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Abstract

The present thesis aimed to shed more light on the notion of acute inhibition of extracellular-signal regulated kinase
(ERK)1/2 pathway as a treatment to improve stroke recovery. Stroke is a major cause of death and long-term
disability worldwide, classified as ischemic or hemorrhagic. In ischemic stroke, interruption of blood flow and
deprivation of oxygen and glucose activate death signalling pathways within the area directly affected by ischemia
so called “core”. In the region adjacent to core, peri-infarct, cells are hypoperfused, functionally inactive and prone to
death if therapeutic strategies do not rescue them.

Treatments for ischemic stroke are limited to thrombolysis or thrombectomy. Due to narrow time window and risk of
hemorrhagic transformation, few percentages of stroke patients are eligible to receive these treatments. Another
approach in stroke therapy is to rescue neurons within peri-infarct region. Despite promising effects of
neuroprotective agents in experimental stroke, this approach has failed in clinical trials.

Although the ERK1/2 pathway is involved in recovery processes during later stage of stroke, it is a critical modulator
of destructive mechanisms i.e. upregulation of cerebrovascular receptors during acute phase. Our previous studies
showed that early inhibition of the ERK1/2 pathway reduced ischemic damage and improved functional outcome
after experimental stroke. These findings are the base of the present thesis. Although promising, the beneficial
effects were only observed during acute phase in male rats. Our hypothesis is that acute inhibition of ERK1/2
pathway will continue to show benefit beyond the acute phase and not negatively interfere with later recovery
processes. Further, the present thesis addresses important aspects that should be considered when developing a
new treatment such as sex and clinical relevant time point.

Thus, this thesis addressed acute blockade of ERK1/2 pathway with regards to important aspects when developing
a new treatment. The important aspects evaluated in the present thesis are as follow: (i) Beneficial outcome beyond
acute phase and related recovery mechanisms, (ii) A time-window relevant to the clinic, (i) Acute detrimental
mechanisms and effect of U0126 in female rats and (iv) repair-related molecular changes during recovery phase of
stroke in female rats. The experimental setup of the thesis was based on an ischemic model on rat. Inhibition of the
pathway was achieved by U0126, a inhibitor of mitogen activated protein kinase kinase (MEK)1/2 which is
immediately upstream of ERK1/2. In summary, the results of the present thesis showed that acute inhibition of MEK-
ERK1/2 pathway is a promising potential treatment for stroke. It has been applicable in a clinically relevant time-
window and beneficial for both sexes with persistence of improved functional outcome beyond acute phase. In
addition, repair-related molecular changes and activation of ERK1/2 during recovery phase in female rats further
supported the idea that ERK1/2 pathway contributes to recovery processes in later stage of stroke. Thus, a path
well-investigated may actually lead to better stroke recovery and a future stroke treatment.
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Thesis Summary

The present thesis aimed to shed more light on the notion of acute inhibition of
extracellular-signal regulated kinase (ERK)1/2 pathway as a treatment to improve
stroke recovery. Stroke is a major cause of death and long-term disability
worldwide, classified as ischemic or hemorrhagic. In ischemic stroke, interruption
of blood flow and deprivation of oxygen and glucose activate death signalling
pathways within the area directly affected by ischemia so called “core”. In the
region adjacent to core, peri-infarct, cells are hypoperfused, functionally inactive
and prone to death if therapeutic strategies do not rescue them.

Treatments for ischemic stroke are limited to thrombolysis or thrombectomy. Due
to narrow time window and risk of hemorrhagic transformation, few percentages
of stroke patients are eligible to receive these treatments. Another approach in
stroke therapy is to rescue neurons within peri-infarct region. Despite promising
effects of neuroprotective agents in experimental stroke, this approach has failed
in clinical trials.

Although the ERK1/2 pathway is involved in recovery processes during later stage
of stroke, it is a critical modulator of destructive mechanisms i.e. upregulation of
cerebrovascular receptors during acute phase. Our previous studies showed that
early inhibition of the ERK1/2 pathway reduced ischemic damage and improved
functional outcome after experimental stroke. These findings are the base of the
present thesis. Although promising, the beneficial effects were only observed
during acute phase in male rats. Our hypothesis is that acute inhibition of ERK1/2
pathway will continue to show benefit beyond the acute phase and not negatively
interfere with later recovery processes. Further, the present thesis addresses
important aspects that should be considered when developing a new treatment
such as sex and clinical relevant time point.

Thus, this thesis addressed acute blockade of ERK1/2 pathway with regards to
important aspects when developing a new treatment. The important aspects
evaluated in the present thesis are as follow: (i) Beneficial outcome beyond acute
phase and related recovery mechanisms, (ii) A time-window relevant to the clinic,
(ii1) Acute detrimental mechanisms and effect of U0126 in female rats and (iv)
repair-related molecular changes during recovery phase of stroke in female rats.
The experimental setup of the thesis was based on an ischemic model on rat.
Inhibition of the pathway was achieved by U0126, a inhibitor of mitogen activated
protein kinase kinase (MEK)1/2 which is immediately upstream of ERK1/2. In
summary, the results of the present thesis showed that acute inhibition of MEK-
ERK1/2 pathway is a promising potential treatment for stroke. It has been
applicable in a clinically relevant time-window and beneficial for both sexes with
persistence of improved functional outcome beyond acute phase. In addition,
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repair-related molecular changes and activation of ERK1/2 during recovery phase
in female rats further supported the idea that ERK1/2 pathway contributes to
recovery processes in later stage of stroke. Thus, a path well-investigated may
actually lead to better stroke recovery and a future stroke treatment.
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Background

Stroke

Stroke is a major cause of death around the world. In case of survival, majority of
stroke patients stay with neurological deficits leaving stroke as a major cause of
disability worldwide with a great socioeconomic burden. Stroke is defined as a
neurological deficit by a cerebrovascular cause resulting from interruption of
blood flow to the brain and classified as either ischemic or hemorrhagic (Figure 1).
Hemorrhagic stroke is caused by bleeding into brain tissue when a blood vessel
bursts. Decrease of blood supply in ischemic stroke can result from thrombosis or
embolism "7,

Ischemic stroke Hemorrhagic stroke

An ischemic stroke occurs
when a blood clot blocks the
blood flow in an artery within
the brain.

A hemorrhagic stroke occurs
when a blood vessel bursts
within the brain.

Figure 1. Different types of stroke.
Stroke is classified as either ischemic or hemorrhagic. Adapted from Centers for Disease Control and Prevention

(www.cdc.gov)

Ischemic stroke
More than 80% of all strokes are ischemic . This thesis is based on an animal

model of ischemic stroke, hence the following information address this type of
stroke.
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Pathophysiology

Loss of blood flow during ischemic stroke leads to oxygen and glucose deficiency.
As a consequence, a cascade of cellular and molecular events are activated which
result in an ischemic damage. In ischemic core, the region immediately affected by
the stroke, the deficiency in oxygen and glucose leads to energy failure and lack of
adenosine triphosphate (ATP). Without ATP, neurons cannot preserve their ionic
gradient across the cell membrane, thereby cytoplasmic accumulation of sodium
and calcium leads to the loss of membrane integrity and eventually cell death. In
the peri-infarct, tissue surrounding the ischemic core, blood flow is sufficiently
reduced to cause hypoxia and arrest physiological function. But, it is not severe
enough to cause irreversible damage and cellular necrosis. Moreover, collateral
blood flow from adjacent tissue keeps the blood flow above the threshold.
Therefore, peri-infarct is a dynamic area and neuronal damage develops more
slowly, leaving a time window for therapeutic opportunity to rescue dying
neurons. The cell death mechanisms in the peri-infarct region is an active process
largely dependent on the activation of caspase-dependent and caspase-independent
apoptotic pathways, which contribute to delayed ischemic cell death mainly due to
inflammation and free radical formations .

Spontaneous recovery

Interruption of blood flow during ischemic stroke leads to brain cell death and
impaired brain function. Hence stroke patients may experience paralysis, loss of
vision, memory loss and impaired speech’. However, stroke also triggers defensive
mechanisms to counteract cell damage and there is evidence for a growth-
promoting region in peri-infarct °. Thereby, most of stroke patients show some
degree of spontaneous recovery over time following their initial injury. For
instance, a study on arm disability showed that 80% of patients achieved their
maximum arm function within 3 weeks and 90% of patients within 9 weeks of
stroke onset ’. Such studies provide information about patterns of spontaneous
behavioural recovery but give limited insights into underlying molecular and
cellular mechanisms " ® . Furthermore, due to the loss of neurons with highly
specific function, post stroke behavioral outcome is unlikely to be identical with
pre-stroke patterns. Behavioral assessment protocols also cannot distinguish
whether improved functions reflect true recovery, behavioral compensation or
their combination. So, recovery reflects most of the time improved performance
without considering the degree of compensation or true recovery °. It should be
once more noted that post stroke recovery is incomplete. Thus, understanding the
underlying mechanisms is important to develop or improve therapeutic stroke
strategies. Similar patterns of improved functional outcome are also observed in
animal models of stroke. Animal studies have shown that a set of highly
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interactive processes such as angiogenesis, neurogenesis and upregulation of

repair-related molecules i.e. inflammatory markers and growth factors act as
. . 8, 10

underlying recovery mechanisms = .

Stroke phases

Based on the pathological characteristics, occurrence of spontaneous recovery and
timing post-stroke, a stroke is generally classified into three clinical phases: the
acute phase, subacute phase, and chronic phase ''. In animal studies post-stroke
phases have similar pattern to human patients but typically much shorter *°. The
major cascades include primary neuron loss, secondary ischemic damage, brain
edema, neuroinflammation, dead cell removal, endogenous plasticity, improving
impairment and function. The duration and pathological severity of the three
phases vary among individuals. The variation depends on the specific conditions
of individuals such as location and size of lesion, the presence of cerebrovascular
collateral circulation, patient’s age, sex and comorbidities '*.

