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Abstract 
Worldwide, stroke is the third leading cause of death. Although heart disease and cancer take 

more lives, stroke has immense consequences as it leads to subsequent impairments and work 

disability in up to 80% of stroke survivors. Due to increased life expectancy, growing stroke 

numbers are anticipated in the next decade. As the treatment options are very limited, 

identifying high risk groups and acquiring knowledge about prevention of stroke is important 

to save lives and life quality, but also to reduce the burden of stroke on society. Although 

some risk factors of stroke are hereditary, many are amenable to medical modification or 

lifestyle changes. The INTERSTROKE study, a worldwide study covering 22 countries, 

found 11 risk factors to collectively account for 88% of the risk of all type of strokes in all 

ages. 
 

Research over the past decade have given increasing evidence of the effects of exercise on 

stroke. It is complex and multifactorial, but exercise is shown to modify risk factors including 

hypertension, smoking and cardiac disease. The purpose of the present study is to further 

examine the potential neuroprotective mechanisms of exercise in stroke, and whether high or 

medium intensity exercise is the most effective regime in this respect. Due to the previously 

reported effects of lactate in neuroprotection and the presence of hydroxycarboxylic acid 

receptor 1 (HCAR1) receptor in the brain, we also set out to study whether some of the 

exercise-induced effects involves HCAR1 activation and could be mimicked by lactate 

injections. In addition, we will investigate whether exercise, or lactate, through HCAR1 

affects neuroinflammation in stroke, by studying microglia activation. 

 

To investigate the complex pathophysiological cascades triggered by ischemic stroke, we 

induced stroke in HCAR1 wild type and HCAR1 knock out mice, using the stroke model 

permanent distal middle cerebral artery occlusion (MCAO). To study microglia activation 

immunohistochemistry and automatic machine-learning analysis was performed. The findings 

of the present study suggest that exercise, both high and medium intensity, do not provide 

preventive effects on the stroke lesion volume after permanent distal MCAO in mice. 

Furthermore, we demonstrated that lactate also lacked the preventive effects on stroke. No 

significant difference of neuroinflammation was observed in any of the treatment groups or 

genotypes. The results from this study signals a rebuttal of our hypothesis but may contribute 

to further investigations of preventative stroke mechanisms. 
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1 Introduction 

1.1 Stroke 

1.1.1 Prevalence, mortality and societal challenges 
Worldwide, stroke is the third leading cause of death (Johnson, Nguyen et al., 2019; 

McAloon, Boylan et al., 2016). Although heart disease and cancer take more lives, stroke has 

immense consequences because it leads to subsequent impairments and work disability in up 

to 80% of stroke survivors (Lallukka, Ervasti et al., 2018; Moskowitz, Lo et al., 2010). With 

113 million disability adjusted life years (DALYs) and 5 million deaths each year, stroke is 

considered a huge global burden (Feigin, Norrving et al., 2017). Due to increased life 

expectancy, growing stroke numbers are anticipated in the next decade (Fjærtoft & 

Indredavik, 2007; Yang, Hawkins et al., 2019).  

 

In 2017, stroke accounted for 438,000 deaths in Europe. That constitutes the momentous 

share of 8% of total deaths. The economic cost covering treatment and post-stroke care in 

Europe was calculated to 60 billion euros the same year (Luengo-Fernandez, Violato et al., 

2020). After reviewing 42 economic studies, Rajsic and his team (2019) found Norway to 

have the fourth most expensive monthly cost per patient ($2147) of post-stroke care. Numbers 

from Norway collected from The Norwegian Institute of Public Health Cardiovascular 

registry shows that 13 500 patients are hospitalized with acute stroke each year, 56% are men 

(Folkehelseinstituttet, 2019c). Median age for men and women with primary stroke are 78 and 

72 years respectively (Folkehelseinstituttet, 2019b).   

 

On the positive side, in most countries with a high Sustainable Development Index (SDI), 

stroke mortality has declined ever since the 1970s (Krishnamurthi, Feigin et al., 2013). 

Furthermore, the decline has proceeded over the last decade, with a 41% decrease in mortality 

from 2008 to 2018 in Norway (Folkehelseinstituttet, 2019a). The causality is complex, the 

trend might be partly due to the increased level of knowledge, both about risk factors and 

symptoms, in addition to development and high availability of hospital treatment 

(Krishnamurthi, Feigin et al., 2013). Despite reduced incidence rate and declining mortality 

rate, DALYs lost due to strokes and the actual number of deaths are increasing (Feigin, 

Norrving et al., 2017; Hankey, 2017). The rise in numbers, despite reductions in rates, might 
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be caused by demographic changes with an increasing number of elderly in proportion to the 

population size as well as a general population expansion (Roth, Forouzanfar et al., 2015).  

 

1.1.2 Definition and aetiology 
The World Health Organization (WHO) define stroke as “rapidly developed clinical signs of 

focal or global disturbance of cerebral function, lasting more than 24 hours or until death, 

with no apparent cause other than that of vascular origin” (WHO, 1988). The definition was 

introduced in 1970 and is still widely used, although the pathophysiological mechanisms of 

stroke are better known today covering more than purely vascular origins. The understanding 

of cellular mechanisms in stroke has expanded, now including important interactions between 

glial cells, neurons and vascular cells, often referred to as the neurovascular unit (NVU) 

(Muoio, Persson et al., 2014; Xing, Hayakawa et al., 2012).  

 

Aetiologically, the two main causes of stroke are ischemic and hemorrhagic events. Ischemic 

stroke is the most common (85%), occurring when blood supply to parts of the brain gets cut 

off due to an occlusion of a cerebral or precerebral artery (Zivin, 1998). Insufficient cerebral 

blood flow, ischemia, quickly leads to cell death and brain damage. An ischemic event can be 

partial, meaning an insufficient blood flow, or total with completely stopped blood flow. The 

cause of the blocked artery can either be a blood clot from the periphery that travels with the 

blood stream to the brain (embolic stroke) or a blood clot forming in the interior of the artery 

that gets blocked (thrombotic stroke) (Feigin, Norrving et al., 2017). Most often, when 

thrombotic stroke occurs, accumulation of fatty substances called plaque has already 

narrowed the artery, a condition known as atherosclerosis (Al Kasab, Cassarly et al., 2017). 

 

Hemorrhagic stroke emerges when a blood vessel ruptures in the brain, resulting in bleeding. 

Arteriovenous malformations and aneurysms are two types of weakened blood vessels that 

can induce hemorrhagic stroke. Hemorrhage strokes are classified according to the location of 

the bleeding as being either in the ventricular spaces (intraventricular), the sub-arachnoidal 

space (between the arachnoid mater and the brain) or in the brain tissue (parenchymatous) 

(Lee, 2018).  

 

Brain ischemia can either be focal, meaning lack of blood flow is limited to a specific region 

of the brain, or it can be global which is more severe and affects the entire brain. The latter is 
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usually caused by cardiorespiratory arrest while stroke mostly leads to focal ischemia (B. R. 

Hu & Liu, 2017). Ischemia is either permanent or transient based on whether reperfusion 

occurs. In total, brain ischemia can be of four different types; transient focal, permanent focal, 

transient global and permanent global (Auer, Grotta et al., 2016). Throughout the thesis the 

term stroke will be used to refer to ischemic stroke. Hemorrhagic stroke will not be further 

presented. 

 

1.1.3 Brain physiology and sensitivity to ischemia 
Although the brain makes up only 2% of total body weight, it receives about 15%-17% of the 

cardiac output of an adult (Haines, 2018). In addition, the brain uses about 20% of the oxygen 

utilized by the entire body (Rolfe & Brown, 1997). Therefore, it is essential to keep a high 

continuous blood flow (50ml/100g/min) to supply the metabolic demand of the brain (Caplan, 

2009). Cerebral blood flow (CBF) is dependent on two parameters; cerebrovascular resistance 

(CVR) and cerebral perfusion pressure (CPP) (Waller & Beauchamp, 2012). Energy required 

by the brain is provided mainly by adenosine triphosphate (ATP) and glucose is the primary 

substrate of brain metabolism. Thus, enough oxygen to facilitate metabolism of glucose and 

generate ATP is essential to maintain brain functions and cell homeostasis (Porth, 2007).  

 

The brain is exquisitely sensitive to ischemia in comparison to other organs. If access to fresh 

oxygenated blood stops, even for a brief period of time, the brain cells are at risk of dying due 

to energy loss. An average human will lose consciousness after just 10-12 seconds of 

complete stop in blood supply to the brain. Permanent brain damage or death may occur as 

soon as after 3-5 minutes (Haines, 2018). CBF below 10ml/100g/min critically disturbs brain 

functions, while neurons die within a short timeframe if CBF drops below 5ml/100g/min 

(Caplan, 2009). This confirms the importance of immediate medical treatment when a stroke 

occurs. Early intervention can reduce brain damage significantly and improve the outcome of 

the event. 

 

Cerebral energy consumption is mainly used for electrophysiologic functions (60%) and for 

maintenance of cellular homeostasis (40%) (Harris, Jolivet et al., 2012; Lemkuil, Drummond 

et al., 2013). Electrophysiologic functions includes neural signaling (action potential activity 

and synaptic transmission), as well as synthesis, transport and reuptake of neurotransmitters 

and support and retainment of ionic gradients. Synaptic transmission being the most energy 
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costly part. The remainder energy is used for maintenance of cellular homeostasis, included 

synthesis and transport of cellular components. Neuronal signaling within the central nervous 

system (CNS) requires a highly controlled microenvironment. The CNS has mechanisms to 

sustain such controlled environment. The blood–brain barrier (BBB) is a term used to 

describe the physical and biochemical barrier of the cerebral vascular system (Daneman, 

2012). BBB finely regulate movement of substances between the peripheral nervous system 

(PNS) and the CNS and is crucial not only to control the microenvironment, but to protect the 

CNS from injury and disease (Ballabh, Braun et al., 2004). The most characteristic feature of 

the BBB is the presence of tight junctions present between the cerebral endothelial cells 

(Janzer & Raff, 1987). Tight junctions are made up by multiprotein complexes in direct 

relation to immune cells. This forms a diffusion barrier which selectively excludes substances 

and soluble materials from entering the brain (Ballabh, Braun et al., 2004). Ischemia can 

cause disruption of the BBB making it change biochemical characteristics. Changed or altered 

expression of tight junctions and endogenous BBB transporters can lead to unwanted 

substances entering the CNS causing damage (Abdullahi, Tripathi et al., 2018). Furthermore, 

the disrupted BBB in stroke may allow for peripheral immune cells like macrophages and 

neutrophils to access the brain and contribute to the neuroinflammation (Yang, Hawkins et al., 

2019). 

 

1.1.4 Pathophysiology  
The pathophysiology of stroke is convoluted and complex involving multiple cellular 

pathways and molecular cascades triggered by the sudden blood deficiency. The stroke area 

can be divided in two; the infarct core and the ischemic penumbra. In the core, cells die 

within minutes and ischemia leads to an irreversible damage to neurons as well as supporting 

non-neuronal cells, known as glial cells (Lipton, 1999). Penumbra is the outer layer of the 

stroke region, enclosing the core. On the contrary to the core, where cells die within minutes, 

cell death in the penumbra occurs slower, starting hours or days from the ischemic event 

(Radak, Katsiki et al., 2017). In the penumbra the brain cells are weakened, but structural 

integrity is often preserved. Depending on conditions after stroke, cells in the penumbra might 

survive or die.  

 

Mechanisms and responses after stroke include, but are not limited to, energy failure, 

excitotoxicity, acidosis, inflammatory pathways, oxidative stress, mitochondrial dysfunction, 
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ionic imbalances, disruption of the BBB, apoptosis, angiogenesis, neuroprotection and 

activation of glial cells (Woodruff, Thundyil et al., 2011). These are all somewhat connected 

processes that amplify or impair each other making the pathophysiology of stroke extremely 

complicated. 

 

Defining cell death 

One cannot escape the fact that cell death, both of neurons and non-neuronal cells, are 

significant after stroke. Cell death can be necrotic or apoptotic depending on factors regarding 

the ischemic event (duration and intensity) as well as cell considerations (cell type and stage 

in lifecycle) (Lemkuil, Drummond et al., 2013). Most of the mechanisms of ischemia lead to 

necrosis or apoptosis one way or another. Necrosis is a form of uncontrolled cell death 

followed by multiple organelle damage, loss of cell membrane integrity and an uncontrolled 

release of cellular contents into the surrounding extracellular space activating inflammatory 

responses (B. R. Hu & Liu, 2017). Neuronal apoptosis is, contrary to necrosis, a form of 

programmed cell death or cellular suicide. A variety of cerebral ischemia models demonstrate 

apoptosis as a key mechanism, characterized by biochemical events and morphological 

changes. These changes include blebbing of the cell membrane, cellular shrinking, swelling of 

mitochondria, nuclear fragmentation, chromatin condensation and mRNA destruction 

(Lemkuil, Drummond et al., 2013). Opposite to necrosis, apoptosis does not result in 

inflammatory responses in surrounding tissues. The dead cells get neatly removed by 

phagocytic microglia instead (B. R. Hu & Liu, 2017). 

 

The acute phase of stroke 

In the acute phase of stroke (the ischemia) excitotoxicity, acidotoxicity and calcium (Ca2+) 

overload are inevitable. The lack of nutrients and ATP disrupts both ionic gradients and 

endothelial ion transporters. The disruption further leads to membrane depolarization giving 

rapid and massive release of excitatory amino acids, in addition to inhibited or reversed 

reuptake (Danbolt, 2001). Glutamate is important in this regard, causing excitotoxicity after 

stroke (Prass & Dirnagl, 1998). Glutamate transport is normally driven by the electrochemical 

gradients of sodium (Na+) and potassium (K+) across the cell membrane. When the gradient 

fails, due to energy depletion, an extracellular accumulation of glutamate occurs. 

