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Summary 

Ischemic stroke is one of the leading causes of death and disability worldwide, with 
limited treatment options. The only available drug treatment for acute ischemic stroke 
is the recombinant tissue-Plasminogen Activator (rt-PA). Still, its use within the clinic 
is heavily restricted. Beyond the treatment's beneficial effects, administration of rt-PA 
increases the risk of hemorrhagic transformation. The incidence of a hemorrhagic event 
can cause worsened stroke outcomes and even death, and its occurrence correlates with 
increased matrix metalloproteinase 9 (MMP-9) levels. The protease can break down 
the blood-brain barrier (BBB), explaining the rt-PA's increased risk of hemorrhagic 
transformation. The MMP-9s expression can be triggered by the extracellular signal-
regulated kinase 1/2 (ERK1/2) pathway, which is activated by the lectin-like oxidized 
low-density lipoprotein receptor-1 (LOX-1).  

Less than 10 % of all ischemic stroke patients receive treatment with rt-PA, and 
evidence demonstrates that reperfusion therapy in acute ischemic stroke can be 
beneficial up to 24 h after stroke onset. Therefore, aims this thesis to enhance rt-PA 
therapy and improve stroke outcomes in the acute phase of ischemic stroke.  

Firstly, we established a thromboembolic stroke model in rats that closely resemble the 
human ischemic stroke and mimics the effects of rt-PA therapy in terms of infarct 
formation, neurological function, and hemorrhagic incidence. The clinical relevance of 
the model enables translational investigations of stroke pathophysiology and evaluation 
of new therapeutic methods to enhance the existing treatment.  

Next, we showed that inhibiting ERK1/2 activation in combination with rt-PA therapy 
reduces the expression of MMP-9 and prevents the rt-PA-induced risk of hemorrhagic 
transformation in mice. While the ERK1/2 inhibitor did improve the safety of rt-PA 
treatment, it did not improve stroke outcomes in terms of infarct volume.  

Finally, we evaluated two different MMP-9 inhibitors in combination with rt-PA 
therapy: a LOX-1 inhibitor that blocks the increase of MMP-9 expression and or a 
direct MMP-9 inhibitor that prevents its activation. Both inhibitors, combined with 
rt-PA treatment, demonstrated a protective effect against the hemorrhagic 
transformation of the stroke. Furthermore, treatment with the LOX-1 inhibitor 
conjugated with rt-PA also showed a significant improvement in neurological function.  
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This thesis introduces a novel way of improving thrombolysis therapy in acute ischemic 
stroke care. 



15 

Popular science summary 

Every year, fifteen million people suffer a stroke. In 80% of cases, the stroke is due to 
a blood clot getting stuck in one of the brain's blood vessels. The blood clot restricts 
blood flow to the whole or a part of the brain, and within minutes, brain cells will begin 
to die due to oxygen deficiency. The dying cells will give rise to a permanent brain 
injury, leading to loss of speech, movement, mental function, and even death. The only 
way to save the dying cells is to break down the blood clot and restore the blood flow 
within the vessel. Currently, only one available anticoagulant drug can be given when 
a blood clot arises that has the ability to prevent further brain injury. However, its use 
within healthcare is highly restricted.  

Treatment with the anticoagulant may only be administered within 4.5 hours from 
stroke onset due to the risk of other complications. Beyond the drug treatment potential 
of restoring the blood flow to the brain, it can also cause deadly complications such as 
a brain bleed. The narrow time window of the treatment limits the number of patients 
who can receive treatment drastically, which today is less than 10 % of all stroke 
patients.   

This thesis aims to enhance the anticoagulant therapy and improve stroke outcomes. It 
has been shown that the drug, in addition to its anticoagulant properties, also affects 
the body to produce a particular protein called matrix metalloproteinase 9 (MMP-9). 
This protein can break down the vessel walls in the brain, causing the cerebral 
hemorrhage seen with the anticoagulant treatment. By blocking MMP-9 combined 
with the anticoagulant, we want to examine if the risk of a brain bleed is reduced.  

We started by establishing an animal model that mimics the pattern of a human getting 
a blood clot in the brain as closely as possible. In the animal model, we saw the same 
positive effect of the anticoagulant in humans, but we also saw its side effect, the 
increased risk of a brain bleed. Seeing these similarities between the human stroke and 
this animal model of stroke makes it possible for us to use this model to study and 
evaluate new treatment options that can improve the currently available therapies.  

Using the animal model, we then investigated whether we could counteract the 
increased risk of a brain bleed after the anticoagulant treatment, and it turned out that 
it was possible. By giving an MMP-9 blocker just before treatment with the 
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anticoagulant, we saw an apparent reduction in the risk of a cerebral hemorrhage. In 
addition, we found a clear improvement in the behavior of the animals that received 
the combined treatment, indicating that the combined treatment helped improve the 
stroke outcome.  

This thesis demonstrates a new way of improving the currently available drug treatment 
for when the blood flow within the brain is obstructed due to a blood clot.  
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Populärvetenskaplig sammanfattning 

Varje år drabbas femton miljoner människor av en stroke. I 80 % av fallen beror stroken 
på att en blodpropp har fastnat i ett av hjärnans blodkärl. Blodproppen begränsar 
blodflödet till hela eller en del av hjärnan, och inom några minuter kommer hjärnceller 
att börja dö på grund av syrebrist. De döende cellerna kan leda till permanenta 
hjärnskador som leder till förlust av tal, rörelse, mental funktion och till och med död. 
Det enda sättet att rädda de döende cellerna är att bryta ner blodproppen och återställa 
blodflödet i kärlet. För närvarande finns det endast ett tillgängligt blodproppslösande 
läkemedel som kan ges vid en blodpropp och har förmågan att förhindra ytterligare 
hjärnskada. Dess användning inom sjukvården är dock mycket begränsad. 

Behandling med blodproppslösande läkemedel får endast ges inom 4,5 timmar från 
strokedebut på grund av risken för andra komplikationer. Utöver dess egenskap att 
återställa blodflödet till hjärnan, kan läkemedlet också orsaka dödliga komplikationer 
som hjärnblödning. Behandlingens smala tidsfönster begränsar drastiskt antalet 
patienter som kan få behandling, vilket idag är mindre än 10 % av alla strokepatienter. 

Syftet med denna avhandling är att förbättra säkerheten för blodproppslösande 
läkemedel och förbättra sjukdomsutfallet. Det har visat sig att läkemedlet, förutom dess 
blodproppslösande egenskaper, även påverkar kroppen att producera ett speciellt 
protein som kallas matrix metalloproteinas 9 (MMP-9). Detta protein kan bryta ner 
kärlväggarna i hjärnan, vilket orsakar hjärnblödningen som ses med den 
blodproppslösande behandlingen. Genom att blockera MMP-9 i kombination med det 
blodproppslösande läkemedlet vill vi se om risken för hjärnblödning minskar.  

Vi började med att etablera en djurmodell som så nära som möjligt följer samma 
mönster som när en människa får en blodpropp i hjärnan. I djurmodellen såg vi samma 
positiva effekt av det blodproppslösande läkemedlet på människor, men vi såg också 
dess bieffekt, den ökade risken för en hjärnblödning. Att se dessa likheter mellan den 
mänskliga stroken och denna djurmodell av stroke, gör det möjligt för oss att använda 
denna modell för att studera och utvärdera nya behandlingsalternativ som kan förbättra 
de för närvarande tillgängliga läkemedlen. 

Med hjälp av djurmodellen undersökte vi sedan om vi kunde motverka den ökade 
risken för hjärnblödning efter den propplösande behandlingen, och det visade sig att 
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det var möjligt. Genom att ge ett läkemedel som motverkar MMP-9 strax före 
behandling med det propplösande läkemedlet såg vi en tydlig minskning av risken för 
hjärnblödning. Dessutom fann vi en tydlig minskning av hjärnskador hos djuren som 
fick den kombinerade behandlingen, vilket tyder på att den bidrog till att förminska 
strokens påverkan.  

Denna avhandling visar ett nytt sätt att förbättra den nuvarande tillgängliga 
läkemedelsbehandlingen vid en blodpropp i hjärnan.  
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Introduction 

The brain is one of nature's most incredible inventions, and it lets us develop and 
accomplish extraordinary things daily. Every second, 86 billion neurons within the 
brain receive and send 5-50 signals, allowing us to see, think, move, and imagine1, 2. 
The constant working of the brain makes it the primary consumer of energy within our 
bodies, and when that energy stops coming, the effects can be deadly3.  

One of the leading causes of death and disability worldwide is the cerebrovascular 
accident stroke4. A stroke causes a reduction in cerebral blood flow, preventing the 
brain or parts of it from receiving energy causing neuronal cell death. The stroke can 
be due to the rupture (hemorrhagic stroke), or a blockage (ischemic stroke) of a cerebral 
blood vessel, therefore reducing the cerebral blood flow5 (Figure 1).  

Figure 1. 
A stroke can originate in two ways: an ischemic stroke caused by a blood vessel occlusion or a hemorrhagic stroke caused 
by a blood vessel rupture. In either instance, the stroke will reduce the blood flow within the brain and can lead to irreversible 
brain damage. Created with BioRender.com. 

