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Abstract
Ischemic stroke causes millions of deaths around the world each year, and surviving 
patients often suffer from long-term disability. Hundreds of promising drug candidates 
have been identifi ed in animal models, but the clinical trials have repeatedly failed. 
Lack of methodological quality in the animal studies, e.g. low statistical power as a 
result of small group sizes in combination with high outcome variability and high 
mortality, has been suggested to in part explain the lack of translational success. In 
the meta-analytical Papers II and V, we therefore investigated how method parameters 
impact infarct size variation and mortality in rodent stroke studies. These fi ndings can 
help researchers to optimize their animal models or to more exactly predict variability 
and mortality given a certain experimental setup. 

The relation between ischemic stroke and estrogens is complex. Premenopausal 
women have a lower risk of stroke than men of the same age, suggesting that female 
sex hormones provide protection against cerebrovascular events. The idea of a 
benefi cial effect on the brain of estrogens was also supported by epidemiological 
studies showing that estrogens given as postmenopausal hormone replacement 
therapy decreased the risk of stroke. However, subsequent clinical trials reported 
the opposite, an increased risk. Interestingly, discrepancies exist also in the animal 
stroke literature. The majority of the rodent studies on the effects of estrogens have 
shown protection, but there are also several examples of increased damage. Based 
on experimental results and a meta-analysis, it was hypothesized that differences 
in hormone administration methods and their resulting plasma concentrations of 
estrogens might explain the previous discordant animal fi ndings. Paper I investigated 
the commonly used methods for 17β-estradiol administration and found that the 
popular slow-release pellets produced high and unpredictable serum concentrations. 
A novel method with 17β-estradiol administered orally in Nutella® was also evaluated 
with promising results. Paper III extracted data regarding methodological choices 
from all previously published estrogen-stroke studies, and showed through meta-
analysis that slow-release pellets are more prone to render estrogens damaging. 
Finally, Paper IV tested whether estrogens could both exert neuroprotection and 
promote detrimental effects merely depending on dose and irrespective of the 
administration route. Surprisingly, and in contrast to the hypothesis, a signifi cant 
negative correlation was found between 17β-estradiol dose group and infarct size 
meaning that the higher the dose, the smaller the infarcts. 

In summary, this thesis does not confi rm the hypothesis of dose-related neuroprotective 
vs neurodamaging effects of estrogens on ischemic stroke. If high estrogen doses/
plasma concentrations per se can cause increased stroke damage, such a phenomenon 
is not very robust, and seems to depend on tight dose ranges and/or other experimental 
circumstances. Although not directly applicable to the clinical situation, hopefully in 
a long-term perspective these fi ndings may contribute in elucidating when estrogens 
are benefi cial and when they are harmful. Further, it adds to the growing literature on 
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how the quality of experimental stroke research can be increased to try to overcome 
translational diffi culties. 



Populärvetenskaplig sammanfattning

9

Populärvetenskaplig sammanfattning
Stroke i form av hjärninfarkt orsakar miljoner dödsfall runt om i världen varje år, och 
av de patienter som överlever drabbas många av funktionsnedsättning. Forskning på 
djurmodeller av sjukdomen har identifi erat hundratals lovande läkemedelskandidater, 
men resultat i kliniska studier på människor har varit nedslående. Det har föreslagits 
att dessa misslyckanden med att överföra resultat från djur till människa åtminstone 
delvis kan förklaras av brister i design och genomförande av djurstudierna. En 
viktig faktor tros vara att många studier har små gruppstorlekar i kombination med 
stor variation i utfallsmåttet och hög mortalitet, vilket påverkar tillförlitligheten i 
resultaten. I ett försök att bidra till förbättrad kvalitet samlade vi information från 
tidigare publicerade strokestudier gjorda på gnagare och analyserade statistiskt hur 
olika metodval påverkar variation i utfallsmåttet och mortalitet. Dessa studier, artikel 
II och V i avhandlingen, kan hjälpa forskare att förutsäga dessa två parametrar, 
mortalitet och variation i utfallsmått, och därmed underlätta design av och förbättra 
kvaliteten på sina strokestudier på gnagare. 

Kopplingen mellan hjärninfarkt och det kvinnliga könshormonet östrogen är 
komplex. Kvinnor före klimakteriet har en lägre risk för stroke jämfört med män i 
samma ålder, vilket har lett till idén att kvinnliga könshormoner kan vara skyddande. 
Tidigare epidemiologiska studier gav också stöd för den uppfattningen genom att 
rapportera lägre risk för stroke hos kvinnor som efter klimakteriet behandlats med 
hormonersättning. Till mångas förvåning visade dock senare studier, där kvinnor 
följdes upp efter att ha slumpmässigt blivit tilldelade hormonersättning eller inte, på 
raka motsatsen, det vill säga högre strokerisk för kvinnor med hormonbehandling. 
Även i djurförsök, där man behandlat med östrogen och sedan orsakat en stroke hos 
djuret, går resultaten isär. Majoriteten av studierna har visat på en skyddande effekt av 
östrogen, men ett antal studier har också visat på ökad skada. Utifrån tidigare resultat 
från vår grupp och andra forskare, formulerades hypotesen att förklaringen till dessa 
varierande resultat skulle kunna vara skillnader i vilken metod som använts för att 
behandla djuren med östrogen, genom att ge upphov till olika hormonkoncentrationer 
i blodet. I artikel I undersöktes vanliga sätt att behandla möss med östrogen och 
vi fann att de ofta använda pelletarna som opereras in under huden, gav höga och 
ojämna koncentrationer. Dessutom testades en ny metod där östrogen serverades till 
mössen i Nutella®. Nästa steg var att undersöka om olika metodval påverkar huruvida 
östrogen är skyddande eller skadande i råttstudier, och detta gjordes genom att, 
liksom för artikel II och V, samla och analysera information från tidigare publicerade 
studier. Resultaten (artikel III) visade att pelletarna, som tidigare visats ge höga 
koncentrationer av östrogen i blodet, oftare resulterade i ökad skada i samband med 
stroke jämfört med andra metoder att behandla råttorna med hormonet. Det sista steget 
var sedan att testa om östrogen kunde vara både skyddande och skadande för hjärnan 
i samband med stroke enbart beroende på dos, oavsett vilken behandlingsmetod som 
användes. Det experimentet, som resulterade i artikel IV, kunde dock inte styrka 
hypotesen om att dos är den viktiga faktorn som avgör om östrogen är skyddande 
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eller inte. Det verkade snarare vara så att ju högre dos råttorna behandlades med, 
desto mindre hjärninfarkter fi ck de.  

Sammanfattningsvis kan den aktuella avhandlingen inte bekräfta hypotesen att dos 
är den avgörande faktorn varför vissa tidigare experimentella strokestudier har visat 
på minskad skada med östrogenbehandling medan andra har visat på ökad skada. Om 
höga doser östrogen kan orsaka ökad skada i samband med stroke är detta fenomen 
inte robust utan verkar förutsätta snäva dosintervall och/eller andra specifi ka 
experimentella förutsättningar. Även om dessa studier är genomförda på gnagare 
är förhoppningen att de i längden kan bidra till förståelse av när behandling med 
östrogen ur hälsosynpunkt är positivt, och när det är negativt. Dessutom presenteras 
verktyg för att forskare inom experimentell strokeforskning ska kunna förbättra 
kvaliteten på sina studier.
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1. Background
In a study from 2005, conducted in our lab, it was found that 17β-estradiol increased 
ischemic lesions in rats subjected to focal cerebral ischemia [1]. This fi nding was 
highly surprising since most previous studies had demonstrated clear neuroprotective 
effects of estrogens. An ongoing quest for us has since been to investigate whether 
differences in 17β-estradiol plasma concentration and administration methodology 
between the estrogen-stroke studies might explain the discrepant results. This has 
also led us to more broadly study methodological aspects of rodent stroke models 
experimentally and meta-analytically. 

The main focus of this thesis is methodology of experimental stroke research with 
special reference to 17β-estradiol. The fi rst part of the background is dedicated to 
describing stroke in general (1.1) as well as animal models of the disease (1.2), 
followed by presentations of challenges associated with this fi eld and the use of meta-
analyses for experimental stroke research (1.3). The last part describes the female sex 
hormones estrogens and previous knowledge concerning their effects in relation to 
cerebral ischemia (1.4). 

1.1. Stroke
The term stroke comprises several conditions, with different pathophysiology and 
suggested managements. The three most common subcategories are ischemic stroke 
(≈85%), intracerebral hemorrhage (≈10%) and subarachnoid hemorrhage (≈5%) [2, 
3], and the focus of this thesis is the fi rst and most common type. Ischemic stroke, 
or focal cerebral ischemia, refers to the situation when a cerebral blood vessel is 
occluded and consequently the lack or reduction of oxygen and metabolic substrates 
will cause ischemic damage in a part of the brain. 
 

1.1.1. Epidemiology
Stroke is the second most common cause of death in the world, after ischemic heart 
disease [3]. However, deaths do not reveal the full burden of this disease since many 
of those who survive also suffer from chronic sequelae. Worldwide, there were 
2.8 million deaths due to acute ischemic stroke in 2010, but 39.4 million disability 
adjusted life years (DALYs) [4, 5]. In the European Union, it is the number one 
cause of disability [6]. Approximately 1 million strokes occur in the European Union 
each year and almost as many in the United States [2, 6], a number that is projected 
to increase considerably due to a growing elderly population [6]. In addition to the 
consequences for the patient and relatives, the combination of acute management and 
treatment for long-term complications also makes stroke a major drain on health care 
funding. Worldwide, it consumes around 2-4% of total health care costs and an even 
larger share in the industrialized countries [3].
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1.1.2. Clinical presentation
Clinically, focal cerebral ischemia is most often caused by either in situ thrombosis 
via local atherosclerosis or an embolus originating from the heart or a proximal 
large vessel. In addition, a large portion (≈30%) of strokes remain unexplained 
despite evaluation [7]. Further, bleeding into the infarction can occur, a phenomenon 
called hemorrhagic transformation. The most commonly involved vessel in stroke 
is the middle cerebral artery (MCA), supplying the lateral aspects of the cerebral 
hemisphere as well as much of the basal ganglia and the internal capsule [7, 8]. 
However, the presentation can be quite variable depending on the side and location 
of the occlusion. Typical symptoms are contralateral hemiparesis, sensory loss and 
facial plegia [8]. Aphasia may occur if the dominant hemisphere (left for right-handed 
people and also most left-handed) is involved, while e.g. neglect and apraxia can be 
seen with the non-dominant hemisphere affected [8]. 

1.1.3. Pathophysiology
The pathophysiology of ischemic stroke is complex and several different mechanisms 
are involved, including excitotoxicity, edema, oxidative stress, infl ammation and 
blood brain barrier (BBB) dysfunction, ultimately resulting in cell death through 
both necrosis and apoptosis [7, 9-11]. In the situation of ischemia, when a part of 
the brain is deprived of glucose and oxygen, adenosine triphosphate (ATP) can no 
longer be produced by the mitochondria and a series of events collectively referred 
to as the ischemic cascade are initiated. Energy-dependent processes like ion pumps 
will stop functioning and the resulting depolarization will cause calcium infl ux. 
Depolarization will also lead to release of glutamate into the synapses, acting on 
α-amino-3-hydroxyl-5-methyl-4-isoxazole-propionate (AMPA) and especially 
N-methyl-D-asparate (NMDA) glutamate receptors to cause further fl ow of Ca2+ as 
well as Na+ and Cl- into the cells, resulting in a vicious circle called excitotoxicity [7, 
9]. To maintain osmotic equilibrium, water follows the ion infl ux causing cytotoxic 
edema [9], and the calcium excess will also activate calcium-dependent enzymes 
capable of degrading essential cell components [9]. Further, increased intracellular 
calcium levels will cause production of free radicals from cell membrane lipids and 
dysfunctioning mitochondria, damaging cell membranes, proteins, cytoskeleton and 
deoxyribonucleic acid (DNA) [9, 11]. Release of cytochrome C from mitochondria, 
as well as reactive oxygen species (ROS) may trigger cell death through apoptosis 
[11]. Oxidative stress will also contribute to the fi rst phase of BBB dysfunction 
through activation of matrix metalloproteinases (MMP), whereas the second BBB 
damage phase (24-72 h) involves leukocyte infi ltration and MMP release from 
neutrophils. As a result of the tissue damage, release of pro-infl ammatory mediators 
and upregulation of adhesion molecules, the post-ischemic infl ammation is initiated. 
Initially, ROS will activate astrocytes capable of increasing the infl ammatory 
response and microglia that can transform into phagocytes and release cytotoxic 
substances [9]. Other infl ammatory cells, including neutrophils, T cells and blood-
derived macrophages, also play a role [10]. However, although the early phase of 
post-ischemic infl ammation seems to be predominantly deleterious, most of the cell 
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types exert both adverse and benefi cial effects [10]. 

Depending on the extent of collateral circulation, regions of the brain area supplied by 
the occluded vessel will be affected to varying degrees. In the infarct core, almost no 
collateral circulation exist and thus the cells will perish within minutes. Surrounding 
the core is the penumbra, defi ned as an ischemic but reversibly dysfunctional tissue 
[7]. Prompt restoration of blood fl ow can save the penumbra and thus decrease 
the size of the infarct but reperfusion may also have detrimental effects through 
reperfusion injury. This is mediated, among other mechanisms, by oxidative stress 
and infl ammation [9, 12]. If the occlusion remains, infarct core will grow at the cost 
of the penumbra [12].  

1.1.4. Treatment
Thrombolysis (tissue plasminogen activator; tPA) is still the only specifi c 
pharmacological treatment proven effi cacious in acute ischemic stroke [13]. Further, 
although the evidence for the effi cacy of tPA is compelling, the proportion of stroke 
patients worldwide who receive this treatment is low. Even in high-income countries, 
only around 7-8% receive the treatment [14, 15]. The numbers for many less wealthy 
countries are largely unknown, but they are likely to be lower [16]. Lack of necessary 
resources like computed tomography scanners and personnel limit the use of tPA 
despite the fact that nearly 90% of all strokes are estimated to occur in low- and 
middle-income countries [16]. In addition to the sole pharmacological treatment of 
tPA, two other strategies have proven effi cacy. The fi rst one is post-stroke care in 
“stroke units” [17], probably through prevention of complications [18]. However, 
although benefi cial for patients in high-income countries, this concept is yet to be 
implemented in many low- and middle-income countries, where resources are scarce 
[19]. More research is needed to disentangle the multiple effects in order to sort 
out the most important components that could perhaps be used also in more basic 
settings [19]. The second strategy, thrombectomy, was earlier questioned but has now 
been proven benefi cial with modern equipment [20]. Moreover, despite the increased 
knowledge regarding the causative factors of stroke, e.g. smoking and hypertension, 
many questions remain to be elucidated. Among them is the relation between hormone 
replacement therapy (HRT) in menopause and stroke, as discussed below. 

