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ABSTRACT 
Ischemic stroke is one of the leading causes of death worldwide. Ischemic stroke is also a 
major cause of long-term disability with vast socioeconomic results for patients, their 
relatives and health services. Over the last decades, experimental research has resulted in 
significant progress of our understanding of mechanisms leading to brain injury after 
ischemic stroke. However, so far, translational research targeting these mechanisms has 
failed. This failure has resulted in a general consensus that a more integrative approach is 
needed to account for not only neurobiology under ischemia, but also the ischemic impact on 
the neurovascular interface. Accordingly, new tools for simultaneously imaging and 
perturbing this interface needs to be established. The aims of the present work were firstly to 
develop an ischemic stroke model in rats that more closely mimics human stroke. Secondly, 
our goal was to incorporate the model with perfusion- and metabolic imaging using high-field 
magnetic resonance imaging (HF-MRI) and positron emission tomography (PET). Finally we 
wanted to apply the model in a treatment study targeting the neurovascular interface, and use 
HF-MRI and PET to assess treatment outcome.   

We translated endovascular techniques from bedside to bench in the interest of realizing a 
new rat model for focal cerebral ischemia, in which a microwire is navigated under X-ray 
fluoroscopy to an occluding position in the middle cerebral artery (MCA). Furthermore, we 
were able to use the endovascular technique to facilitate intra-arterial microcatheter access to 
the cerebrovascular system in the rat accommodating injections with varying degree of 
selectivity. Next, we established protocols for HF-MRI and PET to obtain imaging of 
pathophysiological events following acute and subacute ischemic stroke. Finally we applied 
the aforementioned techniques in a treatment study targeting vascular endothelial growth 
factor B (VEGF-B) in ischemic stroke.  

We found that the translation of clinical endovascular techniques to the experimental setting 
opened up several possibilities to access and perturb the neurovascular interface. In 
comparison with earlier models for focal stroke in the rat, the model for ischemic stroke 
presented in Paper I produces an injury and pathophysiology more resembling human stroke. 
Furthermore, the model showed to be highly compatible with small animal imaging systems 
with the possibility to occlude the MCA and to inject substances directly to the 
cerebrovascular supply before, during and after imaging (Paper II). The model also makes it 
possible to control blood flow during scanning with various modalities. HF-MRI and [2-18F]-
2-Fluoro-2-deoxy-D-glucose PET investigations of acute ischemia in Paper III provided 
evidence for hypermetabolism of glucose occurring in parallel with diffusion restriction of 
brain water, suggesting an extension of the current paradigm of the mechanisms behind 
infarct-related diffusion restriction of water. In Paper IV, we found that VEGF-B antagonism 
result in a reduction of stroke volume, indicating a mechanism of action of VEGF-B in 
ischemic stroke warranting further treatment studies targeting VEGF-B in ischemic stroke. 



LIST OF SCIENTIFIC PAPERS 
 

 This thesis is based on the following papers: 
 

I. Arnberg F, Lundberg J, Söderman M, Damberg P and Holmin S. Image-
guided method in the rat for inducing cortical or striatal infarction and for 
controlling cerebral blood flow under MRI.  
Stroke (2012).  
 

II. Arnberg F, Samén E, Lundberg J, Lu L, Grafström J, Söderman M, Stone-
Elander S and Holmin S. Selective intra-arterial administration of 18F-FDG 
to the rat brain - effects on hemispheric uptake. 
Neuroradiology (2014) 
 

III. Arnberg F, Grafström J, Lundberg J, Nikkhou-Aski S, Little P, Damberg P, 
Mitsios N, Mulder J, Lu L, Söderman M, Stone-Elander S and Holmin S. 
Imaging of a clinically relevant stroke model: glucose hypermetabolism 
revisited.  
Stroke (2015) 
 

IV. Arnberg F, Little P, Fredriksson L, Damberg P, Lu L, Nikkhou-Aski S, 
Söderman M, Stone-Elander S, Nilsson I, Eriksson U, and Holmin S. VEGF-
B antagonism reduces infarct size in a rat model of stroke.  
Manuscript. 
 



 Scientific papers by this author that are not part of this thesis: 
 

I. Lindh C, Wennersten A, Arnberg F, Holmin S, Mathiesen T. Differences 
in cell death between high and low energy brain injury in adult rats.  
Acta Neurochirurgica (2008). 
 

II. Zu S, Winberg J, Arnberg F, Palmer G, Svensson P-J, Wester T and 
Agneta Nordenskjöld. Mutation analysis of the motor neuron and pancreas 
homeobox 1 (MNX1, former HLXB9) gene in Swedish patients with 
Currarino syndrome.  
Journal of Pediatric Surgery (2011). 
 

III. Nilsson I-L, Arnberg F, Zedenius J and Sundin A. Thyroid incidentaloma 
detected by fluorodeoxyglucose positron emission tomography/computed 
tomography: practical management algorithm.  
World Journal of Surgery (2011). 
 

IV. Arnberg F, Gahm C, Mathiesen T. L-N-iminoethyl-lysine after 
experimental brain trauma attenuates cellular proliferation and astrocyte 
differentiation. Acta Neurochirurgica (2012). 
 

V. Samen E, Arnberg F, Lu L, Olofsson MH, Tegnebratt T, Thorell JO, 
Holmin S and Stone-Elander S. Metabolism of epidermal growth factor 
receptor targeting probe [11C]PD153035: impact on biodistribution and 
tumor uptake in rats.  
Journal of Nuclear Medicine (2013).  
 

VI. Majeed A, Meijer K, Larrazabal R, Arnberg F, Luijckx GJ, Roberts RS 
and Schulman S. Mortality in vitamin K antagonist-related intracerebral 
bleeding treated with plasma or 4-factor prothrombin complex concentrate.  
Journal of Thrombosis and Haemostasis (2014). 
 

VII. Arnberg F, Lundberg J, Kenne E, Jaff N, Müller P, Nava S, Kaipe H, 
Ringdén, O and Holmin S. Superselective intra-arterial umbilical cord 
blood administration to BM in experimental animals.  
Bone Marrow Transplantation (2014). 
 

VIII. Tóth M, Little P, Arnberg F, Häggkvist J, Mulder J, Halldin C, Gulyás B 
and Holmin S. Acute neuroinflammation in a clinically relevant focal 
cortical ischemic stroke model in rat: longitudinal positron emission 
tomography and immunofluorescent tracking.  
Brain Structure and Function (2015). 
 

IX. Arnberg F, Lundberg J, Olsson A, Samén E, Jaff N, Jussing E, Dahlén U, 
Nava S, Axelsson R, Ringdén O, Kaipe H and Holmin S. Intra-arterial 
administration of placenta-derived decidual stromal cells to the superior 
mesenteric artery in the rabbit: distribution of cells, feasibility and safety 
Cell Transplantation (2015). 



CONTENTS 
1 INTRODUCTION ........................................................................................................... 1 

1.1 Experimental ischemic stroke ............................................................................... 1 
1.1.1 Lost in translation ..................................................................................... 1 
1.1.2 Do we really need another mousetrap? .................................................... 1 

1.2 Experimental Endovascular Methods ................................................................... 2 
1.2.1 Navigating to the rat MCA under fluoroscopy ........................................ 2 
1.2.2 Selective injections to the ICA ................................................................. 3 

1.3 Magnetic resonance imaging ................................................................................. 4 
1.3.1 Imaging of T2- and T1 relaxation ............................................................ 4 
1.3.2 T2- and T1 relaxation in ischemic stroke ................................................. 5 
1.3.3 Diffusion-weighted imaging ..................................................................... 5 
1.3.4 Diffusion-weighted imaging in ischemic stroke ...................................... 6 
1.3.5 Arterial spin labeling ................................................................................ 7 
1.3.6 Arterial spin labeling in ischemic stroke .................................................. 7 
1.3.7 MR Spectroscopy ..................................................................................... 8 

1.4 Positron emission tomography .............................................................................. 9 
1.5 Glucose metabolism in the ischemic brain ........................................................... 9 
1.6 VEGF-B as a potential target in treatment of ischemic stroke ........................... 11 

2 AIMS OF THE THESIS ................................................................................................ 13 
3 METHODS .................................................................................................................... 15 

3.1 ANIMALS AND ETHICAL CONSIDERATIONS (PAPER I 
THROUGH IV) .................................................................................................. 15 

3.2 Occlusion of the middle cerebral artery (Paper I, III and IV) ............................ 16 
3.3 Selective injections to cervical arteries (Paper II) .............................................. 18 
3.4 MR imaging (Paper I, III and IV) ....................................................................... 20 

3.4.1 T2WI ....................................................................................................... 20 
3.4.2 Diffusion-weighted imaging ................................................................... 20 
3.4.3 Arterial spin labeling (Paper III and IV) ................................................ 21 
3.4.4 Spectroscopy Paper (III) ......................................................................... 21 

3.5 MRI Data processing and image analysis ........................................................... 22 
3.5.1 Assessment of infarct volume ................................................................ 22 
3.5.2 CBF measurements ................................................................................. 22 

3.6 PET (Paper II, III and IV) ................................................................................... 22 
3.6.1 PET data processing and image analysis ............................................... 23 

3.7 Ex-vivo analysis (Paper III) ................................................................................ 24 
3.8 Statistical analysis (Paper I through IV) ............................................................. 25 

4 RESULTS AND DISCUSSION ................................................................................... 26 
4.1 A new rat model for ischemic stroke (Paper I) ................................................... 26 
4.2 Intra-arterial injections to the rat brain (paper II) ............................................... 28 



4.3 Imaging ischemic stroke - metabolism and blood flow (paper III) .................... 31 
4.4 Anti Vegf-B treatment of ischemic stroke (Paper IV) ........................................ 37 

5 GENERAL CONCLUSIONS ....................................................................................... 39 
6 ACKNOWLEDGMENTS ............................................................................................ 40 
7 REFERENCES .............................................................................................................. 42 
8 PAPERS I TO IV ........................................................................................................... 49 
 

 



LIST OF ABBREVIATIONS 
[18F]FDG [2-18F]-2-fluoro-2-deoxy-D-glucose 

ACA anterior cerebral artery 

ADC apparent diffusion coefficient 

ASL arterial spin labeling 

CCA common carotid artery 

cICA cervical segment of the internal carotid artery 

DSA digital subtraction angiography 

DWI diffusion-weighted imaging 

EC extracellular compartment 

HF-MRI high-field magnetic resonance imaging 

IC intracellular compartment 

ICA internal carotid artery 

IHC immunohistochemistry 

iICA intracranial internal carotid artery 

ISO isoflurane 

IR interventional radiology 

MCA middle cerebral artery 

MCAO middle cerebral artery occlusion 

M2CAO occlusion of segment 2 of the middle cerebral artery  

MRI magnetic resonance imaging 

MRS magnetic resonance spectroscopy 

PComA posterior communicating artery 

PET positron emission tomography 

PPA pterygopalatine artery 

T1WI T1-weighted imaging 

T2WI T2-weighted imaging 

TE echo time 

TR repetition time 

VEGF-B vascular endothelial growth factor b 



 

 1 

1 INTRODUCTION 
Although rates of stroke mortality have decreased worldwide in the past two decades, the 
number of people affected every year, related deaths and the overall burden of stroke is great 
and increasing (Feigin et al. 2014). If these trends continue, by 2030 there will globally be 12 
million deaths caused by stroke, 70 million people surviving stroke and 200 million disability 
adjusted life years lost (Feigin et al. 2014). Among all factors contributing to stroke 
epidemiology, two important agents have come into play in developed countries. Firstly, 
reduction of stroke mortality and more favourable outcomes have been achieved by the 
organization of acute stroke care focusing on timely recanalization therapy by intravenous 
thrombolysis. Recently, even more favourable outcomes have been achieved by adding 
endovascular treatment to recanalization therapy (Berkhemer et al. 2015; Goyal et al. 2015; 
Saver et al. 2015; Campbell et al. 2013; Molina et al. 2013). The development of modern 
stroke management has relied heavily on the progress of neuroimaging, with a number of 
imaging protocols emerging during the last decades, notably computed tomography (CT) and 
magnetic resonance imaging (MRI). Today, there is a demand to further develop 
neuroimaging in order to more appropriately triage patients to tailored treatment protocols. 
The second agent impacting heavily on stroke epidemiology is the rapidly increasing 
prevalence of type 2 diabetes, one of the most important risk factors for ischemic stroke 
(Chen et al. 2012; Kissela et al. 2005). This thesis discusses how features of endovascular 
techniques, imaging and emerging treatments of type-2 diabetes can be incorporated into the 
experimental backbone of ischemic stroke research. 