Over 80 % of all strokes are ischemic in origin6, and while treatment options exist7, 
their use within the clinic is severely limited8. The only available drug treatment for 
acute ischemic stroke is thrombolysis using the recombinant tissue-Plasminogen 



20 

Activator (rt-PA). Rt-PA can worsen stroke outcomes despite its beneficial effects due 
to an increased risk of hemorrhagic transformation following treatment9, 10. The 
detrimental effects of the treatment have limited its use within 4.5 hours from stroke 
onset9, drastically reducing eligible patients in the clinic8, 9.  

This thesis aims to enhance rt-PA therapy's safety and improve stroke outcomes. The 
first part of this thesis concentrates on establishing a rat model that mimics the clinical 
situation focusing on thrombolysis treatment, allowing us to evaluate new treatment 
options in a translational stroke model. The following parts aim to assess the ability to 
reduce the risk of hemorrhagic transformation following rt-PA treatment by targeting 
matrix metalloproteinase 9 (MMP-9) activity. This specific protease correlates with the 
increased risk of hemorrhagic transformation of the stroke and thrombolysis 
treatment11. The generated data from this thesis add to the current knowledge and 
introduces a novel way to improve thrombolysis therapy after stroke.  

Ischemic stroke  

Ischemic stroke affects over nine million people each year12. The occurrence of ischemic 
stroke is due to the blockage of a cerebral blood vessel, reducing blood flow and 
preventing the brain from receiving oxygen and glucose5, 13. The vessel occlusion can 
originate from several causes: thromboembolisms, small vessel disease, vasculitis, and 
arterial dissections5, 13. Thromboembolisms stand for most ischemic strokes and are 
formed primarily by atherosclerosis or cardiac events, predominantly arterial 
fibrillation14. When an occlusion occurs, it will give rise to a hypoperfused area defined 
as the penumbra15. The penumbra quickly becomes hypoxic due to the brain's constant 
consumption of oxygen, initiating a detrimental reaction of molecular and cellular 
events known as the ischemic cascade16. If blood flow is not restored, the neurons will 
begin to die within minutes generating the ischemic core15(Figure 2).  
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Figure 2. 
The occlusion of a cerebral blood vessel will give rise to an ischemic core and an ischemic penumbra. Following vessel 
occlusion, neurons will start to die within minutes, forming the ischemic core, a region with irreversible brain damage. 
Surrounding the core is the ischemic penumbra, an area with reduced perfusion still within the threshold of maintaining 
functionality. Without reperfusion, the cells within the penumbra will cross the threshold of viability and die, transforming 
the penumbra into the ischemic core. Created with BioRender.com.  

The longer the hypoperfusion remains, the further the ischemic core will spread until 
the penumbra is completely transformed into the core17. After the ischemic core has 
progressed to its maximum volume, there is very little medicine can do to improve 
stroke outcomes. While some spontaneous recovery occurs and rehabilitation has 
shown progression in reestablishing neurological function in patients to a degree, many 
who suffer from ischemic stroke and survive will gain permanent disabilities extending 
to loss of speech, movement, and cognitive function9, 17-20.  

Pathophysiology  

The oxygen and glucose depletion following the occlusion significantly impairs the 
neuronal cells' energy production, initiating the ischemic cascade. The reduction of 
adenosine triphosphate (ATP) due to the lack of oxidative phosphorylation prevents 
the cells from maintaining their ion gradients, causing cytotoxic edema and a 
detrimental accumulation of calcium21, 22. When cytoplasmic calcium levels increase, it 
prompts adverse cellular responses such as excitotoxicity, membrane degradation, 
mitochondria damage, and apoptosis16, 23, 24. If the generation of ATP is not restored, 
stopping the ischemic cascade, the adverse cellular responses will lead to irreversible 
nerve damage and cell death. Furthermore, the affected cells will also start to produce 
free radicals and pro-inflammatory mediators, which will provoke an inflammatory 
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response in the brain, further sustained by the debris released by dead neurons25. 
Beyond its effect on the neuronal cells, the lack of oxygen and energy combined with 
increased inflammation will also influence vascular changes, disrupting the blood-brain 
barrier (BBB) and further progressing cerebral injury26-28.  

Blood-Brain Barrier 

The BBB in the cerebral vasculature makes up a dynamic physical barrier responsible 
for maintaining the brain's homeostasis by separating the central nervous system from 
the systemic circulation. The BBB tightly regulates paracellular permeability, nutrient 
uptake, and ion gradients and prevents unwanted particles from infiltrating the brain. 
The regulation is achieved by specific endothelial cells, tight junction complexes, and 
the surrounding basement membrane (Figure 3)29, 30. 

Structure and function 

Endothelial cell 

The endothelial cells that make up the BBB are unique to their more peripheral 
counterparts. They contain a higher mitochondria count, less pinocytic activity, and a 
lack of fenestrations, all of which help with the BBB's strict regulation of paracellular 
and transcellular transport31, 32. In addition, they express lower levels of leucocyte 
adhesion molecules preventing inflammatory cell migration to the brain33, 34. 
Nevertheless, most prominent is their production of tight junction complexes, which 
connect the endothelial cells and are the primary mediators of maintaining the limited 
permeability of the BBB35.  
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Figure 3. 
Illustration of the structure of the BBB. The capillary wall is made of BBB-specific endothelial cells connected by tight junction 
complexes to maintain the BBB integrity. The basement membrane surrounding the endothelial cells adds structural support 
to the BBB. The basement membrane also ensheathes BBB supporting pericytes and connects the endothelial cells to the 
astrocytic endfeet. Created with BioRender.com. 

Tight Junctions 

Tight junctions are intercellular adhesion complexes and consist of the transmembrane 
proteins claudin, occludin, and junctional adhesion molecules27, 36. The formation of tight 
junction complexes between the endothelial cells controls the integrity of the BBB37. The 
cytoplasmic regions of occludin and claudin-5 connect to the cell's actin cytoskeleton 
through scaffolding proteins, while their extracellular regions bind to their twin protein 
from the adjacent cells forming the tight junction complex27, 36-39.  

Basement membrane 

The basement membrane of the endothelial cells further supports the BBB integrity 
mainly by structural support and intercellular communication40. The basement 
membrane is composed of collagen type IV, laminin, fibronectin, and proteoglycans 
produced by the endothelial cells and BBB supporting pericytes and astrocytic 
endfeet41-46. The basement membrane forms the connection between pericytes, 
astrocytic endfeet, and the endothelial cells due to the cells' expression of integrins that 
grants them to bind the basement membrane components47. The interaction allows for 
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communication between the cerebral vasculature and the neuronal system, facilitating 
regulation of the cerebral blood flow to meet the brain's demands44.  

BBB disruption following stroke 
A crucial part of the pathophysiology of ischemic stroke is the breakdown of the BBB. 
The ischemic injury and inflammatory processes will reduce the tight junction 
complexes and break down the basement membrane, increasing the BBBs permeability, 
which is associated with a poor clinical prognosis28, 48, 49. The loss of BBB integrity leads 
to vasogenic edema, adding to the already ongoing cytotoxic edema, which can lead to 
deadly outcomes such as herniation of the brain50. Furthermore, BBB breakdown can 
also cause hemorrhagic transformation of the stroke, which also causes worsened 
outcomes and even death28, 51, 52.  

Increased BBB permeability has been detected as early as six hours following stroke 
onset and is associated with increased plasma levels of claudin-5 and occludin49, 53. 
Moreover, post-mortem brains following ischemic stroke with hemorrhagic 
transformation show an evident degradation of collagen IV within the ipsilateral 
hemisphere, which correlates with increased MMP-9 levels54.  

Matrix Metalloproteinase 9 

Matrix metalloproteinases (MMPs) are important proteinases that help reorganize the 
extracellular matrix and consist of collagenases, stromelysins, matrilysins, membrane-
bound MMPs, and gelatinases55. Several MMPs have been studied in stroke pathology. 
One is gelatinase B, also known as MMP-9, which plays a vital role in the breakdown 
of the BBB. 

Activation and function 
MMP-9 is a zinc-dependent endopeptidase transcribed as a 92 kDa zymogen, an 
inactive pro-form. Different signaling pathways can promote its expression by 
activating its transcription factors, such as nuclear factor kappa B (NFκB)56-58. 
Following transcription, MMP-9s latency depends on the zinc-binding cysteine found 
in MMP-9s N-terminal in the pro-domain, a domain cleaved upon activation, exposing 
its catalytic site. Other MMPs, NO, and plasmin, achieve the pro-domain cleavage, 
and the active MMP-9 (82 kDa) is then further regulated by either degradation or by 
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its inhibitor tissue inhibitor metalloproteinase-1 (TIMP-1)57-59. Active MMP-9 is 
essential in biological processes such as wound healing, angiogenesis, tissue remodeling, 
and cellular migration due to its ability to break down extracellular matrix components 
such as collagenase IV, laminin, and fibronectin (Figure 4)60, 61. Though during specific 
pathologies, MMP-9s' involvement can be severely detrimental.  

