity in rats housed in EE or 
diminished plasticity in rats housed in DE, or a combination of these. Nevertheless, 
the EE serves as a highly relevant model from a clinical point-of-view because the 
initiation of an early mobilization and rehabilitation in stroke patients is crucial for 
the long-term outcome and final functional level. It has further been shown that 
elderly people living in a stimulating environment display more preserved 
cognitive functions and perform significantly better in memory tasks compared to 
carefully matched controls living in more restricted environments like institutions 
[412, 413]. Approximately 75% of all stroke patients in Sweden receive care at a 
stroke unit in the initial phase after the event [414]. Interestingly, all the 
components in the EE, such as social interaction, physical activity, and 
environmetal stimuli, are represented at various degrees in the daily care at a 
modern stroke unit. Based on our studies, it could be speculated that these 
components are mandatory to achieve additional beneficial behavioral effects of 
putative plasticity-enhancing therapies; i.e., patients need to exercise what they 
shall learn in order to benefit from such drugs.   
       We chose to administer 17β-estradiol through subcutaneously implanted 
pellets. These pellets were designed to give a slow and even release of 17β-
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estradiol for 60 days and were administered in accordance with the manufacturer’s 
instructions. Although these pellets have been extensively used for decades, only a 
few studies have included measurements of circulating 17β-estradiol levels, and we 
have not found any studies including circulating levels at early time-points during 
the first days. In our study, we performed RIA measurements with a highly 
validated kit and obtained supraphysiological doses during the first 3 weeks, with a 
markedly high initial peak during the first days. Nevertheless, we observed distinct 
long-term effects of estrogen substitution on spatial memory impairment. Whether 
these effects result from the initial high supraphysiological peak during the first 
days or from the more moderately elevated levels during the first two to three 
weeks remains unclear and is certainly of major interest to explore in future 
studies. Other methods of administration include osmotic pumps, silastic tubes 
containing crystallized 17β-estradiol, and daily injections. Recent work from our 
laboratory has evaluated the contribution of intraperitoneal osmotic pumps to 
circulating 17β-estradiol levels, with findings of a high degree of interindividual 
variation in circulating levels. These findings demonstrate the need for a thorough 
validation of the different methods of 17β-estradiol administration in experimental 
studies.  
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CONCLUSIONS 
 
The main conclusions of this thesis are that genetic variability in genes involved in 
estrogen signaling may contribute to the development of intracerebral hemorrhage 
and that 17β-estradiol in combination with environmental enrichment accelerates 
recovery of cognitive functions in a rat stroke model. 
 
 
Specific conclusions: 
 
 
Paper I 
The c.454-397T/T genotype of the ESR1 gene is associated with an increased risk 
of first-ever intracerebral hemorrhage. The c.454-397T/T genotype and/or the 

c.454-397T allele increase systolic and diastolic blood pressure. There is a 
synergistic effect between the c.454-397T/T genotype and elevated blood pressure 
on the risk of intracerebral hemorrhage. 
 
 
Paper II 
The OPG-1181C/C genotype of the TNFRS11B gene is associated with an 
increased risk of first-ever intracerebral hemorrhage. 
 
 
Paper III 
17β-estradiol in combination with environmental enrichment accelerates cognitive 
recovery after focal brain ischemia in ovariectomized female rats. These effects 
may be related to an increase in NGFI-A mRNA expression levels in specific 
hippocampal subregions. 
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POPULÄRVETENSKAPLIG SAMMANFATTNING 
 