1.1 EXPERIMENTAL ISCHEMIC STROKE 

1.1.1 Lost in translation 

Animal models of ischemic stroke have played an important role in the discovery of 
pathophysiological concepts that have been proven clinically relevant. One salient example is 
how experimental studies established the concept of the ischemic penumbra, i.e. brain tissue 
with perfusion values between the flow threshold for reversible functional failure and the 
flow threshold for irreversible membrane failure (Astrup et al. 1977). However, despite the 
significant progress in understanding the pathophysiology of ischemic brain tissue injury and 
a large number of experimentally successful treatment studies, clinical translation into 
effective therapeutic measures has ultimately run into a "translational roadblock" (Endres et 
al. 2008; Dirnagl & Fisher 2012). Given the historical inability to successfully translate 
results from current experimental stroke models, it has been necessary to go back to the 
experimental drawing board. 

1.1.2 Do we really need another mousetrap? 

The rat is the most employed animal in experimental ischemic stroke studies due to low cost 
and because of a substantial cerebrovascular resemblance to humans (Macrae 1992). Among 
a wide array of rat models, the intraluminal suture model developed in the 1980's (Longa et 
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al. 1989; Koizumi et al. 1986) is, even today, the most frequently used (Durukan & 
Tatlisumak 2007). In this model, a monofilament is inserted into the internal carotid artery 
(ICA) and advanced until reaching the origin of the anterior cerebral artery (ACA), thereby 
blocking blood flow to the middle cerebral artery (MCA). Although this model has several 
advantages such as reproducibility, reliability and the option to perform permanent or 
transient occlusion, there are also several limitations to this procedure that hinder accurate 
modeling of treatable human stroke. The suture model causes large infarcts and has a high 
risk of hemorrhage (Carmichael 2006). 

Since the initial presentation of the suture model by Koizumi in 1986 (Koizumi et al. 1986), 
several modifications have been performed with the aim of decreasing the risk of hemorrhage 
and to limit the size of infarcts. These modifications have largely aimed at improving the 
filament design, in order to limit the occlusion of arteries adjacent to the MCA (Longa et al. 
1989; Belayev et al. 1996; Shimamura et al. 2006). There are important differences between 
humans and rats regarding the arterial supply of posterior- and subcortical brain regions (the 
posterior circulation). In rats, the main contributor to the posterior cerebral artery (PCA) is 
the posterior communicating artery (PComA), branching from the top of the ICA (Feigin et 
al. 2014; Brown 1966), whereas in humans the posterior circulation is most commonly 
supplied by the basilar artery. The intraluminal suture model causes occlusion of the PComA 
and the ACA, resulting in variable and widespread subcortical injury with delayed stroke 
progression more comparable to a terminal ICA occlusion (carotid T-occlusion) than middle 
cerebral artery occlusion (MCAO) (Kanemitsu et al. 2002). As ischemic brain injury has 
proven to be heterogenous in nature, there is an obvious problem if applying a model with the 
characteristics of a terminal ICA occlusion, when performing treatment studies aimed at 
ameliorating the most common macrovascular ischemic event in the human brain - MCAO. 

1.2 EXPERIMENTAL ENDOVASCULAR METHODS 

1.2.1 Navigating to the rat MCA under fluoroscopy 

In the 1960's, interventional radiology (IR) was developed from diagnostic angiography. 
Today, IR has become a widely used therapeutic instrument for a number of diseases in many 
different fields of medicine. The technique allows X-Ray fluoroscopy guided catheter 
navigation to almost all parts of the vascular system in humans. Recently, IR has been 
explored as a tool to facilitate experimental stroke research (Divani et al. 2015; Shimamura 
et al. 2009; F. Sun et al. 2005). Fluoroscopic control has been reported to be useful in 
experimental stroke models, as the occluding filament can be positioned more accurately. 
Furthermore, fluoroscopic guidance allows insertion of the occluding filament in peripheral 
arteries with subsequent navigation to the circle of Willis. In the rat, entering a peripheral 
artery makes it possible to preserve the external carotid- and pterygopalatine artery 
(transected and ligated in intraluminal suture model). This approach is advantageous, as 
ischemic injury to mastication- and hypopharyngeal musculature with impaired mastication 
and swallowing is avoided, improving the nutritional status of the animal and thereby 
facilitating behavioural testing as an experimental read-out (Dittmar 2003; Shimamura et al. 
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2009). In the initial attempts to apply X-Ray fluoroscopy to direct a filament to the circle of 
Willis in rats, hemorrhage rates and variability in stroke volume were reduced (F. Sun et al. 
2005). However, in these studies, the filament was, as in intraluminal suture model, placed in 
the circle of Willis, causing obstruction of the ACA and PComA and rendering large 
infarctions resembling malignant human infarction (Divani et al. 2015; Shimamura et al. 
2009; F. Sun et al. 2005). From a neurointerventional point of perspective, we hypothesized 
that the smallest commercially available microwire for neurointerventional procedures 
(0.007-inch diameter) would be suitable for further navigation in the cerebrovasculature, i.e. 
to an occluding position in the M2-segment of the MCA, while at the same time not causing 
significant reductions in perfusion of the ipsilateral ACA and PComA.    

1.2.2 Selective injections to the ICA 

As mentioned in the previous section, microwire navigation is a fundamental part of IR. In 
the clinical setting the microwire provides a means to place catheters at different positions 
within the vasculature. Catheters for clinical applications come in a wide array of sizes and 
designs, allowing different kinds of manoeuvers and procedures. While the expanding use of 
rodents as models for human disease has persuaded successful translation of human imaging 
modalities, i.e. CT, MRI and positron emission tomography (PET), from bedside to use in 
small animals (i.e. micro-CT, high-field MRI (HF-MRI) and micro-PET), IR and digital 
subtraction angiography (DSA) as a research tool for small animals have not been readily 
available to the scientific community. However, a few recent reports have called for an 
increased presence of interventional radiologists in animal research (Solomon 2005; 
Solomon & Silverman 2010; Buhalog et al. 2010). The obvious contributions by IR to 
research are methods to achieve high spatial and temporal resolution imaging when 
delivering drugs, cells and radiotracers, among others, into selected organs or certain regions 
of the vascular tree. In experimental stroke, selective arterial access to the cerebral 
vasculature provides an extra dimension in the administration of treatment, as intra-arterial 
injections to the ICA would in all probability increase the local concentration of therapeutics 
at the target site.  

From a clinical perspective, intra-arterial clot retrieval by mechanical thrombectomy has 
recently been demonstrated to have a strong benefit in patients with ischemic stroke and large 
vessel occlusion (Berkhemer et al. 2015; Goyal et al. 2015; Saver et al. 2015; Campbell et 
al. 2013). Mechanical thrombectomy involves placement of catheters in arteries supplying 
the brain regions affected by ischemia. The procedure therefore opens up the possibility to 
perform selective injections of treatment immediately after clot retrieval. Therefore, we 
decided to extend the MCAO model presented in this thesis to also include a method for 
brain-selective intra-arterial injections, a comprehensive experimental bench for further 
development of intra-arterial treatment performed back-to-back with clot retrieval.  
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1.3 MAGNETIC RESONANCE IMAGING 

MRI has become an important tool in clinical and preclinical research. MR-scanners exist in 
parallel in the clinical and preclinical settings, a situation which to a large extent enables 
translation of research from bench to bedside and back again. In biomedical research, MRI 
enables non-invasive longitudinal assessment of brain morphology, physiology, function and 
metabolism at a relatively high temporal and spatial resolution. 

In short, MRI of humans and animals employs the abundance of hydrogen in the body, 
mainly as part of water and fat. Atomic nuclei with an odd number of protons and/or 
neutrons, such as hydrogen (a proton), rotate about their axis, which makes them behave like 
magnets. When such nuclei are exposed to a strong magnetic field (B0) like that created by a 
MR-scanner, they align parallel to B0 and precess (i.e. rotate about their own axis, which in 
turn rotates about the direction of B0). Precession occurs with a specific frequency (the 
Larmor resonance frequency) determined by the gyromagnetic ratio of the nucleus and the 
strength of the magnetic field. By further organizing the precessing protons by applying 
additional magnetic fields superimposed on B0, the magnetic strength applied to different 
points in space will be different. This causes different resonance frequencies in protons in 
different regions of the object. The superimposed magnetic fields (magnetic field gradients) 
influence frequency and phase properties of precession. By delivering radiofrequency (RF) 
pulses with frequencies corresponding to the resonance frequencies for each region and 
sorting them by their phase, it is then possible to assemble an image with 3 dimensions, from 
signals generated by RF waves emitted due to the phenomenon of magnetic resonance. The 
phenomenon of magnetic resonance causes the protons in B0 to re-emit electromagnetic 
signals, which are sampled by the MR-scanner, when returning to equilibrium after being 
excited by RF pulses with the resonance frequency. 

1.3.1 Imaging of T2- and T1 relaxation 

In clinical everyday work, T2 and T1 are terms broadly used by physicians to discriminate 
between two common types of MR images, where "T2-weighted" imaging (T2WI) may 
broadly be said to show water content while "T1-weighted" imaging (T1WI) shows fat. In a 
narrower sense, T2 and T1 are time constants introduced by Felix Bloch in 1946 (Bloch 
1946), accounting for processes that force the excited protons to equilibrium, i.e. relaxation.  

Briefly, T1 is a time constant accounting for thermal perturbations, transferring the energy 
added to the protons by the exciting RF-pulse to the surrounding tissue. The main 
determinant of T1 is the efficiency of movement of molecules, which in turn correlates to 
molecular size. Medium-sized molecules such as fat are much more effective in dissipating 
this energy when compared to water. This difference in energy dissipation is exploited when 
generating T1WI.  

T2 on the other hand, accounts mainly for local irregularities in the magnetic field caused by 
the constant and inevitable motion of tissue protons. For example, fat contains more protons 
than water and thus exerts a stronger local magnetic field. Furthermore, large molecules move 
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slower and thus stay in contact for a longer time. This sustains the variation in the local 
magnetic field. Lipids contain more protons, i.e. are more magnetic, and stay in contact with 
adjacent molecules for a longer time when compared to water and consequently fat has 
shorter T2 than water. Local magnetic field variations are exploited when generating T2WI. 
Of note is that T1WI and T2WI do not exclusively reflect T1- and T2 values. Configuration 
of MRI scanning protocols involves varying repetition time (TR) and echo time (TE) in order 
to receiving signal more or less affected by T1 and T2. Thus, pixel intensities in T1W- and 
T2W images account for both processes determining T1 and T2, albeit with different 
contributions from each, depending on the TR and TE.  