MMP-9's role in ischemic stroke pathology 
During ischemic stroke, MMP-9 levels increase significantly both within the 
circulation and in the infarct area, with higher levels of MMP-9 expression within the 
microvasculature compared to the parenchyma62. Identical results have also been 
replicated in animal models of stroke63. The increase in MMP-9 activity is associated 
with an increase in BBB permeability, understandable since MMP-9 can break down 
the basement membrane components of the cerebral blood vessels. Furthermore, data 
show that beyond the basement membrane, MMP-9 also breakdowns claudin-5 and 
occludin, degrading the tight junctions responsible for keeping the BBB intact64. 

 

Figure 4. 
MMP-9 is required in several biological processes due to its proteolytic activity. MMP-9 can degrade several extracellular 
matrix (ECM) components, including cell adhesion molecules, collagen IV, proteoglycans, and other proteins within the 
ECM. Created with BioRender.com. 
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As mentioned previously, the increase in MMP-9 activity is associated with an increased 
risk of vascular edema and the hemorrhagic transformation of the stroke11. Moreover, 
MMP-9 knockout studies show improved BBB integrity and decreased infarct volume 
following ischemic stroke65. 

Lectin-like oxidized low-density lipoprotein receptor-1 

The scavenger receptor: lectin-like oxidized low-density lipoprotein receptor-1 (LOX-
1) is primarily expressed on endothelial cells66. LOX-1 signaling activates several
intracellular pathways involved in inflammation, oxidative stress, apoptosis, and
angiogenesis and is, therefore, a critical player in endothelial dysregulation and the
formation of atherosclerosis66, 67.

Regulation and function 
LOX-1 transcription is regulated by the transcription factor nuclear factor kappa B NF-κB, which will bind to the LOX-1 gene as a positive feedback loop following LOX-1 
activation68. When oxidized lectin-like lipoprotein (oxLDL) or other pro-inflammatory 
proteins bind to LOX-1, it initiates a signaling myriad inhibiting NO synthesis and 
increases the production of ROS, leukocyte adhesion molecules, pro-apoptotic 
proteins, and MMPs69-71. Altogether, causing endothelial dysregulation. Following 
activation of the LOX-1 receptor, its function can be regulated by various processes, 
including internalization of the receptor and cleavage of its extracellular domain70, 72. 
The cleavage of the receptor is performed by MMPs and produces soluble LOX-1 
(sLOX-1), which is released into the circulation73.  

LOX-1's role in ischemic stroke pathology 
The discoveries of LOX-1s striking influence on endothelial function have earned it a 
permanent position within the pathology of cardiovascular diseases, including ischemic 
stroke. Patients show elevated sLOX-1 levels within the circulation following ischemic 
stroke, indicating an upregulation of LOX-1 expression74. This suspicion has been 
confirmed in preclinical studies where LOX-1 levels increase following experimental 
stroke75. In in vitro and in vivo studies in myocardial infarctions, LOX-1 inhibition is 
beneficial in preventing cellular death and infarct lesion progression68, 76. In stroke, a 
knockout study in stroke-prone spontaneously hypertensive rats showed a protective 
effect in preventing spontaneous brain damage77. Furthermore, an increase in LOX-1 



27 

expression showed worsened stroke outcome following transient middle cerebral artery 
occlusion (tMCAO) in mice78.  

One explanation behind the protective effects of LOX-1 inhibition following stroke is 
the receptors' ability to increase the expression of leukocyte adhesion molecules71. 
Usually, leukocyte infiltration is prevented by the low production of adhesion 
molecules in the endothelial cells in the BBB33, 34. This changes after an ischemic event. 
Within hours after stroke onset, neutrophils are present within the parenchyma, 
followed by T-cell and monocyte migration79. The inflammatory response following an 
ischemic stroke can further cause cerebral injury and worsen stroke aftermath79, 80. 
Furthermore, one of the signaling pathways activated by LOX-1 is the extracellular 
signal-regulated kinase 1/2 (ERK1/2)81. A pathway that can lead to increased MMP-9 
expression, possibly explaining the increased MMP-9 levels following ischemic stroke.  

Extracellular signal-regulated kinase 1/2 

The mitogen-activated protein kinases (MAPK) signaling pathways are known for their 
regulatory role in cellular responses such as proliferation, differentiation, motility, and 
cell survival82. MAPKs are serine/threonine-protein kinases, and in mammals, 14 
different MAPKs have been identified. Two are ERK1/283.  

Activation and function 
The ERK1/2 kinases are structurally similar (42 vs. 44kDa) and cause similar responses 
upon activation. The ERK1/2 signaling cascade is generally prompted by a mitogenic 
extracellular stimulation of a tyrosine kinase receptor. The signaling myriad is 
conducted by activating sequential kinases, concluding with the mitogen-activated 
kinase kinase 1/2's (MEK1/2) phosphorylation of ERK1/2, causing its translocation to 
the nucleus82. Following stimuli, it takes 10 to 20 min for ERK1/2 to translocate to the 
nucleus activating transcription factors, including NF-κB, causing an upregulation of 
proliferation, pro-inflammatory proteins, and MMP-956, 58, 84, 85.  
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ERK1/2's role in ischemic pathology  
Several stimuli can activate the ERK1/2 signaling pathway during ischemic stroke, one 
being through the LOX-1 receptor. Human post-mortem brains have shown increased 
activated ERK1/2 within the ipsilateral penumbra following ischemic stroke, which is 
also demonstrated in animal models86, 87. Targeting ERK1/2 signaling after 
experimental ischemic stroke has shown beneficial results within the acute phase of the 
stroke88-90. Furthermore, inhibition of the ERK1/2 activation has been seen to prevent 
the experimental stroke-induced increase of MMP-9 expression within the cerebral 
vessels91 (Figure 5).  

Figure 5. 
Following vessel occlusion, blood flow restriction causes neuronal tissue death within the brain parenchyma. The ischemia 
can also trigger LOX-1 activation leading to the translocation of ERK1/2 into the cell nucleus and upregulating the 
transcription of its target proteins, including LOX-1 and MMP-9. Following transcription, MMP-9 is released into the vessel 
lumen, where it can break down tight junction proteins and the basement membrane, disrupting the BBB. Created with 
BioRender.com. 
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Acute Ischemic Stroke Treatment 

Acute stroke care has improved consequentially in recent years. The formation of stroke 
care units reduces death and disability and improves independence92. Reduction of door-
to-needle time has also improved stroke outcome93, and improved imaging techniques 
can now identify patients where treatment can be beneficial up to 24 hours after stroke 
induction94. Nonetheless, only two treatment options are available in acute stroke care 
since recanalization therapy remains the only clinically proven option that improves 
stroke outcomes. Recanalization can be achieved by thrombolysis with rt-PA and or 
thrombectomy, the most recent addition for ischemic stroke treatment9, 10, 95.  

Thrombolysis is a drug treatment used to break down the clot, and for ischemic stroke, 
rt-PA is the only FDA-approved option. Treatment with rt-PA was the first treatment 
option for acute ischemic stroke, and since its introduction in 1995, it has remained 
the standard of care9, 10, 96. The treatment utilizes the human coagulation system where 
rt-PA activates plasmin which then can break down the fibrin within the blood clots, 
causing clot lysis and, therefore, recanalization, improving stroke outcome97. 
Thrombectomy is a surgical procedure where the occlusion is removed mechanically 
and was first tested in 2004 using the Mechanical Embolus Removal in Cerebral 
Ischemia (MERCI) retriever98. Since then, improved retrievers have had a compelling 
impact on large vessel occlusions with major improvement of stroke outcomes in 
patients95, 99, 100.  

Despite the treatments' beneficial effects, their use within the clinic is highly restricted. 
A study investigating access and incidence of recanalization therapy within 44 
European countries shows that 7.3 % of ischemic stroke patients receive rt-PA, and 
only 1.9 % undergo endovascular treatment. The highest rates within specific countries 
were 20.6 % for rt-PA and 5 % for endovascular thrombectomy8. While the study itself 
proclaimed the discrepancy in care availability between countries, the treatment's 
limitations play a crucial role in the low rates. Thrombectomy is only applicable in large 
vessel occlusions, and due to its logistical requirements, its availability for most ischemic 
stroke patients is limited101. Thrombolysis treatment is the most available option and 
therefore remains the standard treatment of care; nonetheless, its severe side effects limit 
its use within the clinic.  