1.2. Animal models of cerebral ischemia
Animal models of cerebral ischemia have been used in research for several decades. 
Rats and mice are most widely used but other species have also been studied, e.g. 
cats [21], dogs [22], sheep [23], non-human primates [24] and squirrel monkeys [25]. 
Several different methods to occlude the blood fl ow exist and the basic characteristics 
of the most common are described below (intraluminal fi lament method, direct 
mechanical methods, photothrombosis, emboli/clot methods, and various methods to 
cause global ischemia). 
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1.2.1. Intraluminal fi lament method
The intraluminal fi lament method is the most popular method to occlude the MCA 
in both rats and mice, and was used for ischemia induction in Paper IV. A detailed 
description of the procedure is included in Material and Methods (4.2.4.). The basic 
principle is that a fi lament, inserted in an extracranial vessel, is advanced up to the 
MCA to obstruct the blood fl ow. The method was originally developed by Koizumi et 
al. [26] in 1986 and further by Longa et al. in 1989 [27]. While Koizumi used silicone-
coating, Longa heat-blunted the fi lament tip. Intraluminal fi lament occlusion does 
not require craniotomy and is therefore relatively fast and convenient. Permanent as 
well as transient (by withdrawing the fi lament) occlusion of any duration is possible. 
Among the issues that have been raised regarding this method is that the reperfusion 
is overly abrupt when removing the fi lament. This might be a problem if the goal is 
to mimic a clinical situation of thrombolysis or spontaneous recanalization, occurring 
gradually [18, 28]. 

1.2.2. Direct mechanical methods
The direct occlusion methods require craniotomy to reach the MCA. The principle is 
very straightforward but demands considerable skills and training for optimal results. 
Once the vessel is exposed, the blood fl ow is obstructed by electrocoagulation [29], 
suture ligation [30] or microclip application [31], with the latter two also allowing 
controlled reperfusion. An advantage of the craniotomy methods is the ability 
to visually confi rm occlusion and occlusion site, but the procedures are invasive 
and time-consuming. A similar method that could be included in this group is the 
endothelin method where occlusion is obtained by injecting the vasoconstrictor 
endothelin-1 close to the MCA [32]. In addition, a less invasive stereotactic injection 
of endothelin-1 approach has been attempted [33]. The vasoconstrictive effect of 
endothelin-1 is dose-dependent but the control over occlusion intensity and duration 
is limited, compared to e.g. applying and removing a vascular clip. 

1.2.3. Photothrombosis
Photothrombosis-induced ischemia is produced by intravenously injecting a 
photosensitizing dye (rose bengal) and subsequently irradiating a cortical area with 
green light, resulting in massive microvascular coagulation [34]. No craniotomy is 
required and the infarcted area can be clearly defi ned. However, a drawback is that 
the occlusion occurs in many small vessels and therefore differs from the clinical 
situation of an embolus or a thrombus in a large artery. 

1.2.4. Emboli/clot methods
The fi rst study using a homologous blood clot to induce cerebral ischemia was 
described by Kudo et al. in 1982 [35]. The idea is to more closely mimic the clinical 
situation by obstructing the blood fl ow with an actual clot, delivered by injection 
or through a catheter. An important difference in relation to other methods is that 
thrombolytic therapies can be tested using this model since the occluding material 
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is the same as for humans. Disadvantages are that the researcher has limited control 
over where the clot will eventually lodge and that spontaneous recanalization may 
occur. A variant of the emboli/clot methods was described by Orset et al. in a study 
where in situ thrombosis was produced by injecting thrombin directly into the MCA 
after craniotomy [36]. 

1.2.5. Global ischemia
The models described above represent focal cerebral ischemia, the focus of 
this thesis, but it should be mentioned that the concept of cerebral ischemia also 
comprises global ischemia. In humans, this condition develops after cardiac arrest 
with resuscitation or after near-drowning. The pathophysiology is different from that 
of focal cerebral ischemia and involves delayed neuronal death and astrogliosis [37]. 
No ischemic core or penumbra is seen, instead the ischemic damage is determined 
by specifi c vulnerability of different cell types in different brain areas [38]. Global 
ischemia can be induced in rodents by several different techniques, e.g. decapitation 
[39], neck compression by a pneumatic cuff [40], 4-vessel occlusion (common 
carotid and vertebral arteries) [41] and 2-vessel occlusion (common carotid arteries 
in combination with systemic hypotension [42]. The unique vascular anatomy 
of gerbils, lacking the posterior communicating artery, has been utilized to model 
global ischemia in this species since bilateral common carotid artery occlusion thus 
is suffi cient [43].

1.3. Methodological issues in experimental stroke
Methodology and design of experimental stroke studies have been debated over the 
last years due to the lack of translational success for stroke treatments. This despite 
major advances made in the understanding of the pathophysiology of stroke, clarifying 
the etiology and identifying possible targets. Regarding treatment, much research has 
focused on neuroprotection, i.e. substances that could interfere with the events of the 
ischemic cascade (see above) to prevent death of cells in the penumbra [44]. Another 
approach, as exemplifi ed by Paper IV, is to study how pre-treatment with a substance 
affect damage outcome. Hundreds of promising candidates have been tested in clinical 
trials [13, 45, 46] but as described above, the evidence-based treatment options 
remain few. This diffi culty to transfer results from experimental studies to the clinic 
(from bench to bedside) has been a discouraging element in the experimental stroke 
fi eld for years and is often referred to as a “translational roadblock” [13, 45]. The 
possible reasons behind it, particularly lack of methodological quality of the studies, 
have been discussed widely (see Figure 1). Although highly topical in the stroke fi eld 
due to slow therapeutic progress, it should be mentioned that similar quality issues 
have been discussed also in many other research areas, e.g. cardiology [47, 48] and 
intensive care [49]. A highly accessed article by Ioannidis, published in 2005, made 
the case that most published research fi ndings in all fi elds are false [50] and many of 
the issues that he brings up are relevant for stroke research. 
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Regarding study quality, some factors that have been mentioned as possible culprits 
are weak reporting on exclusion and mortality, lack of randomization and blinding, 
publication bias and low statistical power (determined by effect size, variability in 
outcome and sample size) [51]. Low statistical power is the result of high outcome 
variability and mortality in combination with few animals in the experiments. 
Although this can theoretically be overcome by increasing the group sizes enough, 
such a solution has several problematic implications. From an ethical point of view, 
it is recommended to use as few animals as possible according to the “three R 
principle” (replace, reduce, refi ne: [52]) and working with large number of animals 
is both practically inconvenient (time and space consuming) and costly. Therefore, as 
a complement, it would be desirable to have an animal model optimized to minimize 
unnecessary outcome variability and mortality.

Among other things, Ioannidis [50] (see above) discusses fl exibility in design as 
a problematic factor and this is highly applicable to experimental stroke research. 
When setting up a rodent stroke study, numerous methodological choices have to be 
made. Not just what stroke model to use but also regarding e.g. strain, animal age 
and health status, occlusion duration, infarct measurement procedure, functional tests 
and post-operative care (see Figure 2 for an overview). The design vary considerably 
among studies and these decisions will obviously infl uence the results obtained. 
Although hundreds of rodent stroke articles are published each year, no consensus 
exists regarding the ideal methodology. The fact that the possible combinations 
of methodological parameters are innumerous probably explains why a proper 
experimental comparison of all the different options has not been performed. 

1.3.1. Systematic reviews and meta-analyses in experimental stroke 
research
As abovementioned, it is clear that there are limitations to the translational paradigm 
for stroke research in its current state. The number of preclinical studies published 
each year increases, while the proportion of innovations actually reaching the clinic 
decreases [53]. In addition, the substantial volume of preclinical research available 
makes it hard for the individual scientist to get a good overview and draw proper 
conclusions [53]. A systematic review is essentially a way to make objective sense 
of available data regarding a specifi c research question by gathering all relevant 
information in a structured fashion. Such a review may be followed up by a statistical 
analysis of the data, a meta-analysis, to provide a summarized outcome from several 
different studies. This distinction between systematic review and meta-analysis was 
suggested by Chalmers and Altman by the early 1990s to clarify the terminology 
[54]. In A Dictionary of Epidemiology, the following defi nitions are given:

“Meta-analysis - A statistical analysis of results from separate studies, examining 
sources of differences in results among studies, and leading to a quantitative 
summary of the results if the results are judged suffi ciently similar or consistent to 
support such synthesis”
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Figure 1. Examples of factors suggested to contribute to the “translational 
roadblock”. The diffi culty to transfer results from experimental stroke studies to the 
clinic has been widely debated in recent years and several issues have been mentioned 
as possible culprits. 
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“Systematic review - A review of the scientifi c evidence which applies strategies that 
limit bias in the assembly, critical appraisal, and synthesis of all relevant studies on 
the specifi c topic”

The fi rst meta-analysis, performed in 1904 by statistician Karl Pearson, investigated 
inoculation against typhoid fever [55]. However, the term “meta-analysis” was not 
coined until 1976 when Gene Glass used it to refer to “the statistical analysis of a large 
collection of analysis results from individual studies for the purpose of integrating 
the fi ndings” [56]. In clinical medicine, meta-analyses are used routinely, primarily 
thanks to the Cochrane collaboration which has been instrumental in establishing a 
framework to gather and analyze information in order to facilitate evidence-based 
health-care policies and clinical decision making [57].  

The use of meta-analyses for preclinical research with laboratory animal experiments 
is relatively new but has had a remarkable increase in popularity during recent years 
[58]. In the preclinical stroke fi eld specifi cally, meta-analyses have exposed fl aws 
associated with preclinical stroke research and fueled the discussion regarding 
methodological rigor in the fi eld [46, 59, 60]. As such, they have provided several 
concrete suggestions to possible ways of overcoming the translational diffi culties. 
However, the focus of these studies was treatment effect and how study design and 
quality affected this rather than the actual impact of methodological parameters on 
the outcome, independent of treatment effect, as in Papers II and V. To promote and 
support the use of systematic review and meta-analysis for animal data, initiatives 
such as the Collaborative Approach to Meta-Analysis and Review of Animal Data 
from Experimental Studies (CAMARADES) [61] and the SYstematic Review 
Centre for Laboratory animal Experimentation (SYRCLE) [62] were established. 
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CAMARADES is an international network providing a supporting framework for 
groups involved in the systematic review and meta-analysis of data from experimental 
animal studies. Originally, the sole focus was stroke research as a response to 
repeated translational failures but since it was concluded that the issues identifi ed in 
the stroke fi eld might also be relevant in animal modelling of other diseases, it was 
decided to change the S of CAMARADES from “Stroke” to “Studies”. SYRCLE is a 
research environment based in the Netherlands, striving to be a center of expertise in 
systematic reviews of animal studies and to facilitate efforts towards more evidence-
based translational medicine. The use of systematic review is also motivated from an 
animal ethics point of view. By extracting existing data, available in already published 
studies but not used for the original analysis, new research questions can be answered 
without using more animals. In addition, by investigating all the available relevant 
data simultaneously, fi rm conclusions can be reached in order to prevent unnecessary 
replication. Moreover, important research gaps may be identifi ed to guide future 
research.  

Regarding the relation between estrogens and stroke, several clinical meta-analyses 
have been carried out [63-66]. For animal studies on the subject, the situation is 
different. Although the narrative reviews are numerous [67-71], the studies actually 
utilizing a systematic and/or meta-analytical approach are few. To our knowledge, 
only three such studies exist: one by Gibson et al. from 2006 [72] and two from our 
lab, Ström et al. from 2009 [73], and Paper III of the current thesis. 

1.4. The effects of estrogens on ischemic stroke
Linking up with the previous section regarding study design and experimental stroke, 
an example where the methodology has been suggested to account, at least in part, 
for contradictory fi ndings is the question regarding the effects of estrogens on stroke. 
After an introduction to the estrogen family of hormones, a review of their relation to 
ischemic stroke will follow. 

1.4.1. Estrogens 
The fi rst hormone of the estrogen family to be isolated was estrone, done independently 
by Butenandt and Doisy in 1929 [74]. However, the most potent naturally occurring 
estrogen is 17β-estradiol, followed by estrone and then estriol. Estrogens, like all 
other steroid hormones, are synthesized from cholesterol and each contains a phenolic 
A ring which is crucial for selective high-affi nity binding to the receptors. The A 
ring is aromatized when androstenedione and testosterone are turned into estrogens, 
a reaction catalyzed by the enzyme aromatase [75]. Clinically, the two major uses 
of estrogens are as components of combination contraceptives and in HRT to treat 
postmenopausal symptoms such as hot fl ashes, night sweats, and vaginal dryness and 
atrophy [76]. 

In premenopausal women, estrogens are mainly produced in the ovaries. The theca 
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Figure 2. Examples of methodological choices when designing a rodent stroke 
experiment. Hundreds of articles are published each year but no consensus exists 
regarding the ideal design. The fact that the possible combinations are innumerous 
probably explains why a proper experimental comparison of all the different options has 
not been performed.
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cells express the enzymes necessary to convert cholesterol to androgens but lack the 
enzymes to convert the androgens to estrogens, a task fulfi lled by the granulosa cells. 
These cells are regulated by the gonadotropins follicle-stimulating hormone (FSH) 
and luteinizing hormone (LH) from the gonadotropic cells in the anterior pituitary, 
in turn controlled by the gonadotropin-releasing hormone (GnRH) of hypothalamic 
origin. 17β-estradiol circulates in the blood in three different forms: 2-3 % free and 
biologically active, 60 % weakly bound to albumin and the remaining 38 % bound 
with high affi nity to the glycoprotein sex hormone-binding globulin (SHBG) [77]. It 
is mainly metabolized in the liver by sulfation or glucuronidation, and the conjugates 
are excreted into the bile or urine [78]. This circulating portion dominates, but local 
production e.g. in the central nervous system through aromatization of androgens 
also contributes to the overall estrogenic effects in the body [75]. In men, lower 
levels of estrogens are produced by the testes to a small extent, but primarily through 
extragonadal conversion of androgens. 