1.3.2 T2- and T1 relaxation in ischemic stroke 

T1WI and T2WI are generally not sensitive to early changes in cerebral ischemia. However, 
they are useful in evaluation of subacute and chronic stages of ischemic stroke, as increases in 
T1 and T2 are believed to reflect changes in total water content in ischemic tissue. 
Breakdown of the blood-brain barrier by disruption of tight junctions and basal lamina 
degradation leads to isoosmotic vasogenic edema, causing accumulation of water in the 
extracellular compartment. As water molecules in biological tissues move around more than 
larger molecules such as lipids in brain tissue, the vasogenic edema will decrease the local 
magnetic field variation and thus prolong T2 relaxation. This is reflected by a signal increase 
in T2WI. However, there are probably several other factors influencing T1 and T2 in 
ischemic tissues, such as flow effects, shifts in the relative amounts of oxy- and 
deoxyhemoglobin, and magnetization transfer phenomena (Calamante et al. 1999). 

1.3.3 Diffusion-weighted imaging 

Diffusion-weighted imaging (DWI) is a commonly used MRI sequence for early diagnosis of 
brain ischemia. Diffusion in DWI refers to the movement of water molecules in tissue, caused 
by random thermal motions. Diffusion can be detected and measured by MRI. The principle 
of DWI is that a water molecule can be tagged to its initial location in the tissue by a first 
arrangement of magnetic fields. If the water molecule stays in its initial location after a 
second arrangement of magnetic fields, the signal from this location remains unchanged 
whereas there is a signal loss if the water molecule moves away from its initial location.  

In practice, this principle is realized by superimposing yet another magnetic field (a diffusion 
gradient) on B0 and the magnetic field gradients. The diffusion gradient changes the phase of 
the protons in water molecules depending on where they are located. Next, water molecules 
are allowed to diffuse before an identical diffusion gradient is applied albeit inverted. 
Subsequently, the phase of water molecules that stay in place will be restored (less diffusion, 
more signal) whereas water molecules moving more freely will experience two different 
phase shifts from the first and second diffusion gradient and thus not restore their phase 
(more diffusion, less signal). The strength and timing of the diffusion gradients can be varied 
to enhance or lessen the effects of diffusion on the image. The so-called b-value reflects the 
configuration of the diffusion gradients, a higher b-value produces a stronger diffusion effect. 
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In summary, regions of the brain with fast rates of diffusion (e.g. cerebrospinal fluid) will 
appear darker than regions with slower rates of diffusion (e.g. grey matter). 

Natural barriers formed by membranes and organelles determine the distribution and 
movement of water molecules in biological tissues. Other determinants of diffusion of water 
in biological tissues are permeability of membranes, cellularity of tissues, transport processes 
and adsorption to macromolecules. DWI cannot separate the intrinsic diffusion of water 
molecules from all incoherent motions within the tissue, i.e. capillary pseudo-diffusion and 
gross motion, hence the introduction of the term "apparent diffusion". DWI images are 
generated using T2WI and thus contain T2 contrast, also referred to as "T2-shine through", 
making it difficult to discriminate restricted diffusion caused by cellular swelling (acute 
infarction) from prolonged T2 caused by vasogenic edema (subacute and chronic infarction). 
Therefore it is convenient to calculate a parametric image, in which, each voxel represent a 
pure apparent diffusion coefficient (ADC) devoid of T2 contrast. This image is referred to as 
the "ADC map". 

1.3.4 Diffusion-weighted imaging in ischemic stroke 

Ischemic brain tissue has slower than normal diffusion. The biophysical mechanisms that 
cause this decrease in diffusion are not completely understood. The initial hypothesis for the 
reason behind restricted diffusion was put forward by Moseley in 1990 (Moseley et al. 1990) 
and remains the most cited and generally appreciated theory. Moseley's compartment shift 
hypothesis relies on the temporal relationship between cellular swelling (cytotoxic edema) 
and ADC decrease in acute cerebral ischemia, both happening very fast. Ischemic cells 
depleted of ATP lose the functionality of their trans-membrane ion pumps, causing a shift of 
the displacement of water from the extra- to the intracellular compartment. It is widely 
assumed that diffusion is faster in the extracellular compartment (EC) compared to the 
intracellular compartment (IC), due to the relatively low concentration of macromolecules in 
the EC. A shift from the EC to the IC will therefore cause the ADC to decrease. However, 
evidence of this hypothesis remains indirect. A compartment shift as the sole or main 
contributor to ADC decline is highly unlikely considering the following circumstances: In the 
normal brain 80% of total brain water resides in the IC and 20% in the EC; the compartment 
shift due to cell swelling has been estimated to cause a mere <10% shift of total water from 
the EC to the IC (Schuier & Hossmann 1980). Evidence shows that the ADC for the EC and 
IC in healthy tissue are roughly similar (Duong et al. 1998). Another hypothesis is that the 
influx of water to the IC causes a volume reduction in the EC, bringing cell membranes 
closer, i.e. increased tortuosity of the EC, restricting diffusion by 35% in the EC (Norris et al. 
1994). However, as the contribution of the EC to the total water brain signal under cytotoxic 
edema is 10%, even a large decrease of ADC in this fraction would make a very small 
contribution to the average decrease in ADC. It is reasonable to believe that the acute water 
ADC changes in the ischemic brain are mainly caused by changes in the IC and that the 
diffusion restriction by increased tortuosity in the EC contributes little to the average ADC. 
More recently, it was proposed that cessation of energy-dependent motion of intracellular 
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contents is the predominant mechanism for the decrease of intracellular ADC and thus the 
main contributor to the overall ADC decrease in the ischemic lesion (Duong et al. 1998).  

1.3.5 Arterial spin labeling 

Arterial spin labeling (ASL) MRI is a method for measurement of flow using magnetically 
tagged protons in inflowing blood as a contrast agent. More specifically, blood water in the 
cervical arteries is exposed to an inversion RF pulse. The result is inversion of the net 
magnetization of the blood water that is about to flow into the cerebrovasculature. After a 
short period of time the magnetically tagged blood water will flow through the brain and 
interact with parenchymal water, more or less reducing the magnetization of the tissue 
depending on the regional cerebral blood flow. At this point, a T1W "tag-image" is acquired. 
This "tag-image" is then subtracted from a "control image" acquired with the same 
parameters although without tagging of inflowing blood water. The resulting image will thus 
reflect the cerebral blood flow in each voxel within the transit time.  

Although introduced already in the early 1990's, ASL has remained a technique for research 
and has, due to certain limitations, failed translation to the clinic. One limitation in measuring 
CBF in ischemic tissues is that the blood transit time to this tissue is increased causing 
underestimation of CBF with ASL (Zaharchuk 2014). Another limitation is overestimation of 
CBF in previously ischemic tissues as vasogenic edema causes an increase in T1 (Zaharchuk 
2014). However, there are several advantages to ASL in the experimental setting. As no 
contrast agent needs to be added, repeated assessments of perfusion of ischemic events can be 
performed with high temporal resolution with low susceptibility to ischemia-related blood-
brain barrier deterioriation.  

1.3.6 Arterial spin labeling in ischemic stroke 

MCA occlusion will cause a heterogenous decrease in perfusion of the brain matter supplied 
by the MCA, with collateral perfusion as a significant factor. In a simplified view, three 
territories of decreased perfusion can be defined:  

• A severely ischemic region rapidly succumbing to infarction.  
• A peri-infarct (penumbral) region determined for infarction if not reperfused within a 

certain period of time.  
• An oligemic region viable yet hypoperfused with slight impairment of function.  

In ischemic stroke, the non-salvageable infarct core gradually expands at the expense of 
surrounding penumbral regions. It is unclear for how long these penumbral regions remain 
uninfarcted, although it is reasonable to believe that penumbral regions exist well beyond the 
therapeutic time-window for reperfusion therapy (Markus 2004). Thus, the main target for 
therapy in recent years has been the hypoperfused region adjacent to the infarct core. 
Although ASL has shortcomings in producing exact and detailed measurements of CBF, the 
method is able to discriminate between regions with severely affected perfusion and regions 
with moderately affected perfusion in the experimental setting (Calamante et al. 1999; 
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Lythgoe et al. 2000). However, the intraluminal suture model produces a large region with 
severely affected perfusion and a relatively small peri-infarct region (Calamante et al. 1999). 
This has made it difficult to study patophysiological changes in the peri-infarct region and 
limited the validity of neuroprotective strategies aimed at peri-infarct salvage.  

The stroke model described in Paper I, was designed to increase the size of the peri-infarct 
region, while reducing the invasiveness and ischemic lesion size, in order to more accurately 
model the perfusion situation in ischemic stroke in humans. We hypothesized that a more 
delicate intervention in the circle of Willis would to a larger extent preserve collateral flow 
over the brain surface, as provided by the ACA and the PComA.  

1.3.7 MR Spectroscopy 

MR spectroscopy (MRS) allows in vivo measurement of various metabolites. The principle of 
MRS is that the resonance frequency for nuclei is different depending on what chemical 
environment that the resonating protons reside in. The effect of different chemical 
compounds on the MR signal is very small and expressed in parts per million of the resonant 
frequency. The differences is however large enough to enable MRS to identify molecular 
structures and their relative concentrations. The clinical applications of MRS is currently 
mainly used in the diagnosis of brain tumors, although plays a minor role in this context. One 
limiting factor is that MRS at magnetic field strengths of clinical scanners is insensitive and 
therefore, in order to gather enough signal, restricted to sampling spectra from relative large 
brain volumes. However, with the introduction of clinical scanners with higher field strength, 
MRS may become more valuable as a diagnostic tool. The high field strengths in 
experimental MRI give the opportunity to perform MRS with better signal to noise ratio and 
an increased spectral, spatial and temporal resolution. Of primary interest in ischemic stroke 
is the possibility to detect elevated levels of lactate as an indicator of anaerobic glycolysis 
(Sappey-Marinier et al. 1992). Furthermore, MRS is also able to detect N-acetyl aspartate, a 
highly abundant amino acid present primarily in neurons and used as a marker of neuron 
viability. The level of N-acetyl aspartate is reduced following cerebral infarction (Sappey-
Marinier et al. 1992). Thus, MRS is a promising tool for further advancement in the 
understanding of the pathophysiology of brain tissue under metabolic stress caused by 
ischemia. 
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1.4 POSITRON EMISSION TOMOGRAPHY 

PET is a tool to visualize molecular and biochemical processes in biological tissues. In short, 
a positron emitting radionuclide is incorporated into a molecule, i.e. a radiotracer. The 
radiotracer is injected into the subject and depending on the molecule and the properties of 
the subject, the radiotracer distributes and metabolizes within the subject. The positrons 
emitted by the decaying radionuclide, i.e. antiparticles of electrons, combines with electrons 
(annihilates) within a few millimeters of the radiotracer and result in the emission of two 511 
keV gamma photons moving away from the site of annihilation at almost 180 degrees to each 
other. The simultaneous detections of gamma photons in two detector elements 180 degrees 
apart in multiple rings of detectors can then be used to approximate the location of the 
radioactive decay. Next, the recorded data is reconstructed to generate 3-dimensional 
distributions of radioactivity, which can be used for quantification. Also, the recorded data 
can be reconstructed in time frames to provide information on time-dependent changes in 
radioactivity concentrations in different tissues, i.e. dynamic images.  