The main limitation of rt-PA treatment is its aptitude to increase the risk of 
hemorrhagic transformation. Due to the risk-benefit dilemma of rt-PA therapy, 
treatment has a restricted time window of 3-4.5 hours after stroke onset9, 10. The 
restricted time window excludes a substantial amount of stroke patients, particularly in 
patients with an unknown time of origin which is the case for 8-25 % of all ischemic 
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stroke patients102, 103. Therefore, it is of exceeding importance to increase the safety of 
the rt-PA, especially now with new evidence showing that recanalization therapy can 
be effective up to 24 hours after stroke onset94.  

rt-PA induced risk of hemorrhagic transformation 
Treatment with rt-PA increases the risk of hemorrhagic by a ten-fold compared to 
placebo9. The risk is due to the disruption of the BBB, allowing blood to enter the brain, 
and clinically, this correlates with increased levels of the MMP-911, 104. Rt-PA gains its 
fibrinolytic abilities due to its plasmin activation. Beyond its fibrinolytic ability, plasmin 
can also activate several MMPs, including MMP-9105. In addition, rt-PA also triggers 
neutrophils to release their MMP-9-containing granules and stimulates endothelial cells to 
increase their expression of MMP-9, which further explains the increased risk of 
hemorrhagic transformation following rt-PA administration106, 107. Inhibiting MMP-9 
after rt-PA therapy can be the solution to improve the safety of rt-PA treatment by 
preventing the increased risk of hemorrhagic transformation (Figure 6).  

MMP-9 inhibition 

The protective effect of MMP-9 inhibition following ischemic stroke has been 
determined previously in preclinical studies63, 108, 109, but MMP-9 inhibition has not 
been tested within the clinic due to complications. Clinically, studies using broad-
spectrum MMP inhibitors cause dose-limiting toxicities such as musculoskeletal 
syndrome and gastrointestinal disorders110-112. The detrimental effects in the clinical 
trials have since been discovered to be due to the inhibition of other specific 
proteases113, thereby excluding MMP-9 as a trigger for these symptoms114. A better 
understanding of MMP-9 regulation and activation has again opened for its use as a 
target within several pathologies, including stroke treatment.  

In vivo model of ischemic stroke and rt-PA therapy 

Preclinical testing of new treatment options for ischemic stroke has had poor 
translatability into the clinic, questioning the relevancy of the animal models used 
within stroke research. Only embolic stroke models have successfully predicted a 
clinically working therapeutic (rt-PA)17, 115, 116. While embolic models are essential in 
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evaluating new thrombolytic strategies or new treatments combined with 
thrombolytics, their variation of infarct lesion volume/position, fluctuation of 
measurable neurological dysfunctions, and high mortality levels still limit their ability 
to produce legitimate results117-122. In 2007, a new thromboembolic stroke model was 
introduced within stroke research, a model with reproducible and translational 
results123.  

  

Figure 6. 
Treatment with rt-PA has the beneficial effects of causing degradation of the blood clot and preventing the cerebral blood 
flow. However, rt-PA can also trigger MMP-9 activation, further breaking down the BBB, thereby increasing the risk of 
hemorrhagic transformation following rt-PA therapy. Created with BioRender.com. 
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Aims 

This thesis aims to enhance rt-PA therapy's safety and improve stroke outcomes. By 
focusing on preventing the increased levels of MMP-9 associated with the rt-PA-
induced risk of hemorrhagic transformation, we intend to improve rt-PA therapy and 
enable its use within and beyond its current therapeutic window. The objectives of the 
studies included in this thesis were: 

o Establish a novel thromboembolic stroke model in rats that mimic the clinical 
situation with the focal point on rt-PA therapy 

o Investigate if reducing the expression of MMP-9 using an MEK1/2 inhibitor 
could prevent the rt-PA induced increased risk of hemorrhagic transformation 

o Estimate the temporal profile of changes in protein levels, which are important 
for BBB integrity.  

o Assess LOX-1 and MMP-9 inhibition and their ability to affect the expression 
of proteins that can influence BBB permeability in an in vitro model of 
ischemia and reperfusion.  

o Evaluate if the safety of the rt-PA treatment and improvement of stroke 
outcome can be achieved by inhibiting the activation of MMP-9 and or by 
preventing MMP-9 expression using a LOX-1 inhibitor   
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Results and Discussion 

Paper 1. Validation of a stroke model in rat compatible 
with rt-PA-induced thrombolysis: new hope for successful 
translation to the clinic 

This study aimed to establish and validate the thromboembolic stroke model in rats. 
The study design is illustrated in Figure 7. We showed that injecting thrombin within 
the middle cerebral artery (MCA) caused a stable clot formation and induced a 
reproducible infarct lesion within the cerebral cortex of the rat. The lesion caused a 
measurable reduction of neurological function, which was prevented with early 
treatment with rt-PA. The treatment recanalized the MCA and reduced infarct lesion 
volume when treatment was administrated at one hour. Treatment with rt-PA at four 
hours did not improve stroke outcomes. The late treatment with rt-PA increased the 
risk of hemorrhagic transformation and negatively affected stroke outcomes. This study 
concludes this model's resemblance to the clinical situation and strengthens its use in 
searching for new treatment options.  

 

Figure 7. 
Illustration of the study design for paper I. Stroke induction was followed by intravenous treatment with either rt-PA or 
saline at one or four hours. Treatment with rt-PA ( 3mg/ kg; Actilyse) was injected with a 10% bolus and 90% perfusion 
for 40 minutes. Neurological function was evaluated through a 28-point neuroscore in all animals prior to surgery and 24 h 
after stroke induction. Subsequently, magnetic resonance imaging (MRI) scans were used to evaluate infarct lesions and 
hemorrhagic transformation. Created with BioRender.com. 
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Discussion 
The complex pathophysiology of ischemic stroke has made animal models 
indispensable in the investigation of specific mechanisms and the search for new 
therapeutic strategies. Still, years of data have shown a big discrepancy between 
preclinical and clinical results124. All clinical trials on drugs with proven efficacy in 
animal models have failed, except for thrombolysis with rt-PA17, 124. In 2007, Orset et 
al. introduced a new thromboembolic stroke model with high clinical relevance with 
the aim of reducing the existing translational gap123. To continue this work, we have 
now established the model in rats. Compared to previous embolic models, the 
thromboembolic stroke model uses direct thrombin injection into one of the MCA's 
bifurcations, causing an in-situ clot formation. 

The occlusion of a distal MCA branch causes a rapid drop in the cerebral blood flow 
within the MCA region. The reduction of blood flow gives rise to an infarct lesion 
within the rats' cerebral cortex, similar to what is seen in mice (Figure 8)123. Due to the 
clot's placement within a bifurcation, the clot remains in place, giving the model a 
higher reproducibility than previous models where the injected clots have various 
distributions within the circulation118, 119. The embolic models mimic the clinical stroke 
where the clot placement varies, but their inconsistency in stroke outcome and high 
mortality makes their use when evaluating new potential treatments challenging. The 
infarcts are reproducible within the thromboembolic model, showing a meager 
mortality rate in mice and rats123. In addition, it also mimics the clinical situation when 
it comes to rt-PA therapy123, 125, 126.  

Treatment with rt-PA show low efficacy (20 - 40 %) in the clinic, and the earlier 
treatment commences, the higher chance of improved outcome127-129. Here, the 
thrombin-induced infarct lesion within the cerebral cortex of the rats caused a 
reproducible reduction of neurological function following stroke, which was prevented 
with early rt-PA treatment (one hour). Early treatment with rt-PA caused recanalization 
and reperfusion within the MCA region, preventing the spreading of the infarct lesion 
(Figure 9). 
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Figure 8. 
Injection of thrombin into the MCA causes reproducible infarct lesions. (A) Illustration (left column) and visualization (right 
column) of the in vivo setting after the craniectomy. In the thromboembolic model, the pipette filled with α-thrombin is 
inserted into the lumen of the MCA bifurcation following thrombin injection (lower row). A formed clot can be visualized 
within the MCA bifurcation. (B) Infarct lesion was reproducible in both size and location, 87.29 (62.97, 111.6) mm3, starting 
at 2.91 (2.15, 3.68) mm and ending at − 6.20 (− 7.51, − 4.89) mm in the cerebral cortex (bregma=0 mm, n=7). Data are 
presented as the area of infarct lesion for each section. Data are expressed as mean and error bars as 95% IC. Created with 
BioRender.com. 

Late administration of rt-PA (four hours) indicated a negative trend in the cerebral 
blood flow within the infarct area following treatment and did not affect infarct lesion 
volume or neurological function. This indicates that the infarct core may have reached 
its maximum volume within four hours from stroke onset in this model, but it needs 
further confirmation (Figure 10 A-C).  

Beyond mimicking the timely manner of clinical efficacy of rt-PA, the model also 
resembles the detrimental effects of the treatment. Treatment with rt-PA increases the 
risk of hemorrhagic transformation, limiting its use by restricting its time window for 
administration within 4.5 hours from stroke onset in the clinic9, 10. In the mouse model, 
the risk of hemorrhagic transformation is 30 % following rt-PA treatment 3 hours after 
stroke induction125. In rats, treatment with rt-PA four hours after stroke onset showed 
major hemorrhagic events in 25 % of the animals. In contrast, we saw only minor 
indications of hemorrhagic transformation within saline-treated animals and early 
treatment with rt-PA (Figure 10 D-F).  
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Figure 9. 
Early treatment with rt-PA improves outcomes 24 h after stroke induction. (A) Representative T2-weighted image visualizing 
the infarct lesion within the cerebral cortex of sham-operated, saline, and early rt-PA treated rats. (B) In the rt-PA treated 
animals, the infarct was located between 2.33 (1.15, 3.50) mm and − 4.00 (− 5.55, − 2.45) mm, and in saline-treated 
animals, between 2.91 (2.15, 3.68) mm and − 6.20 (− 7.51, − 4.89) mm (bregma=0 mm), both within the cerebral cortex. 
(C) Animals treated with rt-PA one hour after stroke onset had significantly smaller infarct lesions than saline-treated animals. 
(D) Neurological function was evaluated 24 h after stroke onset using a 28-point neuroscore. Stroke-induced animals treated
with saline one hour after stroke onset showed a significant reduction in neurological function compared to sham-operated 
animals, which showed no reduction in neurological function]. Treatment with rt-PA resulted in improved neurological
function compared to saline. Data are expressed as mean and error bars as 95% IC. Comparison between the treatment
groups was made using the uncorrelated Dunn's multiple comparisons test. 