Stroke (slaganfall) är den tredje vanligaste dödsorsaken och den vanligaste orsaken 
till handikapp i Sverige. Den vanligaste typen av stroke, hjärninfarkt (80%), 
orsakas av att en blodpropp stänger av blodflödet i något av hjärnans blodkärl. 
Resterande del orsakas av att ett blodkärl går sönder antingen i hjärnan (s.k. 
hjärnblödning) eller strax utanför hjärnan (s.k. subarachnoidalblödning).   
        Insjuknande i stroke har en multifaktoriell bakgrund, där genetiska faktorer 
interagerar med miljöfaktorer i ett komplext samspel. Kunskapen om vilka gener 
som är involverade är dock bristfällig. Populationen i Norr- och Västerbotten är 
relativt homogen, varför den lämpar sig väl för genetiska studier. Det faktum att 
incidensen av stroke är ca 50% högre i norra jämfört med södra Sverige kan bero 
på en genetisk predisposition, med möjliga gen-miljöinteraktioner i denna 
population. Vi har screenat för genetiska prediktorer för stroke, där gener som kan 
vara av betydelse för patofysiologin vid hjärt-kärlsjukdom har inkluderats.  
        Trots att prevention och behandling har utvecklats betydligt är mortaliteten 
och morbiditeten vid stroke fortfarande mycket hög. Hittills har endast en medicin 
(tPA, Alteplase) godkänts för behandling av akut stroke som orsakats av 
blodpropp. Denna propplösande medicin måste dock sättas in inom tre timmar efter 
sjukdomsdebut och är därför endast aktuell för en liten del av alla strokepatienter. 
Det finns också en viss blödningsrisk med blodproppslösande läkemedel. De flesta 
strokepatienter överlever, men drabbas i efterförloppet av flera allvarliga symtom 
som halvsidig förlamning, känsel- och motorikstörningar och problem med högre 
hjärnfunktioner som exempelvis minnes- och inlärningssvårigheter. En spontan 
återhämtning sker som regel under de första månaderna efter slaganfallet. Denna 
kan påskyndas av tidig rehabilitering men det finns idag inga godkända läkemedel 
som påskyndar återhämtningen i denna patientgrupp. 
        Östrogen har flera påvisade gynnsamma egenskaper i hjärt-kärlsystemet som 
kan verka skyddande mot stroke. Då östrogen även har gynnsamma effekter på 
neuroplasticitets-relaterade fenomen i hjärnan har vi i detta avhandlingsarbete 
fokuserat på olika aspekter av östrogensignalering vid stroke. Betydelsen av 
specifika genvarianters roll för strokeutveckling studerades, varvid gener som är 
involverade i östrogensignalering sattes i fokus. Vidare studerades vilken betydelse 
östrogensubstitution i kombination med en s.k. berikad miljö har i 
djurexperimentella studier av stroke. Berikad miljö innebär att råttor bor 
tillsammans i stora burar med olika föremål som exempelvis leksaker, stegar och 
klättringsbräden som byts ut regelbundet. Detta stimulerar hjärnans förmåga till 
återhämtning efter stroke.  
        I det första arbetet visade vi att en vanlig genvariant (c.454-397T/T) i östrogen 
receptor alfa (ERα) dels ökar risken för att drabbas av hjärnblödning, men även 
verkar vara kopplad till förhöjt blodtryck. Kombinationerna av denna genotyp och 
antingen hypertoni, högt systoliskt eller diastoliskt blodtryck ökade risken för 
hjärnblödning markant och synergistiska effekter mellan denna genotyp och 
hypertoni i uppkomst av hjärnblödning kunde påvisas. 
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        Med samma statistiska approach visade vi även att en annan vanlig variation 
(OPG-1181C/C) i genen för osteoprotegerin (OPG) också är associerad med 
hjärnblödning. OPG är en målgen för ERα och är involverad i såväl 
åderförkalkning som osteoporos, två tillstånd som ofta samexisterar hos kvinnor 
efter menopaus. Genom att identifiera gener som är av betydelse för 
strokeutveckling kan ökad förståelse för den bakomliggande patofysiologin vid 
sjukdomsutveckling erhållas. Vidare kan det på sikt bli möjligt att identifiera 