Overactivation of the glutamate receptors N-methyl-D-aspartate receptor (NMDA) and to a 

certain degree α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPA), 

stimulates Ca2+ influx, raising the intracellular level of Ca2+ (Hazell, 2007).  In addition to 
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disturb ion transporters, ischemia causes disrupted ionic gradients provoking cellular swelling 

through osmosis. Moreover, Ca2+ can then enter the cell through ion channels, both voltage-

dependent and ligand-gated channels, raising the intracellular concentration to a toxic level. 

High Ca2+ concentration activates a significant number of intracellular pathways and enzymes 

(proteases, kinases, lipases, and endonucleases) triggering apoptosis (Mattson, Culmsee et al., 

2000).  

 

Mitochondrial dysfunction is both a cause and a consequence of Ca2+ accumulation (Murphy, 

Fiskum et al., 1999). Injured, depolarized mitochondria cause inefficient energy production, 

resulting in lack of ATP production and excessive production of reactive oxygen species 

(ROS) (F. Liu, Lu et al., 2018). ROS are free radicals; they are very reactive and highly 

capable of damaging brain tissue, causing damage to all cell components, lipids, proteins and 

DNA (R. Li, Jia et al., 2016). Cumulatively this process is known as oxidative stress. The 

increased levels of ROS and the overload of Ca2+ together initiate the release of cytochrome C 

from the mitochondria activating caspases and resulting in apoptotic death (Kobayashi, 

Kuroda et al., 2003). 

 

Lactic acidotoxisity is a result of dysregulated acid sensing ion channels (ASICs) due to 

lactate and proton accumulation during ischemia in addition to dysfunctional mitochondrial 

respiration (Quillinan, Herson et al., 2016). Lactic acid is produced during anaerobic 

glycolysis caused by ischemia and pH in this condition can be reduced as low as pH=6.3 (Lu, 

Ma et al., 2009). ASICs normally works as sensors for tissue pH and are responsible for 

keeping it constant. When ASICs are activated, during periods of low pH, as it is during 

ischemia, it results in further Ca2+ influx, depolarization of the cells and cell death (Simon, 

2006). A thorough review of lactate in regard to stroke is given in 1.4. 

 

The reperfusion phase of stroke 

Not only the acute phase of stroke is harmful for the brain, also the reperfusion phase can be 

destructive (Z. Yu, Lin et al., 2017).  Reperfusion refers to the process of restoring blood flow 

and reoxygenate the affected tissue. Apart from the fatal effects of ischemia on brain cells, it 

also causes loss of structural integrity of blood vessels and brain tissue over time as well as 

stimulating the immune system causing neuroinflammation (Abdullahi, Tripathi et al., 2018; 

Iadecola & Anrather, 2011) Reperfusion leads to increased oxidative stress, infiltration of 
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immune cells, BBB dysfunction, platelet- and complementary activation (Z. Yu, Lin et al., 

2017). 

 

The previously mentioned overproduction of ROS also occurs during reperfusion, especially 

caused by reoxygenation (Heo, Han et al., 2005; Peters, Back et al., 1998). The produced 

ROS are mostly peroxides and free radicals, superoxide anion being one of the most harmful 

(Vanderkooi, Erecinska et al., 1991). A consequence of increased ROS production together 

with secretion of destructive enzymes is BBB disruption. Brain tissue is left with a weaker 

defense and it is easier for intruders, such as bacteria and other blood-born cells and 

substances, to enter the brain by crossing the destroyed BBB (del Zoppo & Hallenbeck, 

2000). Another important mechanism in both the acute and the reperfusion phase of stroke is 

neuroinflammation, further described in 1.5. 

 

Brain remodeling after stroke 

Body tissues, such as the skin and liver can easily be regenerated after injury and trauma, but 

the conditions in the CNS are not favorable for this process. However, studies over the past 

decade prove that reparative regeneration and remodeling also occurs in the CNS after 

trauma. Post-stroke remodeling, including angiogenesis and neurogenesis, are tightly 

coordinated by communication between neurons, astrocytes and cerebral endothelium (Xing, 

Hayakawa et al., 2012). Mediators of neurogenesis and angiogenesis overlap and positively 

influence each other, meaning factors stimulating neurogenesis also stimulate angiogenesis 

and vice versa (Carmeliet & Tessier-Lavigne, 2005). Growth factors such as brain-derived 

neurotrophic factor (BDNF) and vascular endothelial growth factor A (VEGF-A) are proven 

to be important regulators of neuronal and cerebral endothelium regrowth within the core and 

penumbra of ischemic stroke (Geiseler & Morland, 2018; Snapyan, Lemasson et al., 2009). 

Neurogenesis primarily occurs in two niches of the adult brain: the subgranular zone (SGZ) in 

the dentate gyrus (DG) and the ventricular-subventricular zone (V-SVZ). Neurogenesis is also 

increased in the same areas after stroke (Jin, Wang et al., 2006) 
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1.1.5 Existing Stroke Therapies 
To this day the treatment options for stroke patients are limited. Reperfusion and 

antithrombotic/antiplatelet treatment both have the goal to restore blood supply to the affected 

area. Spontaneous reperfusion is common in stroke patients (50-70%), but when reperfusion 

does not occur, quickly initiated treatment is essential to limit brain damage and cell 

destruction (Z. Yu, Lin et al., 2017). Treatment for reperfusion is further divided into 

intravenous thrombolysis and mechanical thrombectomy. Thrombolysis is an intravenous 

administrated recombinant tissue plasminogen activator, the first choice being alteplase 

(rtPA), dissolving the blood clot and restoring blood flow (Benny & Nordeng, 2019). 

Thrombectomy is another treatment, currently not approved as a routine treatment in Norway, 

but approved by the Food and Drug Administration (FDA) in the US. Thrombectomy is a 

mechanical process to remove the blood clot using a specialized device under image guidance 

(Derex & Cho, 2017). 

 

It is important to notice that, despite the beneficial effects of restored oxygen supply brought 

by reperfusion, rapid reperfusion also has detrimental impact on brain function, as described 

under reperfusion injury above. 

 

1.1.6 Risk factors and prevention of stroke 
Due to minimal treatment options, identifying high risk groups and acquiring knowledge 

about prevention of strokes are important to save lives and life quality, but also to reduce the 

burden of stroke on society. Although some risk factors of stroke are hereditary and 

stipulated, many of them are amenable to medical modification or lifestyle changes and can 

be reduced. 
 

The INTERSTROKE study, a worldwide study covering 22 countries, found 11 risk factors to 

collectively account for 88% of the risk of all type of strokes in all ages (O'Donnell, Xavier et 

al., 2010). These risk factors are listed in Table 1. Most of the 11 risk factors are modifiable 

factors, meaning there are many things one can do to minimize the risk of stroke. 
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Table 1 Risk factors for ischemic stroke 

(Data collected from the INTERSTROKE study, n= 2337, CI = 99%) 

Risk factor Odds ratio of cerebral ischemia  
Hypertension 2.75 
Current smoking 2.32 
High waist-to-hip ratio 1.51 
High alcohol intake (>30 drinks per month) 1.41 
Depression 1.47 
Diabetes mellitus 1.60 
Diet risk score 1.32 
Psychosocial stress 1.30 

Regular physical activity 0.68 

Cardiac causes 2.74 

Ratio of ApoB:ApoA 1.51 

Apo = apolipoprotein 
 

Hereditary and stipulated risk factors for stroke are advanced age, sex, genes and ethnicity (R. 

L. Sacco, 1997). The strongest risk factor for all strokes is age. The Framingham study 

showed an increase of stroke risk from 5.9% to 22.3% from the age of 55-59 years to 80-84 

years in men and from 3.0% to 23.9% in women (Wolf, D'Agostino et al., 1991). A great 

majority of all strokes occur in people aged over 65 years. Aging is associated with numerous 

noticeable changes of cerebral arteries that increases stroke risk even in otherwise healthy 

individuals (Yousufuddin & Young, 2019). Studies suggest that women have a higher risk of 

stroke than men, and in addition recovery after stroke appears to be different in women than 

in men, ending with worsened outcomes for women (Appelros, Stegmayr et al., 2010; Reeves, 

Bushnell et al., 2008). Some genes can also be risk factors because they alter the stabilization 

of blood vessels or have negative impact on circulation and metabolism. Especially well 

documented as risk factors for stroke are gene mutations in endothelial Nitric Oxide Synthase 

(ENOS), Apolipoprotein E (Apo-E), Phosphodiesterase 4D (PDE4D) and ALOX5AP (Z. Hu, 

Liu et al., 2015; Traylor, Farrall et al., 2012). Stewart and his team found in the early 90s 

stroke incidence rates to vary with ethnicity, being higher in black ethnic groups (1999). 

Later, also stroke subtype, risk factors, quality of care and stroke recurrence have been found 

to vary between ethnic groups (Hajat, Dundas et al., 2001; Lisabeth, Smith et al., 2006; 

Schwamm, Reeves et al., 2010). 
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On the positive side, factors relating to lifestyle and environment can be reduced or controlled 

by modification. Modifiable risk factors for stroke include hypertension, smoking, cardiac 

disease (especially central is atrial fibrillation), diabetes mellitus, abdominal obesity, stress, 

bad diet, high alcohol intake and sedentary lifestyle (Grysiewicz, Thomas et al., 2008). 

Examples of actions to reduce risk impact are the use of pharmacological medication such as 

antihypertensives, medications against hyperglycemia, cholesterol reducing medications, 

antiplatelets and anticoagulants in addition to lifestyle changes (Leys, Deplanque et al., 2002).  

It is well known that a healthy lifestyle can prevent disease, stroke included (Meschia, 

Bushnell et al., 2014). Nordic Nutrition Recommendations has found daily exercise, reduced 

dietary intake of Na+ and fat, increased dietary intake of fiber, fruit and vegetable, exercise 

and weight loss, to be beneficial to prevent stroke and other disease (Nordisk Råd, 2014). 

High blood pressure is the strongest determinant risk factor of stroke after age (Lawes, 

Bennett et al., 2004). Reducing the blood pressure by using hypertensive medications or diets 

such as DASH (dietary approaches to stop hypertension) significantly reduces stroke risk 

(Saneei, Salehi-Abargouei et al., 2014).  Hypertension gives a 3-4 times higher risk of having 

a stroke, compared to individuals with normal blood pressure. This correlation is most likely 

due to the stress-effect hypertension has on the cerebral circulation (Iadecola & Gorelick, 

2004). 

 

Physical activity, exercise, and stroke 

The definitions of “physical activity”, “exercise” and “physical fitness” published by 

Caspersen and Powell in 1985 will be used in this thesis. Physical activity is defined as “any 

bodily movement produced by skeletal muscles that results in energy expenditure”. Exercise 

is defined as “a subset of physical activity that is planned, structured, and repetitive and has as 

a final or an intermediate objective in the improvement or maintenance of physical fitness”. 

Lastly, physical fitness is defined as “a set of attributes that are either health- or skill-related” 

(Caspersen, Powell et al., 1985). 

 

The effects of physical activity and exercise on stroke is complex and multifactorial. Both 

physical activity and exercise modifies multiple of the previously mentioned risk factors for 

stroke, exercise shown to being most positive correlated. The positive modifications on risk 

factors includes; reduction of blood pressure, inflammation, lowering in total body fat, 

improved blood sugar control, improved endothelial function and reduction of serum lipids 

(Ford, 2002; Gallanagh, Quinn et al., 2011; Kemmer & Berger, 1983; Martin, Dubbert et al., 
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1990). All of these effects can partly explain the protective mechanism of physical activity 

and exercise on stroke prevention. 

 

Abbot and his research group (1994) found that moderate to high intensity exercise reduced 

stroke risk in middle-aged men. They found the highest reduction of stroke risk in the medium 

intensity group, with no additional benefit from higher levels of physical activity. Later, 

Sacco and his team (1998) refuted these findings by concluding with additional reduction of 

risk to be related to the level of intensity and duration of physical activity. Exercise and 

physical activity have an increasing evidence being related to reduced risk of stroke, but the 

optimal regime is not yet found.  
 

1.2 Modeling stroke in mice 
To investigate the complex pathophysiological cascades triggered by ischemia, experimental 

stroke models are developed due to insufficient in vitro models. Rodent models are widely 

used to mimic both thrombotic and embolic strokes in research.  

 

The internal carotid artery supplies the brain with blood through a large artery branching area, 

better known as the circle of Willis. The circle of Willis is situated at the base of the skull. 

The internal carotid artery branches off from the circle of Willis, and further divides in two: 

the anterior cerebral artery and middle cerebral artery. Predominantly, the stroke models used 

today induce permanent or transient occlusion of the middle cerebral artery (MCA) as this 

artery is a prevalent site for human strokes (Bogousslavsky, Van Melle et al., 1988; Llovera, 

Roth et al., 2014). The MCA is further divided into proximal, sylvian, and distal parts (Love 

& Biller, 2007). Occlusion of the proximal MCA causes injury to the cortex in addition to the 

deeper brain structures (basal ganglia including striatum), while occlusion of distal MCA on 

the other hand causes milder injury predominantly to the cortex, sparing the striatum (Engel, 

Kolodziej et al., 2011; Llovera, Roth et al., 2014; Longa, Weinstein et al., 1989). Permanent 

stroke models elicit ischemia without reperfusion and transient stroke models additionally 

enable research of reperfusion. An ideal stroke model that mimics all human stroke cases does 

not exist due to the fact that stroke is a highly variable condition. Nevertheless, a solid stroke 

model should provide a reproducible lesion size, be relatively simple to perform, have low 

mortality and be as little invasive as possible. In addition, physiological variables should be 
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possible to detect and the brain should be available for analysis afterwards (Carmichael, 

2005). Several models fulfill these criteria to different degrees: 

 

Thrombotic stroke models 

To mimic thrombotic stroke microinjections of thrombin-induced clots can realistically 

simulate the clot-formation causing human strokes (Orset, Macrez et al., 2007; Zhang, Zhang 

et al., 1997). The lesion volume is smaller and not as consistent as using other methods 

(Beech, Williams et al., 2001). Another model is photothrombotic stroke where a 

photosensitive dye (example Rose-Bengal) are injected intravenously and activated through 

photochemical reactions. This process generates singlet oxygen leading to focal endothelial 

damage and vascular occlusion (B. D. Watson, Dietrich et al., 1985). 