In conclusion, we established a thromboembolic stroke model in rats that closely 
resemble the human ischemic stroke and mimics the effects of rt-PA therapy in terms 
of infarct formation, neurological function, and hemorrhagic incidence. 
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Figure 10. 
Late rt-PA treatment shows no beneficial effects on stroke outcomes but increases the risk of hemorrhagic transformation. 
(A) CBF was measured in the MCA region throughout the surgery using a laser Doppler, with a gap between 60–240 min, 
where the animal was awakened and then re-sedated. Baseline levels measured at − 10 min and then at 240 min after re-
sedation was set as 100%. A rapid drop of CBF can be seen after thrombin injection into the MCA, which remained stable 
for 60 min. Treatment (saline-black or rt-PA-red) was administrated four hours after thrombin injection, and the CBF 
remained stable for both treatments. (B) No difference was observed between either infarct size (C) or neurological function 
between animals treated with rt-PA or saline four hours after stroke onset. (D) Representative T2-weighted (E) and T2*-
weighted images of rats treated with rt-PA four hours after stroke onset suffered from a hemorrhagic transformation of the 
stroke. (F) While early rt-PA treatment at one hour after stroke onset did not induce hemorrhagic transformation, delayed 
treatment at four hours resulted in a major hemorrhagic transformation in 25% of the animals. Data are expressed as mean 
and error bars as 95% IC. Comparison between the treatment groups was made using the uncorrelated Dunn's multiple 
comparisons test. 
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Paper II. Combination treatment with U0126 and rt-PA 
prevents adverse effects of the delayed rt-PA treatment 
after acute ischemic stroke 

In this study, we aimed to investigate if inhibition of MEK 1/2 to decrease the 
expression of MMP-9 would prevent the deleterious effect of delayed rt-PA treatment. 
The study design is illustrated in Figure 11. Using the thromboembolic stroke model 
in mice, we saw that delayed rt-PA treatment increased the incidence of hemorrhagic 
events, which was prevented when ERK1/2 activation was inhibited. The inhibition of 
ERK1/2 activation and delayed rt-PA administration decreased the expression of 
pERK1/2 within the ischemic region compared to both vehicle and rt-PA treated 
animals. Similar results were seen in the expression of MMP-9 within the same region. 
Delayed rt-PA treatment indicated an increase in MMP-9 expression, while the 
combination treatment caused a significant reduction of MMP-9 expression. This 
study shows that targeting the expression of MMP-9 has a protective effect against the 
rt-PA-induced risk of hemorrhagic transformation following experimental ischemic 
stroke in mice.  

Discussion 
Ischemic stroke causes endothelial dysfunction within the cerebral vasculature by 
activating several detrimental signaling pathways, including the ERK1/2 pathway. 
When ERK1/2 is activated (phosphorylated) by MEK1/2, the kinase is translocated to 
the cell nuclease activating various transcription factors such as NF-κB, causing an 
increased expression of MMP-956, 85. Previous studies show that using a MEK1/2 
inhibitor, U1026, prevented the endothelial increase of MMP-9 expression by 
inhibiting ERK1/2 activation91. We, therefore, evaluated if U0126 could prevent the 
rt-PA-induced risk of hemorrhagic transformation in the thromboembolic stroke 
model in mice by reducing the increased expression of MMP-9. 
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Figure 11. 
Illustration of the study design for paper II. Thromboembolic stroke was induced in C57BL/6J mice which were divided into 
four groups; (i) vehicle-treated, (ii) treated with rt-PA, (iii) treated with rt-PA in combination with U0126, and (iv) treated 
with U0126. To induce thrombolysis, rt-PA (10 mg/ kg; Actilyse) was administered four hours after thrombin injection. It 
was injected with a 10% bolus and 90% perfusion for 40 minutes. The MEK1/2 inhibitor U0126 (30 mg/kg;) or vehicle 
(dimethyl sulfoxide) was injected intraperitoneal at 30 minutes prior to rt-PA administration. After 24 hours, all mice were 
euthanized and brains removed and either fixed in 4% paraformaldehyde in phosphate-buffered saline (PBS) for 
immunohistochemistry and diaminobenzidine (DAB) staining or snap-frozen in isopentane in order to collect tissue for 
western blot and zymography. Created with BioRender.com. 

Within this study, stroke induction caused a significant increase in pERK1/2, which 
was not influenced by the delayed treatment of rt-PA. The increase of pERK1/2 was 
previously seen within the smooth muscle cells of cerebral blood vessels following 
tMCAO, which was prevented when the animals were treated with U1026130. Here we 
saw that the increased immunoreactive expression of pERK1/2 was mainly located 
within the ischemic core, the peri-infarct region, and vessels. Treatment with U0126 
prevented the increase of pERK1/2 immunoreactive expression within the vessels and 
peri-infarct region, and when the treatment was combined with delayed rt-PA 
treatment, the difference was significant (Figure 12).  

Exploring the immunoreactive expression of MMP-9 within the peri-infarct area 
showed an increase within the ipsilateral side compared to the contralateral side, 
simulating the MMP-9 expression within human post-mortem brains following 
ischemic stroke54, 62. Animals treated with rt-PA showed the highest MMP-9 
immunoreactivity. The inhibition of ERK1/2 activation decreased the MMP-9 
immunoreactivity within the ipsilateral side supporting previously published data91; 
additionally, combining U0126 with rt-PA administration prevented the rt-PA 
induced increase of MMP-9 (Figure 13).  

Evaluating the influence of treatment with U0126 on stroke outcome shows a 
discrepancy in prior studies, where timing and frequency of treatment with U0126 
impact the treatment effect. 
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Figure 12. 
(A) p-ERK1/2 protein expression is shown by representative western blots and quantified by a scatter plot. The protein
expression of p-ERK1/2 was normalized to β-actin (loading control). In all comparisons, the average value for the control
group was set to 100%. p-ERK1/2 has a molecular weight of 42/44 kDa, and the one of β-actin is 43 kDa. Data are presented 
as median±IQR, *P<0.05 is considered statistically significant. (B) Representative image of pERK1/2 immunoreactivity. Upper 
panel, saline-treated animal. The area of stroke (outlined in red) is illustrated in a large image to the left. Letters a1 and b2 
refer to the illustrations to the right. a1. Te stroke core is shown. Arrows point at pERK1/2 immunoreactive cells and
arrowheads at vessels. b2. Immunoreactive cells and vessels were also found close to the stroke area. Lower panel, t-
PA+U0126 treated animal. To the left, red-outlined stroke areas are illustrated in a large image. Letters a1 and b2 refer to
the illustrations to the right. a1. Some pERK1/2 immunoreactive cells (arrows) were found in the stroke core but not in the
area outside the stroke b2. (C) Scatter plot showing semi-quantification of protein expression for pERK1/2. Data are
presented as median±IQR and normalized to the non-occluded side. Comparison between the treatment groups was made 
using Dunn's multiple comparisons test. 