personer som bär på riskassocierade genvarianter i syfte att optimera olika terapier 
som exempelvis läkemedelsbehandling.  
        Östrogensubstitution har gynnsamma effekter på kognitiva funktioner som 
minne och inlärning hos postmenopausala kvinnor och östrogen har i 
djurexperimentella studier visats befrämja neuroplasticitet, bl a genom att stimulera 
bildandet av nervcellskontakter. Likaledes har vistelse i berikad miljö visat 
inducera plasticitetsrelaterade fenomen i hjärnan som exempelvis förbättrat minne, 
ökat antal nervceller, nervcellsutskott och synapser, samt tjockare hjärnbark. Vår 
forskargrupp har tidigare visat att hanråttor som vistats i berikad miljö efter 
experimentell stroke, inducerad medelst ocklusion av a. cerebri media (MCAO), 
visar signifikant bättre återhämtning av spatialt minne och sensorimotoriska 
funktioner än råttor i isolerad miljö. Vår huvudhypotes var således att östrogen i 
kombination med berikad miljö kan förbättra återhämtningen efter experimentell 
hjärninfarkt hos honråttor. Vidare ville vi studera potentiella mekanismer för 
sådana eventuella effekter och fokuserade på genuttryck av den 
plasticitetsassocierade transkriptionsfaktorn NGFI-A i hippocampus, en 
nyckelregion i hjärnan för processer relaterade till minne och inlärning.  
        Trettio honråttor genomgick MCAO en vecka efter det att deras äggstockar 
hade avlägsnats. Dessa djur delades upp i fyra grupper; 17β-östradiol behandlade i 
berikad miljö (n=8), 17β-östradiol behandlade i isolerad miljö (n=8), 
placebobehandlade i berikad miljö (n=7), samt placebobehandlade i isolerad miljö 
(n=7). 17β-östradiol eller placebo gavs i subkutan depåform. Två dagar efter 
implantationen överfördes djuren till antingen berikad eller isolerad miljö under 
sex veckor. Råttor som erhöll 17β-östradiol i kombination med vistelse i en berikad 
miljö presterade signifikant bättre beträffande spatialt minne och inlärning 
(utvärderat i Morris water maze) fem veckor efter skadan än placebobehandlade 
råttor i samma miljö. Ingen skillnad i infarktvolym mellan de olika grupperna 
kunde observeras, vilket tyder på att de gynnsamma östrogeneffekterna inte 
medieras via neuroprotektion utan snarare via neuroplastiska fenomen. In situ 
experiment visade att det hos råttor i berikad miljö förelåg en positiv effekt av 17β-
östradiol på NGFI-A uttryck i hippocampus, eftersom östrogenbehandlade råttor i 
denna grupp hade signifikant högre NGFI-A mRNA uttryck i subregioner av 
hippocampus (CA1 och DG), jämfört med placebobehandlade råttor. Även hos 
råttor i isolerad miljö kunde en positiv effekt av östrogen observeras, då signifikant 
högre NGFI-A mRNA uttryck i dessa regioner observerades hos 
östrogenbehandlade jämfört med placebobehandlade råttor. Vidare var NGFI-A 
mRNA uttrycket i ipsi- och contralaterala CA1 och i contralaterala DG signifikant 
högre i östrogenbehandlade råttor i berikad miljö jämfört med östrogenbehandlade 
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råttor i isolerad miljö. Detta visar att även miljöberikning ökar NGFI-A uttrycket i 
hippocampala regioner av betydelse för minne och inlärning. I detta arbete kunde 
vi således visa att administrering av 17β-östradiol i kombination med 
miljöberikning har positiva effekter på råttors minnes- och inlärningsförmågor i 
efterförloppet till stroke. Dessa fynd är sannolikt kopplade till ökad plasticitet, dvs. 
hjärnans förmåga att anpassa sig och ombildas på cellulär nivå för att återhämta sin 
funktion. Detta avspeglades i ett högre genuttryck av den plasticitets-associerade 
transkriptionsfaktorn NGFI-A i hippocampus. Denna studie ger hopp om att man 
på sikt även hos människa skall kunna påskynda återhämtningen efter stroke. 
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