 

Endothelin-1 model 

Endothelin-1 is a long-acting vasoconstrictor and given as an intracerebral injection it causes 

a dose dependent ischemic lesion (Hughes, Anthony et al., 2003). Because of the dose 

dependent vasoconstrictive effect this method has limited control over the ischemic degree 

and duration (Prinz & Endres, 2016). 

Intraluminal MCAO 

One of the most widely used experimental models of stroke is the intraluminal suture middle 

cerebral artery occlusion (MCAO) model. The intraluminal MCAO do not require 

craniectomy and is therefore a relatively non-invasive procedure compared to other methods. 

A monofilament thread is introduced into the internal carotid artery used to make the 

occlusion at the proximal middle cerebral artery (MCA) as described by Koizumi, this model 

makes lesions covering both cortex and striatum (Koizumi, 1986). The procedure can be 

either permanent by leaving the suture blocking blood flow to the MCA permanently or 

transient by retracting the suture. The size of the stroke depends on the shape, size and length 

of the thread (Longa, Weinstein et al., 1989). MCA can either be occluded selectively or 

together with other areas of the Circle of Willis. Proximal middle cerebral artery occlusion 

can also be performed through a craniectomy using electrocoagulation (diathermy occlusion), 

this gives permanent occlusion (Tamura, Graham et al., 1981). “The Tamura model” also 

results in cortical and striatal lesion equally to intraluminal MCAO. 
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Distal permanent MCAO 

Distal permanent MCAO on the other hand primarily affects the cortex because the occlusion 

is induced distal to the arteries which supply the striatum with blood. Distal permanent 

MCAO is most frequently induced using electrocoagulation forceps or by placing a 

microaneurysm clip on the MCA branch (Llovera, Roth et al., 2014). The distal MCAO 

model are associated with high long-term survival rates for the animals in addition to highly 

reproducibility in lesion size (Prinz & Endres, 2016). The more distal the MCA occlusion is, 

the smaller the infarcted tissue will be. 

 

1.3 Animal welfare 
The use of animals in research has multiple ethical implications, especially when the research 

includes induction of medical conditions. From a scientific point of view, it is pivotal to 

obtain results from non-stressed animals, as stress factors may alter the outcome significantly. 

The use of animals in research in Norway is governed by the regulation of animals in 

experiments (“Forsøksdyrforskriften”), which has its origin in the Animal Welfare Act 

(“Dyrevelferdsloven”) (Dyrevelferdsloven, 2010; Forsøksdyrforskriften, 2015) . Directive 

2010/63/EU on the use of animals for scientific purposes is also implemented in the 

Norwegian law due to the EEA Agreement. The rationale for employing animal models in 

stroke research is to find knowledge about neuroprotective, as well as neurorestorative 

preventive or therapeutic strategies that can be converted to the human situation. Russel and 

Burch introduced “the 3R´s” to laboratory animal science in their book “The principal of 

humane experimental techniques” and these concepts are to this day fundamental in the 

process of establishing and shaping guidelines for humane and ethical animal research 

(Russell & Burch, 1959). The 3Rs stands for replacement, reduction and refinement and will 

be further described later in the thesis. 

 

1.4 Lactate (2-hydroxypropanoate) 
The role of lactate in the CNS has shifted from being considered a waste product of anaerobic 

glycolysis, to act not only as an energy source, but also a signaling molecule in the brain 

(Morland, Lauritzen et al., 2015). Under physiological pH (pH = 7.4) lactic acid is present as 

its respective anion, lactate (2-hydroxypropanoate). Lactate is a hydroxycarboxylic acid that 

exists in the human body as two stereoisomeric forms, L-lactate and D-lactate due to the 

presence of a chiral carbon atom. The L-lactate isoform is the most abundant and 
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physiologically significant in humans because L-lactate dehydrogenase (L-LDH) is expressed 

extensively in human tissues, whereas D-lactate dehydrogenase (D-LDH) is not present 

(Connor, Woods et al., 1983). From here on, the term “lactate” is used to describe L-lactate. 

Lactate is produced from glucose in the cytosol through reduction of pyruvate by L-LDH, as 

the terminal part of the glycolytic pathway. Lactate is a product of anaerobic metabolism and 

the effects of lactate are therefore of interest not only to understand the physiological response 

to exercise, but also the pathogenesis of ischaemic stroke (Adeva-Andany, López-Ojén et al., 

2014). 

 

Lactate metabolism in normal brain physiology and in ischemic conditions 

During homeostatic conditions the neurons predominantly gets their energy from the 

mitochondrial electron transport chain. In short, glucose is broken down to pyruvate through 

glycolysis. Pyruvate further enters tricarboxylic acid (TCA) cycle were nicotinamide adenine 

dinucleotide-H (NADH) and flavin adenine dinucleotide-H2 (FADH2) is generated and passed 

through to the oxidative phosphorylation pathway (electron transport chain) producing large 

amounts of ATP. Neurons prefer glucose as energy substrate for metabolism, producing lots 

of energy with minimal ROS generation (Vaishnavi, Vlassenko et al., 2010).  

 

During ischemia neurons lack glucose and oxygen, giving a metabolic imbalance due to 

energy deficiency and increased ROS production. As described above, this leads to massive 

damage and can result in cell death. When glucose deprivation occurs, some studies suggest 

that neurons can shift from using glucose to using lactate for energy production. Be aware that 

oxidation of lactate is an aerobic process and will not occur during continued ischemia (lack 

of oxygen), but lactate can provide energy in the reoxygenation phase.  

 

Glutamate released under ischemic conditions stimulates lactate production in the 

perisynaptic astrocytic processes (Pellerin & Magistretti, 1994). Glutamate-mediated lactate 

production occurs in astrocytes, as astrocytes are the only CNS cell with a storage of glycogen 

(Takano, Tian et al., 2006). In the penumbra, where blood supply is limited but not 

completely absent, glutamate uptake via EAAT2 in perisynaptic astrocytic processes may 

cause the astrocytes to increase their uptake of glucose from the circulation (Pellerin & 

Magistretti, 1994), and enhance their lactate synthesis. Lactate then gets transferred via 

specialized mono-carboxylate transporters (MCTs) from astrocytes, via the extracellular 

space, to neurons to compensate for the neuronal energetic needs. This process is also known 
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as astrocyte-neuron lactate shuttle (ANLS) (For review, see (Barros & Weber, 2018) and 

(Magistretti & Allaman, 2015)). According to the Warbourg effect (Warburg, 1956), lactate 

production and ANSL can even occur in normoxic conditions and is demonstrated to serve as 

a neuronal energy source and to influence the activity of neurons in the cortex (Bozzo, Puyal 

et al., 2013). The lactate shuttle transport connects lactate to regulation of cerebral glucose 

levels, neuronal activity, brain circulation and energy metabolism (Brooks, 2009; Gordon, 

Choi et al., 2008; Morland, Lauritzen et al., 2015). 

 

Lactate is not only used as alternative energy in neurons, but acts also as a signaling molecule, 

previously described by our research group as a “volume transmitter” (Morland, Lauritzen et 

al., 2015). This implies that lactate, due to MCT transporters diffuse over membranes between 

cells and the extracellular space and binds to the hydroxycarboxylic acid receptor 1 (HCAR1) 

receptors recently discovered in the brain. Lactate is the physiological ligand of HCAR1 

receptor. HCAR1 receptor is located in the neocortex, hippocampus and cerebellum as well as 

in fibroblasts in pia mater in the brain (Bergersen, Johannsson et al., 1999; Lauritzen, 

Morland et al., 2014; Morland, Andersson et al., 2017). The HCAR1 gene encoding is found 

in both humans and rodents making it possible to study in rodents (Ahmed, 2011). 

 

Neuroprotection of lactate (reduced lesion volume) is showed in the transient MCAO model 

of stroke when given as a intracerebroventricular injection (Berthet, Castillo et al., 2012). 

Lactate is also found to reduce glutamate-induced toxicity in the cortex (Ros, Pecinska et al., 

2001). Last year, our research group showed that lactate given as intraperitoneal injections 24 

hours and 48 hours after permanent distal MCAO gave a HCAR1-dependent reduction of 

lesion volume. This was detectable three weeks after the operation, but not after one week 

(Forbord, 2019; Ghazal, 2019).  

 

Lactate-mediated effects of exercise  

As previously described the effects of physical activity and exercise on stroke is complex and 

multifactorial, but preventive mechanisms of stroke are documented. How exercise initiate 

protective effects on the brain remains largely unknown. 

 

Both brain metabolic activity and cerebral blood flow increases during exercise (Ide, Horn et 

al., 1999). During vigorous exercise, lactate is released by the muscle and transported into the 

brain by MCTs proportionally to the increased plasma lactate levels (Boumezbeur, Petersen et 
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al., 2010; Ide & Secher, 2000). Two findings give reason to believe that lactate gets 

metabolized and used for energy. Firstly, lactate accumulation does not occur in the brain 

after exercise, and secondly, brain glucose uptake decreases with the intensity of exercise and 

the increase of lactate giving reason to believe lactate is used for energy (Dalsgaard, Quistorff 

et al., 2004; Kemppainen, Aalto et al., 2005).   

 

Lactate as a neuronal energy source can possibly ameliorate the damage from ischemic stroke 

providing energy to the cells during reoxygenation. Other lactate-mediated effects on the 

brain are neuroprotection through increased expression of brain-derived neurotrophic factor 

(BDNF) and increased angiogenesis by increased expression of vascular endothelial growth 

factor (VEGF) (El Hayek, Khalifeh et al., 2019; Morland, Andersson et al., 2017). The latter 

is found to be mediated through HCAR1 receptor on pericyte-like cells around intracerebral 

vessels. HCAR1 receptor is a G protein-coupled receptor (GPCR) that is negatively coupled 

to the signaling molecule cAMP and therefore decreases excitability. Lactate selectivity to 

HCAR1 receptor in adipose tissue has been described during the past decade and leads to 

downregulation of cAMP, which implies inhibition of lipolysis and promotion of increased 

energy storage in adipose tissue (Ahmed, Tunaru et al., 2009). Recent findings of HCAR1 

activation shows that the activation may have glucose-saving and antilipolytic effects in the 

brain, as it does in the periphery, although this remains to be shown (Morland, Lauritzen et 

al., 2015). 

 

1.5 Neuroinflammation 

1.5.1 General information 
Neuroinflammation is defined as the reactive and inflammatory response of the nervous tissue 

within the brain or spinal cord against elements that interfere with homeostasis (DiSabato, 

Quan et al., 2016). The origin of neuroinflammation can be imposed from inside or outside of 

the CNS. For instance, the origin can be a neurological disease, traumatic brain injury, 

ischemic brain injury, autoimmunity, stress, infections, metabolic changes or toxicity 

(Kempuraj, Thangavel et al., 2016; Ransohoff, Schafer et al., 2015). 

 

Immune response of the CNS involves local immune cells, in addition to immune cells 

transported from the periphery, across the BBB and into the brain following injury. 

Mechanisms associated with neuroinflammation can be beneficial or harmful depending on 
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degree of immune cell activation, as well as the type and timing of the response. Among the 

beneficial mechanisms are maintenance of homeostasis and the removal of damaged neurons 

and synapses. On the other hand, neuroinflammation is also involved in neuropathological 

processes and disease. Neuroinflammation induces microglia activation and mitochondrial 

dysfunction as well as increasing production of large amounts of signaling molecules such as 

cytokines, ROS, chemokines, matrix metalloproteinases (MMPs), neuropeptides (Substance 

P), nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) and other 

secondary messengers that play a role in further immune activation and altered brain 

homeostasis (Deb, Sharma et al., 2010; del Zoppo, Ginis et al., 2000).  

 

Neuronal damage and neuroinflammation is a central pathological feature of many diseases, 

for instance Alzheimer disease (AD), amyotrophic lateral sclerosis (ALS), Parkinson disease 

(PD), Huntington disease (HD), epilepsy, diabetes, multiple sclerosis (MS) and stroke, where 

it can cause direct damage or contribute to neuronal degeneration over time (Stephenson, 

Nutma et al., 2018; T. L. Young, Zychowski et al., 2019).  

 

This thesis will particularly focus on lactate and the HCAR1 receptor, immune cells 

(microglia and astrocytes), and the effects of neuroinflammation in regard to ischaemic 

stroke.  

 

1.5.2 HCAR1 receptor and neuroinflammation 
Lactate, through activation of the HCAR1 receptor, is recently found connected to regulation 

of the inflammatory immune response (Madaan, Nadeau-Vallée et al., 2017). Furthermore, 

the HCAR1 receptor is linked to multiple inflammation-related diseases and may improve 

insulin resistance through the anti-lipolytic effects (for review see (J. Hu, Cai et al., 2020)). 

Keep in mind that these findings are only shown in one inflammatory model and in the 

periphery, not in the brain. Another study relates inflammatory factors secreted from 

macrophages to mediate HCAR1 gene expression. Furthermore, the increased HCAR1 

expression may inhibit inflammasome-mediated inflammation and ultimately decrease pro‐

inflammatory TNF‐α and IL‐6 expression (J. Hu, Cai et al., 2020; O'Hara, Lim et al., 2009). 