The menstrual cycle consists of two main phases, the follicular phase and the luteal 
phase. The follicular phase starts on day 1 of the cycle, when the menses begin, and 
during this part of the cycle a single mature oocyte is produced every month from 
puberty to menopause. The follicular development will select the maturing follicle 
most responsive to FSH while the rest of the germ cells present from development 
are destined to undergo apoptosis, a few every month [79]. After ovulation, the 
remnants of the ruptured follicle will become the corpus luteum, regulated by LH. 
If no fertilization takes place, and hence no placenta is created to support the corpus 
luteum, it will stop secreting hormones and degenerate into a scar tissue called corpus 
albicans [79]. The cycle starts over again by shedding of the uterine endometrium that 
has proliferated during the cycle. The estrogen levels are low during the follicular 
phase, with a transient peak before ovulation and a smaller rise during the luteal 
phase. Throughout the cycle, estrogens primarily exert negative feedback on the 
release of LH and FSH, but a brief positive feedback actually exists mid-cycle where 
high levels of estrogens trigger the surge of LH which stimulates ovulation 24-36 
hours later [79]. 

Rodents, like women, have naturally occurring variations in estrogen concentration 
throughout the ovarian cycle. However, whereas women have a menstrual cycle 
lasting about 28 days, rodents have a 3-6 day estrous cycle, often divided into three 
phases; pro-estrus, estrus and diestrus [80, 81]. Rats typically begin cycling between 
postnatal days 32 and 36, immediately after the vaginal orifi ce opens [82]. In mice, 
the estrous cycle is similar to that in rats with a few exceptions: several days or weeks 
may pass between vaginal opening and the fi rst ovulation, irregularities are more 
common, and the cyclicity is more easily infl uenced by environmental conditions 
[82]. 

With age, accelerated follicular apoptosis, and eventually depletion of all of the 
oocytes, the menopause occurs for women. This process that takes place over 
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several years, often with gradually disappearing cyclicity. As a result of the loss 
of ovarian function, the circulatory levels of estrogens decrease by approximately 
90%, and the primary source of estrogens will be the adrenal glands, secreting 
dehydroepiandrosterone that can be converted to estrone in adipose tissue stroma 
[79]. Some estradiol is also formed by extragonadal conversion of testosterone. This 
extragonadal estrogen synthesis increases as a function of age and body weight [79]. 

In rats and mice, the corresponding event occurs around 6-18 months with increasingly 
abnormal gonadotropin release patterns [83, 84]. After a period of lengthening of 
the cycle, a constant acyclic state of vaginal cornifi cation can be observed, called 
“persistent estrus”. This phase is characterized by polyfollicular ovaries and moderate 
levels of estrogens. There is still some maturation of follicles, and subsequent atresia 
without ovulation, culminating in complete follicular depletion. Eventually, rodents 
will enter the fi nal stage of reproductive senescense termed “persistent diestrus” or 
“persistent anestrus” with estrogen levels comparable to those among ovariectomized 
rodents. 

The physiological actions of estrogens are many and widespread. In addition to the 
effects directly related to reproduction (see above), several other organs are targeted. 
Growth and differentiation of breasts are stimulated, in bones the overall effect is 
antiresorptive and in the liver the expression of proteins related to lipid metabolism 
and hemostasis are regulated [85]. A vast variety of functions of the nervous system 
are also infl uenced by estrogens, including but not limited to, learning, memory, 
mood and behavior, neurogenesis and neuronal protection [86] (see 1.4. for more on 
the effects of estrogens in relation to ischemic stroke). In addition to the estrogens, 
other compounds e.g. fl avones and isofl avones occurring in plants and fungi, have 
estrogenic and anti-estrogenic activity [75].

Estrogens act mainly through interaction with estrogen receptors (ERs), belonging to 
the superfamily of nuclear receptors. The fi rst evidence for the existence of nuclear 
receptors actually came from work with 17β-estradiol, when Jensen et al in 1961 
found that it forms a complex in the nucleus with a protein [87]. The second receptor 
was cloned by Swedish researchers at the Karolinska Institute in 1996 [88], and this 
was termed ERβ to distinguish it from the receptor identifi ed by Jensen, termed ERα. 
The two estrogen receptor genes are located on separate chromosomes: ESR1 encodes 
ERα, and ESR2 encodes ERβ. The expression of ERα and ERβ differs in some ways, 
but there is overlap. In some organs the levels are similar, in others one or the other 
subtype predominates. ERα expression is mainly in the uterus, prostate, ovary, testis, 
epididymis, bone, breast, liver, kidney, adipose tissue and various regions of the 
brain [86] whereas ERβ is predominantly expressed in the colon, prostate, testis, 
ovary, bone marrow, salivary gland, vascular endothelium, lung, bladder and some 
regions of the brain [86]. After diffusing through the cell membrane, the hormone 
binds to an ER, mostly nuclear but also found in the cytoplasm. Receptors dimerize to 
homo- and heterodimers and bind to estrogen responsive elements to modulate gene 
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transcription [79]. Ligands that act specifi cally on ERα (PPT and MPP) or ERβ (DPN 
and R,R-THC) are available for research purposes, but have not reached clinical use 
[75, 89]. In more recent years, it has also been found that estrogens can have non-
genomic rapid onset effects. These are mediated by second-messenger-linked ERα 
and ERβ localized on the cell membrane, or by a receptor that is genetically and 
structurally unrelated to ERs called G-protein coupled estrogen receptor 1 (GPER, 
formerly referred to as G-protein coupled receptor 30) [86]. However, much is still 
unknown regarding the role of these fast-acting receptors. 

1.4.2. Estrogens and cerebral ischemia
Premenopausal women have a lower risk of stroke than men of the same age, and the 
incidence of stroke in women increases after menopause, coincident with diminished 
circulating levels of estrogens [90]. On account of these facts, a common hypothesis 
among researchers has long been that female sex hormones, especially estrogens, 
provide protection against cerebrovascular events. Further, in animal models of 
cerebral ischemia, several studies in the 1990’s demonstrated neuroprotective effects 
of estrogens [91-93]. The idea of a benefi cial effect on the brain was also supported 
by epidemiological studies showing that estrogens given as postmenopausal HRT 
decreased the risk of stroke [94, 95]. However, the large Women’s Health Initiative 
(WHI) study [96] meant a major turning point in that it reported the opposite, 
increased risk of cardiovascular diseases including stroke with HRT, and prescription 
was dramatically reduced as a consequence [76]. Moreover, the unexpected results 
from WHI stimulated a heightened interest in the diverse effects of extrogens in 
various tissues throughout the body. To illustrate this, Gillies et al. measured the 
number of published studies into the estrogen actions in the brain alone and found an 
average of almost two publications a day [76]. 

Interestingly, discrepancies similar to those for the clinical situation exist also in the 
animal literature. As abovementioned, the earliest rodent studies on the effects of 
estrogens on ischemic stroke showed protective effects, and the vast majority of the 
later studies also corroborated this (e.g. [97-99]). However, there are also several 
examples of estrogen-stroke studies where detrimental effects of the hormone have 
been demonstrated [1, 100-102].   

Several suggestions have been put forth as to why the results differ, in animals and 
humans alike. Perhaps the theory that has received the most attention is referred to 
as the “timing hypothesis” (or the window of opportunity hypothesis). This theory 
states that estrogens must be administered shortly after menopause (or ovariectomy/
oophorectomy) to have benefi cial effects, and stems from the fact that the mean age 
in the WHI study was 63, approximately 10 years older than the age when most 
women enter menopause and thus usually are treated for perimenopausal symptoms. 
However, further analyzed data from the WHI provide little support for the hypothesis 
of favorable effects among women who initiate HRT soon after menopause [103]. 
There are also some animal data in favor of this hypothesis, showing that animals 
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who have experienced a period hypoestrogenicity do not have the same protective 
effects of estrogen treatment [104]. An idea related to the timing hypothesis is that 
high age is the critical factor rendering estrogens toxic instead of benefi cial [71, 
105]. The majority of the animal studies have used young adult rodents whereas 
the clinical trials naturally included older menopausal women. Other hypotheses 
aiming to explain the differences in animal studies concern e.g. strains [106] and 
the presence of comorbidity [107]. Although very briefl y, estrogen dose (one of the 
issues addressed in the current thesis) has also been discussed by researchers outside 
our group [71, 101]. 

Our hypothesis that estrogens’ effects on ischemic are dose-dependent originates from 
the rat study showing increased damage after estrogen treatment that was performed 
in our lab [1]. When the administration method (slow-release pellets) used in that 
study was investigated, it was found that very high concentrations were produced 
[108-110]. In fact, when the estrogen-stroke study was repeated, only with a different 
administration method (silastic capsules), protection was seen [31]. These silastic 
capsules were in the abovementioned administration studies shown to produce lower 
and more stable hormone concentrations than the slow-release pellets. Further, in a 
systematic analysis of all studies on the effects of estrogens on cerebral ischemia in 
rats it was found that the slow-release pellets had been used in all studies showing 
detrimental effects [73]. 

Regarding the mechanisms, numerous explanations have been proposed. Most of 
them are focusing on protection but there are also some possible harmful pathways. 
As explained in 1.1., oxidative stress plays an important role in the ischemic cascade 
when the cells’ own defense systems are insuffi cient to cope with the massive 
production of reactive oxygen species. This is one of the pathways that estrogens have 
been shown to interact with, both positively and negatively. For example, through 
radical scavenging [111] and reducing lipid peroxidation [112], the neuronal damage 
is attenuated. Conversely, estrogens have also been demonstrated to exert pro-oxidant 
actions and thereby possibly augment ischemic damage [113]. Infl ammation is a 
component of many brain pathologies, including stroke, and this is another pathway 
where paradoxical effects of estrogens have been observed. Predominantely, the 
effects seem to be anti-infl ammatory e.g. by reducing pro-infl ammatory cytokine 
synthesis [114] and leukocyte adhesion [115], but signs of increased infl ammation 
exist in certain situations [116]. Examples of other reported protective mechanisms 
are anti-apoptosis [117], growth-factor regulation [118] and enhanced neurogenesis 
in the subventricular zone [119]. Other possible detrimental mechanisms that have 
been discussed are increased excitotoxicity [120, 121] and infl uence of animal weight 
[101, 122]. The rationale behind the possible relation between weight and damage 
severity is the so called “obesity paradox” which states that although obesity might 
increase the risk of stroke, patients with mild obesity actually seem to have a better 
outcome [123]. Theoretically, weight loss in rats treated with estrogens in high doses 
could therefore counteract possible protective effects and the resulting outcome be 



1. Background

24

increased damage.

Both ERα and ERβ are expressed in the brain, as mentioned in section 1.4.1., 
and it is not clear which receptor mediates the effects of estrogens in relation to 
cerebral ischemia. Most animal studies suggest that ERα is the critical subtype for 
neuroprotection [121, 124, 125] but others claim that ERβ is important as well [126, 
127].  

1.4.3. The concept of hormesis
One of the hypotheses of this thesis is that estrogens can be both neuroprotective 
and neurodamaging depending on treatment dose. The phenomenon behind this 
hypothesis, that a substance might exert dose-dependent, diametrically different 
effects, is refl ected in the concept of hormesis (Greek for “rapid motion”, “eagerness”). 
The term hormesis was originally used in 1943 by Southam and Ehrlich, in an article 
describing that high concentrations of an anti-fungal agent decreased fungus growth, 
while low doses actually stimulated it [128]. However, the basic idea has been around 
for much longer and some aspects of it are covered by the old well-known Paracelsus 
quote “All things are poison and nothing is without poison; only the dose makes 
a thing not a poison”. Several other terms for similar phenomena have been used, 
e.g. “biphasic”, “bidirectional”, “U-shaped” and “inverted U-shaped” dose response 
curves, and the exact defi nition of hormesis has been debated [129, 130]. Perhaps the 
most infl uential and passionate advocate of the concept is the American toxicologist 
Edward Calabrese, who claims that hormesis is the fundamental dose-response model 
[131].  

In section 1.4.1. it was described that estrogens can act in a variety of ways: via two 
different nuclear receptors affecting gene expression as well as through interaction 
with receptors on the cell membrane mediating more rapid actions. Considering this, 
it is not unexpected that estrogens could act in a hormetic fashion, with different 
pathways predominating at different concentrations. There are indeed several 
examples of estrogenic hormesis, e.g. regarding bone development, plasminogen 
activator regulation, and growth of cultured tumor cells [132].
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2. Hypothesis
Two main hypotheses are investigated in this thesis. Firstly, that discrepant fi ndings 
regarding estrogens’ effects on cerebral ischemia might be explained by differences in 
methodology, especially mode of 17β-estradiol administration resulting in different 
serum concentrations. Secondly, that certain methodological choices in experimental 
stroke studies will affect outcome variability and mortality.   
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3. Aims
- To evaluate the commonly used subcutaneous methods for long-term 

17β-estradiol administration to mice, and to develop and characterize a novel 
peroral method. 

- To investigate the impact of different methodological parameters on the effect of 
17β-estradiol in rat stroke models. 

- To analyze how methodological choices in rodent stroke studies affect outcome 
variability and mortality.

- To test the effects of different doses of 17β-estradiol on focal cerebral ischemia 
in rats.  



4. Material and Methods

27

4. Material and Methods

4.1. Overview of study designs
For a simplifi ed overview of the studies included in the thesis, please also see Figure 
3. 

The objective of Paper I was to compare 17β-estradiol concentrations achieved 
by two commonly used methods for long-term 17β-estradiol administration to 
ovariectomized female mice (subcutaneous silastic capsules and slow-release pellets) 
during fi ve weeks. We also characterized, both in short- and long-term perspective, 
a novel peroral method with 17β-estradiol administered in the hazelnut/chocolate 
spread Nutella®. In addition, the effect of a two-week washout period before hormone 
administration was evaluated. 

Papers II and V aimed to investigate the impact of method parameters on mortality and 
infarct size variability in experimental stroke studies on rats and mice, respectively. 
Data were extracted from previously published articles and meta-analyzed using 
multiple linear regression. 