Delayed and only one dosage of U0126 show little effect on infarct lesion volume and 
neurological function, while earlier treatment and multiple dosages had a higher impact 
on stroke outcome89, 130-132. Here we used a single dosage given at 3.5 hours following 
stroke onset, and quantification of infarct lesion volume showed no differences between 
vehicle, rt-PA, U0126, or U0126 + rt-PA treated animals (Figure 14 A, B). Still, studies 
with similar results where infarct lesion did not alter also showed improved stroke 
outcomes following U0126  
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Figure 13. 
Representative images of MMP-9 immunoreactivity. (A) Illustrationimmunoreactivity images for MMP-9. All images were 
obtained in cortical layers III–V, 100 μm towards the midline in relation to the stroke area. Created with BioRender.com (B) 
U0126+rt-PA 50 μm: I. The immunoreactivity in the brain's control side was organized in the radial orderliness of the cortical 
neurons. Arrow points at pearl-like MMP-9 immunoreactivity. II. The corresponding area in the stroke side of the same 
individual showed less defined structural organization. U0126+rt-PA 100 μm: III. The image demonstrates a lower 
magnification of the control side of the brain. IV. In the stroke side of the individual in III, it became apparent that, apart 
from the radial organization, the immunoreactivity was organized more or less perpendicular to the cortical neuronal format 
(arrowheads), which was not often found in the control side. Rt-PA V. In the control side of the animals treated with rt-PA, 
the immunoreactivity displayed similar features as for U0126 treated animals shown in I and III, with often radial distribution 
of the immunoreactivity (arrows). VI. In the stroke area of the animal shown in V, a disorganization of the MMP-9 
immunoreactivity was clearly apparent (arrowheads). (C) Scatter plot showing semi-quantification of protein expression for 
MMP-9. Data are presented as median±IQRand normalized to control. Comparison between the treatment groups was 
made using Dunn's multiple comparisons test. 

inhibition89. Further studies evaluating neurological function need to be performed to 
confirm this. However, the difference in the hemorrhagic transformation between the 
groups may be of greater importance concerning stroke outcomes.  
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In this study, delayed rt-PA treatment increased the risk of hemorrhagic transformation 
following stroke and the incidence of larger hemorrhagic events. Which clinically could 
lead to a worsened stroke outcome52. Hemorrhagic transformations are classified as 
symptomatic or asymptomatic due to their influence on stroke outcomes, whereas 
symptomatic hemorrhagic transformations have a more substantial influence on 
worsened stroke outcomes and at a higher rate associated with rt-PA treatment than 
placebo133. Here we show that treatment with U0126 prior to delayed rt-PA treatment 
prevents the rt-PA-induced risk of hemorrhagic transformation. A result that may be 
explained by the combination treatments' ability to prevent the rt-PA induced 
expression of MMP-9 (Figure 14 B, C).  

In conclusion, inhibition of ERK1/2 activation did improve the safety of rt-PA 
treatment, possibly by preventing an increase of MMP-9 expression, but it did not 
improve stroke outcomes in terms of infarct volume.  

Paper III. LOX-1 and MMP-9 inhibition attenuate the 
detrimental effects of delayed rt-PA therapy and improve 
outcomes after acute ischemic stroke 

The overall aim of this study was to evaluate if we could enhance the safety of the rt-
PA treatment and improve stroke outcomes by inhibiting the activity of MMP-9. This 
study was divided into three objectives. 

Firstly, we estimated the temporal profile of protein changes that are important for 
BBB integrity. The study design is illustrated in Figure 15. Following thromboembolic 
stroke induction in rats, MMP-9 and Claudin-5 showed momentary changes within 
the ipsilateral hemisphere. Both MMP-9 activity and Claudin-5 protein levels were 
significantly increased in the cerebral blood vessels six hours after stroke onset. This 
suggests a region-specific change in protein levels following ischemic stroke. 
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Figure 14. 
(A) Representative T2-weighted image visualizing the infarct lesion within the cerebral cortex of the different treatment 
groups (B) and quantification of the infarct lesion volumes. (C) Representative T2*-weighted images and diaminobenzidine 
staining of the same slice show hemorrhages marked by arrows. (D). Quantifcation of hemorrhages were evaluated using 
DAB staining. Data are presented as median±IQR. . Comparison between the treatment groups was made using Dunn's 
multiple comparisons test. 

Next, we assessed the ability of the LOX-1 inhibitor: BI-0115 and the MMP-9 
inhibitor: JNJ0966 to affect the expression of proteins that can influence BBB 
permeability in an in vitro model of ischemia and reperfusion (hypoxia + glucose 
deprivation-reperfusion, HGD/R) in human brain microvascular endothelial cells 
(HBMECs). The study design is illustrated in Figure 16. The HGD/R model showed 
an apparent increase in messenger mRNA expression 
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Figure 15. 
Illustration of the study design for paper IIIa. Stroke was induced in male Wistar rats using the thromboembolic stroke model, 
and animals were euthanized using cardiac perfusion at 3, 6, and 24 hours. Following euthanization, vessels and 
parenchyma were separated to investigate the protein levels of claudin-5 and MMP-9 activity in the different tissue fractions 
using western blot and zymography. Created with BioRender.com. 

of MMP-9 compared to normoxia in HBMECs. The treatment with rt-PA negatively 
impacted MMP-9 mRNA expression following HGD/R, further sustained by BI-0115 
and JNJ0966 treatment. The rt-PA ± BI-0115 and JNJ0966 demonstrate an ability to 
reduce the hypoxia-induced increase of MMP-9 mRNA, which can help prevent the 
breakdown of the BBB following ischemic stroke.  

Finally, we evaluate if the safety of the rt-PA treatment and improvement of stroke 
outcome can be achieved by inhibiting the activation of MMP-9 and or by preventing 
MMP-9 expression using a LOX-1 inhibitor. The study design is illustrated in Figure 
17. Following thromboembolic stroke induction in rats, rt-PA administration
significantly increased the MMP-9 activity within the ipsilateral cerebral vessels. The
increase in MMP-9 activity was sustained when JNJ0966 and BI-0115 were used
separately with rt-PA treatment, but the combination of the two inhibitors prevented
MMP-9 activation.
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 Figure 16. 
Illustration of the study design for paper IIIb. The HBMECs were cultured under standard conditions as a control. HBMECs 
were put under HGD conditions for 3 hours followed by 24 hours of “reperfusion” to stimulate the ischemic condition. 
Treatment with rt-PA, and the  To evaluate the mRNA expression of TIMP-1 and MMP-9, qRT-PA was used. Created with 
BioRender.com. 

The rt-PA induction of MMP-9 activity correlated with the increased risk of 
hemorrhagic transformation, which was more prevalent and more extensive in these 
animals. Treatment with BI-0115 and or JNJ0966 all showed beneficial effects against 
hemorrhagic transformation following rt-PA treatment, and in addition, BI-0115 
significantly reduced the percentage of edema measured in rt-PA treated animals. 
Moreover, treatment with BI-0115 had the most prominent influence on improving 
neurological function 24 hours after stroke induction. In conclusion, targeting the 
expression and or the activation of MMP-9 prior to rt-PA administration increases the 
safety of the treatment, and that inhibition of the LOX-1 receptor may significantly 
impact stroke outcome. 
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Discussion 

Temporal protein changes within the ipsilateral hemisphere following experimental 
ischemic stroke 

Disruption of the BBB integrity is associated with vascular edema and an increased risk 
of hemorrhagic transformation, leading to a worsened stroke outcome 51, 134. Here we 
wanted to look closer into the longitudinal changes in levels and activation of proteins 
that directly influence BBB permeability in the acute phase following thromboembolic 
stroke induction in rats. 

In this study, claudin-5 and MMP-9 showed compelling temporal alternations within 
the ipsilateral hemisphere. At six hours after stroke onset, claudin-5 levels were 
significantly elevated within the cerebral blood vessel (Figure 18 A). Claudin-5s 
importance within BBB integrity has previously been validated in which reduced 
expression increases BBB permeability, and increased expression improves its 
integrity135-137. Following hypoxia and experimental stroke, claudin-5 is rapidly 
reorganized, decreasing the BBBs resistance for perforation138. In the clinic, increased 
plasma levels of claudin-5 are associated with increased BBB permeability and 
hemorrhagic events following ischemic stroke53. Aiding in reducing the integrity of the 
BBB is MMP-9.  

As with claudin-5, MMP-9 activity increases significantly at six hours following stroke 
onset within the cerebral vasculature, which also was seen within the cerebral 
parenchyma (Figure 18 B). With its ability to break down multiple BBB components64, 
MMP-9s increase at this time point could have a tremendous impact on the BBBs 
function within the following time. In fact, in humans, the biggest changes in BBB 
permeability are seen between six and 48 hours following ischemic stroke, further 
indicating the importance of this time point49.  

In conclusion, six hours following thromboembolic stroke induction, MMP-9 activity 
and claudin-5 protein levels increase significantly in rats. 
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Figure 17. 
Illustration of the study design for paper IIIc. Thromboembolic strokes were induced in male Wistar rats, which were then 
divided into six groups; (i) saline-treated, (ii) treated with rt-PA, (iii) treated with rt-PA in combination with a LOX-1 inhibitor: 
BI-0115 (iv) treated with rt-PA in combination with an MMP-9 inhibitor: JNJ0966, (v) treated with rt-PA in combination with 
BI-0115 and JNJ0966 and (vI) sham-operated animals. To induce thrombolysis, rt-PA (3 mg/ kg; Actilyse) was administered 
four hours after thrombin injection. It was injected with a 10% bolus and 90% perfusion for 40 minutes. The inhibitors 
(10 mg/kg) were injected intraperitoneal at 30 minutes prior to rt-PA administration. The treatments' effect on stroke 
outcome was evaluated 24 hours after stroke induction and included neurological function assessment through the 28-
point neurological score and the cylinder test. Subsequently, the stroke's infarct volume, brain perfusion, and hemorrhagic 
transformation were determined using MRI. The cerebral vasculature was then isolated from the collected brains to evaluate 
MMP-9 activity using zymography and western blotting. Created with BioRender.com. 