Transcriptional induction of inflammatory mediators after activation of the HCAR1 receptor 

leads to increased levels of cytokines, chemokines and MMPs which suggests an important 
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anti-inflammatory role of HCAR1 receptor playing big roles in the neuroprotective processes 

in inflammatory disease. 

 

1.5.3 Neuroinflammation in stroke 
Neuroinflammation is recognized as an important element of stroke that results in cell death 

and BBB dysfunction. Conversely it also plays a beneficial role, by promoting recovery 

(Rayasam, Hsu et al., 2018). Already in the 1990s, studies demonstrated infiltration of a wide 

range of inflammatory cells, including T cells, dendritic cells, neutrophils, monocytes and 

macrophages into the ischaemic region of the brain in response to experimental stroke in rats 

(Schroeter, Jander et al., 1994; Stoll, Jander et al., 1998). Importantly, neuroinflammation is 

not restricted to the infarcted area, rather it can also be observed in the entire ipsilateral 

hemisphere (Dirnagl, Iadecola et al., 1999). These findings have also been demonstrated in 

humans with stroke (Zrzavy, Machado-Santos et al., 2018). Both the onset of brain ischaemia, 

but also the reperfusion phase stimulates inflammatory processes (Deb, Sharma et al., 2010). 

 

1.5.4 Microglia 
The local CNS immune system is primarily composed of glial cells, in particular microglia, 

although other glial cells (such as astrocytes) may contribute to the immune reaction (Dong & 

Benveniste, 2001; Gilhus & Deuschl, 2019). Under physiological circumstances, microglia 

represent the majority of myeloid cells in the CNS. Microglia make up the first row of active 

defense, by constantly monitoring the tissue microenvironment and rapidly react in response 

to trauma (Lawson, Perry et al., 1990). In steady state, microglia exhibit a ramified 

morphology (Boche, Perry et al., 2013). A ramified microglia exhibits fine processes 

(branches), that constantly extend and retract which puts them in a good position to sense and 

control their surroundings, in addition to enabling interactions with neuronal cells, astrocytes 

and blood vessels (Boche, Perry et al., 2013; Nimmerjahn, Kirchhoff et al., 2005). The 

morphology of ramified microglia is similar between human and mice, suggesting highly 

comparable results between species (Torres-Platas, Comeau et al., 2014).  

 

Activation of microglia after ischaemic stroke 

Studies of ischemic stroke have demonstrated that microglial activation can be detected from 

minutes to weeks after the event (Gulyas, Toth et al., 2012). In the acute phase large amounts 

of ATP is released to the extracellular space as neurons undergo necrosis, and microglia 
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responds quickly to the signals by forming a mesh structure surrounding the lesion area within 

minutes (Davalos, Grutzendler et al., 2005). Microglia undergo morphological changes when 

activated. Activated microglia transform from the original ramified shape towards a more 

amoeboid phenotype with enlarged soma and thicker, shorter processes with less amount of 

thin processes and branches (Davalos, Grutzendler et al., 2005; Masuda, Croom et al., 2011). 

For this reason, the morphological changes in microglia are widely utilized to study 

microglial activation as activated microglia have a reduced number of processes and a larger 

soma, in addition to the processes being thicker and shorter.  

 

Microglia activation can be divided into two subtypes; “M1” (proinflammatory) and “M2” 

(anti-inflammatory) (Crain, Nikodemova et al., 2013; Kreutzberg, 1996). “M1” activation of 

microglia, also known as “classical activation”, is associated with cytotoxicity while the “M2” 

profile inhibits a protective character in stroke. “M2” activation of microglia is referred to as 

“alternative activation” (Mosser & Edwards, 2008). Different signaling molecules are found 

to activate the different profiles. Lipopolysaccharide (LPS) (Cao & He, 2013) and interferon-γ 

(IFNγ) induces “M1” microglia activation (Martinez & Gordon, 2014), releasing large 

amounts of pro-inflammatory mediators such as ROS, tumor necrosis factor alpha (TNF-α), 

interleukin 1 beta (IL-1β), chemotactic factors and nitrogen monoxide (NO) (Zhao, Ma et al., 

2017). These inflammatory factors are thought to contribute to increased post‐ischemic 

neurovascular damage, worsening the outcome after stroke. On the other hand, interleukin-4 

(IL-4) and IL-10, secreted from damaged neurons and regulatory B cells after stroke 

(Rayasam, Hsu et al., 2018), have been shown to induce the alternative “M2” activation that 

possesses anti-inflammatory properties by producing transforming growth factor β (TGF-β), 

insulin-like growth factor, and vascular endothelial growth factor (VEGF) (Kong, Omran et 

al., 2014).  

 

It is worth mentioning that the binary classification of microglia activation described here, is a 

simplification of a complex activation pattern where individual microglia may express 

characteristics from one of the profiles. In general, inhibiting «M1» activation and promoting 

«M2» activation can be beneficial to promote neuroprotection after stroke.  
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1.5.5 Astrocytes 
Astrocytes are the most abundant cell type in the CNS. In the brain, there are two main types 

of astrocytes: fibrous and protoplasmic astrocytes (Sofroniew & Vinters, 2010). Astrocytes 

work tightly with endothelial cells in the brain, covering more than 90% of the cerebral 

vessels with their astrocytic processes (astrocytic endfeet). Further, neurons are not viable 

without astrocytes (Bélanger & Magistretti, 2009). Astrocytes have multiple housekeeping 

tasks and even neuromodulatory functions, including the removal of potassium ions (K+) and 

neurotransmitters such as glutamate from the synapses, improving fast neurotransmission 

(Kristian Enkvist & McCarthy, 1994; Smith, 1994; Walz, 2000). As the only cells in the CNS 

that stores glycogen, the astrocytes supply energy to neighboring cells in addition to control 

cerebral blood flow increasing the availability of oxygen and glucose as previously mentioned 

(Takano, Tian et al., 2006). 

 

Activation of astrocytes after ischaemic stroke 

In addition to empower neurons with energy in the form of lactate, and being a part of the 

neurovascular unit, the astrocytes play an important role in regard to both the acute and the 

recovery phase of stroke (Huang, Nakamura et al., 2019). In addition to microglia, astrocytes 

are local CNS immune cells that become activated following ischaemic injury. This process is 

also referred to as astrogliosis (Sofroniew & Vinters, 2010). Astrogliosis involves an increase 

in gene expression of Glial Fibrillary Acidic Protein (GFAP), vimentin, nestin and other 

intermediate filament proteins (Z. Liu & Chopp, 2016). All of these can be used as markers 

for activation of astrocyte into so-called reactive astrocytes. 

 

Similarly, to microglia activation, astrogliosis can be both helpful and harmful. Early 

astrocyte response to ischemia include removal of synoptically released glutamate reducing 

excitotoxicity (Bergles, Diamond et al., 1999). Astrocyte swelling also occur early due to 

excess intake of K+ and lactate from the blood vessels leading to a high intracerebral 

pressure, This reduces vascular perfusion and gives an exacerbation of the stroke area 

(Landis, 1994; Syková, 2001). After an ischemic event, gap junction connections in astrocytes 

remain open, reducing the defense against harmful substances from the periphery, leading to 

prolonged cell injury and may also expand the size of ischemic lesions (Cotrina, Kang et al., 

1998). Over time, astrogliosis can result in glial scars in the penumbra producing a protective 

enclosure between the injury site and healthy tissue (Faulkner, Herrmann et al., 2004). 

Reactive glia secretes many inhibitory substances that slow down axonal and dendritic 
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regrowth. At the same time they may secrete stimulatory substances contributing to 

angiogenesis, neurogenesis and/or synaptogenesis, thereby promoting neurological recovery 

(Z. Liu & Chopp, 2016; Silver & Miller, 2004). These conflicting effects make it difficult to 

understand the role of astrocytes in ischemia. Although controversial, recent data suggest that 

reactive astrocytes, similarly to activated microglia, can be divided into two different classes: 

The A1-type which are neurotoxic, and the A2-type which are believed to have more 

neuroprotective phenotype (K. Li, Li et al., 2019). 

 

1.5.6 Connection between microglia and astrocytes in stroke 
Regarding ischemic stroke both astrocyte and microglia activation are involved as previously 

described. As a simple overview, microglia response comes earlier than astrocyte response in 

stroke (Qin, Zhou et al., 2019). Through a variety of signaling molecules activation of the two 

cell types are connected. Among the signaling molecules involved are IL-1β and TGF-β 

which are secreted from microglia and promote astrocytic activation, which leads to 

astrogliosis (Griffin, 2006; John, Chen et al., 2004). Astrogliosis in turn further activate 

microglia, increasing the secretion of pro- and anti-inflammatory cytokines. Other 

contributing factors to microglia-astrocyte crosstalk also includes Ca2+ signaling, ATP and 

ligand-receptor pairing (TREM2-DAP12, CX3CL1-CX3CR1 and CD200-CD200R) (C.-Y. 

Liu, Wang et al., 2019; W. Liu, Tang et al., 2011). A better understanding of the mechanism 

underlying microglia and astrocyte activation can help provide new therapeutic ways of 

treating and preventing stroke. 
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2 Aims of the study 
 

The purpose of this study is to further examine the potential neuroprotective mechanisms of 

exercise in stroke, and whether high or medium intensity exercise is the most effective 

exercise regime in this respect. Due to the previously reported effects of lactate in 

neuroprotection and the presence of HCAR1 receptor in the brain, we also set out to study 

whether some of the exercise-induced effects involves HCAR1 activation and could be 

mimicked by lactate injections. In addition, we will investigate whether exercise, or lactate 

through HCAR1 affects neuroinflammation in stroke. 

 

Research questions: 

1. Does high- or medium intensity exercise regime affect the lesion volume of ischemic 

stroke differently?   

2. Does lactate generated by exercise preventively reduce the lesion volume of ischemic 

stroke through the HCAR1 receptor? 

3. Does lactate given as intraperitoneal (i.p.) injections preventively reduce the lesion 

volume of ischemic stroke through the HCAR1 receptor? 

4. Does the presence of HCAR1 affect the neuroinflammatory process in the mouse brain 

after ischemic stroke? 
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3 Methods and materials 

3.1 Chemical list 
Table 2: List of chemicals used in the study 

Substance Producer 

4,6-diamidino-2-phenylindole (DAPI) Sigma-Aldrich (USA) 

Acetone VWR Chemicals (Belgium) 

Bovine Serum Albumin (BSA) Sigma-Aldrich (USA) 

Buprenorphine (Temgesic) Indivior (USA) 

Chlorhexidine solution Fresenius Kabi (Norway) 

Citric Acid Sigma-Aldrich (USA) 

Column Prep Solution Sigma-Aldrich (USA) 

Cresyl violet acetate (CV) Sigma-Aldrich (USA) 

Elute Buffer Sigma-Aldrich (USA) 

Ethanol Antibac (Norway) 

Eukitt®  Sigma-Aldrich, Merck (SA) 

Fentanyl Hameln Pharma Plus (Germany) 

Gelatine-glycerine Sigma-Aldrich (USA) 

Glacial acetic acid Merck (Germany) 

HCAR1 Forward Primer Invitrogen (USA)  

HCAR1 Revers Primer Invitrogen (USA) 

Hydrochloric acid (HCl) Merck (Germany) 

Isoflurane Baxter (Norway) 

LacZ Forward Primer Invitrogen (USA) 

LacZ Revers Primer Invitrogen (USA) 

Lysis Solution C Sigma-Aldrich (USA) 

Lysis Solution T Sigma-Aldrich (USA) 

Neo-Clear®  Sigma-Aldrich, Merck (USA) 

Newborn Calf Serum (NCS) Invitrogen (USA) 

OneTaq® Hot Start 2X Master Mix  New England Biolabs Ltd (Germany) 

Paraformaldehyde (PFA) Sigma-Aldrich (USA) 

ProLong Gold  Invitrogen (USA) 

Proteinkinase K Sigma-Aldrich (USA) 

RNase, DNase and protease free water Sigma-Aldrich (USA) 

Simplex eye ointment Actavis Group Ptc Ehf (Iceland) 
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Sodium acetate (NaAc) Sigma-Aldrich (USA) 

Sodium azide Sigma-Aldrich (USA) 

Sodium chloride VWR Chemicals (Belgium) 

Sodium chloride, 9 mg/ml B. Braun Medical AS (Norway) 

Sodium hydroxide EMS (Great Britain) 

Sodium L-lactate  Aldrich Chemistry (Germany) 

Sodium phosphate dibasic dihydrate Sigma-Aldrich (USA) 

Sodium phosphate monobasic monohydrate VWR Amresco (Germany) 

Standard Buffer (M0484S and M0484L) BioNordika (Noway) 

Sucrose Fluka Analytical (Germany) 

Tiletamin & Zolazepam (Zoletil Forte) Virbac (Norway) 

Triton X-100 Sigma-Aldrich (USA) 

Wash Solution Sigma (USA) 

Xylazine (Rompun) Bayer Animal Health (Germany) 
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3.2 Equipment 
Table 3: List of equipment used in the study 

Equipment Producer 

25x75x1.0 mm SuperFrost Plus™ Adhesion slides Thermo Fisher Scientific (USA) 

6 x 4 well trays, Nunclon 24-well cell culture plates Thermo Fisher Scientific (USA) 

Axio Scan.Z1  Carl Zeiss Microscopy (Germany) 

BBD2 digital dry block heater Grant Boekel Scientific (USA) 

Centrifuge tube, self-standing 50 mL CentriStar Cap Corning (Mexico) 

Corning® cover glasses, thickness 1, 24x60 mm Merck (Germany) 

Digital Timer CellSignalling Techonology (USA) 

Drill Dremel (USA) 

E-Gel EX 1% agarose gel Invitrogen (Israel) 

E-gel Power Snap Electrophoresis Device Invitrogen (USA) 

EasyDip™ Slide Staining System  Simport Scientific Inc. (Canada) 

Eppendorf Research plus Adjustable 10-channel 

Pipette 

Eppendorf (Germany) 

Exer-3/6 Treadmill Columbus Instruments (USA) 

Finnpipette F1 Thermo Fisher Scientific (USA) 

GenElute Mammalian Genomic DNA Miniprep Kit 

(GIN350-IKT). 