Also in Paper III a meta-analytical approach with multiple linear regression was 
employed to study the role of method parameters in previously published rat stroke 
studies. However, in this paper the goal was to investigate how these factors affected 
the impact of estrogens on infarct size. 

In Paper IV, the effects of high and low 17β-estradiol doses on focal cerebral ischemia 
in rats were tested. Ovariectomized rats were administered hormone via subcutaneous 
silastic capsules for two weeks before subjected to 30 minutes of middle cerebral 
artery occlusion using the intraluminal fi lament method. Blood samples were obtained 
on days 2, 7 and 14 to measure concentrations of 17β-estradiol. Another group of rats 
were administered high-dose 17β-estradiol slow-release pellets and blood sampled 
to enable comparison of obtained 17β-estradiol levels between the capsules and the 
pellets.



4. Material and Methods

28

Day

Tape test 
 Middle cerebral 

Blood sampling 

Blood sampling 

Pellet:
1.5 mg

Ovariectomy

Capsule:
vehicle, 
low-dose
or high-dose

Ovariectomy

artery occlusion

0 2 7 14 15

Day -14 0 2 7 14 21 28 35

Blood sampling 

Ovariectomy

Nutella:
served once 
per day

Capsule:
with/without 
washout

Pellet:
0.18 and 
0.72 mg

Estradiol RIA

Estradiol ELISA and
infarct measurement

Identification of 
method parameters

Article inclusion

Extraction of information Meta-analysis

I.

II,
III,
V.

IV.

Figure 3. Overview of study designs for the papers included in the thesis. 
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4.2. Experimental studies (Papers I and IV)
4.2.1. Animals
Rodents are often used in animal models of ischemic stroke. Rats have been the most 
popular choice but the available transgenic opportunities with mice have increased 
their popularity.  Both rats and mice are relatively small, easily handled and have a 
short generation time. The mouse strain in Paper I, C57BL6, is the most widely used 
inbred strain (https://www.jax.org/strain/000664, accessed 2015-10-05) and was 
therefore considered suitable for a study with the goal of establishing a protocol for 
other researchers to adopt in their experiments. For Paper IV outbred albino Wistar 
rats were used, and this strain is very common in rat stroke experiments (second 
only to Sprague Dawley among the 304 studies included in Paper II [133]). We have 
previously worked with Sprague Dawley rats (another outbred albino strain) in our lab 
but switched to Wistar in an effort to try to reduce infarct size variability [133, 134]. 
Both Papers I and IV have a bearing on the clinical issue of hormone replacement 
therapy for menopausal women, why female animal models were considered more 
relevant.  

For the studies including original animal experiments (Papers I and IV), all procedures 
were conducted in accordance with the National Committee for Animal Research 
in Sweden and Principles of Laboratory Animal Care (NIH publication no. 86-23, 
revised 1985). The protocols were approved by the Local Ethics Committee for 
Animal Care and Use at Linkoping University. In total, 319 animals were used in 
Papers I and IV; 189 C57BL6 mice in Paper I and 130 Wistar rats in Paper IV. For 
Papers II, III and V no new animals were used; all data were obtained from previous 
experiments conducted in other labs (10701 animals in total; 4531 rats in Paper II, 
1979 rats in Paper III and 4191 mice in paper V).  

4.2.2. Ovariectomy and 17β-estradiol administration
In estrogen research using rodents, it is common practice to ablate the main source 
of estrogens by ovariectomy and subsequently administer exogenous 17β-estradiol. 
The goal of this procedure is to achieve stable physiological or pharmacological 
17β-estradiol concentrations without the cyclicity. Several different methods have 
been described but consensus is lacking regarding the optimal procedure. Preferably, 
an administration method should be cheap, convenient and standardized. Further, since 
the pharmacokinetics differ between continuous and intermittent administration and 
between different routes e.g. oral and subcutaneous, similarity to the corresponding 
clinical situation should also be considered.   

4.2.2.1. Ovariectomy
On the rats and mice in Paper I (except native controls) and Paper IV, ovariectomies 
were performed via the dorsal route. The anesthetized animal was put in prone 
position, and a 1.5/3 (mouse/rat) cm dorsal midline insicion was made cephally, 
starting from the level of the iliac crest. The skin was bluntly dissected from the 
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underlying fascia, after which the fascia was incised, creating two 0.5/1 cm long 
apertures on each side of the spine, 0.5/1 cm from the midline. Subsequently, the 
abdominal cavity was reached via careful blunt dissection under the fascia, revealing 
the adipose tissue in which the ovary was embedded. The ovary was gently pulled 
out, ligated and cut, and the stump was put back into the abdominal cavity. The 
same procedure was performed for the contralateral fascia aperture. Finally the fascia 
incisions and skin wound were closed by 4-0 vicryl sutures.

4.2.2.2. Slow-release pellets
The slow-release pellets (3 mm in diameter) used in Paper I were produced by the 
company Innovative Research of America (IRA, Sarasota, FL 34236, USA), and 
contained the active product 17β-estradiol fused with a matrix (cholesterol, cellulose, 
lactose, phosphates and stearates; http://www.innovrsrch.com/faq.asp#M2, accessed 
2015-10-09). This kind of pellet has been used in numerous in animal experiments 
[135-138] and has the advantages that it is produced by only one company and 
therefore standardized, easy to use and only requires one-time handling of the 
animal. The manufacturer claims that the pellets release a constant, even amount 
of active product, and that the active product begins releasing immediately after 
implantation. The pellets are administered by implanting them in the subcutis. For 
this, the anesthetized animal is put in prone position and a 0.5/1 cm (mouse/rat) 
incision is made in the loose skin of the mouse’s/rat’s neck. After a pocket has been 
bluntly dissected caudolaterally, the pellet is gently installed using tweezers and the 
incision is closed.

Three different types of IRA pellets were used for this thesis, two in Paper I and one 
in Paper IV. The pellets in Paper I were 0.18 mg/60-day release and 0.72 mg/90-
day release (SE-121 and NE-121; designed to release 3 μg and 8 μg each day, 
respectively). These doses were chosen since they are frequently used and have been 
claimed to establish physiological concentrations of 17β-estradiol in mice [136, 137, 
139-141]. Also, they differed both in dose and release time and would therefore more 
broadly demonstrate the performance of the slow-release pellet system. In Paper IV, 
a 1.5 mg/90-day release pellet (E-121, designed to release 16.7 μg each day) was 
used. That pellet increased ischemic damage in a previous study in our lab [1] and 
was used in Paper IV to enable comparison with high-dose silastic capsules designed 
to produce similar 17β-estradiol.

4.2.2.3. Silastic capsules
Silastic capsules for hormone administration are well-used, both for rats [142, 143] 
and mice [144, 145], and they have several benefi ts. Like the slow-release pellets, 
they only require one-time handling of the animal. In addition, the capsules are cheap. 
Since they are home-made, the possible alternatives are countless (e.g. regarding 
length and width, sealing and hormone concentration) which makes them easy to 
modify and adapt to the specifi c needs of a study but also demand that the detailed 
capsule design is described in articles.  
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The capsules used in Papers I and IV were assembled based on the description by 
Dubal et al. [97], in the same way as those used in previous rat studies from our lab 
[31, 109, 110]. In paper IV, 30 mm segments of silastic tubing (inner/outer diameter: 
1.575/3.175 mm, Dow Corning, VWR International, Buffalo Grove, IL, USA) were 
fi lled with 17β-estradiol (Sigma-Aldrich Sweden AB, CAS# 50-28-2, Stockholm, 
Sweden) dissolved in sesame oil (Sigma-Aldrich Sweden AB, CAS#8008-74-0, 
Stockholm, Sweden) and capped with 5 mm pieces of wooden applicator sticks 
(birch, length 15 cm, diameter 2 mm, SelefaTrade AB, Spånga, Sweden). The 
capsules were placed in two subcutaneous pockets dissected caudally in the loose 
skin of the rat’s neck, one on each side. The vehicle group received two vehicle 
capsules (only sesame oil), the low-dose group received one vehicle capsule and one 
180 μg/mL capsule, and the high-dose group received two 50 000 μg/mL capsules. 
The doses were chosen based on earlier results from our lab; the lower dose has 
previously been neuroprotective [31] whereas the high-dose regimen has been shown 
to produce levels of 17β-estradiol higher than or equivalent to the neurotoxic slow-
release pellets (unpublished pilot study and [1]). Since mice were used in Paper I, 
the size of the capsules was adjusted. Tubing segments of 20 mm and 3 mm wooden 
caps were used, providing a 14 mm column of vehicle/hormone solution. The mice 
received one capsule each, fi lled with 17β-estradiol dissolved in sesame oil (36 μg 
17β-estradiol/mL; dose based on an unpublished pilot study). The capsules were 
stored in the same solution as inside the capsules (overnight in Paper I and for 1-4 
hours in Paper IV). The capsules were carefully wiped before inserted. Similarly to 
the pellet implantation procedure, the capsules were placed in subcutaneous pockets 
dissected caudally in the loose skin of the neck of the animals. 

4.2.2.4. Peroral administration
Since estrogens are usually administered per os to humans, an animal model where 
the hormone is delivered by this route would, for pharmacokinetic reasons, be an 
attractive option in studies aiming to mimic the clinical situation. We therefore 
decided to include a peroral administration method in Paper I, with 17β-estradiol was 
delivered in the hazelnut/chocolate spread Nutella® (Nutella; Ferrero Scandinavia 
AB, Malmö, Sweden). Nutella as a medium for peroral administration to mice has 
previously been used to administer buprenorphine [146], but its use with 17β-estradiol 
had not been reported. During administration, the mice were kept one in each cage 
and were served 60 mg Nutella, containing 1.12 μg 17β-estradiol (dose based on an 
unpublished pilot study), on ceramic tiles (5x5 cm) between 8 a.m. and 12 a.m. daily. 
The 17β-estradiol was dissolved in sesame oil before being added to the Nutella 
cream, so that each 60 mg portion contained 0.312 μL of sesame oil. The animals 
were familiarized by being given 60 mg Nutella without the 17β-estradiol once a day 
for four days prior to day 0. Once fully habituated to the Nutella mixture, all animals 
consumed the entire portion within two minutes.
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4.2.3. Blood sampling
Blood samples were obtained for hormone analyses in Papers I and IV. In Paper 
I, blood was collected from the mice by submandibular venipuncture using a 
lancet (Golden Rod Animal Lancet, point length 4 mm; MEDIpoint, Inc., Mineola, 
NY, USA) into serum tubes (Vacuette® Serum Tubes; Hettich Labinstrument AB, 
Sollentuna, Sweden) except on the day of sacrifi ce, when cardiac puncture was used. 
Venipuncture of the hindleg was used for blood sampling in Paper IV. The rat was 
anesthetized and put in prone position, the leg was shaved and an elastic band was tied 
around the extremity as a tourniquet in order to visualize the saphenous vein. Blood 
was drawn using a 1 mL syringe (BD Plastipak®, Becton Dickinson SA, Madrid, 
Spain) fi tted with a 23 gauge needle (Sterican®, Braun Medical AG, Emmenbrücke, 
Switzerland) and put in a serum tube. Trunk blood was collected at decapitation into 
10 mL laboratory plastic tubes. All blood samples were centrifuged and stored in 
-20°C until analysis. 

4.2.4. Middle cerebral artery occlusion
There are many ways to obstruct the blood fl ow to the MCA and consequently induce 
focal cerebral ischemia (1.2.). The intraluminal fi lament method is the most common 
and was used in Paper IV. Left-sided, 30 minute transient MCA occlusion (MCAo) 
was performed based on the descriptions by Koizumi [26] and Longa [27]. A 2 cm 
cervical midline incision was made and the common (CCA), internal (ICA), and 
external (ECA) carotid arteries were freed from surrounding tissue. After ligation of 
the CCA and the ECA, the ICA was temporarily clipped (8 mm artery clip, Rebstock 
Instruments Gmbh, Dürbheim, Germany). Thereafter, a 30 mm silicone coated 4-0 
nylon suture (403756, Doccol, Redlands, CA, USA) was inserted in the CCA and 
advanced up the ICA approximately 18-20 mm. After 30 minutes of occlusion (rat 
kept anesthetized), the fi lament was withdrawn and the ICA was permanently ligated. 
Postoperatively, the rats were allowed to recover in a heated cage (30°C) for 15 
minutes and to facilitate eating, water-soaked food pellets were provided in a petri 
dish on the cage fl oor. Before MCAo, 5 mL saline was given as fl uid replenishment.

4.2.5. Anesthetics, analgesics and surveillance
It is important to minimize the animals’ suffering during and after surgical procedures. 
This is mainly motivated by ethical reasons, but the resulting stress might also have 
scientifi c implications by altering behavior [147]. 

4.2.5.1. Anesthesia and analgesics
During ovariectomy, hormone administration, venipuncture, and MCAo, the animals 
were anesthetized with isofl urane (1.4-1.5% maintenance/4.2-4.5% induction; 
Forene® inhal-v 250 mL; Abbot Laboratories, Abbot Park, IL, USA) in an oxygen/
nitrous oxide mixture (30%/70%). For all procedures with anesthetized animals, 
ophthalmic ointment (Lubrithal® 15 g, Leo Laboratories Ltd., Dublin, Ireland) was 
provided for eye protection. Three different substances were used for pain relief: the 
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non-steroidal anti-infl ammatory drug carpofen, the amide local anesthetic bupivacaine 
and paracetamol (acetaminophen). In Paper I, the animals were injected 5 mg/kg body 
weight carpofen (Rimadyl®, 50 mg/mL; Pfi zer, Dundee, Scotland) dissolved in saline 
subcutaneously in the neck during ovariectomy. In Paper IV, carpofen 5 mg/kg body 
weight subcutaneously was used for ovariectomy pain relief. Before MCAo, animals 
were administered 1.25 mg/kg bodyweight bupivacaine (Marcain®, AstraZeneca, 
Södertälje, Sweden) subcutaneously, in addition to fl avored paracetamol (Paracetamol 
Apofri, Apofri AB, Danderyd, Sweden) provided at a concentration of 1 mg/mL in 
the drinking water two days before MCAo for habituation and until sacrifi ce.

4.2.5.2. Physiological parameters
In both Papers I and IV, animal body temperature was maintained at 37°C with a 
heating pad coupled to a rectal thermometer feedback system. Further, in Paper IV, 
oxygen saturation, respiratory rate, and heart rate were recorded by pulse oximetry 
(SLS-MO-00404, MouseOx, Allison Park, PA, USA). 