As mentioned above, a cascade of cellular and molecular mechanisms contribute
to post stroke pathophysiology and recovery to make final stroke outcome. In the
following sections, only those which have been mostly addressed in the present
thesis are described more in details.

Endothelin system

Ischemic stroke affects not only neurons and glial cells but also the vasculature.
Upregulation of vasoconstrictor receptors on smooth muscle cells (SMCs) and
increased receptor-mediated vasoconstriction have become a novel aspect in the
pathophysiology of ischemic stroke in recent years "°.

In particular, there are several studies showing a major role for the endothelin
system in the pathophysiology of ischemic stroke '*. For instance, the level of
Endothelin 1 (ET-1) is increased in cerebrospinal fluid and cerebral tissue
following clinical and experimental ischemic stroke ' .

ET-1, a vasoactive peptide, is produced mainly by endothelial cells '” and mediates
its vasoactive effect through two types of endothelin receptors; the endothelin type
A (ET,) and the endothelin type B (ETg) receptors '* '°. These receptors are very
important for the plasticity of cerebral arteries. In normal condition, the ETa
receptors are expressed on the vascular smooth muscle cells and their activation
leads to strong vasoconstriction while, ETg receptors are located on the endothelial
cells where their activation results in dilatation ***'.
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However, ETp receptors function is altered following ischemic stroke. An
upregulation of ETy receptors are observed on SMCs of occluded middle cerebral
arteries resulting in increased contractile responses >,

Astrocytes and reactive astrogliosis

Astrocytes are the most glial cell type of the central nervous system (CNS). They
are very important for overall brain structure and function playing a critical role in
cerebral parenchymal homeostasis >°. Astrocytes have stellate morphology and
express glial fibrillary acidic protein (GFAP) which is known as a pan-astrocyte
marker **. Under stress and degenerative conditions like ischemic stroke,
astrocytes become reactive through a process termed as reactive astrogliosis. The
hallmarks of this process are proliferation, the morphological changes of
astrocytes and the increased expression levels of GFAP * %, Beside upregulation
of GFAP, astrocytes undergo other structural changes including upregulation of
other intermediate filament proteins >’. Nestin is a class VI intermediate filament
protein which is known to be transiently expressed in proliferating stem cells
during CNS development. In adult CNS, nestin is considered as a marker for new
neurons in neurogenic areas >* *°. In addition, re-expressed or upregulated nestin
have been shown in reactive astrocytes after ischemic stroke >”*. The occurrence
of reactive astrogliosis is essential for the formation of astrocyte scar in the tissue
adjacent to the infarct delineating it from intact cerebral parenchyma °'. The
formation of astrocyte scar has been shown in both clinical and experimental
stroke *2. Formation of astrocytic scar aids axonal regeneration in central nervous
system ** **. There has been a pile of evidence that selective destruction of this
scar leads to great spread of inflammatory cells, increased neuronal loss, greater
spread of tissue damage and worse neurological function *’*>%°,

Angiogenesis

Angiogenesis is formation of new capillaries from existing blood vessels *’. It
occurs as a defensive mechanism in response to hypoxia including ischemic
hypoxia. Its mechanism involves interaction of different components including
tyrosine kinase receptor Tie-2, its ligand (angiopoietins 1 and 2), growth factors
and so on **. Induction of these components together with increased microvessel
density has been shown in animal models of stroke ***'. One important point is
the actual role of spontanecous angiogenesis following stroke **. One study
suggested the clean-up hypothesis in which angiogenesis facilitates macrophage
infiltration to remove necrotic tissue and debris **. However, several studies have
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pointed out a relationship between angiogenesis and better stroke outcome. For
instance, it was shown that increased microvessel density was correlated with
longer survival in both female and male patients after stroke **. In addition, a
previous study also showed that new capillaries support restored perfusion in the
ischemic border after cortical stroke in rats *. Therefore, angiogenesis may
contribute to stroke recovery by restoring metabolism in surviving neurons,
supplying neurotrophic factors and removal of necrotic debris. In recent years, the
importance of angiogenesis has led to improvement of advanced techniques
including magnetic resonance imaging (MRI) to evaluate angiogenesis after
stroke. Cerebral blood flow (CBF) and cerebral blood volume (CBV) are the two
hemodynamic parameters indicating microvessel formation and affected by
angiogenesis that can be measured by perfusion MRI. These parameters are
beneficial not only to evaluate spontaneous angiogenesis but also to study the
efficacy of potential stroke treatments ***/.

Signalling pathways

ERK1/2 pathway

ERK1/2, also known as p42/44 mitogen activated protein kinase (MAPK), is a
major subfamily of MAPK. Activation of ERK1/2 occurs via its phosphorylation
by the MEK1/2, an immediate component upstream of ERK1/2 in the cascade.
Activation of MEK1/2 itself depends on a MAPK kinase kinase (Raf) which needs
GTP-loaded Ras to get activated ** *°. Activation of ERK1/2 cascade occurs in
response to both mitogens and stressors stimuli such as cytokines and growth
factors. Hence, this pathway plays a major role in a wide range of biological
processes such as cell differentiation, proliferation as well as fate decisions and
cell death *° (Figure 2).

Dysfunction of ERK1/2 signalling is involved in several human diseases. Initial
indications that activation of ERK1/2 pathway may contribute to pathogenesis of
CNS disease came from using antibodies recognizing active form of ERK1/2 ¥. In
particular, ERK1/2 signalling pathway contributes in the pathophysiology of

stroke and activation of ERK1/2 after stroke has been reported in previous studies
51

Oxidative stress, inflammation, increased receptor-mediated vasoconstriction and
upregulation of matrix metalloproteinases are all features of the pathophysiology
of ischemic stroke during acute phase, leading to exacerbate neuronal cell death
and ischemic damage. These detrimental mechanisms are associated by activation
of ERK1/2 signalling pathway >*>***°. But, ERK1/2 cascade does not have only a
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dark side. It is involved in angiogenesis and neurogenesis, two main recovery
mechanisms induced after stroke *°. Survival signals i.e. growth factors also exert
their beneficial effect via ERK1/2 pathway ~.

Although it is suggested that ERK1/2 has a dual effect after stroke ** but
distinguishing the effects according to the time course of stroke can mount the
strategies to target the pathway for stroke therapy. Our previous studies showed
that acute inhibition of this pathway could supress detrimental cascades, reduce
infarct size and improve functional outcome in animal models of stroke ** ¥, It
indicates that early activation of ERK1/2 pathway after stroke is detrimental and
its inhibition has acute beneficial effects. Taken all together, we have targeted this
pathway as a therapeutic strategy for stroke which is the base of the present thesis.

Protein kinase B (Akt)

Akt is a serine/threonine protein kinase which plays a role in a variety of cellular
processes including cell growth and survival. In CNS and more specifically during
brain development, Akt plays an important role in mediating neuronal survival .
Activation of Akt occurs via phosphorylation. In the first step, a receptor tyrosine
kinase or G-protein-coupled receptor is activated, which in turn activate
phosphoinositide-3-kinase. Activated PI3K phosphorylates phosphatidylinositol-
4,5-bisphosphate into phosphatidylinositol-3,4,5-triphosphate which binds to Akt
and recruit it to the inner face of plasma membrane. Then Akt is phosphorylated at
Thr308 by phophoinositide-dependent protein kinase-1 and by the mammalian
target of rapamycin complex-2 at Ser473 which both are needed for complete Akt
activation ®'. Upon phosphorylation, Akt exerts its function via phosphorylation
(and inactivation) of downstream substrate such as pro-apoptotic Bcl-2 family
member Bad and caspase-9 “(Figure 2).

Different studies have shown that Akt pathway is affected by ischemic stroke. It
appears that a decrease in phosphorylation state (p) of Akt correlates with
ischemic damage showing its role in ischemic stroke to be neuroprotective ®.
Additionally, protective effects of various extrinsic compounds including growth
factors i.e. vascular endothelial growth factor ® can be implicated via Akt
pathway. Akt exerts its neuroprotective effects by interfering excitotoxicity,
inflammation and apoptotic injury via inhibition of downstream substrates .
Although phosphorylation of Akt at both sites needed for its activation, fewer
studies have evaluated the changes of p-Akt (Thr308) after stroke *. It is also
worth noting that phosphorylated Akt does not always have kinase activity. This is
due to the negative endogenous regulator of this pathway which is induced by
ischemia. This can suggest that in the absence of neuroprotectant compounds,
ischemia transiently induce phosphorylation of Akt but its kinase activity is
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suppressed by negative regulator leading to activation of pro-apoptotic pathways
and cell death %,

Activated receptor

Plasma membrane

Activated
Pl3-kinase

Dissociation

Cell survival| | Apoptosis

Cell survival Apoptosis

Figure 2. Activation and effects of MEK-ERK1/2 and Akt signalling pathways.

Extracellular-signal regulated kinase (ERK) 1/2, Mitogen activated protein kinase kinase (MEK) 1/2, phosphoinositide-
3-kinase (PI3K), phosphatidylinositol-4,5-bisphosphate (PIP;), phosphatidylinositol-3,4,5-triphosphate  (PIP3),
phophoinositide-dependent protein kinase-1 (PDK1), the mammalian target of rapamycin complex-2 (mTOR2C).
U0126, a MEK1/2 inhibitor, blocks MEK-ERK1/2 signalling pathway.