Sigma-Aldrich (USA) 

GreenLine cages (Sealsafe Plus GM500) Tecniplast Group (USA) 

Heating pad Conduct Science (USA) 

Heraeus™ Pico™ 17 Microcentrifuge Thermo Fisher Scientific (Germany) 

ImageJ Imaging Program Fiji Is Just ImageJ (Germany) 

Leica Microsystems Cold Light Source, CLS 100 X Leica Microsystems (Germany) 

Liquid Blocker Super pap pen  Electron Microscopy Sciences (USA) 

M60 stereo, Leica light microscope Leica Microsystems (Germany) 

Microtome HM450  Thermo Scientific, Walldorf (Germany) 

Minishaker MS2 IKA (Germany) 

Paintbrush WaterColour Round nr 0	 Panduro Hobby (Sweden) 

Parafilm M  Thermo Fisher Scientific (USA) 

Pasteurpipette, Standard Line VWR Collection (USA) 

PCR 8-tube strips, without caps VWR (Germany) 

PCR tubes, 0.2 mL thin wall, clear Axygen Inc (Mexico) 

Qualitative filter paper, 403, medium filtration rate VWR International (France) 
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Raaco box, case 13 Raaco A/S (Denmark) 

Repetitive pipette, Multipette® plus VWR International 

SMZ645, Nikon light microscope  Nikon (Japan) 

Tissues, extra soft VWR (USA) 

VIO 50 C high-frequency generator  Erbe (Germany) 

Water bath GFL (Germany) 

Watson Marlow 323U, Peristaltic pump with 323, 

rapid load flip-top pumphead 

Watson Marlow Pumps (United Kingdom) 
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3.3 Overview of the project 
Due to multiple tasks in this master project, the next few paragraphs will give a brief 

overview of the project. The study design and treatment groups are illustrated in Figure 1 

while Figure 2 gives a schematic representation and timeline of the study.  

 

The mice used in this study originated from either a homozygote or a heterozygote breeding. 

All mice from the heterozygous breeding were genotyped prior to experiment because only 

HCAR1 wild type (wt) and HCAR1 knock out (ko) mice were used in the experiment. The 

heterozygous mice were not used for experiments, but for further breeding. At 6 weeks of age, 

69 wt mice and 75 ko mice were semi-randomized into four treatment groups with 18 mice in 

each group. The groups were 1) High intensity interval exercise (HIIT), 2) Medium intensity 

interval exercise (MIIT), 3) Lactate injections (Lac), and 4) Saline injections (Sal/Contol). 

Interventions were given five consecutive days a week for seven weeks. The day after the last 

intervention, an experimental stroke was induced by permanent occlusion of the distal medial 

cerebral artery. During the next three weeks, the wellbeing of the animals was monitored 

closely.  

 

 

 

At three weeks after surgery, the animals were deeply anesthetized and fixed by transcranial 

perfusion of formaldehyde. The brain was gently removed and cryosectioned into 20 µm 

coronal sections. Every 6th section was mounted on glass slides and stained with cresyl violet 

(CV). These sections were scanned, and the digital images were used to outline the cerebral 

cortex of both hemispheres, using Fiji software (ImageJ). The lesion volume was calculated, 

Figure 1 Study design and treatment groups. 144 mice were semi-randomized into four treatment groups. Two 
injection groups (Lac – lactate and Control – saline) and two exercise groups (HIIT – high intensity interval exercise 
and MITT – medium intensity interval exercise). Interventions were performed 5 days a week for 7 weeks. For the two 
exercise groups a maximum capacity test was performed on day two, and every other week to set and adjust the 
running speed. (Created with BioRender, 2020) 
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as the difference of cortical area between the contralateral and an ipsilateral side (cortical 

atrophy).  

 

To investigate whether neuroinflammation was different between the treatment groups, one 

section from each animal was subjected to immunohistochemistry for microglia (Iba 1) and 

for astrocytes (GFAP). From the former labelling the density of microglia in and around the 

stroke area, as well as morphology associated with activated microglia was quantified. The 

latter labelling identifies gliosis (astrocytic scar formation) in the stroke area. A machine 

learning approach was used to analyze the fluorescent labelling. The algorithms used for the 

quantifications of microglia density and morphology were optimized and trained in parallel 

with the genotyping, before the start of the in vivo experiment. Due to the SARS-CoV-2 

(COVID-19) outbreak, sections marked with Iba1 and GFAP were not scanned and therefore 

it was not possible to include the analysis in this master thesis. Instead confocal microscopy 

images from an earlier project were used for analysis to demonstrate the suitability of the 

method. These sections were only marked with Iba1, that is why only microglia activation is 

included in the result section and not astrocyte analysis. 

 

The bottle neck of these experiments was the stroke operations; this surgery could be 

performed on a maximum of 12 animals per day. Consequently, only 12 animals could be 

started per day (6 mice in each of the 2 exercise groups were started on Mondays and 

Tuesdays each week, and 6 animals in each of the 2 injection groups were started every 

Thursday and Friday). Therefore, the intervention period lasted for 11 weeks. Similarly, 

several of the operations of the project lasted over a longer period than what can be perceived 

from the detailed descriptions of the methods given below. Figure 2 gives an overview of the 

entire project period. The practical work behind the stroke lesion volume study was for the 

most part divided between three master students; Kimberly Phan, Teresa Nguyen and me, 

Camilla Brox and Postdoctoral Fellow Samuel Geiseler if not otherwise noted. Microglia 

activation study was an individual project performed by me, Camilla Brox. 
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Figure 2 Lactate receptor HCAR1 in the protection against neuroinflammation in stroke –  

Schematic representation and timeline of the master project.  

The distance visually represented on the timeline does not correspond with the exact durations for each 

operation. The exact dates and durations are listed.  

 

3.4 Systematic medical literature reviews 
Systematic searches were done in relevant databases to find original articles and review 

papers. Articles, book chapters and other publications were used to collect information. 

Research method and results were critically assessed in every article to ensure solid and 

correct scientific information. Review articles were used to get an overview of research 

topics. Mostly the database MEDLINE through the user interface (UI) PubMed were used for 

systematic literature reviews. Searches were done both with MESH-terms and free text. 

MESH terms are a tool for good keywords and accurate article search. Free text was used to 

cover the newest articles that have not gotten MESH-terms. 

 

3.5 Animals 

3.5.1 General information 
Experiments and procedures in this study are covered by FOTS applications ID12521 

(breeding), and ID14204 (experiments) and approved by the Norwegian Animal Research 

Authority as well as Animal Use and Care Committee of the Institute of Basic Medical 

Sciences, The Faculty of Medicine, University of Oslo (UiO). All experiments were executed 

in accordance with the national ethical guidelines, EU-directive 2010/63, ARRIVE- and 
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PREPARE guidelines. Breeding and stalling of the animals took place in the Department of 

Comparative Medicine, Institute of Basic Medical Sciences, UiO.  

 

To investigate any hydroxycarboxylic acid receptor 1 (HCAR1)-dependent effects, two lines 

of mice were used; wild type (wt) and HCAR1 knockout (ko) mice. Wt mice (C67NL/6N) 

have the gene coding HCAR1, but in the ko mice the gene coding HCAR1 has been replaced 

by a gene cassette encoding β-galactosidase (LacZ) and neomycin resistance by homologous 

recombination in embryonic stem cells as described by Ahmed and colleagues (Ahmed et al., 

2010). Both mice lines were given to our research group by Professor Stefan Offermann´s 

laboratory (Max-Planck-Institute for Heart and Lung Research, Department of Pharmacology, 

Germany). Interventions started when the mice on average were 6 weeks of age, varying from 

5-7 weeks. 

 

Handling of animals included in the study were strictly limited to FELASA (Federation of 

Laboratory Animal Science Associations Category) certified personnel. The animals were 

under constant care during daytime by the staff at Department of Comparative Medicine, 

University of Oslo. 
 

3.5.2 Housing of laboratory animals 
Animals were kept in GreenLine cages (Sealsafe Plus GM500, Tecniplast Group, USA) 

housing between 1 and 8 animals in each cage. GreenLine cages are individually ventilated 

and has maximum animal welfare through limited cage airspeed for anxiety and stress free 

animals (Tecniplast, 2017). Animals were kept in light regulated rooms with a semi-diurnal 

lightning cycle, 12 hours of light and 12 hours of darkness. Experiments were done during the 

light cycle. The animals were separated by sex. Furthermore, because of earlier experience 

with fighting between males, all males were kept in single cages during the entire 

experimental period. Female cages housed 2-8 animals depending on the size of the cage. The 

access to food and water was unlimited. Each mouse was weighed weekly during the active 

part of the project to ensure that the weight did not drop drastically, which could be a sign of 

stress or disease. During the experimental period the mice were also regularly inspected for 

any physical abnormalities including wounds, skin lesions or signs of pain. The form 

“Evaluation of pain and definition of human endpoint” laid the foundation for the assessment. 

Looking at the following parameters; appearance/hydration status, natural behavior, body 

condition, body weight and wound inspection, the animals were scored using the numbers 1 to 
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4. With a total score over 17 the animal was considered healthy and total score below 9 

corresponded to the human endpoint and was set as an exclusion criterium in this study. 

Throughout the study period 5 animals were excluded. 

 

Ear punch identification was performed at 4-6 weeks of age. Ear punching is commonly used 

for identification of mice and involves using a special punch to make small holes (0.5 to 2 

mm) in the ear in a certain pattern. Ear punch in this study was used both for identification of 

the animals and for genotyping of the mice prior to randomization into groups. 

 

3.6 Genotyping 

3.6.1 General information 
Genotyping was performed at the start of the project using tissue samples from the ear punch 

identification. Genotyping is a method used to determining DNA sequences using biological 

assays and comparing it with a reference sequence. Due to heterogenic breeding it is 

important to assess whether the mouse is a wild type (wt), knockout (ko) or heterogenic 

genotype. Heterozygote mice were not used for the experiment but for further breeding.  

 

Genotyping can be divided in three parts; isolation and preparation of sample, polymerase 

chain reaction (PCR) and gel electrophoresis. An overview of the protocol is given in Figure 

3. Genotyping was performed using the Sigma GenElute Mammalian Genomic DNA 

Miniprep Kit (GIN350-IKT). 

 

 
 

Figure 3: Overview of the genotyping procedure 
(Created with BioRender, 2019) 
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3.6.2 Reagents 
(from Sigma GenElute Mammalian Genomic DNA Miniprep Kit (GIN350-IKT). 

Lysis Solution T 

Proteinkinase K 

Lysis Solution C 

Ethanol 

Column Prep Solution 

Wash Solution 

Elute Buffer 

OneTaq® Hot Start 2X Master Mix with Standard Buffer  

3 M sodium acetate (NaAc) 

Ethanol (EtOH) 

RNase, DNase and protease free water 

 

3.6.3 Isolation and preparation of sample  
Sample Lysis 

Lysis Solution T and Proteinkinase K was added to the ear tissue samples from ear punch 

identification to break down the cell membranes. This makes the DNA of the cells available 

for further extraction. During the extraction of DNA there is a lot of contaminating proteins 

present. Proteinkinase K, a subtilisin-related serine protease, was added to break down these 

contaminants by hydrolyzing a variety of peptide bonds (New England Biolabs, 2019). This 

step took a few hours on a 55 ℃ heating block (BBD2 digital dry block heater, Grant Boekel 

Scientific, USA). When tissue was completely dissolved, Lysis Solution C was added, and the 

solution placed on a 70 ℃ heating block for 10 minutes. Ethanol was added to prepare for 

DNA binding. Between every step the sample was mixed thoroughly by vortexing 10-15 

seconds (Minishaker MS2, IKA, Germany). A homogeneous solution is essential for the 

results. 

 

The columns were prepared by adding Column Preparation Solution to each pre-assembled 

GenElute™ Miniprep Binding Column and centrifuged at 13 000 revolutions per minute 

(rpm) for 1 minute (Heraeus™ Pico™ 17 Microcentrifuge, Corning, Mexico). The Column 

Preparation Solution maximizes binding of DNA to the membrane resulting in more 

consistent yields (Sigma-Aldrich, 2019). 
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The sample was then transferred into the treated binding column and centrifuged at 13 000 

rpm for 2 minutes. The resulting pellet was washed twice using Wash Solution diluted with 

ethanol. Centrifugation were performed between each wash. After washing, the collection 

tube was replaced, and Elution Solution added in the centre of the binding column. DNA will 

then detach from the column and the resulting DNA extract was stored at -20℃ overnight. 

 

Precipitation of DNA 

Due to the particularly low DNA concentration after extraction (2-8 ng/µl), the DNA extract 

got precipitated with 1/10 volume of 3M sodium acetate (NaAc) and 2.5 volumes of cold 

100% ethanol (EtOH) as described below, in Table 4, before the polymerase chain reaction 

(PCR) was performed. 