4.2.5.3. Laser Doppler fl owmetry
Laser Doppler fl owmetry (LDF; moorVMS-LDF, Moor Instruments, Axminster, 
Devon, UK) of left hemisphere perfusion was used to confi rm correct fi lament 
placement based on the technique described by Farr and Trueman [148]. The area 
between the eye and the ear was shaved and cleaned with Iodopax and an approximately 
1 cm ventral/dorsal incision was made. Avoiding tearing or cutting of nerves, the 
connective tissue was dissected and, using a pink needle (1.20 mm/18 G diameter), 
a small hole was made in the temporal muscle. The LDF probe was subsequently 
poked through the hole and placed against the skull. Finally, while pressing the LDF 
probe to the skull, the rat was carefully inverted to supine position and the probe was 
secured with adhesive tape. 

4.2.6. Outcome measures
4.2.6.1. 17β-estradiol measurement with radioimmunoassay 
Analyses of 17β-estradiol in rodent blood samples are frequently performed using 
radioimmunoassay (RIA) since this method is sensitive enough to detect the often 
very low serum levels [149]. After preincubation of the samples with antiserum, 
radioactively labeled substance is added that competes for anibody sites with the 
substance in the samples. A precipitating solution is then added that will bind up the 
antibodies which in turn are bound to either the substance in the samples or labeled 
substance. Since the same amount of labeled substance is added to each tube, it is 
the concentration of substance in the samples that will determine how much of the 
antiserum will bind to the labeled or unlabeled substance, respectively. The samples 
are centrifuged and the supernatant is decanted, leaving only the molecules, labeled or 
unlabeled, that were bound up by antiserum and hence also the precipitating solution, 
in the pellet. Radioactivity in the pellet is measured using a gamma counter. High 
radioactivity corresponds to low level of substance in the sample since, in that case, 
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much of the labeled substance has been bound up by antiserum in the competition 
and thus remains in the pellet. Radioactivity in the sample tubes is compared with 
a standard curve produced in the same analysis using known concentrations of the 
substance. 

The serum samples in Paper I were analyzed with an I125 radioimmunoassay 
kit (17β-estradiol double antibody, KE2D; Siemens Healthcare Diagnostics 
Inc., Tarrytown, NY, USA) and measured for 1000 s in a gamma counter (2470 
WIZARD2 Automatic Gamma Counter; PerkinElmer, Waltham, MA, USA). 
According to the manufacturer, this method has a lowest detectable concentration 
of 1.4 pg/mL and intra- and interassay coeffi cients of variation of 4–14 % and 
3.5–5.5 %, respectively, depending on the concentration. All kits used were of the 
same LOT number and the reagents were pooled to avoid inter-assay variation. The 
standard curve and all samples (25 μL/tube) were analyzed in triplicate and duplicate, 
respectively. 

4.2.6.2. 17β-estradiol measurement with enzyme-linked immunosorbent assay
Enzyme-linked immunosorbent assay (ELISA) was used in Paper IV instead of the 
RIA kit that we used in previous studies from our lab, including Paper I. The reason 
for changing method was that the RIA kit was discontinued by the manufacturer. An 
ELISA kit with suitable range (3-300 pg/mL) that had previously performed best 
overall compared to several other immunoassay kits [150] was chosen. ELISA is 
based on the principle of competitive binding between the substance of interest in the 
samples and enzyme-conjugated substance for a constant amount of anti-substance 
polyclonal antibody attached to the wells. Enzyme-conjugated substance bound to the 
well decreases as the concentration of the substance in the sample increases. After the 
wells are washed, a reagent is added resulting in a color development. The intensity 
of the color is determined by the amount of bound enzyme-conjugated substance 
remaining in the wells. The color development is stopped with the addition of stop 
solution, and the absorbance is measured spectrophotometrically. Absorbance in the 
wells is compared with a standard curve produced in the same analysis using known 
concentrations of the substance. 

Serum samples in Paper IV were analyzed in duplicate using a commercial ELISA 
kit (Mouse/Rat Estradiol ELISA kit, Calbiotech, Spring Valley, CA, USA). Samples 
expected to have concentrations above the range of the kit were diluted 1:16 according 
to recommendation from the kit manufacturer (phosphate-buffered saline with 1% 
bovine serum albumin; Sigma-Aldrich Sweden AB, CAS#9048-46-8, Stockholm, 
Sweden).

4.2.6.3. Uterine weight
Uterine weight is a frequently used bioassay for estrogenic effects [141, 144, 151, 
152] and this outcome was used in Paper I to assess the value of such an approach 
and investigate the correlation with serum 17β-estradiol concentrations. Immediately 
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after sacrifi ce, the uteri were removed through an abdominal midline incision and 
weighed. Since the remaining length of the uterine horns after ovariectomy differed 
between the animals, the procedure was standardized by weighing only 0.5 centimeter 
of each uterine horn. 

4.2.6.4. Assessment of estrous cycle stage
Rodents, like humans, have a reproductive cycle during which the sex hormone levels 
fl uctuate. However, while the human menstrual cycle is approximately 28 days, 
the rodent equivalent (the estrous cycle) only lasts 3-6 days. In Paper I, 30 native 
(non-ovariectomized) controls were included to enable comparison of 17β-estradiol 
levels obtained by the different administration methods tested with those of normal 
cycling mice. To cover the whole range of 17β-estradiol concentrations occurring 
over the cycle, the native mice were sacrifi ced in the three main reproductive stages 
(proestrus, estrus, and diestrus) as determined by cytological evaluation [80]. With 
the animal restrained, the tip of a plastic pipette (fi lled with saline) was placed into 
the vagina. After fl ushing three to fi ve times, the fi nal fl ush was aspired, placed on a 
glass slide and assessed under light microscope. The proportion of three different cell 
types (epithelial cells, cornifi ed cells and leukocytes) in the vaginal smear revealed 
the cycle phase. 
 

4.2.6.5. Infarct size measurement
In Paper IV, infarct sizes were measured 24 h after middle cerebral artery occlusion 
with the commonly used 2,3,5-triphenyltetrazolium chloride (TTC) method. TTC 
was fi rst synthesized in 1894, originally to test viability of seeds and has been used 
for mammalian tissue since 1958 [153]. The transparent compound is reduced to red 
colored 1,3,5-triphenylformazan in living tissue by enzymes in viable mitochondria 
[154]. For brain slices after focal cerebral ischemia, this results in the infarct remaining 
white while the rest of the brain turns red. It is a cheap and convenient method, fresh 
slices are used and no microscopic evaluation is required. Under isofl urane anesthesia 
the rats were decapitated with a rodent guillotine, the brains were dissected out and 
cooled in ice water for 5 minutes and sliced in 2 mm slices using a rat brain matrix 
(RBM-4000, ASI Instrument Inc., USA). Subsequently, the slices were soaked in 2% 
2, 3, 5-triphenyltetrazolium hydrochloride solution (TTC; Sigma-Aldrich Sweden AB, 
CAS# 298-96-4, Stockholm, Sweden) at 37°C for 15 minutes and scanned (ScanJet 
2c, Hewlett-Packard, Palo Alto, CA, USA). Infarcts were measured in a similar way 
as described by Goldlust et al [155], with an automatic 40% green spectrum threshold 
(SigmaScan Pro 5, Systat Software Inc, San Jose, CA, USA). Edema correction was 
performed according to the following formula:

Corrected infarct volume, as part of one hemisphere = [crude infarct area 
x [contralateral hemisphere / ipsilateral hemisphere]] / contralateral 
hemisphere
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4.2.6.6. Modifi ed sticky tape test
In addition to directly evaluate the size of the infarct, different behavioral tests are 
often used in experimental stroke studies. Such combined outcome evaluation seems 
logical since the important issue for patients is obviously the function, rather than the 
appearance of the brain tissue.    

In Paper IV, the modifi ed sticky-tape test (MST) was performed similarly to the 
procedure that Sughrue et al. described [156]. This is a commonly used test for 
somatosensory dysfunction in rodents. A 30 mm segment of green autoclave tape 
was wrapped around the right forepaw (impaired side; contralateral to the ischemic 
hemisphere), leaving only the fi ngers protruding slightly from the sleeve. The rat was 
then placed in a transparent cage (36x19.5x18.5 cm) and during 30 seconds, time 
spent attempting to remove the tape sleeve either by biting or scratching with the left 
paw, was recorded. Two timers were used for this, one to count down the 30 seconds 
and one that was turned on only while the rat attended to the stimulus, i.e. tried to 
remove the tape. The intent was for the tape sleeve not to come off, but on the few 
occasions when the rat pulled so vigorously that it managed to remove it, the time 
attending to the stimulus was set to the maximum 30 seconds. The test was performed 
pre-MCAo and 24 hours post-MCAo and the average of two testing sessions per rat 
on each occasion was used.

4.2.7. Blinding
In Paper IV, one experimenter blinded to treatment performed all stroke surgeries 
and behavioral testing. Another experimenter performed ovariectomies, hormone 
administrations, blood samplings, sacrifi ces and infarct size analyses. Infarct size 
analyses were performed in a randomized and blinded fashion.

4.2.8. Statistics
Choosing appropriate statistical methods is pivotal for reliable science. However, 
this task can be complicated and requires a combination of adequate mathematical 
training and profound understanding of study design. 

In Paper I, 17β-estradiol concentrations and uterine weights of the experimental 
groups were compared to non-treated ovariectomized controls by Welch’s t-test (2005, 
Graphpad Software, Inc., CA, USA). All calculations were subsequently Bonferroni 
adjusted so that the risk of type I errors was 5% within each administration regimen. 
The same methods were used to compare animals with and without a washout period 
prior to hormone administration. Correlation between 17β-estradiol concentrations 
and uterine weights was calculated by Pearson’s test (2007; Microsoft Corporation, 
Redmond, WA, USA). Data were presented as mean±SEM throughout the article.

In Paper IV, a power calculation was performed prior to the study in an attempt to 
estimate adequate group sizes. With an increase in lesion size of 40% in the high 
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dose group, a CV% of 50 for infarct sizes and sample sizes of 40, the statistical 
power would be 0.84. In the main analyses, i.e. comparisons between the capsule 
groups regarding infarct size and performance in the modifi ed sticky-tape test, a non-
parametric “total outcome” Kruskal-Wallis model with Dunn’s post-hoc test was used. 
Rats that died after MCAo (included mortality) were included in the analysis and 
were assigned the worst possible outcome. As a complementary analysis, after it had 
been observed that the relation between dose and outcome seemed linear, Spearman 
correlation was performed. For 17β-estradiol concentrations, three Kruskal-Wallis 
tests with Dunn’s post hoc test were used to compare groups on days 2, 7 and 14. 
Non-parametric analysis was chosen because a few concentration outliers would 
have had too large impact in a parametric analysis. Mixed-design (split-plot) ANOVA 
(analysis of variance) was used to compare body weights over time between groups, 
with measuring day as within-subject factor and group as between-subject factor. 
Weights were normalized to each animal’s value pre-ovariectomy. P-values <0.05 
were considered statistically signifi cant. 

4.2.9. Exclusions and protocol violations
In Paper I, fi ve animals in Gr.P0.18 and one animal in Gr.P0.72 were excluded due 
to abscess formation around the pellet and all but one were replaced. One animal 
in Gr.Sil1 and 12 animals in Gr.Sil2 were excluded because the silastic capsule 
protruded through the skin, and nine of them were replaced. One animal in Gr.Po 
developed a wound on the back and was subsequently excluded and replaced. This 
resulted in a total of 11 missing blood samples. In addition, fi ve of the remaining 371 
serum samples were excluded as outliers (confi rmed by Dixon’s test).

In Paper IV, we strived to minimize exclusion of animals by also including post-
MCAo mortality in the non-parametric statistical analysis (assigned worst possible 
outcome, see Statistics). However, rats that died before the end of MCAo surgery 
(excluded mortality, seven animals) were excluded from the study in line with the 
exclusion criteria stated prior to the study. Further, one of the surviving rats did not 
contribute with infarct size due to technical problems during scanning of brain slices. 
Lastly, four samples had 17β-estradiol levels above the measurement range of the 
assay despite dilution, the concentrations in these cases were set to the upper limit of 
the measurement range.  

4.3. Meta-analytical studies (Papers II, III, and V)
4.3.1. Procedures of Papers II and V
Simplifi ed, the standard approach in the majority of the preclinical stroke studies 
consists of three steps: 1) focal cerebral ischemia is induced in rodents, 2) some 
kind of treatment is administered and 3) outcome, most often by measuring infarct 
sizes, is assessed. These basic steps are employed in hundreds of publications each 
year and in almost all studies a control/placebo/vehicle group is included. These 
controls groups were considered suitable for inter-study comparisons since they only 
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differed regarding methodology, not treatment. Similar methodology was used for 
data retrieval in Papers II and V. 

The basic outline for Papers II and V was pre-defi ned and consisted of the following 
steps:

1. Variables to be studied were chosen
2. Data about chosen variables were extracted from relevant articles
3. Variable categories were refi ned based on extraction results
4. Statistical analyses were performed on variables left after refi nement

4.3.1.1. Hypotheses
The hypotheses tested were stated a priori and differed somewhat between Papers II 
and V. In both analyses, separate analyses were performed for the outcomes infarct 
size variability and mortality rate. 

Hypotheses in Paper II:
1. Rat strain affects (A) infarct size variability and (B) mortality.
2. Type of focal ischemia procedure affects (A) infarct size variability and (B) 
mortality.
3. In studies using the intraluminal fi lament method, the type of fi lament affects (A) 
infarct size variability and (B) mortality.

Hypotheses in Paper V: 
1. Middle cerebral artery occlusion duration affects (A) infarct size variability and 
(B) mortality.
2. Type of focal cerebral ischemia procedure affects (A) infarct size variability and 
(B) mortality.
3. Mouse strain affects (A) infarct size variability and (B) mortality. 
4. In studies using the intraluminal fi lament method, the type of occluding fi lament 
affects (A) infarct size variability and (B) mortality. 

4.3.1.2. Article inclusion
Relevant articles were identifi ed in the Medline database via PubMed using defi ned 
search strings:

- (mcao or “middle cerebral artery occlusion” or “MCA occlusion” or 
“stroke” or “cerebral ischemia” or “brain ischemia”) and (rat or rats) in 
Paper II resulting in more than 19,000 hits.