Fluorodeoxyglucose, [2-18F]-2-Fluoro-2-deoxy-D-glucose ([18F]FDG), is a radiotracer 
commonly used in medical imaging. It is a glucose analog with the positron-emitting 
radionuclide fluorine-18 incorporated at the 2' position in the glucose molecule. Like glucose, 
[18F]FDG is actively transported from the blood into the brain by glucose transporters, where 
it is phosporylated in the first step of the glycolysis by intracellular enzymes (hexokinases) to 
form [18F]FDG 6-phosphate. Unlike glucose 6-phospate, [18F]FDG 6-phosphate cannot enter 
the subsequent steps in glycolysis. Thus, [18F]FDG decay reflects the intracellular distribution 
of glucose in the brain.  

1.5 Glucose metabolism in the ischemic brain 

During ischemic stroke, reduction of perfusion results in a significant impairment of oxygen- 
and glucose supply, leading to cellular dysfunctions due to loss of adenosine triphosphate 
(Heiss 2011). It is well known from experimental and clinical observations that glucose 
metabolism in the ischemic core is severely depressed (Wise et al. 1983; Yuan et al. 2013), 
whereas several experimental studies on glucose metabolism in penumbral and oligemic 
regions have indicated local increases in glucose metabolism (Ginsberg et al. 1977; Yuan et 
al. 2013; Sako et al. 1985; Welsh et al. 1980; Choki et al. 1984; Komatsumoto et al. 1989; 
Kita et al. 1995; Nedergaard et al. 1986; Ginsberg et al. 1985). This ischemic 
hypermetabolism, also known as uncoupling of flow and metabolism, has also been observed 
in human acute ischemic stroke and also in post-asphyctic infants (Nasu et al. 2002; 
Blennow et al. 1995). However, the underlying mechanism leading to the increase in uptake 
of [18F]FDG in regions undergoing infarction remains unclear. Initially, it was hypothesized 
that it was caused by anaerobic glycolysis compensating for loss of adenosine triphosphate 
(Kita et al. 1995). Later it has been suggested that an increased aerobic glycolysis was a more 
probable cause (Wise et al. 1983; Yuan et al. 2013). It should be observed, however, that 
there are certain inherent problems with estimations of glucose metabolism by [18F]FDG 
PET, that may complicate the evaluation of glucose uptake in the ischemic brain. For 
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instance, [18F]FDG uptake may not be entirely representative of glucose metabolism in the 
ischemic brain. Even if metabolism of [18F]FDG is very similar to glucose metabolism in 
normal brain tissue, there are small differences in transportation and phosphorylation between 
these two, which can be measured and expressed as a ratio called the "lumped constant" 
(Phelps 1981). It has been reported that hypoperfusion may cause a significant increase in the 
lumped constant (Nakai et al. 1988), which would mean that the increased [18F]FDG uptake 
in the ischemic although yet uninfarcted brain could in large part be explained by an 
increased affinity towards [18F]FDG over glucose. However, further studies are necessary to 
verify whether a change in the lumped constant is a significant factor in experimental 
[18F]FDG PET imaging of the ischemic brain in rodents.  

 [18F]FDG PET is thus an interesting tool for investigating alterations in glucose metabolism 
in acute ischemic stroke, especially in penumbral and oligemic regions where further 
understanding of tissue state and fate would be helpful in the development of neuroprotective 
strategies, specifically in cases where brain metabolism is targeted to ameliorate infarct 
progression. Also, it is well known that ischemic stroke is followed by elevated levels of 
blood glucose and it has been suggested that systemic hyperglycemia could have detrimental 
effects on brain tissue (Bruno et al. 2004). Furthermore, infarct related elevations in blood 
glucose have been proposed as a therapeutic target, as higher levels of blood glucose during 
acute ischemic stroke have been linked to larger infarct volumes and an increased functional 
impairment (Stead et al. 2009). However, in a recent randomized trial, ischemic stroke 
patients receiving insulin treatment to normalize systemic hyperglycemia had poorer 
outcomes and larger infarct growths (Rosso et al. 2012). It may be that systemic 
hyperglycemia is necessary to support a pathophysiological defense mechanism involving an 
acceleration of glycolysis in neurons and/or glia. Whether this can be linked to an increased 
demand for glucose in the ischemic penumbra is speculative. Regardless, further preclinical 
studies are warranted in order to learn how to handle systemic- and cerebral changes in 
glucose metabolism in ischemic stroke. 

As mentioned, the existing models of ischemic stroke in the rat unfortunately produce a 
relatively small region of oligemia. Consequently, the preconditions for further investigations 
of the hypermetabolism of glucose are suboptimal. As one of the primary goals in designing a 
new model of experimental stroke (Paper I), was to more closely model human stroke by 
preserving collateral flow with prerequisites for a smaller focal ischemic core and a relatively 
large penumbral/oligemic region. We hypothesized that the newly designed model would 
facilitate observations of metabolic changes in ischemic and penumbral regions with 
[18F]FDG PET. 
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1.6 VEGF-B as a potential target in treatment of ischemic stroke 

Vascular endothelial growth factors (VEGFs, including VEGF-A, VEGF-B and placental 
growth factor PlGF) are major regulators of blood vessel physiology. In experimental stroke, 
the role of VEGFs have been assessed in angiogenesis, atherosclerosis, cerebral edema, 
postischemic brain- and vessel repair and neuroprotection (Greenberg & Jin 2013). In 
experimental cerebral ischemia, VEGF-A is the most thoroughly studied. It has been shown 
that VEGF-A protein expression is increased within hours- and over days to weeks after 
MCAO, primarily in the penumbra, and localized to neurons astrocytes and endothelial cells 
(Kovacs et al. 1996; Lennmyr et al. 1998; Hayashi et al. 1997). As VEGF-A is clearly 
involved in the brain response to acute and chronic ischemia, it has been considered a 
potential target for neuroprotective intervention. However, VEGF-A was, along with its 
angiogenic properties, initially identified based on its profound effects on vascular 
permeability (Senger et al. 1983; Ferrara & Henzel 1989). As development of cerebral 
edema is a complicating factor in ischemic stroke, it was hypothesized that VEGF-A could 
worsen infarct progression by opening up the blood-brain barrier. This was indeed the case 
when administration of VEGF-A to rats within the first hour of MCAO caused an increase in 
infarct size by worsening cerebral edema (Zhang et al. 2000). This has been further 
corroborated by studies showing that administration of anti-VEGF-A antibodies counteracts 
increased vascular permeability in a rat model of stroke (Kimura et al. 2005). Thus, the 
therapeutic potential of VEGF-A in ischemic stroke seems to be limited by its potent actions 
on blood-brain barrier permeability leading to vasogenic edema. 

VEGF-B on the other hand, despite being very similar to VEGF-A, is not a mediator of 
vascular permeability (Gaál et al. 2013). Whether VEGF-B has angiogenic activity is under 
debate due to inconsistent and controversial results. Although the biological functions of 
VEGF-B remain incompletely understood, the fact that it does not mediate vascular 
permeability and has been shown to exert activity in the endogenous response to cerebral 
ischemia makes it a potential therapeutical target in ischemic stroke. However, the role of 
VEGF-B activity in cerebral ischemia is yet to be determined. The current evidence is 
conflicting, as increased VEGF-B reactivity in the ischemic border zone 24 hours after MCA 
occlusion in mice has been reported, whereas reduced amounts of VEGF-B protein was 
detected following the same procedure in rats (Li et al. 2008; Guan et al. 2011). 

The prevalence of type-2 diabetes, one of the most important risk factors for ischemic stroke, 
is rapidly increasing and contribute to the increasing stroke incidence in developed countries 
(Kissela et al. 2005; Medin et al. 2004; Kissela et al. 2012). In parallel with emerging 
studies on the potential role of VEGF-B in the ischemic brain, VEGF-B antagonism has been 
reported to restore insulin sensitivity and reduce lipid accumulation in muscle. Based on these 
findings, a promising strategy to treat type-2 diabetes based on these findings has been 
suggested (Hagberg et al. 2012; Hagberg et al. 2013; Hagberg et al. 2010).  

As VEGF-B antagonism is a potential treatment for of one of the major risk factors for 
ischemic stroke, and further investigations on whether VEGF-B antagonism would affect 
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development of ischemic stroke are anticipated. Interestingly, it was found that pre-treatment 
with a monoclonal anti-VEGF-B antibody ameliorated the ischemic injury in a 
photothrombotic mouse model (Nilsson & Su 2015). We investigated whether their 
observations from neutralizing VEGF-B in mice subjected to ischemic stroke, could be 
extended and confirmed in the model developed in Paper I by using the imaging protocols 
established in Paper III. 
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2 AIMS OF THE THESIS 
The general aim of the present work was to establish a clinically relevant experimental 
platform for multimodal imaging investigations of treatment studies of cerebral ischemia. The 
platform would the make results from studies on pathophysiology and treatments rapidly 
translated to clinical practice. 

The specific aims of each paper were: 

Paper I: To develop a model for ischemic stroke in the rat that, compared to previously 
existing models, more closely resembles the majority of human stroke. 

Paper II: To extend the methods developed in Paper I to include super-selective intra-arterial 
injections to the rat brain and to investigate infusate distribution following such injections. 

Paper III: To assess changes in cerebral blood flow and glucose metabolism in rats with 
ischemic stroke secondary to the model developed in Paper I. 

Paper IV: To study the effects of VEGF-B antagonism on ischemic lesion volume, cerebral 
blood flow and glucose metabolism, under experimental conditions developed in papers I and 
III. 
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3 METHODS 

3.1 ANIMALS AND ETHICAL CONSIDERATIONS (PAPER I THROUGH IV) 

All animal work was conducted in accordance with the Swedish Animal Welfare Board at 
Karolinska Institutet and approved by the the regional ethical committee. In all experiments, 
male Sprague-Dawley rats (350-450 g, Scanbur, Sollentuna, Sweden) were used. We chose 
Sprague-Dawley rats, as MCAO in these animals result in relatively moderate and consistent 
infarct sizes compared to Wistar-Kyoto, Fischer-344 and spontaneously hypertensive rats, 
which respond to MCAO with larger or more inconsistent infarcts (Ginsberg & Busto 1989). 
All experiments were performed using isoflurane inhalation anesthesia (ISO). Anesthesia was 
induced using 4% ISO mixed with 96% oxygen and subsequently maintained at 2% 
isoflurane. We chose ISO over injection anesthesia to minimize animal handling, for ease of 
control, larger safety margins and quicker recovery times. A potential disadvantage with ISO 
are its effects on infarct volume, CBF and VEGF expression (Taheri et al. 2014). 