Challenges in acute ischemic stroke treatment
Over the past few decades, extensive efforts have been made in understanding the

pathophysiology of ischemic stroke; however, there has not been much progress in
developing new stroke treatment '>. Today, acute treatment for ischemic stroke
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consists of dealing with the cause; attempts to remove the blood clot and
recanalize the vessel. Intravenous administration of a thrombolytic drug and
mechanical removal of blood clot by endovascular thrombectomy are two methods
to reach this aim ®.

However, there are several challenges in acute stroke treatment even after
successful recanalization. Clinical evidence shows that post-stroke recanalization
is accompanied by occurrence of microvascular reperfusion failure. Hence,
recanalization is not always synonymous with reperfusion. Formation of
secondary clot is one reason for failure in restoration of normal CBF .

Moreover, recanalization can be accompanied by vascular complications. For
instance, the major adverse effect of tissue-type plasminogen activator (t-PA),
FDA-approved thrombolytic agent, is the intracerebral hemorrhage " . So,
administration of t-PA is limited to 4.5 hours after stroke onset to reduce this
haemorrhagic transformation. Because of the narrow time window for t-PA
treatment and the risk of haemorrhagic transformation, in fact, only small
percentage of stroke patients receive this treatment ' "%,

It is worth noting that the cause of stroke is vascular, but it has neurological
consequences. Therefore, other approaches in acute stroke treatment has focused
on the rescue of neuronal cells in the peri-infarct area . It has been huge
investment to develop new neuroprotective drugs over the past few decades but all
failed in clinical trials even though showing promising results in pre-clinical
studies . Taken all together, there is a compelling need to develop new
therapeutic strategies in the stroke field.
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Hypothesis and Aims

It has previously been demonstrated that inhibition of the MEK-ERK1/2 signalling
pathway reduces ischemic damage and improves functional outcome after
experimental stroke ** ***°. These findings are the base of the present thesis.
Although promising, the beneficial effects of MEK-ERK1/2 inhibition were only
observed during acute phase and only in male animals. Therefore, to be able to
successfully develop new treatment strategies we need to further investigate the
consequences of MEK-ERK 1/2 inhibition on stroke outcome.

Our hypothesis is that acute treatment with a MEK1/2 inhibitor (U0126) will
continue to show benefit beyond the acute phase and not negatively interfere with
later recovery processes. Further, the present thesis addresses important aspects
that should be considered when developing a new treatment such as sex and
clinically relevant time window.

Several specific aims are addressed:

Paper I — II (male)

1. To evaluate if beneficial effects of early MEK-ERK1/2 blockade (0 and 24
hours post reperfusion) persist beyond acute phase.

2. To investigate whether subacute beneficial effects of U0126 persist even when
it is administered in a time window relevant to the clinic (6 and 24 hours post
reperfusion).

3. To investigate the expression of ERK1/2 during subacute phase.

4. To determine possible underlying recovery mechanisms for delayed beneficial
effects of acute U0126 treatment.

Paper III (female)

1. To study if acute increased cerebrovascular receptor-mediated vasoconstriction
occurs in female rats and if the mechanism is mediated via the MEK-ERK1/2
pathway.

2. To evaluate if acute inhibition of MEK-ERK1/2 pathway is beneficial in
female rats.

Paper IV (female)

1. To investigate if spontaneous functional recovery occurs in female rats.
2. To evaluate repair-related molecular changes associated with spontaneous
recovery and if ERK1/2 is activated during subacute phase.
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Methods

Study design

A brief overview of the in vivo methods and the in vitro techniques used in the
present thesis is given in figure 3 and 4 respectively.
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Figure 3. Overview of the study design for each project and the in vivo methods used in the thesis.
tMCAO was induced at day 0 for all papres and the study was designed for a period of two weeks in each project
except for paper Il which has additional part with a period of two days. The animals were acclimatized before any in
vivo experiments. The key to the figure is available in the dotted box. The tissue collected were further processed for
in vitro techniques. MCA: middle cerebral artery, ECA: external carotid artery, CCA: common carotid artery
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The image from myograph is adapted from biopta.com and the image for western blot is adapted from wikipedia.com

Ethical considerations

An in vivo stroke model on rats has been the base for the projects of this thesis.
Therefore, all of the experiments and procedures were performed in accordance
with the guidelines for the European Community Council Directive (2010/63/EU)
for protection of Vertebrate Animals Used for Experimental and other Scientific
Purposes. The experimental procedures were approved by the Lund-Malmo
Institutional Ethics Committee under the Swedish National Department of
Agriculture (M188-12 and M171-14). The guidelines described in ethical permit
were implemented into practice by (i) performing surgical procedure carefully
according to our protocol; (ii) several precautionary steps to minimize stress and
pain to the animals and (iii) following 3Rs (Replacement, Reduction and
Refinement) in animal ethics where possible. By using magnetic resonance
imaging the number of animals needed in paper II was reduced.

24



In vivo methods

Animals preparation

Male and female Wistar rats (Papers I-IV) were obtained from Charles River
Laboratories, Sulfzed, Germany. Upon arrival, the rats were housed under a 12-h
light/dark cycle and controlled temperature and humidity with ad libitum access to
water and food. The rats were allowed to get acclimatized to the new environment
for five days before any experiment. In paper I, male animals were trained for five
days prior to stroke model to be able to perform staircase test and they were on
food deprivation during this period. In papers III and IV, female animals were
monitored for three consecutive estrus cycle by collection of vaginal smear and
determination of cell types in smear before stroke model ’'. The surgery was only
performed on the animals that were in low influence of 17-Bestradiol i.e. not in
proestrus phase to minimize hormonal fluctuation effects.

Transient middle cerebral artery occlusion (Papers I-1V)

Transient middle cerebral artery occlusion (tMCAO) was induced in Wistar rats
using the intraluminal filament technique . Anaesthesia was induced by 3.5%
isoflurane in N,O:0, (70:30) and then maintained by inhalation of 1.5-2%
isoflurane through a facial mask during the surgical procedure. Physiological
parameters (blood pressure, pH, pCO,, pO, and blood glucose) were measured
before occlusion by inserting a polyethylene catheter in the tail artery. Body
temperature was maintained during the surgical procedure by a homoeothermic
blanket connected to a rectal temperature probe. An incision was made in the
midline of the neck, and the right common, internal and external carotid arteries
were exposed. The right common and external carotid arteries were ligated
permanently with sutures. A silicon rubber coated monofilament (Doccol
Corporation, MA, USA) was inserted into the right internal carotid artery and
further advanced until the tip of the filament reached the entrance of the middle
cerebral artery causing an occlusion and sudden drop in cerebral blood flow.
Reduction of cerebral blood flow was verified by Laser-Doppler flowmeter (AD
instruments, Australia). After two hours occlusion, the animals were evaluated by
6-point neuroscore test " "*. Only the animals that showed a score of 4 in this
neuroscore test went through reperfusion by removing the filament. The increase
of cerebral blood flow during reperfusion was also verified by Laser-Doppler
flowmeter. At the end of the surgery, the rats received a subcutaneous injection of
10 ml of isotonic saline for rehydration. For sham-operated rats (papers I & 1I), the
same procedure was applied except that no filament was advanced to occlude
middle cerebral artery.
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Treatment administration after tMCAO (Papers I-11I)

The specific MEK1/2 inhibitor, U0126 (1,4-Diamino-2,3-dicyano-1,4-bis [2-
aminophenylthio] butadiene) was used to investigate underlying mechanisms and
the importance of MEK-ERK1/2 pathway in experimental stroke. Rats were
treated with U0126 (30 mg/kg of animal body weight) or vehicle (dimethyl
sulfoxide, DMSO) as intraperitoneal injection either at 0 and 24 hours (Paper I and
III) or at 6 and 24 hours (Paper II) post reperfusion. The time and dosage of U0126
were chosen according to a previous study .

Behavioral tests (Papers I-1V)

Sensorimotor cortex or striatum of ipsilateral hemisphere is frequently damaged
following the MCAO model and, the hippocampus and surrounding areas maybe
partially affected with severe injury . Moreover, many behavioral tests have been
characterized in rodents that have undergone MCAO to evaluate neurological
status and the degree of damage over a period of time after stroke. However, none
of these tests can stand alone to fully characterize the various deficits after stroke;
therefore, it is important to have combination of behavioral tests that are sensitive
to detect an array of impairments. Composite scores like 28-point ’® and 6-point
neuroscore assess a variety of motor, sensory, reflex and balance responses.
Learning and memory impairments can be evaluated by cognitive tests and due to
the loss of limb function after stroke, many motor and sensorimotor tests have
been developed including staircase test and forelimb placing test, respectively 7.
In this thesis, we have used staircase test as well as 28-point and 6-point
neuroscore tests. The evaluations were performed by an experienced observer that
was blinded to treatment status.

28-point neuroscore test (Papers I-1V)

This test was performed to assess more detailed analysis of sensorimotor deficits
after tMCAO and shown to be sensitive to both acute and long-term deficits. In the
28-point neuroscore test, the animals were evaluated by eleven different tasks with
a cumulative maximum score of 28 for healthy function and 0 for severe
impairment "°. The different parameters included in the 28-point neuroscore test
are listed in table 1.
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Table 1.
28-point neuroscore test

Test Score  Test Score
Circling 0-4 Climbing on an Inclined platform 0-3
Motility 0-3 Grip strength 0-2
General condition 0-3 Contralateral reflex 0-1
Righting reflex when placed on back 0-1 Visual forepaw reaching 0-2
Paw placement of each paw on a table top 0-4 Contralateral rotation when held by base of tail 0-2
Ability to pull self up on a horizontal bar 0-3

6-point neuroscore test (Papers I-1V)

This test was performed according to previous studies 7 "7, The deficits on this
test might resolve in stroke models making it less useful for detection of long-term
deficits but can be used for acute phase after stroke. Gross neurological function
graded in six levels from O for no visible defects, to 5 for death overnight. The

different parameters included in the 6-point neuroscore test are presented in table
2.