Treatment with rt-PA ± LOX-1 and MMP-9 inhibitions influence MMP-9 
regulation following HGD/R 
MMP-9 expression can directly influence the integrity of the BBB following ischemia. 
From paper II, we could see the protective effects of inhibiting the expression of MMP-
9 combined with rt-PA therapy. Moving further, we wanted to investigate both the 
inhibition of expression and the activation of MMP-9. Since the MEK1/2 inhibitor 
could prevent the rt-PA induced expression of MMP-9 but not influence the infarct 
lesion volume, we wanted  
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Figure 18.  
(A) Representative image and quantification of Claudin-5 expression were evaluated by western blot where β-actin was
used as a loading control. (B) MMP-9 activity was evaluated using zymography shown with a representative zymography
gel and quantification of MMP-9 activity. The activity was measured with AU values using ImageJ. Data are shown as median 
± IQR. Contra= contralateral, Ipsi= Ipsilateral Comparison between the time points were made using Dunn's multiple
comparisons test, where the ipsilateral side was tested separately from the contralateral side. Comparison between the
ipsilateral and contralateral hemispheres at each time point was made using Šídák's multiple comparisons test. 

to see if an upstream target would have a different effect. Furthermore, increased gene 
expression of the LOX-1 receptor has been seen in spontaneous hypertensive rats (SHR) 
and following tMCAO in both SHR and wild-type rats75, 139.Therefore, we assessed the 
LOX-1 inhibitor: BI-0115, the MMP-9 inhibitor: JNJ0966, and rt-PA's ability to 
affect the expression of proteins that can influence BBB permeability in HGD/R, an in 
vitro model of ischemia and reperfusion. 

In previous studies, treatment with rt-PA has shown a temporal and dose-dependent 
increase of MMP-9 activity in normoxic cultured HBMECs, where mRNA levels go 
back to baseline after 24 hours140. Here, we see similar changes. Treatment with rt-PA 
had no influence on MMP-9 mRNA expression following normoxic conditions of 
HBMECs at 24h. Contradictory, rt-PA treatment negatively affected the hypoxia-
induced increase of MMP-9 mRNA expression, a response which was attenuated with 
the administration of BI-0115 and JNJ0966. In comparison, mRNA expression of 
TIMP-1, an endogenous MMP-9 inhibitor, was significantly reduced following 
hypoxia. The same results were seen when the cells were treated with rt-PA + BI-0115 
and JNJ0966 in both normoxic and hypoxic conditions (Figure 19). This suggests that 
any effect rt-PA ± BI-0115 and JNJ0966 may have on preventing MMP-9 activity will 
not be through TIMP-1 expression. 
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In conclusion, MMP-9 mRNA increases significantly during the hypoxic condition in 
HBMECs, while mRNA for TIMP-1 decreases. The hypoxia-induced increase of 
MMP-9 mRNA is attenuated by rt-PA ± BI-0115 and JNJ0966.  

 

Figure 19. 
Bar graph depicts qRT-PCR mediated quantitation of MMP-9 and TIMP-1 mRNA present within HBMECs exposed to 
either (A, C) normoxia or HGD/R (3h/24h) and (B, D) HGD/R (3h/24h) treated with either vehicle, rt-PA (12.5µg/mL), or 
rt-PA + JNJ0966 (5µM) + BI-0115 (10µM) normalized to the housekeeping gene (GAPDH) and expressed as 2^(-∆∆Ct). 
n = 2-6 independent samples ran in duplicate (data are mean ± SEM). Two-way ANOVA with Tukey’s multiple 
comparisons post hoc test. 

LOX-1 and or MMP-9 inhibition effect on rt-PA safety and stroke outcome 
following a thromboembolic-induced stroke in rats 

The LOX-1s role within ischemic stroke has only begun to be elucidated, but studies 
show clear indications of its detrimental effect on stroke outcome77, 78. Furthermore, 
the in vitro study data show that the combination of LOX-1 and MMP-9 inhibition 
with rt-PA treatment following hypoxia attenuated the hypoxic induced increase of 
MMP-9 mRNA. In this final part, we, therefore, evaluated if the safety of the rt-PA 
treatment and improvement of stroke outcome can be achieved by inhibiting the 
activation of MMP-9 and or by preventing MMP-9 expression using a LOX-1 inhibitor 
in vivo. 
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As observed both clinically and experimentally before, rt-PA significantly increases 
MMP-9 activity following ischemic stroke in the thromboembolic stroke model in rats 
compared to saline-treated animals141-143. The increase is regions specific to the 
ipsilateral hemisphere in the cerebral vasculature. Treatment with either the LOX-1 or 
the MMP-9 inhibitor showed signs of reducing the rt-PA induced increase of MMP-9 
activity. However, the combination of the inhibitors had the most effect. Targeting 
both the expression and activation of MMP-9 when administrating rt-PA reduced the 
increase of MMP-9 seen in the cerebral vasculature to similar levels to what was seen in 
saline-treated animals (Figure 20). The combination treatment's attenuation of the rt-
PA induced MMP-9 expression was also seen when evaluating hemorrhagic events. 

Figure 20. 
Following a thromboembolic stroke, animals were either given the MMP-9 inhibitor (JNJ0966 = JNJ) and/or the LOX-1 
inhibitor (BI-0115 = BI) before rt-PA administration. At 24 hours after stroke onset, MMP-9 activity was quantified by 
zymography. Data are shown as median ± IQR. C = contralateral, I = Ipsilateral. Comparison between the time points was 
made using Dunn's multiple comparisons test, where the ipsilateral side was tested separately from the contralateral side. 
Comparison between the ipsilateral and contralateral hemispheres at each time point was made using Šídák's multiple 
comparisons test. 

As in the clinic, increased levels of MMP-9 following rt-PA therapy were associated 
with a significant increase in hemorrhagic events following thromboembolic stroke11. 
The administration of LOX-1 and or MMP-9 inhibitor prior to rt-PA therapy showed 
protective effects. Hemorrhagic events occurred in all combination treatment groups, 
but there are signs of reduced incidence and volume in these events. As mentioned in 
paper II, clinically, hemorrhages can be classified as symptomatic or asymptomatic. 
Symptomatic hemorrhages cause a higher degree of worsened outcome and are 
associated with a more considerable blood volume within the infarct area144-146. In this 
study, the inhibition of LOX-1 ± MMP-9 inhibition showed a more considerable 
influence in preventing more extensive hemorrhages. In addition, the combination 
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treatment of LOX-1 and rt-PA prevented the rt-PA-induced edema within the 
ipsilateral hemisphere. 

While no significant difference was seen in infarct lesion volume within any treatment 
group, inhibition of LOX-1 prior to rt-PA treatment showed potential in restraining 
the spreading of the infarct lesion volume. The effect of LOX-1 inhibition on infarct 
volume has previously seen similar results following tMCAO in mice, although without 
the combination with rt-PA administration78. Furthermore, when evaluating perfusion 
within the ipsilateral hemisphere compared to the control side, while saline-treated 
animals seem to regain perfusion, animals treated with rt-PA still display decreased 
perfusion within the injured hemisphere. Data may hint at a no-reflow phenomenon 
occurring following rt-PA treatment. No- reflow is a phenomenon where recanalization 
does not lead to reperfusion147, 148. This has been seen within myocardial infarctions and 
stroke patients and is suggested to be due to restriction within the microvasculature 
that remains following recanalization149, 150. In this study, treatment with JNJ0966 
sustained the rt-PA induced reduction of perfusion, BI-0115 moderate attenuated the 
reduction, while the combination of the inhibitors had a compelling beneficial effect 
Figure (21).  

An increase in edema, infarct volume, and hemorrhage are all indicators of a worsened 
stroke outcome151-153, which in the present study was demonstrated within the rt-PA 
treated animals. Clinically, the beneficial effects of rt-PA treatment decrease if 
treatment initiation is delayed129, 154, 155. Here we saw that while treatment with 
JNJ0966 did indicate some beneficial effects, it was BI-0115 that had the most 
influence in preventing the development of neurological deficiency following stroke 
and rt-PA treatment (Figure 22). Altogether, inhibition of the LOX-1 and MMP-9 
activity improved rt-PA therapy, especially LOX-1, which, beyond improving the safety 
of rt-PA treatment, also improved the animal's neurological function.  