- (mcao or “middle cerebral artery occlusion” or “MCA occlusion” or 
“stroke” or “cerebral ischemia” or “brain ischemia”) and (mouse or mice) 
in Paper V, resulting in more than 6,000 hits. 
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The articles were consecutively assessed for inclusion, in order of PubMed identifi er 
and assessed for inclusion based on the following criteria:

A. Article written in English
B. Original research article
C. Experiments performed using living animals
D. Animals infl icted one single focal cerebral ischemic lesion
E. Infarct sizes measured and results presented
F. Inclusion of a control group, untreated except for vehicle/placebo treatment
G. Experiment adequately described

In Paper II, 346 articles describing 502 control groups were included while 1084 
articles were excluded. In Paper V, a total of 500 control groups from 334 articles 
were included and 1784 articles were excluded. However, not all  control groups 
could be included in all analyses. 

4.3.1.3. Data exctraction and processing
Control group data were extracted from all included articles. If an article described 
more than one control group, differing in any methodological aspect, these were 
included separately and analyzed independently. The principle “if it was not described, 
it was not performed” was adhered to throughout the process. The goal was to gather 
as much relevant data as possible in order to build a good statistical model, and we 
strived to include all extractable parameters that presumably could affect the two 
outcomes mortality and infarct size variability. 

To avoid small categories being attributed statistically unsubstantiated explanatory 
value, categories represented by less than 5 control groups were pooled in an Other 
category for that specifi c variable. Other reductions in number of categories were 
also performed to create meaningful classifi cations. For example in Paper II, different 
ways of directly occluding the middle cerebral artery using either a vascular clip or 
ligation were put together in a Type of focal cerebral artery occlusion procedure 
category called Direct, mechanical. 

4.3.2. Procedures of Paper III
Paper III was a sequel to a previous systematic analysis [73] performed in our lab 
in which the same question was investigated, namely the effect of administration 
method and estrogen treatment dose on ischemic stroke in rat studies. The statistical 
shortcomings of the previous systematic analysis, the continuing debate on the matter 
and the publication of several additional original studies encouraged us to perform 
this updated and improved study. 

In its design, Paper III has some resemblance to Papers II and V described above. 
However, the outcome studied was estrogens’ impact on stroke rather than infarct 
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size variability and mortality rate. Nevertheless, the same basic steps applied: 

1. Variables to be studied were chosen
2. Data about chosen variables were extracted from relevant articles
3. Variable categories were refi ned based on extraction results
4. Statistical analyses were performed on variables left after refi nement

4.3.2.1. Hypotheses
Three hypotheses were stated a priori: (A) estrogen administration mode, (B) the age 
of the experimental animals. and (C) the length of hypoestrogenicity affect estrogens’ 
impact on stroke. 

4.3.2.2. Article inclusion
To defi ne articles for the meta-analysis, Medline was searched with the search string 
(stroke OR “cerebral ischemia” or ”brain infarction” or ”cerebral infarction” or 
”brain ischemia” or mcao or ”middle cerebral artery occlusion”) AND (estrogen 
OR estradiol OR estrogens) and (rat OR rats). The articles retrieved by the search 
together with the articles included in the previously mentioned systematic analysis, 
in total 333 papers, were independently assessed for inclusion by two researchers. A 
specifi c study was included if all the following criteria were met:

A. Article written in English
B. Original research article
C. The experiment was performed in adolescent, adult or elderly rats
D. The rats were males or ovariectomized and/or reproductively senescent females
E. Each estrogen treatment group had a corresponding control group, and no factor 
except the estrogen administration per se differed between the groups
F. No other treatments were administered in parallel to the estrogen regimen
G. One single focal cerebral ischemic lesion was induced in the animals
H. The estrogens were administered prior to or at the time of MCAo
I. Infarct sizes were assessed and results presented

Consensus was reached to include 61 studies, of which 45 were included in the 
previous systematic analysis. Several articles included more than one pair of an 
estrogen-treated group and a corresponding control group, differing in for example 
euthanasia time point. All these group pairs were separately included and assessed 
independently of each other. In the 61 studies, 124 pairs of estrogen-treated groups 
and control groups were identifi ed.

It was initially the intention to expand the meta-analysis by setting up parallel models 
for studies in mice. However, the search line (stroke OR “cerebral ischemia” or 
”brain infarction” or ”cerebral infarction” or ”brain ischemia” or mcao or ”middle 
cerebral artery occlusion”) AND (estrogen OR estradiol OR estrogens) and (mice 
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or mouse) only identifi ed 22 articles eligible for inclusion, with too few group pairs 
to substantiate the planned multiple regression analysis. Further, in only one single 
group pair, after isofl urane-preconditioning, estrogens were found to increase damage 
from focal cerebral ischemia. Therefore, it was decided to let rat studies be the sole 
focus of this article.  

4.3.2.3. Data extraction and processing
Method variables were chosen with the aim to encompass all methodological aspects 
that theoretically could infl uence estrogens’ effects on ischemia. When extracting 
the method data, the principle “If it was not described, it was not performed” was 
adhered to. When possible, categories represented by less than 5 group pairs were 
in the analysis clumped up in an Others category. Further, some other reductions in 
number of categories were performed to create meaningful classifi cations.  

The three variables Slow-release pellets: estrogen dose/pellet, Injections: daily 
estrogen dose and Silastic capsules: estrogen dose/silastic capsule, were not included 
in the main multiple regression model, since each of these variables was only relevant 
for a limited number of group pairs. These categories were instead used in subsequent 
simple linear regression models.

The outcome variable Infarct size ratio between estrogen treated and control rats 
(“EC-ratio”) was calculated by simply dividing the mean infarct volume in the 
estrogen treated group by the mean infarct volume in the control group, and then 
multiplying by 100 to yield a percentage. Hence, a percentage above 100% means that 
the estrogen group on average suffered from larger (nominally; whether signifi cant 
or not) infarctions than the control group, while numbers below 100% indicates the 
opposite. For example, a group pair in which estrogen treatment halved the infarct 
size would obtain an EC-ratio of 50%. 

4.3.3. Statistics
In multiple linear regression (Papers II, III, and V) several decisions regarding 
method for building the model have to be made (e.g. limit for excluding variables 
and order of variable insertion in the model), and these will affect the results and have 
to be taken into account when drawing conclusions. Multiple linear regression is an 
extension of classic simple linear regression with one predictor and one outcome 
variable; still only one outcome variable is studied, but now several predictors are 
incorporated into the model. 

Papers II and V were very similar from a statistical point of view and are therefore 
described together. However, minor differences are pointed out when relevant. 

To perform proper a priori power calculations for such large multiple regression 
models is a very complex task. Instead, for Paper II, a saturation principle was adopted 
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to determine a suffi cient number of control groups to be included. After information 
from 300 control groups had been extracted, an interim analysis was performed, and 
then re-performed every 40-50 new control groups included. When the results had 
stabilized (no changes in overall trends, and only minor changes in p-values), no more 
articles were included. 502 control groups from 346 articles were fi nally included in 
the study while 1084 articles were excluded. The number of control groups to be 
included in Paper V was then based on the previous similar meta-analyses (Paper II). 
In addition, interim saturation analyses were performed after 400 and 450 included 
control groups to check when the results had stabilized, i.e. no changes in overall 
trends occurred. In total, 500 control groups from 334 articles were included and 
1784 articles were excluded. 

Since large multiple regression models may suggest a wide range of unexpected 
associations between variables, a limited set of predefi ned hypotheses were established 
for Papers II and V to lower the risk of fi nding falsely signifi cant results due to 
multiple comparisons (type I errors). Findings not related to these were interpreted 
with caution and considered merely hypothesis-generating. Due to the risk of type II 
errors, corrections for multiple comparisons were not performed.

All categories were dummy-converted before analysis. For binomial variables, lack 
of a specifi c methodological factor was considered the reference category, whereas 
the most common category was chosen as baseline for variables with more than two 
categories. The data were analyzed using weighted multiple linear regression in 
two steps. First, a backward exclusion procedure identifi ed factors that contributed 
signifi cantly to the model and removed the rest. Subsequently, an enter model was 
performed, in which signifi cant factors identifi ed were manually complemented by 
lacking dummy variables that were excluded in the previous step. Weighting of cases 
was performed according to the number of animals in each control group; hence, 
a study including 10 animals in the control group was given less impact than a 
study including 20 animals. Four regression models were set up in Paper II (one for 
hypotheses 1A and 2A, one for hypotheses 1B and 2B, one for hypothesis 3A and one 
for hypothesis 3B) and four in Paper V (one for hypotheses 1A, 2A, and 3A; one for 
hypotheses 1B, 2B, and 3B; one for hypothesis 4A and one for hypothesis 4B). These 
tested the combined effects of all factors on the two separate outcome measures, 
Infarct size coeffi cient of variation or Mortality, and when investigating one of the 
specifi c hypotheses, the model controlled for the other predictor variables. The models 
passed residual checks and multicollinearity tests. All statistical calculations were 
performed in SPSS (Version 23, IBM Corporation, Armonk, NY, USA). P-values 
<0.05 were considered signifi cant. Regarding results from the meta-analysis, 95% 
confi dence interval were provided, otherwise data were presented as mean±standard 
deviation. 

The multiple linear regression approach of Paper III had many similarities with that 
of Papers II and V. Data regarding methodological factors, extracted from previously 
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published articles, were the predictor variables. However, the outcome variable was 
estrogens’ impact on stroke, or more specifi cally Infarct size ratio between estrogen 
treated and control rats (“EC-ratio”, described above). Further, Number of rats in 
estrogen treated and control groups attributed each group pair (estrogen-treated 
group and control group) a weight in the analysis, and all other extracted variables 
(except the excluded ones, and the administration mode-specifi c dose variables) 
were considered independent factors. All category variables were dummy-converted 
before analysis and the main multiple regression analysis consisted of two steps, 
a backward exclusion (p-value set to 0.10 for exclusion) and an enter procedure. 
The enter procedure included the signifi cantly affecting variables from the backward 
model, together with lacking dummy variables so that all categories within a certain 
variable were included. Also, group pairs in which slow-release pellets, injections and 
silastic capsules had been used, respectively, were separately analyzed for association 
between dosage and EC-ratio. Even if three further large multiple models, as the 
main model described above, would theoretically have been preferable to control for 
confounders, the number of groups pairs pertaining to any of the three administration 
mode categories was too low (in the range of 30-50) to sustain an adequate statistical 
power. Instead, the relation between dosage and EC-ratio was analyzed with simple 
linear regression models. 

All statistical calculations were performed in SPSS (Version 20, IBM Corporation, 
Armonk, NY, USA). P-values <0.05 were considered statistically signifi cant.

4.3.4. Exclusions and protocol violations
In Papers II, III, and V, variables intended to be included but were reported in too 
few articles had to be omitted from the analyses. In Paper II, in an effort to fi ll the 
gaps, the authors of articles lacking certain information were contacted via e-mail 
with a gentle request to provide this information. Further, in the silastic capsule 
subanalysis of Paper III, the three group pairs that received silastic capsules containing 
crystallized 17β-estradiol were excluded due to diffi culty in translating to dissolved 
concentrations.
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5. Results and Discussion

5.1. Differences between administration methods (Paper I)
The unexpected fi ndings of the 2005 study by Theodorsson and Theodorsson [1], 
that 17β-estradiol increased ischemic lesions in that rat model of focal cerebral 
ischemia, warranted scrutiny of the methods used in that study in general and the 
hormone administration method in particular. A review of the literature revealed 
that few studies had thoroughly characterized the performance of different ways 
of administering 17β-estradiol to rodents, and it was decided to attempt to fi ll this 
knowledge gap. Thus, in three subsequent experiments [108-110] the commonly 
used subcutaneous administration methods were assessed and it was found that the 
popular slow-release pellets (used in the previous study with increased damage) were 
very unreliable in terms of hormone concentrations produced in plasma. Although 
these studies provided valuable information for our group as well as others, all three 
exclusively focused on rats and therefore the results were not directly applicable for 
the growing community of researchers working with mice. Therefore, it seemed to be 
a natural next step to perform an experiment to evaluate 17β-estradiol administration 
methods also in mice. 

The experiment, resulting in Paper I, compared serum concentrations achieved by 
the previously well-used used subcutaneous long-term 17β-estradiol administration 
methods, slow-release pellets from the company IRA and home-made silastic capsules. 
We also characterized, both in short- and long-term perspective, a novel peroral method 
with 17β-estradiol administered in the hazelnut/chocolate spread Nutella®. Further, 
the mice receiving silastic capsules were divided into two groups, with or without a 
washout period after ovariectomy, to enable comparison of these approaches. Similar 
to what was found in the rat studies, the silastic capsules produced concentrations 
that were within or slightly above the physiological range, although declining slowly 
over time (Figure 4C). Also the peroral method performed well with concentrations 
predominantly within the physiological range (Figure 4D). In contrast, the slow-
release pellets proved to be an unreliable and unpredictable administration regimen 
with initial supraphysiological concentrations decreasing drastically over time in the 
low-pellet group (Figure 4A), and extremely supraphysiological concentrations with 
great variability in the high-pellet treatment group (Figure 4B).

The slow-release pellets are popular, and this is probably explained by their 
convenience. Although expensive, they are easy to order from the company IRA. 
Some previous studies have attempted to evaluate the pellets using bioassays, 
e.g. uterine weight and vaginal smears [144], or by measuring the 17β-estradiol 
concentrations on one single occasion [157]. However, Paper I was the fi rst thorough 
assessment with 17β-estradiol concentration measured in samples obtained from 
mice on multiple occasions during the entire evaluation experiment. This enabled a 
depiction of the temporal profi le of the pellets. 
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The slow decline of the curve for the silastic capsules most likely refl ects a progressive 
loss of 17β-estradiol from the oil within the capsules. Nevertheless, the concentration 
was within the physiological range at the end of the study. Previous studies evaluating 
the silastic capsules for 17β-estradiol administration to mice are few. Cohen and 
Milligan measured the effects of silastic implants (albeit composed in a different 
manner) on uterine weight and vaginal smears and found that a physiological response 
could be achieved [144]. However, they did not measure hormone concentrations. An 
advantage of the silastic capsules is that they are very cheap compared to the pellets. 
However, since they are not commercially available, researchers themselves have to 
assemble the capsules which takes some time and makes them less standardized.  