Table 2.
6-point neuroscore test

Test Score

No disability at all, normal

Flexure of animals upper body while raised by the tail

One-side resistance to push when placed on the floor and restrained by the tail
Inability to walk straight

Tight circling

Death overnight

a p»h WN = O

Staircase test (Paper 1)

The staircase test, described by Montoya et al. (1991) 7, can detect long-lasting
deficits after ischemic stroke in rodents "', In structure, the staircase box consists
of a chamber with a central platform. It allows the animal to climb onto it and get
access to a set of seven steps located on each side of the box. Food pellets are
placed on each step. According to the design of the box, the animal can only reach
the food pellets on right side with right forepaw and on the left side with left
forepaw (Figure 5). Therefore, this test assesses the independent use of forelimbs
of rats in a skilled food reaching task consisting of forelimb extension, grasping
skills and side bias by observing its behaviour 7 *. We set up the staircase test in
our laboratory in accordance with previous studies " ** and our detailed staircase
test protocol can be found in paper I of the present thesis.
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Figure 5.
Staircase test apparatus. The image for staircase box is adapted from 8 (open access with license No. CC BY 2.0).

MRI (Paper II)

MRI is a well-established technique in both experimental and clinical stroke
providing extensive information about anatomy of brain with an excellent soft
tissue contrast and specific physiological parameters that can be measured ** %
Maybe the most important contribution of MRI in anatomical studies of brain
injury has been the use of T,-weighted images and the apparent diffusion
coefficient (ADC) to define ischemic lesions. ADC is a better early marker and T,
is a better late marker of lesion volume, but both methods reveal aspects of tissue
metabolism or microstructure and can be collected together to evaluate lesion
status efficiently *. In addition, regional CBF is a parameter of critical interest in
stroke and MRI provides several ways to measure CBF. One way is dynamic
susceptibility contrast imaging (DSC) in which a paramagnetic contrast agent such
as gadolinium, is rapidly injected as a bolus in a peripheral vein, and rapid
imaging tracks the bolus passage through the brain providing the possibility to
measure regional CBF and CBV ** ¥ The detailed MRI protocol used in this
thesis to assess these parameters can be found in paper I1.
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In vitro techniques

Infarct size measurement (Papers L, 111 & 1V)

Preclinical outcome measurements including infarct size should restate human
clinical aspects as nearly as possible. Different methods have been developed to
evaluate infarct size that each has advantages and disadvantages ** *. Beside MRI
as a non-invasive imaging, two other techniques were also used to measure infarct
size in the present thesis.

Silver infarct staining (SIS, Papers I & IV)

In order to perform SIS, the brains were frozen in isopentane (-20 °C) and
embedded by TissueTek. 12-um brain sections were collected on a cryostat with
an interval of 400 pum. The SIS was performed according to an established
protocol *°. Lack of silver staining on the sections indicated infarcted tissue which
was calculated by imageJ software (http://rsb.info.nih.gov/ij/) as the infarct
volume.

Neuronal specific nuclei protein staining (NeuN, Paper I11)

To perform this staining, brains were fixed in 4% paraformaldehyde in 0.1 M
phosphate buffered saline (PBS, pH 7.2) overnight. After fixation, the brains were
exposed to increasing concentrations of sucrose in Sorensen’s phosphate buffer
and then briefly washed in PBS. Brains were sectioned into 40 pum coronal
sections using a microtome (Leica Biosystems, Nussloch, Germany). Sections
were collected at 1 mm intervals and stained for NeuN. Lack of staining in the
ipsilateral side indicated infarcted tissue. Infarct volumes were calculated by
subtracting the non-lesioned volume of the ipsilateral from the non-lesioned
volume of contralateral °' by using imagelJ software.

Western blot (Papers I, 111 & 1V)

Western blot can be used to investigate protein abundance, kinase activity, cellular
localization, protein-protein interactions, or monitoring of post-translational
modifications **. In the present thesis, western blot was used to measure the
expression of different proteins in the brain or middle cerebral arteries (MCAs). In
this technique, a mixture of proteins were separated based on molecular weight,
and thus by type, through gel electrophoresis and then transferred to a membrane
producing a band for each protein. We used indirect method to detect the bands in
which, the membrane was blocked and incubated with unlabelled primary
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antibody specific to the protein of interest. After washing, the bound antibodies
were then detected by secondary antibody conjugated with horseradish peroxidase
% % The membranes were developed using chemiluminescent substrate
(Supersignal Dura kit) and protein bands were visualized by Fujifilm LAS1000
image analyser. As the antibodies only bind to the protein of interest, only one
band should be visible. Quantification of band intensity was performed using
imagel software.

Immunohistochemistry (Papers I-1V)

Immunohistochemistry was used to localize and/or measure the expression of
molecular targets within brain or MCA sections. The fundamental concept is the
demonstration of antigens within tissue sections by means of specific antibodies **.
There are different methods to perform immunohistochemistry. In this thesis, we
used indirect or 2-step method °° in which primary antibody is unlabelled, but the
secondary antibody, raised against the primary antibody, is conjugated by reporter
molecules such as fluorochromes.

Briefly, brains or MCAs were fixed in 4% PFA in 0.1 M PBS (pH 7.2) overnight.
After fixation, they were exposed to increasing concentrations of sucrose in
Sorensen’s phosphate buffer and embedded in an egg albumin-based protein
medium or TissueTEK, respectively, and then were frozen for cryosectioning.
Brains (12 um) or MCAs (10 um) sections were obtained on a cryostat and kept in
-20 °C. In order to do immunohistochemistry, the sections were permeabilized in
PBS containing 0.25% triton X-100, blocked and exposed to primary antibodies
overnight at 4 °C. On the following day, the sections were incubated with
secondary antibodies and mounted with Vectashield mounting medium containing
4',6-diamidino-2-phenylindole (DAPI) that stains nuclei. The experiments were
repeated to ensure reproducibility. Negative controls were performed where the
primary antibodies were omitted.

The primary and secondary antibodies for in vitro techniques used in this work are
summarized in table 3 and 4 respectively.
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Table 3.
Alphabetic list of primary antibodies

Primary Antibodies Supplier (Catalouge No.) Dilution Paper
Akt Cell Signaling Technology (9272S) 1:1000 WB v
p-Akt (Ser 473) Cell Signaling Technology (4058S) 1:1000 WB [\
B-actin SantaCruz (sc47778) 1:500 WB |
B-actin:peroxidase Sigma-Aldrich (A3854) 1:50000 [\
p-ERK1/2 Cell Signaling Technology (9101) 1:2000 WB I, &IV
Abcam (ab50011) 1:200 IHC 1]
t-ERK1/2 Cell Signaling Technology (9107) 1:4000 WB 1& 1V
ETs Enzo (ALX-210-506A) 1:100 IHC 1
IL-10 Abcam (ab25073) 1:1000 WB \%
GFAP Dako (Z0334) 1:1500 IHC |
Ki67 Abcam (ab16667) 1:200 IHC I
Nestin Abcam (ab6142) 1:500 IHC, 1:1000 WB 1& 1V
NeuN Abcam (ab104224) 1:1000 IHC, 1:10000 WB &IV
SM22-q. Abcam (ab10135) 1:1000 WB 1
TGF-B Abcam (ab66043) 1:250 WB \%
Tie-2 SantaCruz (sc-9026) 1:200 WB 1& 1V

All the primary antibodies were checked to react against rat antigens. WB: western blot, IHC: immunohistochemistry.

Table 4.

Alphabetic list of secondary antibodies

Conjugate (Host) Against Supplier (Catalouge No.) Dilution Paper
Alexa-594 (donkey) Rabbit Jackson ImmunoResearch (711-585-152) 1:400 IHC 1]
Alexa-594 (goat) Mouse Thermo Fisher (A11032) 1:200 IHC |
Cy3 (donkey) Rabbit Jackson ImmunoResearch (711-165-152) 1:200 IHC [\
Dylight 594 (donkey) Sheep Jackson ImmunoResearch (713-516-147) 1:50 IHC 1]
FITC (donkey) Mouse Jackson ImmunoResearch (715-095-151) 1:100 IHC &1l
FITC (goat) Rabbit Cayman Chemical (10006588) 1:100 IHC |
IgG:peroxidase (donkey) Goat Pierce Biotechnology (A16005) 1:10000 WB 1]
IgG:peroxidase (goat) Rabbit Cell Signaling (7074S) 1:2000 WB [\
IgG:peroxidase (horse) Mouse Cell signaling (7076) 1:2000 WB \%

WB: western blot, IHC: immunohistochemistry.

Analysis of immunohistochemistry sections (Papers I-1V)

Immunoreactivity of the sections was visualized at the appropriate wavelengths
with an epifluorescence microscope (Nikon 80i; Tokyo, Japan) and photographed
with an attached Nikon DS-2MYV camera equipped with appropriate lenses.

MCAs sections (Papers IlI-1V):

Qualitative evaluation was performed by an expert in the field blinded to the study
details in order to localize positive immunoreactivity. Moreover, the expression
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was evaluated by measuring fluorescence intensity in the smooth muscle layer
using the imagelJ software.

Brain sections (Papers I-11):

Large image of the sections was taken using NIS basic research software (Nikon).
The ischemic core on each section was marked according to SIS or double staining
with NeuN as reference. The expansion of areas including the molecular target of
interest in peri-infarct region or ischemic core was determined using magnification
in the screen until separate cells could be distinguished. Thereafter, positive cells
in these determined areas were counted using automated counting option of
imagelJ software. All the images were taken at the same day for all the sections,
and the image analysis was blinded to the investigator.