The stroke model presented in Paper I and II and used in Paper III and IV has several 
advantages over conventional MCAO models that are mutually attractive from scientific and 
ethical standpoints. In the widely used intraluminal suture occlusion model, a dissection of 
the neck is performed with ligation of the ECA. This causes ischemic necrosis of mastication 
and hypopharyngeal muscles with negative effects on animal well-being and outcome in 
behavioural testing (Dittmar 2003). Further, the intraluminal suture occlusion model causes a 
large and highly variable ischemic injury leaving some animals in severe neurological 
conditions, negatively impacting on modeling of treatable human stroke and animal well-
being and has a relatively high hemorrhage rate. Using X-Ray fluoroscopy guidance, we were 
able to replace neck dissection with a small incision on the tail and furthermore by replacing 
crude filaments with microwires designed for endovascular neuronavigation, we were thus 
able to avoid undesired ischemic injury. In addition, our analysis of ischemic injury was 
mainly performed by non-invasive in-vivo imaging. In-vivo imaging allows repeated 
observations in the same animal, which consequently reduces the number of animals needed. 
In summary, the animal work in this thesis relies heavily on the use of advanced techniques 
that are non-invasive or minimally invasive with considerable positive effects on animal well-
being. Two of the three components of the 3R principle, i.e. Reduction and Refinement are 
thus fulfilled using the current techniques. Replacement of animal models for studies on 
stroke is not yet possible due to the complexity of the CNS and the neurovascular unit and the 
necessity of having an existing circulation in order to mimic the human situation. 
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3.2 OCCLUSION OF THE MIDDLE CEREBRAL ARTERY (PAPER I, III AND IV) 

In Paper I we developed a novel method for occluding the MCA in the rat by fluoroscopy-
guided microwire navigation from the ventral tail artery to two different positions in the 
MCA of the rat. Furthermore, we demonstrated the possibility to occlude and reperfuse the 
MCA with the animal located inside an HF-MRI (9.4T) system. In Paper III, the developed 
method was used as a model for ischemic stroke in in-vivo imaging assessment of glucose 
uptake, lactate formation and cerebral blood flow. In Paper IV the model was used to assess 
the effect of VEGF-B antagonism on ischemic stroke. 

Briefly, a midline incision was made on the ventral side of the tail. The fascia covering the 
ventral artery was cut, and the exposed artery was ligated distally. Next, a ligature was tied 
loosely around the proximal part of the artery, and a microvascular clip was placed over the 
ventral artery. The artery was cut and a hydrophilic microcatheter carrying a microwire was 
introduced and advanced to the thoracic aorta. We did choose the ventral tail artery over 
femoral arterial access to minimize the risk for peripheral ischemia, for minimal invasiveness 
and to shorten surgical exposure time. 

Subsequent steps were performed using a Philips Allura FD20 interventional x-ray system 
(Philips Healthcare, The Netherlands). Two different interventional approaches were used 1) 
The microcatheter was advanced on a 0.18 mm microwire to the thoracic aorta, Next, the 
microwire was navigated to a tip position distal to the bifurcation of the MCA (Fig. 1a and 
1b). 2) The microcatheter was advanced on a 0.25 mm microwire to the thoracic aorta. Next, 
the tip of the microwire was navigated into the MCA with the tip between the optic tract and 
the inferior cerebral vein (Fig. 1c and 1d). This position was maintained for 90 min in all 
animals. Thereafter the microwire was retracted together with the microcatheter out of the 
animal and the proximal ligature on the tail artery was tightened and the incision was closed. 

The choice of dimensions for the occluding microwires were made based on the known 
approximate diameter of the MCA in rats - 0.24 mm (Scremin 1995). Hence, we 
hypothesized that a 0.18 mm microwire could be placed with the tip occluding the MCA 
distal to where the vessel traverses the rhinal fissure, albeit without occluding the lateral and 
lenticulostriate end arteries originating proximal to where the MCA traverses the olfactory 
tract. A 0.25 mm microwire placed with the tip at the position approximate to the olfactory 
tract would instead occlude the M1 segment of the MCA and also lateral lenticulostriate end 
arteries.  
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Fig. 1. Radiographic images showing microwire placement in different segments of the middle cerebral artery 
(MCA) in the rat. (a and b) Axial and sagittal projections of microwire placement in the M2 segment of the 
MCA. (c and d) Axial and sagittal projections of microwire placement in the M1 segment of the MCA. 
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3.3 SELECTIVE INJECTIONS TO CERVICAL ARTERIES (PAPER II) 

In Paper II we extended the endovascular procedures developed in Paper I to include 
navigation of microcatheters to different segments of the carotid artery with subsequent 
injection of iodine contrast media and [18F]FDG. 

The ventral tail artery was used for arterial access. We navigated the microcatheter to three 
different positions: 1) in the common carotid artery (CCA) (Fig 2A and 2B), 2) in the cervical 
internal carotid (cICA) although proximal to the branching of the pterygopalatine artery 
(PPA), 3) distal to the PPA in the intracranial part of the internal carotid artery (iICA) (Fig 2C 
and 2D). In these positions, we performed DSA by injections of 100 µL Iohexol (Omnipaque; 
Amersham Health; 180mg/ml of iodine) (Fig 2A and 2C) and injections of [18F]FDG (10-20 
MBq, 500 µL) followed by a saline flush of 300 µL, injected in each animal at a rate of 0.125 
ml/min (Fig. 2B and D). The choice of two injection sites in the ICA was determined by the 
consistent PPA anatomy found in rats. The PPA, an inconsistent rudimentary vessel in 
humans, is of comparable size to the ICA in rats. The PPA supplies mostly extracranial tissue 
with the exception for the middle meningeal artery. Due to its size, we hypothesized that a 
brain-selective injection would have to be performed distal to the origin of the PPA. As the 
diameter of the ICA in rats is approximately 0.7 mm (Scremin 1995) we used the smallest 
commercially available navigable catheter for intervention (outer diameter 0.44 mm) to 
minimize the risk for occluding the vessel. 
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Fig. 2. Digital subtraction angiography (DSA) and PET in the rat, following intra-arterial injections of Iohexol 
and [18F]FDG. (A and B) Injection into the common carotid artery. (C and D) Injection into the internal carotid 
artery, distal to the origin of the pterygopalatine artery. 
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3.4 MR IMAGING (PAPER I, III AND IV) 

The MRI experiments were conducted using a horizontal 9.4 T magnet (Varian, Yarnton, 
UK) equipped with a 12 cm inner diameter gradient system with maximum gradient strength 
of 600 mT/m. A 72 mm birdcage volume coil was used for excitation (Rapid Biomedical 
GmbH, Würzburg-Rimpar, Germany) and a 4-channel phased array surface coil (Rapid 
Biomedical GmbH, Würzburg-Rimpar, Germany), designed for imaging of the rat brain, 
served as receiving coil. Due to the proximity of the interventional X-ray system and the MR-
scanner it was possible to transfer the animal to the MRI within 5 minutes after occluding the 
MCA. Temperature was maintained at 37 ± 0.5 ºC throughout the MRI experiment with a 
feedback controlled air-heater system (SA-Instruments, Inc, Stony Brook, NY, USA). The 
pulse, oxygen saturation and respiration rate was monitored using an MR-compatible system 
(SA-Instruments, Inc, Stony Brook, NY, USA). 

3.4.1 T2WI  

In the development of the M2CAO (Paper I), we were interested in acquiring images with 
high anatomical resolution and sensitivity for ischemia in order to characterize the injury. 
Therefore, we obtained 3D volumetric data of the entire brain using a fast spin-echo 3D pulse 
sequence resulting in mainly T2-weighted images (TR 1000 ms, effective TE 58.7 ms, ETL 
4, data matrix (RO x PE x PE2) 1024 x 128 x 128, covering a field of view (FOV) of 51.2 x 
22.0 x 19.2 mm3 in the tail-head, left-right and ventral-dorsal, directions respectively. 
Excitation of the spins was accomplished by a 1.61 ms sinc pulse while 1.29 ms sinc pulses 
were used for refocusing, spectral width 100 kHz, and one average was used, resulting in a 
scan time of 1h 4 min. Signals outside field of view (FOV) was suppressed with three spatial 
saturation bands positioned lateral and ventral of the brain. The saturation bands slightly 
overlapped with the FOV. 

In Paper III and IV, we employed a simpler approach to generate T2WI to shorten time in 
order to accommodate more time-consuming image sequences. We simply used the T2 image 
obtained in the DWI sequence when diffusion gradients are set to zero (b = 0). By doing this 
we also had the advantage of T2WI and DWI images of same size and therefore co-
registration was facilitated.  

3.4.2 Diffusion-weighted imaging 

When performing MR experiments for Paper I, we were limited to somewhat rudimentary 
DWI as the scanner had been newly installed and image sequences were yet to be 
implemented and developed.  

In Paper I, ADC-maps were estimated from diffusion weighted multi-slice spin-echo echo 
planar imaging (EPI) data. 18 continuous coronary slices of 1 mm thickness were acquired 
with a FOV of 38 x 19 mm2 and a matrix of 128 x 64 in the horizontal read out and vertical 
phase encode directions, respectively. A long TR of 10 s was used to avoid systematic errors 
due to incomplete relaxation between reference scans and diffusion weighted scans, while 
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effective TE was 50 ms. Diffusion weighting was accomplished through gradient pulses of 
2.2 ms and amplitude of 584.9 mT/m applied along the RO-direction applied before and after 
the refocusing pulse. The diffusion encoding and decoding gradient pulses were separated by 
10 ms to yield a target b-value of 1100 s/mm2. Reference images, without diffusion weighting 
were acquired with the amplitude of the diffusion encoding gradients set to zero. 

For Paper III and IV, we were able to apply a more comprehensive pulse sequence for 
diffusion tensor imaging, using multi-slice three-shot spin-echo EPI sequence in transverse 
plane (14 slices of 1mm thickness) with repetition time (TR) 3 s, echo time (TE) 25 ms, field 
of view 32 × 32 mm2, matrix size 96 × 96, in-plane resolution of 33 × 33 µm, diffusion 
gradient duration (Δ) 2.3 ms and diffusion gradient separation (δ) 6.5 ms. Diffusion 
sensitizing gradients were applied along 12 directions with two diffusion sensitizing factors b 
= 0 and 1000 s/mm2. 

3.4.3 Arterial spin labeling (Paper III and IV) 

For perfusion measurements, an arterial spin labeling surface coil (Rapid Biomedical GmbH) 
was placed 2 cm away from the head coil underneath the neck. 

Perfusion measurements were performed using three-shot gradient EPI with a FOV of 32 × 
32 mm2, matrix size 96 × 96, TR 6.15 s, TE 10.5 ms and 14 slices of 1 mm thickness with no 
gap in between. Continuous arterial spin labeling was accomplished by applying an off-
resonance RF power to the ASL coil in the presence of a 1 Gauss/cm gradient during TR. The 
labelling plane was located 2.4 cm upstream from the imaging slice package and a transit 
time (TI) of 2 ms was assigned to the labelled blood moving away from the tagging plane. A 
pair of tagged and control images were acquired for each slice. To acquire the control image, 
the tag position was reversed by switching the sign of the labelling offset-frequency, resulting 
in the tagging plane being moved downstream to the imaging plane.  

3.4.4 Spectroscopy Paper (III) 
1H MRI spectra were acquired using point resolved spectroscopy (PRESS) sequence from a 
volume of interest (VOI) (2.5×1.7×2.5 mm3). Two separate VOIs were placed, one in the 
infarct core showing restricted diffusion and another in the peri-infarct region. The water 
suppressed spectrum was acquired with TR 3 s, a total TE 15.66 ms, 3 ppm offset from water 
signal, spectral width 8013Hz, 4096 complex data points and 32 scans, with a total 
acquisition time of 1.42 min. The water signal was suppressed with variable power RF pulses 
and optimized relaxation delays (VAPOR). A water reference scan was recorded per each 
water-suppressed spectrum for quantification and eddy current compensation purposes. The 
gradient polarity was reversed to compensate for the chemical shift displacement artefacts 
due to spectral lipid contamination.  
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3.5 MRI DATA PROCESSING AND IMAGE ANALYSIS 

All MRI data were initially processed with VnmrJ software (Agilent Technologies, Palo Alto, 
CA, USA) and imported to ImageJ software (National Institutes of Health, Maryland, 
USA)(Schneider et al. 2012). ImageJ data were either formatted for export to another 
software or processed directly according to descriptions in the next sections. 