Since estrogens are usually administered perorally in the clinic, an animal model 
where the hormone is delivered by this route appears attractive for pharmacokinetic 
reasons. Other advantages of the peroral method are that it is cheap, non-invasive, 
and does not require anesthesia. On the other hand, daily administration is required 
and the animals will not only be exposed to 17β-estradiol but also extra energy and 
different substances in Nutella®. Even though previous attempts have been made at 
peroral administration, e.g. by oral gavage [158, 159] and drinking water [141, 151], 
these methods have, apart from several other shortcomings, not been investigated 
by consecutive serum 17β-estradiol measurements. Nutella as a medium for peroral 

Figure 4. Serum 17b-estradiol concentrations in the treatment groups. (A) 60-day 
release 0.18 mg pellet (low-pellet group); (B) 90-day release 0.72 mg pellet (high-
pellet group); (C) silastic capsules after a washout period of 14–21 days; (D) peroral 
administration in Nutella® (n = 20 in each group). The group values are presented as 
mean ± SEM and the white circles represent individual sample concentrations. Please 
note the difference in scale on the Y-axis between the graphs, and that the concentration 
difference between the grey horizontal lines is 50 pg/mL in all fi gures. The grey fi elds 
represent the physiological range from the intact control group.
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administration to mice has previously been used to administer buprenorphine [146], 
but its use with 17β-estradiol has not been reported except in the corresponding rat 
study from our lab [110].  

The fi ndings of Paper I are important both for researchers’ choice of 17β-estradiol 
administration method in future studies, and for the interpretation of past studies. 
For example, if the slow-release pellets were chosen based on the manufacturers 
claim that they provide even release during the designated release time [160] and 
hormone concentrations were not measured, it might have been that the actual levels 
differed substantially from what was intended. The pellets might be useful if very 
high pharmacological levels are desirable, but their unpredictability (as shown in 
the present study as well as our previous studies on rats [108-110]) makes them 
problematic. Instead, it can be recommended to use the silastic capsules that despite 
their simple appearance were relatively constant in their hormone release with levels 
slightly above or within the physiological range. Alternatively, if the goal is to closely 
mimic the clinical situation of peroral administration of estrogens, the Nutella® 
method would be suitable. Regarding the use of a washout period, no signifi cant 
difference was found between the two silastic capsule groups, and thus a washout 
period does not seem to infl uence the serum concentrations. However, the use of a 
convalescence period is recommended to allow the stitches from the ovariectomy to 
heal completely as to avoid protrusion of the capsule through the skin.

5.2. Estrogens and stroke – aspects of administration 
methods and dose (Papers III and IV)
As described above, the pellets used in the previous stroke study from our lab resulting 
in increased stroke damage from estrogens [1], were in subsequent administration 
studies shown to produce very high serum concentrations of 17β-estradiol [108-110]. 
This led to the suggestion that perhaps the mode of administration, and hence delivered 
dose, could explain why some estrogen-stroke studies had demonstrated increased 
damage while the majority pointed in the opposite direction. Such a bidirectional 
dose-response curve would be an example of estrogen hormesis, which has been 
demonstrated before regarding e.g. growth of cultured tumor cells (1.4.3.). The idea 
was supported by a systematic review and meta-analysis of all studies on the effects of 
estrogens of cerebral ischemia in rats by Ström et al. in 2009, reporting that the slow-
release pellets had been used in all studies showing detrimental effects. Although 
such a hypothesis may seem unattractive because it is not readily extrapolated to 
the human studies, where the range of tested dosages is extremely narrow, it seemed 
an unlikely coincidence. However, in the 2009 study, separate analyses handled 
one variable at a time, and thus confounders were not controlled for. The statistical 
shortcomings of the previous analysis, the continuing debate on the matter and the 
publication of several additional original studies encouraged us to in 2014 perform an 
updated and improved meta-analysis. This resulted in Paper III. 

In the new meta-analysis (Paper III), all methodological differences that reasonably 
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could affect the impact of estrogens on experimental ischemic stroke were controlled 
for in a large multiple regression model with the main outcome EC-ratio. The main 
model revealed a clear impact of estrogen administration mode on the effects of 
estrogens in ischemic stroke (Figure 5). Slow-release pellets signifi cantly differed 
from the injection and silastic capsule treatments, showing that slow-release pellets are 
more prone to render estrogens damaging. Of note, the slow-release pellet confi dence 
interval extended over the 100% EC-ratio line, underscoring the potential for harm 
as well as benefi t (Figure 5). Further, administration mode-specifi c simple regression 
models between dose and EC-ratio were run (Figure 6). While no statistically 
signifi cant relation was seen for injection or silastic capsule, higher slow-release 
pellet dose was clearly related to increased ischemic damage. Thus, the updated 
meta-analysis was in line with earlier fi ndings, even with additional published data 
included and an improved study design. Although mentioned as possible explanations 
to diverging results in estrogen-stroke studies in animals as well as humans (1.4.2), 
no impact of the use of elderly animals or a long wash-out period (hypoestrogenicity 
period prior to estrogen treatment) was seen.

Confounder-controlled infarct size ratio between 
estrogen treated and control rats [%]

30 40 50 60 70 80 90 100 110 120 130 140

No effect of estrogens

Estrogens damagingEstrogens protective

p<
0.

00
1

Slow release pellets

Injections

Silastic capsules

Figure 5. Impact of estrogen administration mode on the effects of estrogens in 
ischemic stroke. After controlling for confounding factors, it remained clear that slow-
release pellets rendered signifi cantly higher EC-ratios than the injection and silastic 
capsule regimens did (p < 0.001). The black diamonds mark the mean EC-ratio with 95% 
confi dence interval for each of the three administration modes. Of note, the slow-release 
pellet diamond reaches over the 100% EC-ratio line, demonstrating the pellets’ potential 
for harm as well as protection. EC-ratio = infarct size in estrogen treated group divided 
by infarct size in control group.
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Figure 6. Administration mode-specifi c simple regression models between dose and 
EC-ratio. By three simple linear regression analyses, it was found that higher pellet 
doses signifi cantly increased EC-ratio (y = 72.8 + 0.05x; p = 0.001), while there was 
an opposite trend (not signifi cant) among injection and silastic capsule regimens. The 
numbers of group pairs included in the slow-release pellet, injection and silastic capsule 
simple regression models were 39, 50 and 31, respectively. Note that the injection graph 
has been compressed in the upper dose range to accommodate three group pairs being 
administered very high doses.

Injections

Daily injected dose [µg/kg body weight]
0 200 400 600 800 1000

In
fa

rc
t s

iz
e 

ra
tio

 b
et

w
ee

n 
es

tr
og

en
 tr

ea
te

d 
an

d 
co

nt
ro

l r
at

s 
[%

]

Silastic capsule dose [µg/capsule]
0 100 200 300 400 500 600

In
fa

rc
t s

iz
e 

ra
tio

 b
et

w
ee

n 
es

tr
og

en
 tr

ea
te

d 
an

d 
co

nt
ro

l r
at

s 
[%

]

0

50

100

150

200

250

Silastic capsules

0

50

100

150

200

250

Slow-release pellet dose [µg/pellet]
0 200 400 600 800 1000 1600

In
fa

rc
t s

iz
e 

ra
tio

 b
et

w
ee

n 
es

tr
og

en
 tr

ea
te

d 
an

d 
co

nt
ro

l r
at

s 
[%

]

Slow-release pellets

0

50

100

150

200

250

1200 1400

y=72.8 + 0.05x

y=62.8 - 0.002x

y=63.2 - 0.05x



5. Results and Discussion

49

Thus, the meta-analyses supported the hypothesis of dose-related neuroprotection 
vs neurodamage in response to 17β-estradiol administration. In addition, the 
2005 experimental estrogen-stroke study had been repeated with 17β-estradiol 
administered in silastic capsules instead of pellets and interestingly, now a protective 
effect was found [31]. However, it remained to be proven that estrogens both exert 
neuroprotection and promote detrimental effects depending merely on dose and 
independent of the administration route. Therefore, a new experiment was designed 
with the objective to test whether a high-dose silastic capsule (designed to give rise to 
similar concentrations of estrogens as the neurotoxic pellets) would increase ischemic 
damage, whereas a low-dose capsule would decrease the damage. This resulted in 
Paper IV. 

Surprisingly and in contrast to the hypothesis, in the following study (Paper IV) a 
signifi cant negative correlation was found between 17β-estradiol dose group and 
infarct size meaning that the higher the dose, the smaller the infarcts (Figure 7). Thus, 
the hypothesis that the high-dose group would have the most severe damage while 
the low-dose group would have the mildest was not confi rmed.

With the aim of investigating the same hypothesis, a study by Ma et al. was 
published in 2013 [161]. True hormesis, with bidirectional effects in different dose 
ranges compared to baseline, could be demonstrated in the in vitro oxygen-glucose 

Figure 7. Infarct sizes of groups subjected to middle cerebral artery occlusion 
(MCAo). No signifi cant differences were found between the groups (p=0.054). 
However, a trend towards more favorable infarct outcome with higher 17β-estradiol 
dose was noted, which was confi rmed by Spearman correlation analysis (p=0.018). 
Whiskers indicate the 90th and 10th percentiles. 
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deprivation experiments. However, rather than augmented damage, the in vivo 
experiment only found attenuated protection. 

In the light of earlier fi ndings from our lab and others, the results of Paper IV were 
indeed unexpected. One explanation could be that our high dose capsules did not 
manage to keep the serum estrogen concentrations high enough during the entire study, 
since they actually resulted in about half of the pellet induced serum concentrations 
on day at the time of MCAo. It could also be that a high dose is but one of several 
methodological parameters required for the detrimental effect of estrogens to occur, 
and that those other elements were lacking. Otherwise, the results presented in Paper 
IV suggest that in the studies where estrogen treatment have caused enlarged infarcts, 
some other factor than high delivered dose was the culprit. However, the fact that all 
studies reporting detrimental effects of estrogens have used the slow-release pellets 
remains hard to explain. It is possible that some pellet matrix component affects 
the ischemic stroke, but such a claim is merely speculative and perhaps far-fetched 
given that there are also examples of pellet studies demonstrating neuroprotection 
[162, 163]. In conclusion, if high estrogen doses/plasma concentrations per se cause 
increased stroke damage, such a phenomenon is not very robust, and seems to depend 
on very tight dose ranges and/or other experimental circumstances. 

5.2.1. The clinical situation
Although confl icting results have been observed in animal as well as human studies, 
the same explanation might not be applicable for both situations. A discussion 
regarding the importance of dose and administration route on the effect of HRT 
on stroke is indeed relevant also for humans, but the dose range is much narrower 
and the routes of administration are not the same. For example, it has been shown 
that oral estrogen therapy increase the risk of stroke while low-dose transdermal 
17β-estradiol does not [164]. Perhaps the most apparent problem when comparing 
animal and human studies is the difference in outcome measure. Human studies 
focus on stroke incidence, whereas most animal studies are designed to assess stroke 
severity. However, theoretically it can be argued that the two phenomena might not be 
completely unrelated. For example, in the Heart and Estrogen-progestin Replacement 
Study (HERS), registered cerebrovascular events were graded from mild (TIA- 
transient ischemic attack) via nonfatal to fatal strokes. It was found that that the 
trend of increased incidence of fatal strokes (1.61; 0.73-3.55) was more substantial 
than the increase of any stroke (1.23; 0.89-1.70) or overall cerebrovascular events 
(TIA+any stroke; 1.09; 0.84-1.43). Thus, an increase in severity could be interpreted 
as a change of incidence in different categories on the spectrum. The association of 
severity and incidence can also be illustrated in the perspective of animal studies. In 
a study from 2003, subcortical infarcts were completely prevented in rats treated with 
17β-estradiol prior to the induction of mild focal cerebral ischemia [165]. Thus, the 
severity spectrum was changed by preventive treatment and mild strokes turned into 
no events, at least in terms of histologically measurable infarcts. Stroke incidence 
studies have been performed in stroke-prone spontaneously hypertensive rats [166], 
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but to the best of our knowledge not regarding the effect of estrogen treatment. In 
hormone replacement treated monkeys, development of atherosclerosis has been 
studied but not impact on number of stroke events [167]. Animal studies often focus 
on one single aspect of 17β-estradiol treatment even though the picture is much more 
complex in the clinic. Since estrogens have such a wide array of actions, not just the 
effects on stroke have to be considered when prescribing treatment for vasomotor 
symptoms, but also e.g. on coronary arteries, uterus and breast.  

Mentioned above is the discrepancy regarding route of administration between animal 
and human studies. Practically all animal studies used parenteral administration 
whereas the hormones were ingested orally in the majority of the clinical studies. 
Because of the fi rst passage metabolism, an enteral regimen will give rise to a different 
pattern of active estrogen metabolites and the temporal serum concentration profi le 
will differ from that obtained with the parenteral methods. In addition, expression 
of numerous hepatic substances whose synthesis is sensitive to estrogens will be 
increased. Subcutaneous alternatives with administration via pellets exist for humans 
as well [168], but are not very commonly used. The inclusion of a peroral Nutella® 
group in Paper I was an attempt to address this issue and offer a possibility to bridge 
the gap between preclinical and clinical studies.

5.3. Method parameters’ impact on mortality and variability 
in rodent stroke experiments (Papers II and V)
Low statistical power as a result of high outcome variability and mortality in 
combination with small group sizes has been suggested to be an important factor 
contributing to the translational failures in stroke research, as described in the 
Background (1.3.). There are examples of studies that investigated one or a few 
parameters in order to optimize the ischemia model, but comparing all possible 
combinations experimentally would be a tedious endeavor and has therefore not been 
done. As an alternative approach, we extracted data from a total of 680 previously 
published rodent stroke articles and meta-analyses were performed to investigate 
how methodological choices affect outcome variability and mortality. This novel 
meta-analytical approach to methods development resulted in Paper II (focusing on 
rats) and Paper V (focusing on mice). 