Wire-myograph (Paper I1I)

Contractile properties of rat cerebral arteries were evaluated in vitro by mounting
of cylindrical arterial segments in wire myograph ** °’. Two parallel wires were
inserted into the lumen; one being connected to an adjustable micrometer screw
setting the distance between the wires and hence the vascular tone. Initially, the
arteries were progressively stretched to 90% of the diameter each vessel would
have if fully relaxed under a transmural pressure of 100 mm Hg. The arterial
segments were immersed in a temperature controlled (37°C) bicarbonate buffer
solution. The buffer was continuously aerated with oxygen enriched with 5% CO,
resulting in a pH of 7.4. Viability and contractile capacity were determined by
exposure to high potassium bicarbonate buffer solution that causes smooth muscle
cell contraction via membrane depolarization and influx of calcium **.

Endothelial influences were blocked by L-NG-Nitroarginine methyl ester (L-
NAME) and indomethacin. Individual receptor-mediated responses were evaluated
by cumulative application of sarafotoxin 6¢ (S6c¢, ETg receptor agonist) and ET-1
(ETa and ETg receptors agonist). In order to measure ET, receptor-mediated
responses specifically, ETg receptors were either desensitized by Sé6c, or by
incubation with the ETg receptor antagonist BQ788, prior to ET-1 application. The
vasomotor responses are expressed as percentage of the K -evoked response. Eyax
represents the maximum contraction induced by an agonist and the pECsy value
refers to the negative logarithm of the concentration needed to elicit 50% of the
maximum response.
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Ilustrations and statistics

Graphs and figures were created and arranged using Microsoft Excel, GraphPad
Prism (Version 7 for Windows, La Jolla California, USA) and Adobe Photoshop
CS (Adobe systems, Mountain View, CA, USA). Statistical analyses were
performed by SPSS (versions 22-25, IBM Corp. Released 2013-2017, Armonk,
NY, USA) and GraphPad Prism (version 4). Detailed statistical tests performed for
each study are described in each paper under the materials and methods section.
The statistical analysis and the use of different tests were performed according to
the type of data, normality and n number and were discussed by professional
statisticians where necessary. In all statistical tests, p<0.05 were considered as
significant and n refers to the number of animals.
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Results and Comments

Beneficial effects of MEK-ERK /2 inhibition persist
beyond acute phase in male rats (Papers I-1I)

Previous studies demonstrated that acute inhibition of MEK-ERK1/2 pathway
using specific MEK1/2 inhibitor, U0126, could block the detrimental events,
reduced infarct size and improved functional outcome after experimental stroke '
2325499 Although very promising, these effects were only observed in the acute
phase. Moving forward with the hypothesis of MEK-ERK1/2 inhibition to the
clinic, further investigations are needed.

Stroke patients stay with different degrees of neurological deficits when they enter
subacute phase. Therefore, the beneficial effects of new potential treatments
should not only rescue the patients from acute detrimental events but also persist
beyond acute phase and aid stroke recovery mechanisms > '2. In addition, only few
percentages of stroke patients are actually able to receive available stroke
treatments due to the narrow time-window and risk of haemorrhagic
transformations. Thus, new potential treatment should be developed and be
applicable in a time-window relevant to the clinic " '* ®" ®*  Considering the
contribution of MEK-ERK1/2 pathway in recovery processes beyond the acute
phase ** it is also necessary to investigate that acute inhibition of the pathway
does not suppress the late expression of ERK1/2 and recovery processes.

In order to address these points and to further investigate the hypothesis of MEK-
ERK1/2 inhibition as a therapeutic strategy for ischemic stroke, papers I and II
were designed. We subjected male Wistar rats to 2-hour MCAO treated with
U0126 or vehicle at 0 and 24 hours (paper I) or 6 and 24 hours (paper 1I) post
reperfusion. The neurological functions of the rats after t(MCAO were followed
beyond acute phase (a period of two weeks) using staircase test (paper 1) and/or
composite neuroscore tests (paper I-1I). MRI was applied to monitor ischemic
damage over time and to evaluate regional cerebral circulation (paper II). The
animals were terminated 14 days after tMCAO and brains were then collected for
further histological evaluations.

In addition, sham-operated animals were included in these studies. The aim was to
exclude any possible effect of surgical procedure on the interpretation of the data
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and the effect of the treatment. It was observed that surgical procedure did not
cause any neurological deficit, and the sham animals did not show any ischemic
damage. In addition, U0126- or vehicle-treated sham animals did not show any
difference in performing behavioral tests (Figure 6).
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Figure 6. U0126 or vehicle had no effect on sham-operated animals.

(A) Sham-operated animals showed no neurological deficits compared to their pre-operation score in both U0126-
and vehicle-treated groups. Vehicle; n = 3 and U0126; n = 4. Data are expressed as mean + SEM; (B) Representative
images of T,-weighted MRI in sham-operated animal showed no sign of damage.

Administration of U0126 at both of the time-points (0 and 24 hours or 6 and 24
hours post reperfusion) significantly improved functional outcome in male rats
after tMCAO over a period of two weeks. Improvement of functional outcome in
U0126 group (6 and 24 hours post reperfusion) compared to vehicle group for 28-
point neuroscore test is shown in figure 7 as a representative of composite
neuroscore tests performed.
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Figure 7. Inhibition of MEK-ERK1/2 pathway using U0126 at 6 and 24 hours post reperfusion resulted in
improved neurological function after tMCAO.

28-point neuroscore test, Vehicle; n = 11 and U0126; n = 14. Data are expressed as mean = SEM; * indicates
significant differences between U0126- and vehicle-treated rats over time (p < 0.05)
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As mentioned before, animals are restricted to reach the food pellets on right side
with right forepaw and on the left side with left forepaw in the staircase test *.
Therefore, it was possible to evaluate motor function of each forelimb separately
in a skilled reaching task. Surgical procedure did not affect the ability of left
forepaw in the sham group. However, vehicle-treated animals showed significant
deficit in their success rate after tMCAO and were unable to reach their pre-stroke
success rate as the time passed. U0126 significantly improved animals’ success
rate of left forepaw compared to vehicle group. Sham, vehicle and U0126 treated
animals all could achieve their pre-stroke success rate of the right forepaw and
there was no difference in their success rate (Figure 8).
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Figure 8. U0126 improved long-term neurological function after tMCAO.

(A) Success rate for left forepaw (Contralateral to stroke) of the rats in staircase test compared to their prestroke
reaching performance. (B) Success rate for right forepaw (lpsilateral to stroke) of the rats in staircase test compared
to their pre-stroke reaching performance. Sham; n = 6, Vehicle; n = 4 and U0126; n = 8. Data are expressed as mean
+ SEM, * indicates significant differences between U0126 and vehicle-treated rats. # indicates significant differences
between sham- and vehicle-treated rats. § indicates significant differences between sham- and U0126-treated rats. *,
# and § show significance level at 0.05 (p < 0.05).

U0126 significantly reduced infarct size at day 14 after tMCAO in male rats
compared to vehicle group given at 0 and 24 hours post reperfusion (84.3 = 14.3
mm’® and 144.8 + 11.6 mm’, respectively). Furthermore, implementing MRI into
the project for paper II allowed us to monitor animals for the changes of ischemic
damage over time. T,-weighted images were acquired at day 2, 8 and 14 after
tMCAO for both U0126- and vehicle-treated animals. Data showed that U0126
significantly decreased infarct size over time compared to vehicle group (Figure
9).
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Figure 9. Inhibition of MEK1/2 significantly reduced infarct size over time after tMCAO.

(A) Representative images of T,-weighted MRI are shown for vehicle (upper panel)- and U0126 (lower panel)-treated
animals at days 2, 8 and 14 after tMCAO. (B) Administration of U0126 significantly reduced infarct size over time
compared to vehicle-treated animals. Vehicle; n = 5-6 and U0126; n = 6-8. Data are expressed as mean = SEM, *
indicates significant differences between U0126- and vehicle-treated rats (p < 0.05).

As mentioned before, therapeutic interventions targeting MEK-ERK1/2 pathway
should minimize the destructive potential of the pathway during the acute phase
but not interfering with its beneficial contributions to tissue repair in the later stage
of cerebral ischemia. Therefore, the status of p-ERK1/2 in peri-infarct, ischemic
core and contralateral region of the brain at day 14 post-stroke was investigated.
The expression of total ERK1/2 did not differ between U0126- and vehicle-treated
animals in the three different pre-defined regions. There was also no difference for
the phosphorylated state of ERK1/2 between vehicle and U0126-treated animals in
any of the regions (Figure 10).
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Figure 10. Representative Western blots and bar graphs areshowing protein expression of p-ERK 1/2 in IC
(ischemic core), Pl (peri-infarct) and CL (contralateral side) of brains for both vehicle- and U0126-treated rats.
The expression of p-ERK 1/2 was normalized to total ERK1/2 and presented as percentage activity relative to the
average value for vehicle group in each pre-defined regions. The average value for vehicle group was set to 100%.
The molecular weight of p-ERK1/2 and total-ERK1/2 is 42/44 kDa and bactin is 43 kDa. B-actin was used as loading
control. Molecular weight (MW) marker shows the bands of the standard molecular weight. Data are presented as
mean+SEM. vehicle; n =4 and U0126;n = 5.

To further investigate if observed beneficial effects of MEK-ERK1/2 inhibition
are associated with recovery mechanisms 14 days after tMCAO, we looked at
gliotic scar formation, angiogenesis and cerebrovascular changes.