3.5.1 Assessment of infarct volume 

In Paper I, volumetric T2 images were imported to OsiriX imaging software (OsiriX 
Foundation, Geneva, Switzerland). Volumes were built by manual tracing of the infarct 
defined by visual assessment as increased signal intensity. Manual tracing was performed in 
section intervals of 1 mm; the final volume was established through software interpolation 
and volume calculation. Two independent observers measured infarct volumes.  

In Paper III and IV, segmentation of infarct volumes was performed in ITK-SNAP 
(Yushkevich et al. 2006). The reason for choosing ITK-SNAP over OsiriX imaging software 
was that ITK-SNAP is a software application dedicated to segment structures in 3D medical 
images and hence has a more efficient workflow for doing this. 

3.5.2 CBF measurements 

CBF maps were calculated from ASL images using ImageJ software (National Institutes of 
Health, Maryland, USA). Next, the CBF maps were imported together with ADC maps 
acquired back-to-back and co-registered in ITK-SNAP. Briefly, an ischemic region was 
manually segmented by visual determination of regions displaying restricted diffusion on 
ADC images and an oligemic region was determined by visually assessing regions adjacent 
to the ischemic region displaying perfusion deficit but not showing diffusion restriction. 

3.6 PET (Paper II, III and IV) 

The PET investigations were performed on a MicroPET Focus 120 (CTI Concorde 
Microsystems) with a spatial resolution of 1.3 mm. The [18F]FDG used was obtained from 
daily productions for clinical PET at the Karolinska University Hospital and had passed all 
quality requirements for administrations in humans. During scans, animals were kept 
normothermic on a heating pad. 

In Paper II and III, dynamic series of PET images were created to characterize spatiotemporal 
glucose uptake patterns. In Paper II, we investigated the dynamics of [18F]FDG following 
intra-arterial injection with varying degree of brain selectivity. In Paper III we assessed 
spatiotemporal [18F]FDG uptake patterns in relation to cerebral ischemia. Also, by creating 
dynamic imaging series, we were able to apply compartmental quantification methods to 
estimate intracellular trapping of [18F]FDG. Based on our findings in Paper III, we were in 
Paper IV able to tailor an imaging protocol specifically aimed at assessment of the time 
period following M2CAO when the hypoxy-related increased uptake in [18F]FDG uptake is 
readily detectable and this way limit necessary scan time.  
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In Paper II, animals were catheterized under fluoroscopic guidance as described above. Next, 
they were moved to the MicroPET with the head in the field of view. [18F]FDG was injected 
intra-arterially as described above. One group of animals received intravenous injection only. 
After injection, data were collected continuously for 25 minutes.  

In Paper III, animals were placed in the PET scanner with the head in the field of view within 
five min after placement of the microwire in the MCA. [18F]FDG was administered via the 
tail vein (20-40 MBq, 500 µL). Data were collected continuously during 90 min from the 
time of injection. Next, the microwire was retracted and a second injection of [18F]FDG was 
administered via the tail vein (20-40 MBq, 500 µL) followed by data collection during 60 
min from the time of reperfusion. One group of animals were placed in the PET scanner 24 h 
after reperfusion, followed by [18F]FDG administration via the tail vein (20-40 MBq, 500 µL) 
and data collection during 60 min. 

In Paper IV, animals were subjected to M2CAO and [18F]FDG was administered via the tail 
vein (20-40 MBq, 500 µL) within 10 minutes after placement of the microwire in the MCA. 
Animals were placed in the PET scanner with the head in the field of view and data were 
collected continuously over the last 20 minutes of the 90 minutes occlusion time. Additional 
PET scans at baseline and at 7 days after M2CAO were performed in the same fashion, albeit 
without M2CAO, i.e. [18F]FDG was administered via the tail vein followed by 20 minutes of 
data collection after 60 minutes.  

3.6.1 PET data processing and image analysis 

PET data were processed with MicroPET manager and evaluated using the Inveon Research 
Workplace (Siemens Medical Solutions) software. All imaging data were corrected for 
radioactive decay, random coincidences (photons from different annihilations detected at the 
same time), scattered photons (photons changing direction in tissue and detected), and 
detector dead time (the time when the detector is saturated by photon coincidences and 
unable to register new coincidences). Image data were not corrected for attenuation. In small-
animal imaging of the brain, the impact of attenuation is very small, compared to human 
PET, as the amount of attenuating tissue is much smaller. 

In Paper II, volumes of interest (VOI) were manually drawn over hemispheres to create time-
activity curves from each VOI). In Paper III and IV, MRI from 24 hours after M2CAO was 
co-registered with PET registration of M2CAO and immediately after reperfusion. VOIs 
were manually drawn on the PET image using the co-registered CBF- and ADC-maps to 
create time-activity curves for [18F]FDG uptake in the ischemic region succumbing to 
infarction and peri-infarct regions. 
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3.7 EX-VIVO ANALYSIS (PAPER III) 

Even if MRI is highly sensitive in detecting brain infarction, more detailed information on the 
viability status of brain regions showing diffusion restriction and/or perfusion deficit and/or 
increased [18F]FDG uptake can only be achieved by ex-vivo techniques.  

In this thesis we further validated the apparent MRI and PET lesions by 2,3,5-
triphenyltetrazolium chloride (TTC) staining. Immediately after sacrifice coronal 2 mm 
sections were taken throughout the brain and immersed in a 2% solution of 2,3,5-
triphenyltetrazolium chloride (TTC) in normal saline at 37°C for 30 min, after which the 
sections were fixed in 10% phosphate buffered formalin for photography. TTC is a cheap and 
fast technique that provides macroscopic differentiation between viable tissues from 
infarction (Liu et al. 2009). TTC is colourless until reduced to a red stain by dehydrogenases 
in functionally intact mitochondria. Although there are discussions on the sensitivity of this 
technique, it is regarded as highly specific (Liu et al. 2009).  

To investigate apparent MRI and PET lesions on a microscopic level, we applied 
immunohistochemistry (IHC) in Paper III to further examine cellular viability and also blood-
brain barrier integrity. The brains from animals in groups were removed immediately after 
sacrifice by decapitation and snap frozen in isopentane-dry ice. Coronal 14 µm cryosections 
were taken at -15°C throughout the infarct and peri-infarct regions using a Leica cryostat 
(CM3000, Leica Instruments GmbH, Nussloch, Germany). The sections were thaw mounted 
and stored at -20°C prior to use.  

To visualize apoptotic staining, the ApopTag Fluorescein Detection kits (EMD Millipore, 
Billerica, Massachusetts, USA) were used. The apoTag kit relies on Terminal 
deoxynucleotidyl transferase dUTP Nick End Labelling (TUNEL) staining. Briefly, sections 
were placed in fresh 4% paraformaldehyde solution, post-fixed in ethanol:acetic acid solution 
and incubated in TdT solution for one hour at 37oC. Stop/wash buffer was added and the 
slides were finally incubated with Anti-Digoxigenin Conjugate solution for 30min. In 
addition to staining for apoptosis the same slides were also stained with antibodies against 
Rat IgG to detect opening of the blood-brain barrier. Briefly, sections were washed in Tris-
HCl buffered saline (pH 7.4) and incubated in blocking buffer containing anti-rat secondary 
antibodies (1/200, Jackson) followed by several washes in Tris-HCl buffered saline 
containing 0.5% tween. All sections were counterstained with the nuclear marker Hoechst 
(1/5,000) and mounted with polyvinyl alcohol/glycerol containing 2.5% DABCO (Sigma). 
To further assess blood-brain barrier integrity, fluorescein isothiocyanate (FITC)-dextran 
(4kDa, Sigma-Aldrich; 500 ml of 50mg/ml) in phosphate-buffered saline was injected via the 
tail vein immediately after reperfusion and after 24h after reperfusion. The animals were 
sacrificed 15 min after the injection.   
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3.8 STATISTICAL ANALYSIS (PAPER I THROUGH IV) 

In Paper I a non-parametrical test (Mann-Whitney) was used to compare two groups. In Paper 
II a parametrical test (ANOVA) was used to compare three groups, assuming equal variances. 
In Paper III, a matched-pairs non-parametric test (Wilcoxon) was used to assess differences 
between hemispheres. In Paper III the Mann-Whitney test was applied when analysing 
differences between treatment groups and the Wilcoxon test was applied when analysing 
differences in the same animal at different time points. The reason for choosing non-
parametric tests over their parametric counterparts in Paper I, III and IV, was that data 
appeared non-normally distributed and that the number of animals did not not meet the 
sample size guidelines for performing parametric tests on non-normally distributed data. 
Furthermore, the distribution of infarct volumes appeared skewed and therefore would the 
centre of the distribution be better measured by the median instead of the mean. 
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4 RESULTS AND DISCUSSION 
In this thesis clinical endovascular techniques were translated into research tools for 
modelling of focal, ischemic stroke in the rat and into methods for intra-arterial access to the 
rat brain. Multimodal imaging was applied to characterize tissue infarction, metabolism and 
blood flow caused by the presented model for ischemic stroke. Finally, the model was applied 
in a treatment study, in which multimodality imaging was used to study the effects of VEGF-
B antagonism. 

4.1 A NEW RAT MODEL FOR ISCHEMIC STROKE (PAPER I) 

In this paper we introduced a fluoroscopy-guided technique for microcatheter navigation 
from the medial tail artery to two different occluding positions in the MCA. We compared the 
ischemic lesions produced by these two occluding positions with regard to anatomical 
localization and volume. Also, we demonstrated the possibility to occlude and reperfuse the 
MCA with the rat located inside a high field (9.4T) MR-scanner. 

In preliminary studies to Paper I, we found that it was feasible to use X-ray fluoroscopy 
guidance to navigate the smallest available clinical routine microwires (0.18 and 0.24 mm) 
from the ventral tail artery to different positions in the middle cerebral artery in Sprague 
Dawley rats weighing between 350-450g. Initially, we relied on angiography to visualize the 
arterial vessels for navigation. As angiography requires injections of iodine contrast media 
with extraction and insertion of the microwire, we abandoned this procedure when we 
realized that knowledge of vascular anatomy in relation to skeletal landmarks properly 
projected by fluoroscopy were sufficient for exact navigation during a short time span. 

When the navigation procedure had been established, we tested the hypothesis that placement 
of microwires of different diameters at different locations in the MCA would produce either 
focal cortical infarction or subcortical infarction. Results confirmed that placement of a 0.18 
mm microwire in the M2 segment of the MCA produced focal cortical infarcts in 13 out of 13 
animals, although not exclusively as subcortical infarcts were detected in 4 of the animals 
(Fig. 3A and 3C). Importantly, no ischemic injury was detected in hypothalamic regions. 
Placement of a 0.24 mm microwire in the M1 segment of the MCA resulted in striatal 
infarction in 5 out of 5 animals with cortical infarcts in 2 out of 5 (Fig. 3B).  