In conclusion, if translational to the clinic, enhancing the safety of the treatment and 
improving neurological function by combining LOX-1 inhibition with rt-PA therapy 
would significantly impact outcomes of ischemic stroke patients.  
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Figure 21. 
MMP-9 (JNJ0966 = JNJ) and or LOX-1 (BI-0115 = BI) inhibition conjugated with rt-PA therapy's effect on stroke outcome 
was evaluated 24 hours after thromboembolic stroke using MRI, compared to saline and rt-PA treated animals. (A) 
Representative T2-weighted,  T2*-weighted, and pCASL MRI images visualizing the infarct lesions,  hemorrhages (circled in 
red), and perfusion measured in ml/100g/min in all treatment groups. (B) Quantification of the infarct lesion measured in 
mm3 in T2-weighted MRI scans. (C) The percentage of edema in the ipsilateral hemisphere compared to its respective 
contralateral hemisphere was measured from T2-weighted images. (D) Hemorrhagic volumes quantified from T2*-weighted 
MRI images. (E) Quantification of the perfusion within the ipsilateral compared to the contralateral hemisphere used as 
control (100%), measured from 5 consecutive sections within the stroke region. Data are shown as median ± IQR. 
Comparison between the treatment groups was made using Dunn's multiple comparisons test. 
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Figure 22. 
Stroke was induced using the thromboembolic stroke model, and animals were treated with the MMP-9 inhibitor (JNJ0966 
= JNJ) and/or the LOX-1 inhibitor (BI-0115 = BI) combined with rt-PA therapy, or either saline or rt-PA. Neurological function 
was evaluated using both the cylinder test and the 28-point neuroscore. (A) The cylinder test measures the use of the injured 
(contralateral) forepaw 24 hours after stroke onset compared to baseline levels. Data are shown as median ± IQR. 
Comparison between the different time points was made using Šídák's multiple comparisons test. (B) The 28-point 
neuroscore is a composite test where the total score of 28-points indicates a healthy rat. Data are shown as median ± IQR. 
Comparison between treatment groups was made using Dunn's multiple comparisons test. 
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Concluding Remarks and Future 
Perspective 

This thesis aimed to enhance rt-PA therapy's safety and improve stroke outcomes. By 
focusing on preventing the increased levels of MMP-9 associated with the rt-PA-
induced risk of hemorrhagic transformation, we intended to improve rt-PA therapy 
and enabling its use within and beyond its current therapeutic window.  

Preclinical testing of new treatment options for ischemic stroke has had poor translatability 
into the clinic, causing questioning if the animal models used within stroke research are 
relevant. Only embolic stroke models have successfully predicted a clinically working 
therapeutic, rt-PA. Therefore, in paper I, we aimed to establish the thromboembolic stroke 
model in rats and solidify its relevance within ischemic stroke research. The 
thromboembolic model has better reproducibility and lower mortality rates than previous 
embolic stroke models. Furthermore, the model's ability to mirror the clinical results of 
treatment with rt-PA, both beneficial and detrimental effects, strengthens its translation 
capability. While we have evaluated the model within 24 hours of stroke onset, further 
studies need to investigate its clinical relevance beyond this time frame.  

The next part of this thesis focused on the main aim: Improving rt-PA treatment. In 
this thesis, we evaluated the inhibition of MMP-9 expression by targeting LOX-1 and 
ERK1/2 and the inhibition of MMP-9 protease activation. The treatments had various 
effects on the rt-PA-induced activation of MMP-9, but all had a protective impact on 
preventing hemorrhagic occurrences. The inhibitors also showed a considerable 
variation in other factors that could influence stroke outcome. Still, the inhibition of 
LOX-1 combined with rt-PA therapy significantly improved neurological function.  

This thesis shows a new way of improving rt-PA therapy that could greatly impact 
stroke outcomes in patients in the clinic. However, further validation of this new 
treatment strategy needs to be conducted. Our primary data is based on stroke outcome 
evaluation 24 hours following stroke induction, with one dosage of the inhibitors 
followed by rt-PA administration. Further studies focusing on dosage, treatment 
timing, and long-term evaluation of stroke outcomes must be performed to optimize 
and better understand the inhibition of LOX-1 with or without rt-PA therapy.  
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General methodology 

Detailed methodologies are described in each paper under the materials and method 
section. 

Stroke induction and treatment 

Thromboembolic stroke model (Paper I - III) 
In this thesis, we aimed to study thrombolysis treatment and possible new treatment 
strategies in combination with thrombolysis. Therefore, stroke was induced using the 
thromboembolic stroke model in rats (paper I, III) and mice (paper II). The model 
mimics the clinical situation regarding stroke pathophysiology and the outcome of 
thrombolysis treatment in terms of both its beneficial and detrimental effects123, 125. As 
seen previously, only embolic stroke models have successfully predicted a clinically 
working therapeutic, rt-PA. However, compared with other embolic stroke models 
with variation in clot placement, infarct lesion, and neurological deficits, the 
thromboembolic model has a higher reproducibility of results and a lower mortality 
rate123.  

Thrombolysis treatment (Paper I - III) 
Thrombolysis is achieved by treatment with Alteplase intravenously in the clinic and is 
administrated as a 10 % bolus followed by 90 % perfusion for 40 minutes; the same 
treatment and administration were used within this thesis. To establish the 
thromboembolic stroke model in rats for paper I, thrombolysis was administrated at 
one- or four- hours following stroke induction. For paper II and III, treatment was 
administered four hours after stroke induction to mimic the clinical situation with 
reduced efficacy of the treatment and an increased risk of hemorrhagic transformation. 
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Inhibitor treatment (Paper II and III) 
The inhibitors used within this thesis were: 

• U0126: A MEK1/2 inhibitor

• BI-0115: A LOX-1 inhibitor

• JNJ0966: A MMP-9 inhibitor

Administration of the inhibitors was through intraperitoneal injections 30 minutes 
before thrombolysis treatment. The used administration route allows for quick 
absorption and translocation of the inhibitors into the systemic circulation. Previous 
studies determined the time of treatment and evaluation of MMP-9 activation 
following stroke induction.  

Stroke outcome evaluation 

Magnetic resonance imaging (Paper I - III) 
Evaluation of stroke outcome in terms of infarct volume, hemorrhagic incidence, and 
perfusion was measured using T2-weighted, T2*-weighted, and pCASL MRI scans. The 
use of MRI imaging reduces the number of animals used within this thesis. Allowing 
us to determine infarct volume and hemorrhagic transformation on the same animals 
without using any tissue for staining protocols. In addition, the use of the pCASL scan 
for determining perfusion within the brain prevents any need for contrast agent 
administration in animals.  

Neurological Function (Paper I and III) 
Evaluation of stroke outcome in terms of neurological function was measured using the 
28-point neurological score (paper I and III) and the cylinder test (paper III)156, 157. The
28-point neurological test evaluates sensorimotor function by assessing the animal's
performance on 11 different tasks with various scores (Table 1). The cumulative score
of 28 points indicates a healthy animal. The cylinder test evaluates asymmetries in
locomotor function by measuring the use of each forepaw when rearing while placed
within a transparent cylinder.
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Table 1 
28-point neuroscore 

Test Maximum score 

Circling 4 

Motility 3 

General Condition 3 

Righting reflex when placed on back 1 

Paw placement of each paw on the table 4 

Ability to pull self up on a horizontal bar 3 

Contralateral rotation when held by the tail base 2 

Grip strength 2 

Visual forepaw reaching 2 

Climbing on an inclinded platform 3 

Contralateral reflex 1 

Ex vivo evaluation  

Vessel and parenchyma separation (Paper III) 
To allow a more thorough evaluation of tissue-specific changes following 
thromboembolic stroke, rt-PA, and the use of the different inhibitors within paper III, 
the cerebral vessels were separated from the parenchyma. Using an improved separation 
method allowed for a collection of cerebral arteries down to microvessels158. This 
method allowed us to investigate protein changes within the infarcted region in both 
parenchymal and vessel fractions without the need of pooling tissue of several animals, 
reducing the number of animals used within this study.  

Western Blot (Paper II-III) 
We used western blotting to investigate specific proteins and their protein levels. 
Western blotting is an antibody-based gel electrophoresis method used to determine 
protein levels. Gel electrophoresis allows for protein separation based on size using an 
electric current. Transferring the proteins to a membrane allows determining specific 
protein levels by using protein-specific primary and horseradish peroxidase-conjugated 
secondary antibodies.  
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Zymography (Paper II-III) 
We used zymography to evaluate MMP-9 activity. Zymography is a gel electrophoresis 
method allowing for the measurement of proteolytic activity. By incorporating the gel 
with gelatine (an MMP-9 substrate) and letting our samples incubate in the gel in 
conditions appropriate for proteolytic activity. Determination of the proteolytic activity 
of MMP-9 is then performed following coomassie staining of the gel by measuring 
band intensity in terms of loss of staining.  

Immunohistochemistry (Paper II) 
We used immunohistochemistry to evaluate protein expression and localization of 
protein expression. Immunohistochemistry is an antibody-based method using protein-
specific primary and fluorescent-conjugated secondary antibodies to determine specific 
protein distribution in tissue sections.  

In vitro evaluation 

In vitro model of ischemia and reperfusion (Paper III) 
We used HBMECs to evaluate rt-PA ± the LOX-1 and MMP-9 inhibitors in 
vitro. To mimic the clinical situation of ischemia and reperfusion, the cells 
were under hypoxia and glucose deprivation for three hours, followed by 
drug administration and "reperfusion" to normal conditions and a glucose-
containing medium for 24 hours.  

qRT-PCR (Paper III) 
Quantitative reverse transcription-polymerase chain reaction (qRT-PCR) evaluated the 
rt-PA ± the LOX-1 and MMP-9 inhibitors' effect on specific mRNAs expression in 
vitro. qRT-PCR is a PCR-based method utilizing a fluorescent reporter dye binding to 
double-stranded DNA (dsDNA), enabling quantification of the mRNA expression in 
specific samples.  
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