 
Table 4: Volumes used for precipitation of DNA 

Substance Volume (µl) 

Sample DNA 50  

3M NaAc 17,5  

Ethanol (icecold) 168,5  

Total: 236  

 

The precipitated DNA was placed at -20 ℃ for 30 min before 30 minutes centrifugation at  

4℃, 13 000 rpm. The pellet was then washed with 70% EtOH, centrifuged again (30 min; 4 

℃; 13 000 rpm) and resuspended in RNase, DNase and protease free water (30ul). 

 

3.6.4 Polymerase chain reaction (PCR) 
Primers 

HCAR1 forward primer:  

5'-AAGACCTGGAAGTCAAGCAC-3' (Primer Melting Temperature (Tm) 54.9ºC)  

HCAR1 reverse primer:  

5'-CACCACAGTGAGGAAGACAA-3' (Tm 54.6ºC) 

LacZ forwars primer:  

5'-TTGGCGTAAGTGAAGCGAC-3' (Tm 55.6 ºC) 

LacZ reverse primer:  

5'-AGCGGCTGATGTTGAACTG-3' (Tm 55.7 ºC) 
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Procedure 

DNA was amplified in vitro by using polymerase chain reaction (PCR). PCR is an in vitro 

technique converting very low amounts of DNA into very high amounts by using the DNA 

strand as a template to make copies. As illustrated in Figure 4, every PCR cycle doubles the 

amount of DNA molecules.  

  
 

 

 

 

The primary components of PCR are the template DNA, deoxynucleotides (dNTPs), DNA 

polymerase, buffer and primers. Volumes used are listed in Table 5. Primers are a sequence of 

DNA which are complementary to the target DNA and to which DNA polymerase binds to 

initiate DNA synthesis. By repeating this process through a number of cycles, the 

concentration of the target DNA increases exponentially (Waters & Shapter, 2014). 

 
Table 5: PCR setup 

Reagent Amount (µl) per sample 

OneTaq® Hot Start 2X Master Mix with Standard Buffer     15 

HCAR1 Fwd/Rev Primer 10uM 1.5 

LacZ Fwd/Rev Primer 10uM 1.5 

DNA from ear samples 5 

dH2O 7 

Total volume 30 

 

Figure 4: PCR.  
For every circle of PCR, the amount of DNA copies doubles 
(Created with BioRender, 2019) 
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OneTaq® Hot Start 2X Master Mix with Standard Buffer, forward and reverse HCAR1/LacZ 

primers and water were mixed in stock solution before 25 µl was taken out for each sample. 

Lastly 5 µl DNA was added and carefully vortexed before the PCR program was run. The 

main steps of PCR are denaturation, annealing and elongation. Denaturation separates the 

double-stranded DNA to two single-stranded templates, which in the annealing step lets the 

primers bind to their complementary sequences. Thereafter, the elongation step took place: 

DNA polymerase now synthesized new strands of DNA. Through repeated cycles of heating 

and cooling as listed in Table 6, DNA gets amplified. Steps 2-4 were repeated for 45 cycles. 

Final elongation was run after the last PCR cycle to ensure that any remaining single-stranded 

DNA was fully elongated before cooling. 

 
Table 6: PCR program for genomic DNA 

Step Temperature (°C) Duration (minutes) 

1: Denaturation 94 3 

2: Denaturation 94 0.5 

3: Annealing 50 0.5 

4: Elongation 72 1 

5: Final elongation 72 10 

6: Cooling 4 ∞  

 

3.6.5 Gel electrophoresis 
Equipment 

Gel electrophoresis system: E-gel Power Snap Electrophoresis Device starter kit EX 1% 

(G8141ST, from Thermofisher) 

 

Procedure 

Gel electrophoresis is a method used to separate DNA according to size and charge. Since 

DNA is negatively charged, and the charge is proportional to the number of base pairs, the net 

result is a separation based solely on the size of the DNA fragments. Samples of DNA were 

pipetted into the wells of an agarose gel (E-Gel EX 1% agarose gel, Invitrogen, Israel), and an 

electric field applied (E-gel Power Snap Electrophoresis Device, Invitrogen, USA). Because 

of the negative charge of DNA, the electric field makes DNA molecules move towards the 

anode (positively charged). The DNA gets separated based on the different sized DNA 
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fragments particular abilities to pass through the gel. Longer molecules moved more slowly 

because they experience more resistance within the gel.  

 

In new PCR tubes (0.2 mL, Axygen Inc, Mexico) 10 µl dH2O was loaded together with 10 µl 

loading buffer with 2 µl PCR product (DNA). In addition, a volume of 2 µl of a ladder with 

defined DNA sizes was loaded with 10 µl dH2O and 10 µl loading buffer in separate wells 

(one on each side of the gel). All the wells of a 1 % agarose gel (E-Gel EX 1% agarose gel, 

Invitrogen, Israel) were filled with samples or ladder. The ladder served as control and a 

guide. The gel electrophoresis ran for 10 min before the gel was visualized under UV-light 

and imaged. 

 

Interpretation of the results 

The PCR product for HCAR1 was 195 base pairs (bp) and the PCR product for LacZ was 507 

bp. Wt mice was therefore identified by one visible single band at 195 bp on the agarose gel. 

The HCAR1 ko mice were identified by the absence of a band corresponding to the PCR 

products for HCAR1 (195 bp). Instead HCAR1 ko mice identified by a visible single band 

representing the products for LacZ gene (507 bp). Heterozygote mice were identified as 

having both the products. Gel electrophoresis is presented schematically in Figure 5 

Genotyping using gel electrophoresis.  

 

 
Figure 5 Genotyping using gel electrophoresis.  

Samples of DNA were filled in wells of an agarose gel and an electric field was applied. HCAR1 mice (wt) were identified as 

having visible band at 195 bp, HCAR1 ko mice were identified as having visible LacZ band at 507 bp and heterozygote mice 

were identified based on the presence of both bands; 507 bp and 195 bp. 

(Created with BioRender, 2020) 
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3.7 In vivo studies 

3.7.1 Interval treadmill exercise 
The animals were semi-randomized into the treatment groups by a computer algorithm, 

ensuring an equal number of mice in each group. The mice randomized for exercise were 

subjected to HIIT or MIIT on an Exer-3/6 treadmill from Columbus Instruments (USA). Exer-

3/6 is a treadmill specialized to train rats and mice using a single belt construction with a rest 

podium on the bottom of the belt. For mice, the belt was divided into six lanes 

(compartments) by durable plastic (Lexan or PVC). In each session six mice ran 

simultaneously as illustrated in Figure 6. Because mice are easily distracted by smell, the 

lanes and the treadmill were disinfected with ethanol (70%) between each session and at the 

end of the day thoroughly washed with soap, and then with ethanol (70%). An electrical 

stimulus system composed of six shock grids (connected to the rest podiums, intensity <1.5 

mA), each with individual on/off switches was installed. These were used as a last resort if the 

animals did not run even after multiple motivational pushes with the back of the operator´s 

hand. The use of electric shock was highly limited. If used, maximum once in one session. A 

large number of animals were never subjected to electric shock. 

 

 
 

 

 

Figure 6: Treadmill exercise 
Six mice at a time on an Exer-3/6 Columbus Instruments (USA) were subjected to an exercise 
regime, HIIT or MIIT, 5 days a week for 7 weeks 
(Created with SketchBook Pro and BioRender, 2020) 
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Over a period of 7 weeks the animals ran interval training on the treadmill for 5 consecutive 

days followed by 2 resting days. The treadmill was set to an inclination of 25 degrees. The 

exercise groups consisted of half the animals included in the study (72 mice). Exercise mice 

were again divided into two groups; HIIT and MIIT. In each group half the mice were 

knockout (ko) mice and half the mice wild type (wt). The exercise regimes used in the study 

has been tested extensively and have been shown to cause cardiac benefits, including 

mitochondrial function improvement and increased glycemic control in mice (Wisløff, 

Ellingsen et al., 2009), as well as effects on the brain (Lambertus, Thøring et al., Manuscript 

in prep; Morland, Andersson et al., 2017). The exercise regimes are well established in our 

research group and are not associated with distress or pain for the animals.  

 

Both exercise protocols started with a 10 minutes warm-up at 8 m/min followed by 10 high or 

medium intensity intervals of 4 minutes each with 2 minutes rest in between. During the rest 

period the treadmill band was set to 5 m/min and the animals could choose to have an active 

rest or complete rest. The HIIT group ran the intervals at 80% of their maximum capacity (for 

maximum capacity testing, see below) while the MIIT group ran at 60% of their maximum 

capacity. One session lasted for 70 minutes. 

 

On the first day of the experiment the mice ran at a slow speed to get used to the treadmill. 

The HIIT group ran at 8 m/min and MIIT group ran at 5 m/min. During the first session the 

animals mostly learned to keep the pace and to run the correct way. If the animal stopped 

running, they were gently pushed back on the treadmill by the operator. 

 

Maximum capacity test was completed for every mouse on day two of the exercise regime 

and then every other week during the experimental period. The results from the maximum 

capacity test was used to set the speed for the next two weeks of running. This session 

consisted of a 15 minutes warm-up at 9.6 m/min. Then the speed was increased by 1.8 m/min 

every second minute until exhaustion, as indicated in Table 7. The session is performed 

without any breaks. The accumulated running time and the speed at exhaustion was noted. 

Exhaustion was defined as when the mice refused to run despite being pushed and placed 

back on the treadmill and/or they had received electrical stimuli (maximally twice per 

session).  
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Due to the large impact on the animals, this test was only performed with three animals on the 

treadmill at a time so that the operator had complete control of the animal´s wellbeing. 

Throughout the intervention period, the operators recognize features of the animal´s 

personality and this is of importance in order to reduce stress linked to the max test. If the 

operator noticed an animal suddenly performed poorer than normal, the animal is presumed to 

be tired or injured and gets a short additional break. In case of suspected injury, the animal 

was carefully and thoroughly checked. Once, the animal was allowed to rest until the next day 

because it refused to run. In this case it was no injury, but most likely exhaustion from 

previous sessions.  

 
Table 7: Maximum capacity test protocol 

Minute Speed (m/min) 

1-15 Warm up at 9.6 

15-16 11.4 

17-18 13.2 

19-20 15 

21-22 16.8 

23-24 18.6 

25-26 20.4 

27-28 22.2 

29-30 24 

31-32 25.8 

33-34 27.6 

35-36 29.4 

37-38 31.2 

39-40 33 

41-42 34.8 

43-44 36.6 

 

It is of importance to emphasize that the maximum capacity test results laid the foundation for 

the running speed, but the operators also took into account an appropriate speed the animals 

could complete the program and run continuously for 4 minutes x 10.  

 

3.7.2 Injections 
The other half of the mice (72 animals) received intraperitoneal injections over a period of 7 

weeks (72 animals). The mice were randomized into two groups; L-lactate group (Lac) and 

saline (Control), both groups were given injections for 5 consecutive days followed by 2 days 
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of rest. Previously our research group gave injections as a subcutaneous injection (s.c.), but 

experiments have shown it can give skin lesions. To optimize the injection method, injections 

were given as intraperitoneal injections (i.p.) to prevent the adverse event of skin lesions. In 

addition, to minimize strain on the skin, injections were given every other day on the right and 

left side. Lac group were given sodium L-lactate 2 g/kg bodyweight (200 mg/ml dissolved in 

0,9% 1 M PBS, pH: 7,4). The saline group received the same volume with 0.9 % sodium 

chloride. The animals were weighed weekly during the weeks of experiments. Weekly 

weighing is important to adjust the injection dose of lactate and saline, but also to keep an eye 

on the animal’s wellbeing, as significant weight loss can be a sign of poor animal husbandry. 

 

3.7.3 Permanent Coagulation of the Distal Middle Cerebral Artery 
General Information 

Multiple methods for modelling ischemic stroke in mice are developed. Chosen for the 

present study is permanent coagulation of the distal middle cerebral artery (MCAO). 

Permanent distal MCAO results in an infarct with a relative infarction volume corresponding 

to the majority of human strokes when brain size has been taken into account (Llovera, Roth 

et al., 2014). The big branching area of arteries that the right and left MCA are connected to is 

called the Circle of Willis (Figure 7 A). Postdoctoral Fellow Samuel Geiseler performed the 

operations. 

 

Procedure 

Using a disinfectant (70% EtOH), the work bench underwent aseptically preparation before 

the procedure started and the mouse was placed in an anaesthetic chamber. For anaesthetic 

induction the mouse was sedated with isoflurane (4% in 70% N2O and 30 O2). When deeply 

anesthetized, the mouse was transferred to a 37°C heating pad (Conduct Science, USA) in a 

lateral position with its nose into an anaesthesia mask with isoflurane. I.p. injections of 

buprenorphine (0.3 mg/kg) were given as analgesic drug. The concentration of isoflurane was 

adjusted to 1,5% (in 70% N2O and 30 O2) to maintain stage 3 in Guedel's classification, 

meaning a surgical level of anaesthesia. This was verified by a pedal withdrawal reflex 

examination prior to the start of the surgery. Pedal withdrawal reflex examination is one of 

the most useful reflexes for assessing anaesthetic depth in mice (Buitrago, Martin et al. 