  



 

 27 

 

Fig. 3. T2-weighted HF-MRI showing infarct lesions in the rat. (A) Axial image showing a cortical lesion 
produced by microwire placement in the M2 segment of the middle cerebral artery (MCA). (B) Axial image 
showing a subcortical lesion produced by microwire placement in the M1 segment of the MCA (C) Sagittal 
image exhibiting the standard branching pattern of the MCA with infarction of temporal cortex supplied by a 
posterior branch of the MCA. 

Another hypothesis was that placing of a 0.18 mm microwire in the M2 segment of the MCA 
would produce an infarct of smaller size than the intraluminal suture model, thus more 
closely modelling average human strokes instead of malignant infarction. The intraluminal 
suture model on average renders infarction of approximately 30% of the cerebral hemisphere, 
i.e. infarct sizes averaging 100 mm3 (Carmichael 2005). The mean infarct volume produced 
by M2CAO was 23 mm3, corresponding to infarction of 8 % of the hemisphere. In humans, 
strokes commonly range from 4.5 to 14% (Brott et al. 1989; Carmichael 2005). We 
concluded that one of the strengths of the M2CAO was indeed that infarct volumes produced 
would to better mimic those human infarctions where neuroprotective treatment would be 
applied first-hand. We hypothesized that the procedure would preserve collateral flow to a 
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large extent and cause a relatively large hypoperfused peri-infarct region, and that this 
situation would offer a greater possibility to study perilesional pathophysiology. This was 
indeed confirmed by the results from our investigations performed in Paper III. Moreover, we 
found the model to be highly compatible with in-bore studies using HF-MRI. We found that 
it was feasible to manipulate the microwire under MRI guidance. One question was obviously 
how much signal distortion would be caused by the microwire, made out of a nickel-titanium 
alloy (nitinol). Our findings showed that signal distortion was apparent, although very 
discrete, and did not interfere with assessment of infarct development using T2WI and DWI. 
This is explained in large part by nitinol being non-magnetic. 

Another important aspect of modelling human ischemic stroke is the assessment of functional 
outcomes, especially in treatment studies. As the main outcome parameters in human stroke 
are long-term survival and functional recovery, measured by the Rankin scale or Barthel 
index, it is important that these outcomes are used also in the experimental situation 
(Mergenthaler & Meisel 2012). In the development of the model presented in Paper I, we 
hypothesized that we could apply a neurologic grading system developed by Bederson et al. 
to assess functional impairment (Bederson et al. 1986). This was however not the case, as the 
animals were found to have no observable deficit at 2, 4 and 24 hours after reperfusion. The 
explanation for this is simply that the infarcts were significantly smaller than the infarcts 
produced by the models used by Bederson et al. An important next step would be to design a 
functional grading system that is sensitive enough to differentiate degrees of 
improvement/deterioriation in function caused by infarcts produced through M2CAO in rats. 

4.2 INTRA-ARTERIAL INJECTIONS TO THE RAT BRAIN (PAPER II) 

In this study we extended the methods for microwire navigation under fluoroscopy developed 
in Paper I, to include navigation and positioning of commercially available microcatheters in 
the rat. The aim was to establish means to access the arterial supply of the rat brain in a 
minimally invasive and controlled manner, in order to accommodate injections of therapeutic 
and diagnostic agents. This is highly clinically relevant now since endovascular stroke 
treatment is rapidly being accepted as treatment for large vessel occlusions (Berkhemer et al. 
2015; Goyal et al. 2015; Saver et al. 2015; Campbell et al. 2013; Molina et al. 2013). 
Mechanical thrombectomy includes positioning of microcatheters in the cerebral vessels and 
thus make it possible to inject therapeutic or diagnostic agents in a clinical situation. Paper II 
aims at developing a model for such intra-arterial injections in the rat. To assess distribution 
of the infusate, we analyzed radioligand uptake and iodine contrast distribution in the intra- 
and extracranial circulation of the rat, after intra-arterial injections to the common carotid 
artery and different parts of the internal carotid artery.  

Beginning with injections to the CCA, we found that injections at a slow rate in the CCA or 
the proximal part of the ICA, before the origin of the pterygopalatine artery, resulted in 
streaming of the major part of the infusate to the extracranial circulation. This is readily 
explained by the carotid anatomy of the rat, where the CCA directs blood flow to the 
extracranial circulation to a larger extent than in man (Scremin 1995). In the rat, a significant 
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amount of the blood flow in the CCA is distributed to the ECA and the resulting blood flow 
in the ICA is divided between the PPA and the iICA.  

In order to achieve a higher degree of exposure to the brain to our injections, we moved 
distally in the carotid artery and investigated the distribution of infusate when positioning the 
microcatheter tip distal to the ECA branching, although proximal to the PPA. However, 
injections of iodine contrast with this position resulted in reproducible opacification of the 
PPA whereas opacification of the iICA territory was intermittent and substantially weaker 
than the PPA. Thus, in order to achieve robust distribution of iodine contrast media and 
[18F]FDG to the brain, the microcatheter had to be positioned in the iICA (Fig.4A and 4B).  

In this study we also found that it is possible to enhance the uptake of [18F]FDG by a factor of 
nine in the brain by intra-arterial injection and dramatically improve the contrast between 
brain and extracranial tissues. Superselective administration of a wide range of radioligands 
could markedly increase the sensitivity and resolution of nuclear medicine studies in diverse 
diagnostic and therapeutic approaches.  

In summary, in Paper II we extend the methodology developed in Paper I, providing 
microcatheter access to the internal carotid artery along with the method of microwire 
occlusion of select segments of the MCA in the rat. We thereby provide a rat model for 
studies on superselective intra-arterial administration of therapeutic and diagnostic agents in 
the setting of ischemic stroke and other CNS diseases. Moreover, we demonstrate the 
advantages of selective intra-arterial injections by showing the differences in distribution of 
[18F]FDG when administered with different degrees of selectivity. To reach the cerebral 
circulation efficiently in the rat, one needs to position the microcatheter distal to the origin of 
the PPA.  
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Fig. 4. [18F]FDG PET images and digital subtraction angiography (DSA) co-registered with a 
HF-MRI template of the rat brain. (A) Coronal image of hemispheric [18F]FDG uptake 
following intra-arterial injection to the internal carotid artery (ICA), distal to the branching of 
the pterygopalatine artery (PPA). (B) Axial image of hemispheric [18F]FDG uptake following 
intra-arterial injection to the ICA, distal to the origin of the PPA, co-registration with DSA 
show an arteriogram of the circle of Willis (white). (C and D) [18F]FDG uptake following 
intravenous injection. 
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4.3 IMAGING ISCHEMIC STROKE - METABOLISM AND BLOOD FLOW 
(PAPER III) 

In Paper III we investigated regional dynamics of glucose metabolism in relation to cerebral 
blood flow, diffusion of water and immunohistochemical outcome, in the rat model of focal 
stroke developed in Paper I.  

We found that PET imaging, following intravenous administration of [18F]FDG, directly after 
occlusion of the M2 segment of the MCA, detected a markedly elevated [18F]FDG uptake 
within the targeted MCA territory (Fig. 5B). This itself was not surprising, as the 
phenomenon of glucose hypermetabolism in acute brain ischemia has been thoroughly 
reported (Sako et al. 1985; Welsh et al. 1980; Choki et al. 1984; Komatsumoto et al. 1989; 
Kita et al. 1995; Nedergaard et al. 1986; Ginsberg et al. 1985; Belayev et al. 1997; 
Carmichael et al. 2004; Yuan et al. 2013). The distribution of the hypermetabolic regions 
demonstrated in this paper was significantly different in comparison with recent [18F]FDG-
PET investigations of acute experimental stroke. The first study by Yuan et al., in which 
Long-Evans rats were subjected to the intraluminal suture model (Belayev et al. 1996), 
[18F]FDG uptake was reduced in the relatively large ischemic core and hypermetabolism was 
detected in the peri-infarct rim (Yuan et al. 2013). In the second study by Walberer et al., 
Wistar rats were subjected to a macrosphere model of irreversible ischemia (Gerriets et al. 
2003), resulting in a reduced [18F]FDG uptake only (Walberer et al. 2012). In contrast, by co-
registration of PET with images from follow-up MRI, we found elevated [18F]FDG uptake in 
the ischemic core (succumbing to infarction) and also in frontoparietal peri-infarct regions 
Fig 5A and 5B. These findings further corroborated our hypothesis that the model presented 
in Paper I preserve collateral flow in a way that more closely resembles human stroke. This 
was further demonstrated by the absence of hypermetabolism and CBF reduction in the ACA 
and PCA territories, whereas Yuan et al. report elevated uptake of [18F]FDG in cortical 
regions supplied by the ACA and the PCA. This is expected since the model they used causes 
occlusion of the ACA and reduced flow in the PCA.  

Furthermore we used co-registered PET and MRI data sets to generate time-activity curves 
from dynamic imaging data obtained from the region showing elevated [18F]FDG. We found 
that the radioactivity within this region had a slower rate of increase, although reaching 
higher tissue radioactivity concentrations compared to the contralateral hemisphere, at the 
end of 90 minutes of M2CAO. Our interpretation of this is that the inflow of [18F]FDG via 
the MCA is restricted by the reduction of CBF, but is compensated by collateral inflow of 
[18F]FDG via the ACA and the PCA resulting in a elevated [18F]FDG uptake at later time-
points. 
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Fig. 5. T2WI- [18F]FDG-PET images of ischemic stroke. (A) Coronal sections of the rat brain obtained by T2WI 
at 24 hours after 90 minutes of occlusion of the M2 segment of the middle cerebral artery (M2CAO), showing a 
focal cortical infarct. (B) [18F]FDG-PET images, coronal sections co-registered with (A), summed over 90 
minutes of M2CAO, showing increased uptake of [18F]FDG distributed in the infarct and in peri-infarct regions.   
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In an effort to discriminate phosphorylation of [18F]FDG from [18F]FDG accumulation in the 
EC we applied Patlak compartmental analysis (Patlak et al. 1983). The compartmental 
analysis suggested that the presence of a significantly increased net flux of [18F]FDG to the 
intracellular compartment during occlusion, indicating accelerated glycolysis as the 
mechanism behind elevated [18F]FDG uptake. With MR spectroscopy we were able to detect 
increased levels of lactate in the ischemic core although not in peri-infarct regions. These 
results support previous findings indicating that [18F]FDG hypermetabolism occurs under 
both aerobic and anaerobic conditions (Kita et al. 1995; Wise et al. 1983; Yuan et al. 2013).  

Interestingly, current MRI research suggest that cessation of energy-dependent motion of 
intracellular contents is the predominant mechanism causing restricted diffusivity of water in 
acute cerebral ischemia (Duong et al. 1998), whereas our [18F]FDG PET findings in 
hyperacute ischemic tissue showing restricted diffusion of tissue suggest an increase in 
metabolic activity. Speculatively, accelerated anaerobic glycolysis could occur in the 
ischemic brain regions displaying restricted diffusivity of water and that this acceleration 
would maintain energy-dependent mechanisms.  