The most important fi ndings in Paper II were that the Wistar strain and the intraluminal 
fi lament procedure using a silicone coated fi lament resulted in the smallest infarct 
size variability (Figure 8). The direct and endothelin methods rendered the lowest 
mortality rates, while the emboli method increased mortality when compared to the 
intraluminal fi lament method (Figure 8). The mouse meta-analysis (Paper V) showed 
that the use of Swiss and C57BL6 mice as well as permanent occlusion of the middle 
cerebral artery rendered the lowest infarct size variability while emboli/clot methods 
increased it (Figure 9). Of the methodological factors investigated, only Swiss mice 
had a signifi cant impact on mortality rate by increasing it compared to the reference 
strain (Figure 10). Effect sizes were generally large in the analyses, with many 
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parameters changing the outcomes more than 10% in absolute terms. In addition 
to the fi ndings pertaining to the hypotheses, several other interesting observations 
were made. However, since these studies were designed as a hypothesis-driven 
meta-analyses, results not related to the factor-outcome relations stated a priori were 
interpreted with caution and considered merely hypothesis-generating. In addition to 
the main results of Papers II and V, the gathering of data from 680 rodent stroke articles 
also enabled us to depict the frequencies of different methodological alternatives, an 
overview presented separately for rats and mice in Figure 11 and Figure 12.

Both Papers II and V hypothesized that strain, type of focal cerebral ischemia 
procedure, and type of fi lament (in studies using the intraluminal fi lament method) 
would affect mortality and variability. In addition, the mouse study also highlighted 
a possible effect of occlusion duration. When comparing the two, some similarities 
as well as differences were noted. Emboli methods were found to render larger 
coeffi cient of variation of the infarct size than fi lament, direct and photothrombosis 
methods in both studies. Further, permanent ischemia had the lowest variability of the 
different occlusion durations in Papers II as well as V, although not included among 
the main hypotheses in the former. In contrast, e.g. regarding types of coating in the 
fi lament subanalysis, they do not harmonize; no signifi cant differences were found 
for mice whereas silicone decreased variability for rats. 

The main problem caused by large infarct size variability is the resulting lack of 
statistical power if the sample sizes are not adjusted accordingly. This has been 
discussed in several reviews [51, 169, 170]. Statistical power (1-β) is often discussed 
in relation to negative fi ndings, e.g. to evaluate if a study was adequately designed 
to detect a treatment effect of a substance and hence if the negative results are to 
trust or not. However, statistical power is of importance also for studies with positive 
fi ndings (i.e. when a treatment effect is found) [51]. When interpreting signifi cance 
testing, prior probability has to be taken into account, as pointed out by Sterne and 
Davey Smith [171] in an educational example: Approximately 10% of hypotheses in 
biomedicine are estimated to be true and the statistical power is often around 50%. 
Under these circumstances, out of 1000 hypotheses tested, 100 are true but only 50 will 
be detected with a power of 50%. Further, when the remaining 900 false hypotheses 
are tested at a 0.05 signifi cance level, 45 will in fact falsely be considered true (5% 
of 900). The result is that only 53% (50/95) of the 95 studies with signifi cant results 
will be true. Another problem attached to low statistical power is the publication bias 
phenomenon since negative fi ndings are generally less likely to be published, which 
can distort interpretation of meta-analyses [58].The issue of mortality is somewhat 
related to outcome variability and power calculations in that higher mortality require 
larger group sizes to attain suffi cient power. However, there is also another side to the 
problem. It is diffi cult to incorporate mortality in the standard parametric methods, 
perhaps explaining why this information often is not even mentioned. The risk when 
omitting mortality rate data can be illustrated by the possible scenario of a toxic 
substance that seems to decrease infarct sizes compared to a placebo group, only
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Figure 8. Method parameters’ impact on variability and mortality in rat stroke 
experiments. Bars represent change in infarct size coeffi cient of variation, measured 
in absolute percent units. Signifi cances are seen for all hypotheses except the effect of 
fi lament type on mortality in studies using the intraluminal fi lament method. The error 
bars represent 0.95 confi dence intervals. Signifi cant p-values are black, non-signifi cant 
p-values are grey. For strain, N= 469 and 351; for occlusion methods, N= 469 and 351; 
for fi lament type, N= 383 and 265. CV = coeffi cient of variation [calculated as standard 
deviation/mean]; SHR = spontaneously hypertensive rats; WKY= Wistar Kyoto rats. 
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Figure 9. Method parameters’ impact on infarct size variability in mouse stroke 
experiments. Bars represent change in infarct size coeffi cient of variation, measured 
in absolute percent units. Signifi cant p-values are black, non-signifi cant p-values are 
grey. N=500 for a, b and c; N=430 for d. Error bars represent 0.95 confi dence intervals. 
CV=Coeffi cient of variation [calculated as standard deviation/mean]; MCAo=Middle 
cerebral artery occlusion.

Figure 10. Method parameters’ impact on mortality rate. Swiss strain was found to 
signifi cantly increase mortality rate compared to the reference C57BL6. The variables 
occlusion duration, type of middle cerebral artery occlusion procedure, and occluding 
fi lament type were removed in the backward exclusion step of the regression model due 
to small explanatory value and therefore results of hypotheses 1B, 2B, and 4B could 
not be presented. Bars represent change in mortality rate, measured in absolute percent 
units. Signifi cant p-values are black, non-signifi cant p-values are grey. N=80. Error bars 
represent 0.95 confi dence intervals.
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because all mice with large infarcts in the treatment group died.

Although low statistical power due to high outcome variability and mortality 
theoretically can be overcome by increasing the group sizes suffi ciently, such a 
solution has several problematic implications. Ethically, it could be considered 
problematic to drastically increase the number of animals in all experimental stroke 
studies. Moreover, working with large number of animals requires a lot of time, space 
and money. Therefore, as a complement  it would be attractive in some situations 
to optimize the animal model by minimizing unnecessary outcome variability and 
mortality, or at least be able to power studies more exactly by predicting variability 
and mortality given a certain experimental setup.

5.4. Strengths and weaknesses of the thesis
A strength of this thesis, and the studies that were performed prior to and in parallel with 
it, is that we put a lot of effort into investigating the methods and in order to improve 
the designs. This has been helpful for us and hopefully also to other researchers 
working with similar techniques. We have also strived to be very transparent and 
clear in our reporting and statistics. For example, to account for mortality in Paper 
IV, instead of excluding rats that died, a non-parametric “total outcome” model with 
was used for comparisons between groups. Rats that died after MCAo were included 
in the analysis and were assigned the worst possible outcome. For the experimental 
stroke study (Paper IV), six of the eight STAIR criteria (recommendations on 
methodological quality from the Stroke Therapy Academic Industry Roundtable) 
were fulfi lled. Those were randomization, monitoring of physiological parameters, 
assessment of dose-response relationship, masked outcome measurement, assessment 
of outcome days 1-3 and combined measurement of lesion volume and functional 
outcome. Assessment of optimal time window and assessment of outcome at days 
7-30 were not fulfi lled. The main strength of the meta-analyses (Papers II, III and V) 
is the large number of articles included, and that the effects of many different method 
parameters could be investigated together in one single statistical model. Further, by 
using previously published data, new questions could be answered without having to 
use more animals.  

However, the thesis also has several weaknesses. Papers II, III, and V have limitations 
that are inherent to the meta-analytical design as well as those specifi c for these 
studies. Meta-analyses always run the risk of being distorted by publication bias. 
Stroke studies with large coeffi cients of variation should be more likely to give 
negative results and thus more likely remain unpublished. In the case of Paper III, it 
might be that more studies showing a detrimental effect of estrogen exist, but they 
ended up in a drawer since they contradicted the majority of the previously published 
material. For all three meta-analyses, in many cases more than one group were used 
from each article and treated independently in the subsequent analysis. This is not 
strictly statistically appropriate but creating categories for all unique studies would 
have made the statistical analyses impossible. Even if this approach controls for many 
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Figure 11. Frequencies of registered categories in the 502 included rat control 
groups. Many of the variable names are abbreviated in the fi gure; for extended 
description, see Paper II. “Histology” in the bar “Type of lesion evaluation” refers to 
acidic/basic stain or silver stain histology. EEG= electroencephalography, B= Blood, 
Hb= Hemoglobin.

0 20 40 60 80 100

Too small infarct

No blood flow red.

Blinding

Type of lesion evaulation

Occlusion duration

Postop. antibiotics

B-Hb analyzed

Heart rate monitored

EEG surveillance

Awakening during occl.

Type of anesthetic

Sex

Other pathology

No func. deficit

Exclusion criteria stated

Edema correction used

Occluding filament type

Type of MCAo

B-Glucose analyzed

Blood gases analyzed

Blood pressure monitored

Temperature system

Intubation

Elderly rats

Strain

0 20 40 60 80 100

Sprague Dawley 62.4% Wistar 25.9%

WKY 1.2%
SHR 6.2% Other strains 4.4%

Male 91.2%

Females 1.8%
Ovx females 1.4%

Mix/Not spec. 5.6%

[Yes] 2.6%

[No] 97.4%

[%]

[%]

Inhalation anesthetic 49.8%

[Yes] 7.4%

[No] 93.0%

[Yes] 80.9%

[No] 99.8%

Chlor. hyd. 27.9%

Ketamine 8.0%
Barb./Benso. 7.0%

Other anesth. 7.4%

[No] 92.6%

[Yes] 7.0%

[No] 19.1%

[Yes] 0.2%

[Yes] 31.5% [No] 68.5%

[No] 87.0%

[Yes] 13.0%

[Yes] 32.5% [No] 67.5%

[Yes] 15.9%

[No] 84.1%

[Yes] 54.0% [No] 46.0%

[Yes] 23.8% [No] 76.2%

[Yes] 47.0% [No] 53.0%

[Yes] 32.9% [No] 67.1%

[Yes] 17.5% [No] 82.7%

[No] 91.8%

[Yes] 8.2%

[No] 98.4%

[Yes] 1.6%

[No] 94.2%

[Yes] 5.8%

[No] 87.5%

[Yes] 12.6%

Intraluminal filament 78.3%

Direct 11.2%
Embolic 6.0%

Photothrombotic 2.0%
Endothelin 2.6%

Short transient 17.5%

Long transient 56.0% Permanent 26.5%

Uncoated 40.7% Silicone 36.9%

Poly-L-Lysine 10.7% Other coatings 11.7%

TTC 72.1%

Radiology 6.2%
Histology 18.7%
Immunohisto. 3.0%

Sp
ec

ifi
c 

ex
cl

us
io

n 
cr

ite
ria



5. Results and Discussion

57

Figure 12. Frequencies of registered categories in the 500 mouse 
control groups. The fi gure also includes variables that were omitted from 
statistical analysis due to too few articles providing these data. Some 
variable names are abbreviated, see Paper V for extended descriptions. 
EEG=Electroencephalography; B=Blood; MCAo=Middle cerebral artery 
occlusion; TTC=Triphenyl tetrazolium chloride; ECA=External carotid artery; 
CCA=Common carotid artery. 
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confounders, there is complexity and heterogeneity in the underlying experiments 
that is far beyond our reach, such as the impact of different rat vendors and the skill 
of the surgeon. For mathematical reasons, categories have also been reduced to larger 
categories, meaning that differences within categories may be lost. 

Among the drawbacks of Paper IV is that coeffi cients of variation of the infarct size 
turned out higher than expected. In the comparison between groups, the p-value was 
just above the signifi cance level and it could be that a difference would have been 
found with a lower outcome variation or larger groups. Efforts to increase statistical 
power, e.g. using large groups (n-value of Paper IV was approximately four times the 
average in similar preclinical stroke studies [133]) were unfortunately not suffi cient. 
Another possible weakness of Paper IV is that the animals were allowed to survive only 
for 24 hours after induction of ischemia. This could potentially limit generalizability 
since the infarct can change also after this. However, infarct measurement after 24 
h has been used both in studies where estrogens were neuroprotective [97, 162] and 
neurodamaging [101, 102] previously.

5.5. Future perspectives
Regarding HRT, the pros and cons have been widely debated for over a decade,
especially subsequent to the publication of the results from the WHI study [96]. Since 
that study was prematurely ended due to increased risk of cardiovascular diseases 
and breast cancer, the prescription was dramatically reduced [173]. Even though the 
approach is more balanced today, the recommendation is still that HRT should not 
be used without a clear indication, i.e. not for disease prevention but for relief of 
menopausal symptoms [164, 174]. The goal for the future has been, and still is, to 
elucidate when and how female sex hormones exert what effects. Hopefully then it 
would be possible to isolate the benefi cial actions, either by using the right timing, dose 
or route, or the right pathway e.g. by means of receptor-specifi c ligands. However, 
the fairly slow progress in the fi eld despite substantial research efforts should perhaps 
be interpreted as a reason to question the existing animal experimental paradigm. As 
has been described in this thesis, even for studies only focusing on the neurological 
effects of estrogens, the results diverge. Numerous studies on different specifi c 
effects of estrogens have been published, but to put all the pieces together to get the 
big picture is not an easy thing to do. If the ambition is to extrapolate and translate the 
animal fi ndings from bench to bedside, it might be necessary to shift focus to more 
sophisticated animal models more closely mimicking the human situation.

The validity of animal models has been a hot topic in the stroke fi eld in general,
and particularly regarding neuroprotection. Several possible explanations have
been suggested to account for the repeated translational failures, e.g. defi ciencies
in reporting, statistical shortcomings, lack of blinding and randomization [51], as
discussed previously in this thesis. The fact that bias in preclinical studies has been
suggested to, at least in part, account for failures in the transition of stroke therapies
from animal experiments to the clinic indicates that models might be valid if used
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and interpreted properly [13, 60]. There are indeed several promising initiatives
providing hope for the future, e.g. the efforts to reduce publication bias by scientifi c
journals dedicated to publishing negative results (e.g. Journal of Negative Results in
Biomedicine) and journals not excluding papers based on perceived impact but rather 
scientifi c quality (e.g. Scientifi c Reports, PLOS ONE). And recently, an innovative 
preclinical stroke study conducted with the same stringency as clinical trials with a
randomized controlled multicenter design was published [175]. This could be a step in 
the right direction to reach large group sizes and in addition, through methodological
differences between laboratories (method for ischemia induction, strains etc.), further
examine the robustness of results, and perhaps better mimicking the clinical situation
where the infarcts are heterogenous [44]. The consequence might be fewer preclinical
studies, but of better quality and therefore of more lasting value. However, to
substantially boost group sizes in all studies is perhaps neither possible nor desirable.
Studies of primarily explorative and hypothesis generating nature may be well
advised to instead strive for lower variability and mortality (as discussed in Papers II
and V) to reach adequate statistical power.
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