Dynamic repair processes occur in the peri-infarct area °. Reactive astrocytes

delineate the infarct border by forming a gliotic scar, a well described
phenomenon. Gliotic scar prevents infarct to expand and contributes to recovery of
neurological functions ***. Increased expression of GFAP and re-expression of
nestin in astrocytes are the hall marks of this phenomenon *. Our data
demonstrated a significant increase in the number of cells expressing nestin at day
14 after cerebral ischaemia in the U0126-treated group compared to the vehicle
group (Figure 11). Double immunostaining of GFAP and nestin confirmed
astrocytes as the cell type expressing nestin and it was mainly found in the border
zone of the cerebral infarction. Thus, nestin expression occurs in glial cells that
participate in synaptic remodelling at the border of ischemic infarct.

39



Vehicle

50 um

50 pm 25 pm

50 um

< I IV

50 um

A%

1000 um

50 pm 100 pum

100 - - 4000 * ————

S 5
© 80 1 = c
: 8 S 3000
© + D
S 60 £e
g £ 5
2] —— 1]
E T Zz :‘E 2000
& i
g ¢ 52
1 a =
‘S 3
5 2 2 1000
o 20 1 £
5 3
4 z

0 T | 0

Vehicle uo126 Vehicle U0126

Figure 11. Expression of nestin in brain tissue of vehicle- and U0126-treated rats.

(A) Vehicle-treated animal; areas of stroke (outlined in white) and nestin immunoreactivity in the boundary of stroke
region as so called peri-infarct (outlined in green, arrow) are illustrated in a large image. |-IV refer to the given
illustrations. I. Regions of the brain considered not to involve in stroke. Insert demonstrates a corresponding region of
the control side of the brain as well. Only vessels showed immunoreactivity. Il. The image demonstrates the
delineation of the nestin immunoreactivity in peri-infarct region. Ill. Nestin immunoreactivity in ischaemic core. IV.
Glial-like cells expressing nestin. (B) U0126-treated animal; white-outlined stroke areas and green-outlined nestin
immunoreactivity in peri-infarct regions are illustrated in a large image. I-VI refer to the given illustrations. I. only
vessels show immunoreactivity in the regions of the brain considered not to involve in stroke. Insert demonstrates a
corresponding region of the control side. Il. The image demonstrates the delineation of the nestin immunoreactivity in
peri infarct regions. Ill. Nestin immunoreactivity in ischaemic core. IV-VI. Demonstrate immunoreactive cells
expressing nestin of different shapes and activation. Blue dots are nuclei stained with DAPI. Nestin expression is
visualized in red. (C) Average of ratio for areas including nestin-labelled cells (outlined in green on large images):
stroke (outlined in white on large images) area for vehicle- and U0126-treated rats. (D) Number of nestin-positive cells
in peri-infarct area (outlined in green on large images) for vehicle- and U0126- treated rats. Data are presented as
mean + SEM. *P < 0.05, n = 3 for vehicle- and U0126-treated rats.
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Angiogenesis is a well-known mechanism occurring in patients as well as in
animal models of ischemic stroke by correlation of higher blood vessel counts
with longer survival and improved functional outcome ** *> ' Induction of
angiogenic factors such as Tie-2, Ang-1 and 2 after experimental stroke has been
shown in previous studies ***"'*'. Administration of U0126 (0 and 24 hours post
reperfusion) significantly increased expression of Tie-2 in peri-infarct area of
animals compared to vehicle group at day 14 after tMCAO in paper I (Figure 12).
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Figure 12. Expression of Tie-2 significantly increased in peri-infarct area of brain in U0126-treated male rats
compared to vehicle group.

The expression of Tie-2 was normalized to B-actin and presented as percentage activity according to contralateral
vehicle. Expected molecular weight of Tie-2 is 140 kDa. IC (ischemic core) and Pl (peri-infarct). Molecular weight
(MW) marker shows the bands of the standard molecular weight. Data are presented as mean + SEM. *P < 0.05,
vehicle; n =4 and U0126; n = 5.

The increased expression of Tie-2 might be an indication of elevated angiogenesis
in the ischemic border of U0126 treated animals; however, it made us interested to
further investigate if inhibition of MEK-ERK1/2 pathway could actually improve
cerebral blood circulation. Therefore, DSC-MRI was applied in paper II and data
showed improved perfusion and enhanced regional CBV (caudate putamen) in
UO0126-treated compared to vehicle-treated animals (treatment at 6 and 24 hours
post reperfusion) at day 14 after tMCAO. Moreover, ADC maps corresponded
well with infarct area and CBV for both vehicle- and U0126-treated animals
(Figure 13).
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Figure 13. MEK-ERK1/2 inhibition significantly improved cerebral perfusion at day 14 after tMCAO.

(A) Representative perfusion plot for U0126- and vehicle-treated animal in caudate putamen. There is a lack of
perfusion in the vehicle-treated animal compared to U0126-treated. (B) Graph shows regional CBV in ipsilateral
caudate putamen relative to its corresponding region in contralateral side for both U0126- and vehicle-treated
animals. Regional CBV was improved in U0126-treated animals compared to vehicle-treated group at day 14 after
tMCAO. Vehicle; n = 3 and U0126; n = 7. Data are expressed as mean + SEM; * indicates significant differences (P <
0.05). (C) Representative images for T2-weighted (leftpanel), relative cerebral blood volume map (middle panel) and
apparent diffusion coefficient (ADC) map for vehicle- and U0126-treated animals.

In our data, CBV was negatively correlated by infarct size indicating that
enhancement of CBV was accompanied by smaller infarct size. Moreover, smaller
infarct size was positively correlated by better behavioral outcome in paper I.
Therefore, we concluded that beneficial effects of acute MEK-ERK1/2 inhibition
persist beyond acute phase and, the elevated CBV, vessel stability and protective
effect of scar formation could be underlying mechanisms of reduced infarct size
leading to improved functional outcome. Data from paper I and II support the
notion of acute MEK-ERK1/2 inhibition as a potential therapeutic strategy for
stroke.
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Acute inhibition of MEK-ERK1/2 pathway and
functional outcomes in females (Paper III)

It is well documented that sex differences play a role in stroke incidence, outcome
and response to potential treatments '®>. The overall incidence of stroke is higher
in men throughout the lifespan; however, women account for 60.6% of stroke
deaths ', Functional recovery after stroke and stroke severity is also worse in
women, even in age-matched data with men, leaving women as the major burden
of stroke-related disability. A recent study showed that female sex significantly
increases the predisposition to stroke, even independent of age '®* '™. Despite
more severe stroke symptoms, t-PA treatment shows more favorable outcome in
women, and consequently less intracerebral hemorrhage risk than men '*>'%.

One of the main reasons for the “translational roadblock” in the development of
stroke treatments is that the majority of pre-clinical studies are performed in male
rodents, a clear discrepancy when considering the clinical situation > '°°.
Therefore, it is important to evaluate females when developing new potential
treatments and paper 11l was designed to address this issue.

Upregulation of vascular ETy receptor was shown previously in cerebral arteries
after stroke in rat """ '™ as well as human '” resulting in increased
vasoconstriction and further reduced CBF. In parallel, MEK-ERK1/2 pathway was
also activated in SMCs of occluded MCA after experimental stroke. U0126
reduced endothelin receptor-mediated vasoconstriction showing ERK1/2 pathway
as intracellular pathway underlying this mechanism '>** *. However, it was not
known whether similar mechanism contributes to the effect of ischemic stroke in
females. Therefore, in the first part of paper III, female rats were subjected to 2-
hour tMCAO, treated by either U0126 or vehicle (at 0 and 24 hours post
reperfusion), terminated after 48 hours and brains and MCAs were removed for
further analysis.

Wire-Myograph experiments showed increased ETg-mediated vasoconstriction in
occluded MCA compared to non-occluded side. As similar to previous results in
male rats, we also observed by immunohistochemistry that expression of ETg
receptor was increased in SMCs of occluded MCA compared to non-occluded
side. Increased expression of ETg receptor was associated by activation of MEK-
ERK1/2 pathway via ERK1/2 phosphorylation in SMCs of occluded MCAs.
Administration of U0126 could block activation of MEK-ERK1/2 pathway,
suppress upregulation of ETp receptor and hinder ETg receptor-mediated
vasoconstriction. These data indicate that similar to males, upregulation of ETg
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and its vasoconstrictive effect after tMCAO are also via MEK-ERK1/2 pathway in
female rats (Figure 14).
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Figure 14. Ischemia-induced increase in smooth muscle ETg receptor and p-ERK1/2 expression after tMCAO
is prevented by U0126 treatment.

(A) Representative images of ETg receptor and (B) p-ERK1/2 expression at 48 hours of reperfusion after tMCAQ in
the occluded and non-occluded MCA in untreated, vehicle, and U0126 animals. Scale bar: 50 ym. (C) Quantification
(mean fluorescence intensity in the smooth muscle cell layer of the occluded MCA normalized to the non-occluded
MCA) of ETg receptor and (D) p-ERK1/2 expression. Untreated: n=7, vehicle: n=3, U0126: n=6. *p<0.05.

Knowing that similar mechanisms occur in female rats, we moved forward to
evaluate if the hypothesis of MEK-ERK 1/2 blockade was also affecting functional
outcome of females in the second part of paper III. Therefore, female rats were
subjected to (2-hour) tMCAOQ, treated by either U0126 or vehicle (at 0 and 24
hours post reperfusion) and tested by composite neuroscore tests over a period of
two weeks. U0126 could significantly improve functional outcome of the female
animals at day 2 and 14 after tMCAO (Figure 15). In male rats, inhibition of
MEK-ERK1/2 pathway not only improved neurological functions but also
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decreased infarct size at these time-points > (and papers I-II). However, there was
no difference in the infarct size between vehicle- and U0126-treated female rats
neither at day 2 nor at day 14 (data not published) after tMCAO. It should be noted
that the ultimate goal in stroke therapy is that patients recover from their
functional and neurological deficits * and similar to our data; improved motor
function without affecting infarct size was also reported by previous studies ''°.
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Figure 15. MEK1/2 inhibition results in improved neurologic function after tMCAO in female rats.