The cellular mechanisms of glucose metabolism in the brain remain highly controversial. As 
early as 1963 the Swedish scientist Hydén introduced the idea of a metabolic cooperation 
between neurons and glial cells (Hydén 1963). Since then it has become clear that astrocytes 
exhibit complex features in terms of glucose uptake and metabolism. Using technically 
advanced methods, Barros et al. were able to show that most glucose uptake in the 
cerebellum takes place in glial cells and not in Purkinje cells (Barros et al. 2009). In a recent 
study, glucose uptake was faster in hippocampal astrocytes than in neurons and the authors 
conclude that preferential glucose transport and metabolism occurs in glia (Jakoby et al. 
2013). Furthermore, glucose metabolism in astrocytes is enhanced by glutamate (Voutsinos-
Porche et al. 2003). Neuronal utilization of glucose increases only under excitotoxic 
conditions (Bak et al. 2009). Thus, evidence is mounting towards astrocytes being the main 
consumer of glucose and the main site for glycolysis as outlined in a review article by 
Pellerin (Bouzier-Sore & Pellerin 2013). The technical approach used in the present study 
may be very well suited for elucidating cellular contributions of altered glucose metabolism 
in ischemic stroke and to investigate therapeutic approaches aimed at the metabolic properties 
of astrocytes. 

As the model was designed to include the possibility of reperfusion with the animal in the 
MR/PET-scanner, we also analysed spatiotemporal distribution of [18F]FDG immediately 
after retraction of the occluding microwire. We then found that [18F]FDG uptake was higher 
to the extent that an apparent lesion could be detected visually in all animals after 60 minutes 
of reperfusion. However, ROI analysis did not result in significant differences between the 
apparent lesion and the corresponding contralateral cortex. This finding was interpreted as 
cessation of glycolysis due to infarction.  

Using ASL MRI, we found significant blood flow differences between the infarct and the 
adjacent brain regions. We interpreted these findings as a presence of an ischemic region and 
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a zone with reduced CBF supported by collateral flow. Since the occlusion model preserves 
collateral flow to a larger extent, compared to other models of stroke, the increased [18F]FDG 
uptakes in tissue that later undergo infarction could thus represent a penumbral zone. To 
determine this, further experiments with reperfusion at earlier time-points are needed.  

In order to validate whether the apparent lesions detected by MRI and PET actually represent 
tissue injury, we used immunohistochemistry to investigate the ischemic injury on the 
microscopic level. We found that apoptosis, defined by DNA fragmentation detected by 
TUNEL stainings, corresponded directly to the area of restricted diffusion displayed on DWI 
and also corresponded directly to the lesion defined by T2WI (Fig. 6). No TUNEL positive 
cells were detected outside of the regions showing a T2 signal increase. Within the lesion 
apparent on DWI and T2WI, the vast majority of cells showed DNA fragmentation. Thus, the 
apparent lesion defined by DWI and T2WI in our experimental setting is highly 
representative of cell death. Furthermore, we concluded that increased [18F]FDG uptake 
occur both in dying cells as well as in cells not destined to die. Moreover, we conclude that 
lactate formation is evident in brain regions showing restricted diffusion and succumbing to 
infarction, whereas no or very little lactate is formed in regions adjacent to the regions 
displaying restricted diffusion albeit showing a reduction in CBF and increased [18F]FDG 
uptake. 
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Fig. 6. Immunohistochemistry micrographs and diffusion-weighted imaging (DWI) of occlusion of the M2 
segment of the middle cerebral artery (M2CAO) obtained from the same animal. (A) Micrograph (200X) of the 
ischemic core at 24 hours after 90 min M2CAO, showing apoptotic/necrotic cells (TUNEL, red), evidence of 
blood-brain barrier injury (Rat IgG, green), glucose transporters (GLUT-1, yellow) and cell nuclei (DAPI, blue). 
(B) Control image from normal contralateral cortex. (C) Micrograph (50X) of a coronal section corresponding to 
the red square in (J), showing apoptosis/necrosis (TUNEL, red), blood-brain barrier injury (ratIgG, green) and 
cell nuclei (DAPI, blue). (D-L) Left column = ADC map; middle column = b1000; right column =T2WI. (D-F) 
Images showing hyperacute infarction 15 minutes after M2CAO. The ischemic lesion is detected by DWI in D 
and E. The position of the nitinol microwire is revealed by a susceptibility artefact near the cortical surface. (G-
I) Images from 90 minutes after M2CAO, showing an increase in diffusion restriction of water detected by a 
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decrease of the ADC and increased signal in the b1000 image reflecting cytotoxic edema. A slight increase in 
signal is detected by T2WI indicating an increased water content in the ischemic lesion. (J-L) Images obtained 
after 60 minutes of reperfusion, showing a markedly increased signal in T2WI reflecting vasogenic edema.  

In summary, the model developed in Paper I resulted in spatiotemporal [18F]FDG uptake 
characteristics different from what has been reported in studies using the intraluminal suture 
model. These differences were interpreted to be secondary to preservation of collateral flow 
and increase the possibilities to experimentally investigate metabolic events during ischemia 
and after reperfusion.  

From a clinical perspective, it is well known that hyperglycemia (blood glucose concentration 
greater than 6.0 mmol/L) is prevalent in two-thirds of patients suffering from acute ischaemic 
stroke (Scott et al. 1999). It is also well known that hyperglycemia is concomitant with more 
severe ischemic strokes (Parsons et al. 2002). Whether hyperglycemia is a physiological 
response to acute ischemic stroke, or the result of poor glycaemic control secondary to 
diabetes preceding ischemic stroke and augmenting brain injury is, however, uncertain. As 
hyperglycemia has been observed concomitant with severe stroke, it was naturally considered 
as a therapeutic target (Stead et al. 2009). However, in a recent clinical trial 
(INSULINFARCT) in which insulin treatment was used in patients presenting with acute 
ischemic stroke, a poorer outcome in the normoglycemic control group was, somewhat 
surprisingly, observed (Rosso et al. 2012). A recent review by Cochrane concluded that there 
is no current evidence for controlling hyperglycemia in acute ischemic stroke and the authors 
of the INSULINFARCT trial encouraged a reappraisal of the pathophysiological models of 
glucose energy metabolism alterations in focal cerebral ischemia (Rosso et al. 2012; Bellolio 
et al. 2014). Our results confirm the findings reported in the experimental body of work on 
infarct-related glucose hypermetabolism and extend them to also include hypermetabolism of 
glucose occurring in the ischemic core at hyperacute stages when preserved collateral flow is 
present. These findings indicate the presence of a protective pathophysiological mechanism, 
in which the brain extracts greater amounts of glucose when subjected to ischemia in order to 
meet increased energy demands. Such a mechanism could plausibly be facilitated by higher 
levels of blood glucose and could potentially be negatively influenced by insulin treatment, 
explaining the results from the INSULINFARCT trial. It could also be hypothesized that poor 
glycemic control previous to an ischemic insult could derail this protective 
pathophysiological response, worsening ischemic brain injury. 
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4.4 ANTI VEGF-B TREATMENT OF ISCHEMIC STROKE (PAPER IV) 

In Paper IV, we used the model developed in Paper I and the imaging protocols established in 
Paper III to investigate potential neuroprotective effects of pre-treatment with an anti-VEGF-
B antibody. The rationale of pre-treating with anti-VEGF-B antibody is explained by recent 
evidence showing that VEGF-B antagonism alters the metabolic barrier function of the 
endothelium (Hagberg et al. 2012; Hagberg et al. 2013; Hagberg et al. 2010). For such 
alterations to come into full effect, administration of anti-VEGF-B antibody may need to be 
performed before an ischemic stroke. This situation would be the case as VEGF-B 
antagonism has been proposed as a promising strategy to treat type-2 diabetes (Hagberg et al. 
2012), a patient group with increased risk of ischemic stroke. Furthermore, as it was found 
that pre-treatment with anti-VEGF-B antibody ameliorated the ischemic injury in a 
photothrombotic mouse model, we wanted to investigate whether this result would be 
reproduced in the experimental setting developed in this thesis (Nilsson & Su 2015). 

Compared to control rats, infarct volumes in rats receiving pre-treatment with anti-VEGF-B 
antibody were significantly smaller at 24 hours and at 7 days after ischemic stroke. 
Furthermore, in anti-VEGF-B antibody treated rats, the decrease in infarct volume between 
the 24-hour end-point and 7 days was statistically significant, whereas no significant 
reduction of infarct volume could be detected in the control group. Our findings thus 
confirmed previous results in mice, in which smaller infarct volumes were observed 
following one week pre-treatment with anti-VEGF-B antibody (Nilsson & Su 2015).  

The decrease in apparent lesion volume between 24 hours and 7 days in the anti-VEGF-B 
antibody treated group, as defined by T2WI, could be explained by an enhanced recovery of 
the ischemic border zone, where VEGF-B previously has been shown to upregulate (Xie et 
al. 2013). Neutralizing VEGF-B in this region could hypothetically facilitate mechanisms 
responsible for re-distribution of cerebral edema. Another explanation for this finding could 
be that VEGF-B antagonism enhances the functionality of endothelium under ischemic stress 
causing quicker recovery of the disrupted blood-brain barrier. In any case, an enhanced 
reduction of cerebral edema at an early stage after recanalization therapy would be of 
significant clinical importance. Cerebral edema is frequently encountered in patients suffering 
from severe ischemic stroke. Recently, cerebral edema has also been recognized as an 
independent predictor of poor outcome in moderately-sized ischemic stroke (Battey et al. 
2014). Following acute ischemic stroke, cerebral edema develops early in the course of 
clinical deterioriation, which makes the condition an appealing target for therapeutic 
intervention.  

As VEGF-B has been proposed as an important player in the endothelial transport of lipids 
and carbohydrates (Hagberg et al. 2010), we investigated whether treatment with anti-VEGF-
B antibodies would change [18F]FDG uptake characteristics. Furthermore, we assessed 
regional CBF to assess whether VEGF-B antagonism would have any effects on perfusion. 
However, with the experimental setup used in our study, we were unable to detect any 
differences between the groups regarding [18F]FDG uptake or perfusion. There was a 
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tendency towards a more pronounced increase in CBF between 24 hours and 7 days in the 
anti-VEGF-B treated group although not reaching statistical significance.  

In summary, the findings in Paper IV suggest that neutralization of VEGF-B results in 
smaller infarcts, extending and confirming previous results in a mice (Nilsson & Su 2015). 
Considering, in-vivo imaging of glucose metabolism and cerebral blood flow did not provide 
any indications of a mechanistic explanation of the observed reduction in infarct volume, 
further investigations on a microscopic level are needed to reveal potential tissue alterations 
resulting in resistance to ischemia. Furthermore, we found a significant regression of infarct 
volume in the anti-VEGF-B treated group between the two time points. This regression may 
reflect an enhanced recovery of the ischemic border zone, where VEGF-B has been shown to 
upregulate and that this region would be viable enough to regulate vasogenic edema. Another 
explanation for this finding could be that VEGF-B antagonism enhances the functionality of 
the endothelium resulting in a quicker recovery of a leaky blood-brain barrier.
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5 GENERAL CONCLUSIONS 
1. Translation of clinical endovascular techniques to the bench provides possibilities to 

refine experimental procedures for accessing and perturbing the cerebrovascular 
system in the rat. 

2. Under experimental conditions, hypermetabolism of glucose occurs both in the 
ischemic core and in peri-infarct regions and under aerobic and anaerobic conditions. 

3. In acute cerebral ischemia, hypermetabolism of glucose occurs in parallel with- and in 
the same brain tissue that display restricted diffusion. As the current paradigm of the 
diffusion restriction attributes cessation of energy-dependent motion of intracellular 
contents as the main mechanism, we suggest that the energy generated from 
accelerated glycolysis is dedicated to support cellular respiration. 

4. Treatment with antibodies against VEGF-B in result in reduction of infarct volume. 
and also causes a faster normalization of the T2WI lesion during the first post-
ischemic week. 
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