(2008). Using two fingers the mouse was pinched determinedly around the sole of the foot. If 

no reaction or reflex responses occurred the animal was considered deeply anesthetized. 
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Surgical level of anaesthesia was maintained and monitored by visual examination of the 

respiration and lack of reflexes, and mouse body temperature was kept between 37°C and 

38°C throughout the procedure. Local application of eye ointment (Simplex eye ointment, 

liquid paraffin 20% and vaseline 80%) to both eyes, was done to prevent dryness. The 

surgical area was disinfected using 0.1 % chlorhexidine solution before a small skin incision 

was made between the ear and eye using sterilized scissors. Localization of the temporal 

muscle was conducted before detaching it from the skull in its apical and dorsal part which 

prevents the muscle from getting in the way without complete removal. Saline solution (0.9 

%) was applied to maintain the tissue of the surgical area hydrated. Middle cerebral artery 

(MCA) was identified through the transparent skull, before thinning the bone with a drill 

(Dremel, USA) right above the appropriate MCA branch. Careful removal of the bone above 

the artery was performed using a very thin set of forceps. A high-frequency generator (VIO 

50C, Erbe, Germany) was set to 7W in bipolar mode and the electrocoagulation forceps were 

used to permanent coagulate MCA both proximally and distally to the M1 branching (Figure 

7 B).  

 

To make sure the coagulation was permanent the artery was gently touched and checked for 

reperfusion 30 seconds after coagulation. If reperfusion occurred the electrocoagulation was 

repeated once. The temporal muscle was relocated back to its original position before the 

wound was sutured and the animal placed in a heating chamber set to 37°C to recover from 

anaesthesia. During the entire operation and recovery-period, the animal was carefully 

observed to look for signs of abnormal behavior which could be signs of pain or illness. When 

completely recovered the animal was returned to its home cage. Buprenorphine (0.3 mg/kg) 

were given daily four days after surgery as post-operative analgesia. 
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Figure 7 A schematic view of MCA occlusion  

A) Detailed description of Circle of Willis  

B) Black lines represent the MCA coagulation sites at the proximal and distal sides of the branch area 
(Created with BioRender, 2020) 

 
3.8 Preparation of brain sections 

3.8.1 Perfusion and fixation 
General information 

Fixation is essential to prevent degradation, putrefaction, autolysis and hypoxia of the tissue 

so that observations of the brain sections can be performed (Howat & Wilson, 2014). To 

allow the tissue to withstand subsequent processing, fixation helps to preserve cellular 

architecture and composition of cells. Fixative used in the present study is formaldehyde and 

the method of fixation is perfusion fixation. Formaldehyde acts by formation of intra- and 

intermolecular cross-links. The principal cross-links occur between side chain amino group of 

lysine which over time results in the formation of methylene bridges (Howat & Wilson, 

2014). Formaldehyde is a widely used fixative because of convenience in handling, high 

degree of accuracy and extreme adaptability (Thavarajah, Mudimbaimannar et al., 2012). 

Associate Professor Cecilie Morland and postdoctoral Fellow Samuel Geiseler performed the 

perfusion of all animals. 

 

 

 



 43 

Procedure 

Prior to perfusion the animals were anesthetized with 1 µl/g bodyweight with a combination 

of xylazine (0.5 mg/ml), zolazepam (3.3 mg/ml), tiletamine (3.3 mg/ml), and fentanyl (2,6 

μg/ml) (ZRF-mix). After 10-15 minutes the animals were deeply anesthetized, which was 

verified by pedal withdrawal reflex examination as previously described. Placed in a supine 

position, laying on the back facing up, needles were used to attach the animal´s limbs to a 

styrofoam (polystyrene) surface. When fixed in a supine position, the thorax of the animal 

was opened with a median cut. An incision in the diaphragm were made before cutting across 

the diaphragm exposing the thorax. Any tissue connected to the heart were carefully trimmed 

following insertion of a cannula into the left ventricle. The fixation solution used was 4% 

formaldehyde, made from paraformaldehyde (PFA), in sodium phosphate (NaPi) buffer (pH = 

7.4). Using a peristaltic pump (Watson Marlow 323U, Peristaltic pump with 323, rapid load 

flip-top pumphead, United Kingdom) the fixative was pumped through the cannula into the 

circulation of the animal at a rate similar to the cardiac output of mice (approximately 5 

ml/min) for about 8 minutes. Systolic blood pressure of the mouse was maintained by the 

pump to be able to distribute the fixative solution evenly in all tissues. To prevent over 

pressurizing the vascular system, the right atrium was opened by making a small incision. The 

perfusion time were at least 8 minutes. The observation that the liver went pale and increased 

stiffness of the animal were indicators of a good perfusion (Gage, Kipke et al., 2012). The 

brains were then gently, but rapidly removed from the scull and placed in 4% PFA at 4°C 

over night (ON). The following day, the brains were transferred to 0.4% PFA and stored at 

4°C until cryopreservation and microtomy. 

 

3.8.2 Cryopreservation and microtomy 
Fixated brains were kept in fixative at least overnight before the cerebellum was removed and 

the brain transferred to 30% sucrose supplemented with 0.01 % azide solution (Sigma-

Aldrich, USA) to prevent cell damage when frozen. Because sucrose provides good 

foundation for bacteria, sectioning needed to be done consecutively after the brains were 

saturated with sucrose. Saturation took 24-48 hours and was visible when the brain sank to the 

bottom of a falcon tube. This dehydration step where sucrose extracts the water because of 

hypertonic properties, prevented freezing of artefacts as the brains were frozen from room 

temperature down at least -20°C, if not more, before microtomy sectioning. 
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Four 24 well plates (Thermo Fisher Scientific, USA, Nunclon 24-well cell culture plates) 

were prepared for each animal by filling PBS with 0.01% azide, approximately 1.5-2 mL in 

each well. To fill these effectively a multipipette (Eppendorf Multipitette Plus, Germany) was 

used. Coronal sectioning was then performed using a sliding Microtome HM450 (Thermo 

Scientific, Walldorf, Germany). A microtome is a precise cutting instrument that accurately 

slices sections of tissue. In any microtome a sharp knife and the tissue block are held in a 

fixed distance to each other. Every time the knife passes the tissue a section of the pre-set 

thickness is made (Houck & Siegel, 2015). Sections of 20 μm were cut and used both for 

measurements of lesion volume and for immunohistochemistry (ICH). 

 

Before sectioning, the sucrose-saturated brain was transferred to a layer of frozen sucrose 

(“scene of sucrose”) and completely frozen down to between -20 °C and -40 °C. To prevent 

the brain from moving during sectioning the brain were also covered with sucrose, making a 

stable frozen shield around the surface of the brain. The room tempered knife was pulled over 

the surface of the brain in a smooth motion to created even sections of the desired thickness. 

Sections where transferred from the knife to the wells using a small brush and were placed in 

chronological order in the 4 well plates (Figure 8). In total, between 430-580 sections were 

collected per brain, 3-4 sections in each well.  

 

 
 
Figure 8: Schematic representation of chronological placement of brain sections in 24 well trays 

(Created with BioRender, 2020) 
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3.9  Measurement of lesion volume 

3.9.1 Mounting brain sections 
After cutting 20 μm sections with the microtome, the brain sections were mounted on 

25x75x1.0 mm Thermo Scientific™ SuperFrost Plus™ Adhesion slides (Thermo Fisher 

Scientific, USA). Because of a slightly positive charge the sections will adhere on the 

microscope slides. This adherence occurs because brain tissue is slightly negatively charged. 

Electromagnetic forces will therefore make the section stay on the glass. This makes further 

procedures possible without losing tissue. Every sixth section was mounted throughout the 

brain. If any section was destroyed, dried or missing, the section in the neighboring well was 

mounted instead.  
 

Using a microscope (M60 stereo, Leica Microsystems (Germany) or SMZ645, Nikon (Japan) 

and a paintbrush of marten hair (Paintbrush WaterColour Round nr 0, Panduro Hobby, 

Sweden) the free-floating brain sections were gently picked up and placed in a droplet of 

water on the microscope slide. Without the section drying, and with the help of the 

paintbrush, the section was gently straightened out in the water droplet. If uneven, folded or in 

multiple pieces, the section was carefully placed back together and unfolded obtaining a 

smooth and even result. On each microscope slide six sections were mounted as shown in 

Figure 9, clearly marked with the 6-digit animal ID number, treatment group, genotype and 

slide number. Finally, the water droplet was slowly removed, and the mounted sections were 

laid out to dry. When dry, the sections were put in the fridge until further procedures. 

Orientation of the sections were based on the lesion side, trying to have the stroke area on the 

same side throughout mounting. 

 
Figure 9 Overview of the mounting process. Sections were mounted using a Leica M60 microscope and a brush. Each slide 

marked with a 6-digit animal ID number, genotype, treatment group and slide number.(Created with BioRender, & 

PowerPoint, 2020) 
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On each slide 6 sections were mounted. The mounted sections ranged from the position 2.60 

mm anterior of bregma to about 4.40 mm posterior of bregma (Allen Institute for Brain 

Science, 2008). Bregma coordinates are a way to define the location in the brain. Bregma is 

the area where the sagittal and coronal sutures of the skull come together. In total 6200 

sections were mounted (1100 slides). 

 

3.9.2 Cresyl violet staining (Nissl Staining) 
For measurement of lesion area, the mounted sections were stained by cresyl violet (CV) 

staining. CV staining is a well-established method to determine cerebral infarction area 

(Türeyen, Vemuganti et al., 2004). CV staining made it possible to measure lesion volume, 

because it made a demarcation line between healthy tissue and infarcted area. CV staining, 

which labels Nissl bodies, is routinely used for neural tissue as the cationic CV easily binds to 

acidic components, large granular bodies found in rough endoplasmic reticulum (rER) and 

RNA, in the neural tissue and to the nucleus (Alvarez-Buylla, Ling et al., 1990). We used 

EasyDip™ Slide Staining System (Simport Scientific Inc., Canada) with 4-8 slides in each 

staining jar.  

 

The CV staining protocol is showed in Table 8. This was used on most sections, but for some 

sections individual adjustments were made because of problems with overstaining or 

understaining. Problems with uneven staining and folding during the staining procedure also 

appeared on some sections. These sections needed to be replaced, and in these cases new 

sections were picked, mounted and stained. By extending time in CV (12-14 minutes) the 

problem with understaining was mostly solved. If, after extended time in CV, some sections 

still were understained, the protocol was repeated from step 2. If after examination the 

sections were overstained, step 11 and 12 were repeated until a satisfactory result were 

obtained. 

 

CV staining protocol starts with hydration steps to prevent tissue swelling and make sure the 

distribution of colour gets evenly spread throughout the sections. The next step is the actual 

staining with 1g/L Cresyl violet at 60°C using a water bath (GFL, Germany) for 8 minutes. 

Cresyl violet solution has poor solubility. Therefore, to avoid crystal particles, the solution 

was filtered with a 5-10 µm filter paper (VWR, qualitative filter paper, 403, medium filtration 

rate) before each use. CV solution was stored in a dark bottle, as it is sensitive to light. After 
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the staining step, the slides were put in PBS to wash of excess dye followed by differentiation 

in 1% glacial acetic acid in 95% ethanol. Differentiation makes the colour last and gives 

better contrast and structural visibility. Lastly, the slides were incubated in a xylene substitute, 

Neo-Clear® (Sigma-Aldrich®, Merck). Neo-Clear® gives clearing after dehydration. When 

the sections were almost dry a coverslip was mounted on each section using mounting 

medium. As mounting medium, we used gelatine-glycerine at first, but because of unclear 

results gelatine-glycerine was replaced by Eukitt® (Sigma-Aldrich®, Merck). Eukitt® is a 

quick-hardening mounting medium that gave a much clearer result. 
 
Table 8: Protocol for CV Staining 

Step Solution Time 

1.  95% Ethanol  15 min 

2.  70% Ethanol   1 min 

3.  50% Ethanol   1 min 

4.  PBS    2 min 

5.  PBS   1 min 

6.  Cresyl violet 1 g/L, 60°C  8 min 

7.  PBS    1 min 

8.  PBS    1 min 

9.  70% Ethanol   1 min 

10.  95% Ethanol   1 min 

11.  1% glacial acetic acid in 95% ethanol 3 seconds 

12.  95% Ethanol   5 seconds 

13.  100% Ethanol  1 min 

14.  Neo-Clear 1 min 

15.  Mount cover slides with mounting medium  

 

 

3.9.3 Scanning of CV stained brain sections 
By the help of a scientist in the research group Neural Systems (NESYS) at Domus Medica, 

the surface of all the CV stained sections were scanned using twenty times (20x) 

magnification and the NORBRAIN slide scanner microscope Axio Scan.Z1 from Carl Zeiss 

Microscopy, Germany. The scanner is equipped to deliver high-resolution microscopy images 

of histological sections. The images have a resolution of 0.11 micrometers per pixel and are 

stored in the ZEN (.czi) format. 
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3.9.4 Measurement of lesion volume after permanent MCAO operation 
To measure the lesion volume, the program Fiji (ImageJ) was used. Fiji is an image 

processing program developed at the University of Wisconsin designed for scientific image 

analysis. The cortex in each hemisphere, the ipsilateral side and the contralateral side, was 

outlined in Fiji making two regions of interest (ROIs) (Figure 10). Areas of obviously dead or 

scarred tissue was not included in the measured area. The stroke lesion was visible as 

narrowing and thinning of the ipsilateral cortex and most often visible as fragile tissue. In 

some sections, the stroke area had detached from the rest of the section or were completely 

missing. The above-mentioned were measured as accurately as possible. The area of the ROIs 

was measured, and the area of the ipsilateral side was then subtracted from the area of the 

contralateral side leaving the lesion area (brain tissue lost due to atrophy and remaining dead 

or scarred tissue). Measurements for calculation of the lesion volume were performed in the 

sections from 1.645 mm anterior to 2.355 mm posterior to bregma (Allen Institute for Brain 

Science, 2008). For every animal the stroke lesion volume was calculated by multiplying the 

average calculated distance between each section with the measured lesion area. The sum of 

all section volumes was then calculated to get the entire stroke volume. 