(A) Recovery of sensorimotor function up to 14 days after tMCAO with the 28-point neuroscore. (B) Gross neurologic
function graded in six levels from 0—no visible defects to 5—death. Behavioral analysis up to 2 days, 9 to 15 animals
per group; 5 to 14 days, 5 to 7 animals per group.

U0126 also affects cerebrovasculature of females in a similar way as in males.
However, female cerebral arteries are under larger influence of vasodilatory
mechanisms and thereby increased ETy mediated vasoconstriction might have less
detrimental effect in females '''"'"’. Therefore, we suggest that the effects are not
large enough to change infarct volume but significant enough to improve
functional outcome in female rats. In paper III, we concluded that early activation
of ERK1/2 is associated with detrimental effect of ETy receptor upregulation and
vasoconstriction. Inhibition of MEK-ERK1/2 pathway in acute phase, in return
leads to improved post-stroke neurologic function during acute phase and beyond
that in female rats.

Spontaneous recovery in females and repair-related
molecular changes (Paper I'V)

Some degree of spontaneous functional recovery occurs in stroke patients * ''* ',
Although this recovery is limited, studying its underlying mechanisms can provide
knowledge to build hypothesis for promoting recovery and brain remodelling .
Animal studies have provided details about molecular and cellular mechanisms
associated with spontaneous functional recovery such as scar formation,
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angiogenesis and inflammation as well as intracellular signalling pathways i.e.
ERK1/2 and Akt pathways .

However, most of these mechanistic studies have been performed in male animals
and studies on females are few '* "% ''°. As remarked earlier, sex has a major
impact on stroke outcome '**. For instance, U0126 improved functional outcome
in both female and male rats but, it did not affect infarct size in females at day 2 or
at day 14 after tMCAO. This data is in contrast to previous male studies where
U0126 significantly decreased infarct size ** > (and papers I-IT). These differences
show that a more complete understanding of sex-specific underlying mechanisms
during subacute phase could result in improved treatment strategies. Therefore, we
kept our interest to study females more in details.

To achieve that, paper IV was designed and female rats were subjected to 2-hour
MCAO and monitored by 28-point and 6-point neuroscore tests in a period of two
weeks. At day 14, animals were terminated and brains and MCAs were removed to
investigate molecular mechanisms of interest. Our data showed that female rats
had significant neurological deficits during the first two days after tMCAO;
however, these deficits spontaneously and gradually recovered up to two weeks
after experimental stroke (Figure 16). Since neurological function did not reach
plateau at day 14, an active functional recovery might be still be on-going in
female rats at this time-point.

(A) (B)
%01 04 cmm
D *#
0 254 (o) o
g o o o0 e 14 "
2 204 @
5 0 o 2 o o
& 154 3
— [o ) W) c
£ o < 34 0o - aED
o 104 £
3 g |
& 54 & 4
0 T T T T T T 5 T T T T T T
Day-1 Day1 Day2 Day5 Day8 Day14 Day-1 Day1 Day2 Day5 Day8 Day14
Days after tMCAO Days after tMCAO

Figure 16. Female rats showed significant spontaneous functional recovery after ischemic stroke.

(A) Animals showed spontaneous recovery from neurological deficits in 28-point test at day 2, until day 14 after
tMCAO. (B) neurological score of animals from 0 for death overnight to 5 for healthy function is shown. Neurological
function of the animals was significantly affected by tMCAO, however, the animals showed significant functional
improvement at day 14 after tMCAO. * shows significance level at p<0.05 for comparison between day -1 (pre-stroke)
and day 14. # shows significance level at p<0.05 for comparison between day 1 (for 6-point test) and 2 (for 28-point
test) vs day 14. Number of rats in both tests; n = 8.
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To shed more lights on molecular mechanisms associated with spontaneous
functional recovery in female rats, intracellular signalling pathways of our interest,
MEK-ERK1/2 pathway, and Akt pathway were first investigated (Figure 17). The
result showed that ERK1/2 pathway is significantly activated (elevated p-ERK1/2)
in peri-infarct region of brain compared to control side at day 14 in female rats.
This data even more support the idea that activation of ERK1/2 pathway beyond
acute phase plays a role in different recovery mechanisms like angiogenesis or
beneficial effects of growth factors **. However, early activation of ERK1/2 after
ischemic stroke is detrimental and that acute inhibition of the pathway has been
beneficial after ischemic stroke **>* in both female and male rats (papers I-III).

The status of Akt after ischemic stroke was also investigated in paper IV.
Increased expression of p-Akt (Ser-473) but decreased expression of t-Akt was
observed in ischemic region compared to control side. This might suggest that
Akt-473 promotes a Lys-48-linked polyubiquitination of Akt which leads to its
degradation as previously stated ''’. However, previous studies showed that the
role of Akt in ischemic stroke is neuroprotective; for instance, growth factors exert
their beneficial effects via this pathway °> ® ®*. Therefore, we propose that in
absence of survival factors, Akt can undergo degradation via phosphorylation of
Ser-473 at the later stage of stroke in female rats. However, survival factors like
growth factor can switch this phosphorylation towards Akt stability and activation.
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Figure 17. ERK1/2 and Akt pathways are affected at day 14 after tMCAO in female rats.
(A) Representative western blots of p-ERK1/2 and t-ERK1/2 for peri-infarct and ischemic core vs. contralateral
samples. (B) Quantification of p-ERK1/2 (normalized to t-ERK1/2 and B-actin - left graph) and t-ERK1/2 (normalized
to B-actin — right graph) in peri-infarct and ischemic core compared to contralateral. (C) Representative western blots
of p-Akt and Akt for peri-infarct vs. contralateral (left panel) and ischemic core vs. contralateral (right panel). (D)
Quantification of p-Akt (normalized to Akt and B-actin) in peri-infarct and ischemic core showed significant increase
compared to their related contralateral samples (left graph). Akt expression was significantly lower in peri-infarct and
ischemic core compared to contralateral (right graph). Number of animals for ischemic core; n=7, number of animals
for peri-infarct; n=5. [AU]: arbitrary units, * indicates significant differences (p<0.05).
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In addition to signalling pathways that are critical modulator during stroke
recovery, our study was preceded by evaluation of other repair-related biomarkers
involved in scar formation, protective effects of trophic factors, angiogenesis and
inflammation in female rats.

Transforming growth factor-f (TGF-B) proteins are multifunctional cytokines.
Krupinski et al. (1996) showed an increased expression of TGF-f in the ischemic
brain areas of stroke patients ''®. Since then, TGF-p has elicited clinical interest in
stroke field. A neuroprotective role of the induced TGF-f was suggested by its
correlation with the reduction of the infarcted area. The possible mechanisms for
neuroprotective role of TGF-f include anti-inflammatory actions, promotion of
scar formation, anti-apoptotic actions, and protection against excitotoxicity. In
addition, local activation of TGF-B in vivo promotes angiogenesis and maybe is
critical to vessel remodelling and stability ''*'?2. These effects are exerted through
pathways such as Akt and ERK1/2; however, most of the mechanistic studies
evaluated male animals and studies addressing females are few.

Data in paper IV showed that expression of TGF- was significantly increased in
ischemic core compared to control side of the brain in female rats at day 14 after
tMCAO. Immunohistochemical analysis also showed significant expression of
TGF-B in occluded MCA vs non-occluded side (Figure 18).

Our observation is supported by a previous study showing astrocytes control
neuroinflammation via TGF-§ signalling and preserve brain function 2-3 days
after stroke in female mice '*. Moreover, another study showed that TGF-
signalling in the brain after stroke is equivalent in males and females, increased by
2 fold, peaking on day 7 but not threeafter '**. Therefore, we suggest that TGF-p is
also implementing its possible roles through MEK-ERK1/2 pathway either in
angiogenesis or neuroprotection via anti-apoptotic mechanisms in female rats.
However, the direct interaction of these components after stroke in favour of
functional improvement in female rats should be further investigated.
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Figure 18. Expression of TGF-f was significantly increased in occlud MCA and ischemic region of the brain
14 days after tMCAO in female rats.

(A-B) Representative western blots and quantification of TGF-B in peri-infarct and ischemic core vs. contralateral side.
Expression of TGF-B was normalized to B-actin. Ischemic core; n=7, peri-infarct; n=5. [AU]: arbitrary units, * indicates
significant differences between peri-infarct or ischemic core and contralateral (p<0.05). (C-D) Ischemia induced a
significant increase of TGF-B expression in the smooth muscle cell layer in the occluded vs non-occluded MCAs in
female rats. (C) Representative image of TGF-B expression at day 14 after tMCAO in the occluded and non-occluded
MCAs. (D) Quantification of TGF-B mean fluorescence intensity in occluded vs non-occluded MCAs at day 14 after
tMCAOQO; n=5, * p<0.05

Nestin, an intermediate filament protein is a marker for new neurons ' and has
also been expressed in astrocytes surrounding infarct with formation of gliotic
scar, preventing infarct to expand and contributing to recovery of neurological
functions ** *> **. Formation of astrocytic scar also aids axonal regeneration in
central nervous system > **. Expression of nestin was previously observed in the
peri-infarct area surrounding ischemic core in male rats (paper I). Increased
expression of nestin in ischemic regions of brains was also demonstrated for
female rats in paper IV (Figure 19). These set of data suggest the expression of
nestin at this time-point in female rats may also contribute in formation of gliotic
scar and neuroregeneration after stroke.
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Figure 19. Increased expression of nestin in ischemic regions of brain at day 14 after tMCAO in female rats.
Representative western blots and quantification of nestin in peri-infarct and ischemic core vs. contralateral side.
Ischemic core; n=7, peri-infarct; n=5. [AU]: arbitrary units, * indicates significant differences between peri-infarct or
ischemic core and contralateral (p<0.05).

Induction of angiogenic markers like Tie-2, Ang-1 and 2 in males has been shown
for animal models of ischemic stroke in previous studies ** *"* "' as we also
showed in case of Tie-2 in paper I. A more recent study illustrated three
angiogenic stages following ischemic stroke in male rats each with distinct mRNA
expression profile. In this study, no change in Tie-2 mRNA was shown for the
studied time-points following MCAO compared to previous studies”. Despite
controversy in male data, we also did not observe any difference for Tie-2 in
ischemic region compared to control side of the brain in female rats at day 14 after
tMCAO. However, angiogenesis is a well-known mechanism occurring in both
female and male patients after stroke **. In addition, there is evidence that new
capillaries support restored perfusion in the ischemic border after cortical stroke in
experimental stroke and more specific in female rats **. Therefore, it has been
proposed in paper IV that occurrence of angiogenesis upon ischemia is
accompanied by changes in endogenous expression of other angiogenic markers
but not Tie-2.

Inflammatory responses in brain after cerebral ischemia have been studied
extensively in male but not female. Interleukin (IL)-10 is an important anti-
inflammatory cytokine expressed in response to brain injury. Clinical and
preclinical studies, mostly performed in male animals, show opposite results on
the effect of IL-10 '** '*’. The controversy exists in the role of IL-10 in ischemic
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stroke and fewer studies in females show the necessities of more targeted studies
to evaluate precise contribution of IL-10 following acute brain injuries. A previous
study revealed smaller infarct volume in female vs male mice at day 4 after
tMCAO, suggesting increased distinct population of IL-10-secreting CD8 ' CD122"
T-suppressor cells in females compared to male mice as underlying mechanism '**.
More evidence for the role of IL-10 in female was shown in a study that higher
level of IL-10 was associated with poor outcome in female patients but not in
males '®. Our data show show no significant difference of IL-10 between
ischemic and non-ischemic sides in female rat brains during recovery phase of
ischemic stroke. Further, the data also suggested a big variation of IL-10 between
individuals. One reason for this finding could be the sample size and that
evaluation of IL-10 has been performed only in one time-point during recovery
phase and may have missed the peak IL-10 response since we saw an increase of
IL-10 in ischemic region but not statistically significant (Figure 20).
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Figure 20. Expression of Tie-2 and IL-10 in brain 14 days after tMCAO.

(A-B) Representative western blots of Tie-2 and IL-10 in peri-infarct and ischemic core vs. contralateral side. (C-D)
Quantification of Tie-2 and IL-10 in peri-infarct and ischemic core vs. contralateral side. All markers were normalized
to B-actin. Ischemic core; n=7, peri-infarct; n=5. [AU]: arbitrary units, * indicates significant differences between peri-
infarct or ischemic core and contralateral (p<0.05).

In conclusion, we clearly demonstrated that spontaneous functional recovery in
female rats is accompanied by a significantly higher expression of nestin, p-Akt,
p-ERK1/2 and TGF- in ischemic regions compared to contralateral side at day 14
post-stroke. These findings might be part of the underlying mechanisms during the
recovery phase of stroke and can be addressed to promote brain remodelling, aid
stroke recovery and develop new therapeutic strategies in females.
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Concluding Remarks

Protection of viable tissue within peri-infarct region from unleashed mechanisms
that lead to cell and tissue demise is a challenge in ischemic stroke *”°. Previous
studies showed that early inhibition of MEK-ERK1/2 pathway is beneficial during
acute phase > >* . Therefore, we have targeted this pathway as a potential stroke
treatment to be further investigated.

The goal of acute ischemic stroke treatment is not only to rescue brain cells from
acute detrimental events but also to improve patient outcome in later stage of the
event °. Our data in papers I and II showed that acute inhibition of MEK-ERK1/2
using U0126 improved functional outcome and reduced infarct size beyond acute
phase. It is also important to highlight the results in paper II where treatment was
given in a clinically relevant time-window and beneficial effects were still
observed beyond acute phase. The importance arises from the point that there is
“door to needle” duration in every stroke case. Therefore, developing acute
treatments which can be applicable in a more expanded time-window from stroke
onset could be beneficial to greater percentage of stroke patients. In paper I, the
late status of ERK1/2 was not affected by acute inhibition of this pathway. This is
important since this pathway has beneficial contributions to tissue repair in the
later stage of cerebral ischemia. In conclusion, we proposed increased expression
of Tie-2, enhanced CBV and astrocyte scar formation as part of underlying
mechanisms for delayed beneficial effect of acute U0126 treatment.

Studies on females in stroke field are few '* "% ''® although sex has a big impact

on stroke incidence, outcome and response to the treatments 12 Thus, the second
part of the thesis addressed females in regard to our initial hypothesis. Data in
paper III showed that ETg receptor was upregulated on smooth muscle cells of
occluded MCAs and induced vasoconstriction via MEK-ERK1/2 pathway during
acute phase in females as similar to males. In addition, acute inhibition of MEK-
ERK1/2 pathway supressed increased receptor-mediated vasoconstriction and also
improved functional outcome in female rats.

Stroke patients show some degree of spontaneous recovery after initial injury * ''*

"3 Similar patterns of recovery are also observed in animal studies *. In paper IV,
we demonstrated that spontaneous functional recovery in female rats was
coincided by higher expression of nestin, p-Akt, TGF-p and activation of ERK1/2
in ischemic region during recovery phase. These data can be addressed to promote
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brain remodelling and aid stroke recovery in females. It also supports the idea that
although early activation of MEK-ERK1/2 pathway is destructive but in later
stage, it may involve in recovery processes as observed in males.

Taken all together, the results of the present thesis shed more light on the notion of
acute inhibition of MEK-ERK1/2 pathway as a therapeutic strategy for stroke. It
has been applicable in a clinically relevant time-window and beneficial for both
sexes with persistence of improved functional outcome beyond acute phase. So, a
path well-investigated may actually lead to better stroke recovery and a future
stroke treatment.
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Svensk Sammanfattning

Stroke ér en ledande dodsorsak samt den vanligaste orsaken till funktionshinder i
vastvarlden och uppstéar pa grund av forsamrat blodfldde till en del av hjarnan som
resulterar i nedsatt syre och naringstillforsel. Syrebristen orsakas antingen av en
blodpropp (ischemisk hjarninfarkt) eller bristning av ett blodkérl (blodning). I det
mest centrala omradet (kdrnan) som &r i direkt anknytning till ischemin aktiveras
signalvédgar som leder till nervcells dod. Det omrade som ligger omkring kérnan
fér blodtillforsel fran omkringliggande kérl och kallas for peri-infarkt omradet.
Hjarncellerna i detta omrade kan Overleva under gynnsamma forhallanden, men
riskerar att do vid brist pa behandling. Denna avhandling har fokuserat pa
hjarninfarkt.

Behandlings alternativen &r begrinsade till thrombolys eller trombectomi.
Trombolysbehandling har manga restriktioner, maste ges inom 4,5 timmar efter
insjuknandet annars uppstar komplikationer som blodning. Detta leder till att
valdigt fa patienter far behandlingen. En alternativ behandling &r att forsoka att
rddda nevceller i peri-infarkt omradet. Trots att man har sett positiva resultat med
den typen av behandling pad en experimentell niva sd har kliniska studier inte
kunnat pavisa Overtygande resultat. Vad det beror pad dr dnnu okint, men att
forskningen inte har inkluderat konsskillnader, dlder, eller behandlingstid kan vara
bidragande faktorer. Det finns ett stort behov av en ny effektiv behandling for
stroke.

Véra tidigare studier har pavisat att en blockering av MEK-ERKI1/2
signalmolekylen minskar hjarnskadan och forbittrar den neurologiska funktionen
hos hanrattor. Det dr dock bara undersokt i det akuta skedet samt i hanrattor. For
att kunna utveckla ny behandlings strategi, behover vi bittre kunna klargora
effekterna av MEK-ERK blockering.

Syftet med denna avhandling ar att klargora effekterna vid akut hdmningen av
MEK-ERK1/2 signalvigen efter stroke genom att undersoka foljande i en
experimentell modell av stroke (i) Positiv effekt utover det akuta stadiet och
anknutna aterhdmtningsmekanismer, (ii) en tidsram som &r mer kliniskt anpassad,
(i) akuta negativa mekanismer och effekten av hdmningen i honrattor (iv)
reparerande mekanismer i aterhdmtningsfasen efter stroke i honréttor.
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Sammanfattningsvis bevisar denna avhandling att akut hdmning av MEK-ERK1/2
signalvigen dr ett lovande behandlingssétt for stroke. Det har dessutom pavisat
lovande resultat inom en behandlings tid som dr kliniskt relevant med positiva
effekter pa bada konen, samt en ldngvarig positiv funktionell effekt. Dessutom har
reparations och aterhdmtningsmekanismer i det senare stadiet av stroke bevisats
hos honrattor vilket understryker att ERK1/2 signalvigen &r inblandad i naturliga
aterhdmtningsprocesser utanfor det akuta stadiet. Dérfor &r detta ett
behandlingsalternativ som kan leda till en béttre aterhdimtning for stroke patienter
och till en framtids terapi for stroke.
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