 

Calculations were based on the 4 mm distance between the most anterior and posterior 

section. Since every sixth section was mounted, the theoretical distance between the sections 

was 120 μm (20 μm thick sections *6). Measurements were performed on uneven numbers of 

sections in given distance to bregma. Therefore, the calculation was done more precisely by 

dividing 4 mm on the amount of sections, giving the actual average distance between each 

measured section. In order to avoid bias in the measurements, the operators were fully blinded 

while measuring the lesion volumes. That means the operators did not know the treatment 

group or the genotype of the animals while conducting the analysis. In addition, 

measurements were performed double on 39 sections to investigate the reproducibility and 

strength of the method. 
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Figure 10 Measurement of lesion size, volumetric infarct analysis after permanent distal MCAO 

Red side illustrates contralateral side and yellow illustrated ipsilateral side. For each animal every 6th section was analyzed. 

Lesion volumes > 3 mm3 and < 20 mm3 were ascertained as successful operations, as long as 

the entire stroke lesion was solely within the cortex and did not cross corpus callosum (CC). 

Exclusion criteria were stroke < 3 mm3, stroke through CC or if sections were too folded or 

destroyed after CV staining and mounting that is was not possible to measure adequately.  
 

3.10 Immunohistochemistry (IHC)  

3.10.1 General information 
Immunohistochemistry (IHC) is an analytical procedure based on specific binding between a 

primary antibody and an antigen in the tissue. One section from each animal brain was used to 

analyze markers for neuroinflammation to reveal whether the presence of HCAR1 or the 

treatments affect the neuroinflammatory process. In short, the IHC procedure consists of three 

steps; antigen retrieval, incubation with primary antibodies and incubation with secondary 

antibodies as illustrated in Figure 11. In fluorescent immunohistochemistry a fluorophore-

conjugated secondary antibody with specificity for the primary antibody is used for 

visualization.  

 
Figure 11 Overview of fluorescent IHC 

(Created with BioRender, 2020) 
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Antibodies directed against astrocytes or microglia were applied to mounted brain sections 

followed by microscopic visualization. Microglia were labeled using the microglia marker 

ionized calcium binding adaptor molecule 1 (Iba1). In the present study, two Iba1 antibodies, 

produced in different species and by different manufacturers were used. This allows for a 

verification that microglia included in the analysis were positively identified by both 

antibodies. Glial fibrillary acidic protein (GFAP) was used to detect astrocytes. To 

distinguishes astrocytes from other glial cells, GFAP, a class-III intermediate filament, is used 

because it is a cell-specific marker. Nuclei were stained with 4,6-diamidino-2-phenylindole 

(DAPI) in PBS. One section from each of the 129 animals were mounted in addition to four 

negative controls. This gives a total of 133 sections used for IHC marking. 

 

3.10.2 Antibodies 
To perform IHC the following primary (Table 9) and secondary (Table 10) antibodies were 

used. 
Table 9: Primary antibodies ratio for IHC 

Primary antibody Lot number Ratio Producer 

Iba1 pAb (goat) GR3253755-1 

Ref: ab5076 

1:500 Abcam (United 

Kingdom) 

Iba1 mAb (rabbit) SAQ1935 

Ref: 019-19741 

1:1000 WAKO Pure Chemical 

Industries Ltd (Japan) 

GFAP mAb (mouse) 6 

Ref: 05/2019 

1:1000 Cell Signalling 

Technology 

(Netherlands) 

 
Table 10: Secondary antibodies ratio for IHC 

Secondary 

antibodies 

Lot number Ratio Channel  

(wavelength) 

Producer 

Alexa FlourTM Plus 

Donkey anti-Goat 

IgG 

TH271742A 

Ref: A32814 

1:500 488 Invitrogen (USA) 

Alexa FlourTM 

SuperclonalTM 

Goat anti-rabbit IgG 

2147267 

Ref: A27040 

1:500 647 Invitrogen (India) 

Alexa FlourTM Goat 

anti-mouse IgG 

1826426 

Ref: A11032 

1:500 594 Invitrogen (USA) 
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3.10.3 Fluorescens immunohistochemistry 
Mounting and preparations of brain sections 

Six 24 well plates (Thermo Fisher Scientific, USA, Nunclon 24-well cell culture plates) were 

prepared by filling the wells with 1 ml PBS with 1% azide (pH 7.4). One brain section was 

placed in each well and labelled accordingly. The selected sections were 0.245 mm anterior of 

bregma or as close to this area as possible (Allen Institute for Brain Science, 2008). Stroke 

lesion caused by MCAO is expected to be clearly visible in this area of the brain. 

 

The 133 brain sections were further mounted on 25x75x1.0 mm Thermo 

Scientific™ SuperFrost Plus™ Adhesion slides as previously described. Four sections were 

mounted on each slide and the negative controls were mounted individually on four different 

slides. This gives a total of 37 slides. Using Liquid Blocker Super pap pen (Electron 

Microscopy Sciences, USA) a circle was drawn around the sections to create a hydrophobic 

barrier before leaving the sections overnight to fully dry. 

 

Immunohistochemistry procedure 

The full fluorescence IHC staining protocol is given in Table 11, and is a two-day protocol. 

To streamline the method, EasyDip™ Slide Staining System (Simport Scientific Inc., Canada) 

were used for antigen retrieval and washing steps due to the fact that a large number of 

sections needed to be labelled in one procedure. Because the brain sections were fixed, 

antigen retrieval was performed prior to IHC to break some of the protein cross-links formed 

by the fixation solution. Antigen retrieval was performed by placing the sections in 80°C 

citrate buffer (pH = 8.6) using a water bath for 30 minutes. The citrate buffer exposes the 

antigenic sites in the tissue, allowing antibodies to bind giving improved staining intensity. 

After 30 minutes the sections were washed in PBS for 10 minutes three times, changing the 

PBS in between washes. Using a Raaco box (13, Raaco A/S, Denmark) as a humidity 

chamber, covering the foundation with paper moistened with tap water, the slides were 

carefully placed horizontally and flat, with the sections facing upwards. 

 

Thereafter, the IHC protocol then proceeded with binding of primary antibody to its 

corresponding antigen in the tissue. To prevent unwanted non-specific binding, the sections 

was treated with a blocking solution consisting of newborn calf serum (NCS) and bovine 

serum albumin (BSA) in 0.5% triton in PBS for 120 minutes in room temperature. Blocking 

solution (100-200 µL) were applied to each section, while monitoring that the liquid did not 
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overflow the pap pen circle. After blocking, the slides were flipped vertically and slightly 

tapped on the side of the box, to remove the blocking solution before replacing the blocking 

solution with primary antibody solution (Iba1 (goat), Iba1 (rabbit) and GFAP (mouse) as 

listed in Table 9 diluted in blocking solution (1 % BSA + 3 % NCS i PBST) for overnight 

(ON) incubation. 

 

The next day the sections were again washed, this time 6 x 10 minutes, in PBS using 

EasyDip™ Slide Staining System, replacing PBS between each wash to remove the excess 

primary antigen solution. Still using the humid chamber the sections were incubated with 

secondary antibodies listed in Table 10 for 120 minutes followed by 3 x 10 minutes wash in 

PBS as previously described. To stain nuclei 200 µl DAPI (1:5000) were applied to the 

sections for 15 minutes before 3 x 10 minutes wash with PBS. Lastly, cover glasses 

(Corning® cover glasses, thickness 1, 24x60 mm, Merck, Germany) were mounted using 10-

20 µL ProLong Gold mounting medium and the sections were stored at 4-8°C, shield from 

light. 

 
Table 11: Immunohistochemistry procedure 

Step Description Time  

1 Antigen retrieval in citrate buffer, 80°C, pH = 8.6 30 min 

2 Wash with PBS in  

EasyDip™ Slide Staining System 

3 x  

10 min  

3 Block with 1 % Bovine Serum Albumin (BSA) + 3 % Newborn Calf Serum (NCS) i PBS 

+ 0,05 % Triton X-100 (PBST) 

100-200  µL/section 

1 x  

120 min 

4 Incubate with primary antibodies in blocking solution (1 % BSA + 3 % NCS i PBST)  

100-200  µL/section 

ON 

5 Wash with PBS in  

EasyDip™ Slide Staining System 

6 x  

10 min 

6 Incubate with secondary antibodies in blocking solution (1 % BSA + 3 % NCS i PBST)  

100-200  µL/section 

1 x  

120 min 

7 Wash with PBS in  

EasyDip™ Slide Staining System 

3 x  

10 min 

8 Apply DAPI in PBS (1:5000)  

200  µL/section 

15  

min 

9 Wash with PBS in  

EasyDip™ Slide Staining System 

3 x 

10 min 

11 Mount cover glass with 10-20 µL ProLong Gold mounting medium.  

Sections were stored at 4-8°C, shield from light 
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Because the sections were stained using three antibodies, four negative controls were 

included. The negative controls were included in all steps of the procedure, but not incubated 

with all antibodies (day 1, step 4).  The negative controls were as follows: 

Negative 1: Without primary antibodies 

Negative 2: Incubated with Iba 1 (goat) and GFAP; Iba 1 (rabbit) omitted 

Negative 3: Incubated with Iba 1 (rabbit) and GFAP; Iba 1 (goat) omitted   

Negative 4: Incubated with Iba 1 (rabbit) and Iba1 (goat); GFAP omitted    

 

3.10.4 Image acquisition 
Again, by help from the research group Neural Systems (NESYS) at Domus Medica, the IHC 

marked sections were supposed to be scanned using twenty times (20x) magnification and the 

NORBRAIN slide scanner microscope Axio Scan.Z1 from Carl Zeiss Microscopy, Germany, 

for further analysis. Due to the SARS-CoV-2 (COVID-19) outbreak this could not be 

completed. 

 

To optimize the method and demonstrate the suitability of the analysis, digital images from an 

earlier project were used instead. These sections were only stained with Iba1 not with GFAP. 

The images were acquired using a Zeiss confocal microscope (Zeiss LSM880 Fast Airy Scan) 

at 20x magnification and collected in Z-stack. The labelling and imaging were performed by 

former master student Karl Martin Forbord. Four ROIs were chosen and images from 21 

animals obtained. ROIs were ipsilateral striatum (StriaS), ipsilateral cortex (CortS), 

contralateral striatum (StriaC) and contralateral cortex (CortC) as illustrated in Figure 12. The 

same exposure time and settings were used for capturing all the photomicrographs among all 

groups.  

 
Figure 12: Illustration of areas used for analysis of microglia activation. Ipsilateral cortex and striatum and contralateral 

cortex and striatum. 
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3.11  Image analysis of microglia activation - in situ 
To investigate changes in activation of microglia, brain tissue image analysis was performed 

on confocal images, with the goal to detect possible differences in microglia activation on the 

ipsilateral and contralateral cortex, and in the underlying striatum. Images with the size of 

415x415x20 µm were analyzed. Corpus callosum (CC) was used as a guideline and the ROIs 

were chosen as closely to CC as possible to measure the same area of each animal. In CortS 

images, where the ischemic core and penumbra were clearly visible, the ROI were chosen on 

the outer edge of the penumbra, also as close to CC as possible. Consequently, the same area 

was measured in each animal. This is important because the degree of microglia activation 

vary with distance from the stroke region (Kondo, Ogawa et al., 1995). 

 

To avoid analyzing fragments of microglia, microglia were only included in the analyzed if 

they were Iba1 positive (Iba1+) in addition to, a DAPI-stained nucleus (DAPI+) could be 

identified inside of the cell. Recent technological breakthroughs has given opportunities for 

an automatic machine-learning analytical approach for the analysis of in situ tissue samples 

(M. Liu, Ylanko et al., 2019). In the present study automatic morphological analysis was 

performed using Fiji (ImageJ software, Version 2.0.0-rc-69), with the following plugin: 

Waikato Environment for Knowledge Analysis (Weka, developed by The University of 

Waikato), and the plugin skeletonize. 

 

The analysis consisted of three main steps: 

1) Preparation and processing of images 

2) Pixel based segmentation of microglia from background using Image J Trainable 

Weka  

3) Skeleton construction, converting a photomicrograph to a binary skeletonized image 

 

3.11.1 Preparation and processing of the images 
The purpose of pre-analysis processing is to have batches of images with a minimal variation 

in background noise, contrast and brightness. Thereby, features interrupting or confusing the 

segmentation are removed, and only structures of interest are recognized by the segmentation. 

However, the image-processing step is kept as simple as possible to make sure the structures 

of interest are kept intact and unmodified. Raw confocal images (Z-stacks, Zeiss CZI files) 

were read into Fiji. The 3D dataset was then “flattened” by Z-projection (ImageJ, 2017), for 
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the purpose of analysis. The digital Z-projection method merges all image stacks taken at 

different focal levels together, removing black background and maximizing the pixels in each 

image, which allows the 3D dataset to be visualized in 2D, as presented in Figure 13. Figure 

13A gives a visualization of nuclei staining using DAPI, Figure 13B gives a visualization of 

Iba1 staining (Iba1+) of microglia and Figure 13C gives a visualization of the two channels 

merged together. Proceeding further in the protocol, images in merged format (C) is used. 

 
Figure 13 Visualization of nuclei and microglia staining in mouse brain. Pictures from cortex of a HCAR1 ko mouse. 

 A) Illustrates DAPI staining of nuclei B) Illustrates Iba1 staining of microglia C) Illustrates the two channels merged 

together showing DAPI+ and Iba1+ microglia. Scale bar = 200 µm 

 

3.11.2 Segmentation 
For analysis of microglia activation, the microglia cells were segmented from the background. 

In addition, processes not belonging to any specific microglia cell were excluded. Therefore, 

to separate microglia cells from the background, Trainable Weka Segmentation (TWS) was 

used. TWS is a machine learning tool using algorithms for pixel classification, combining the 

open-source software ImageJ (Schindelin, Arganda-Carreras et al., 2012) with Weka (Hall, 

Frank et al., 2009). The principle behind machine learning segmentation is to automatically 

classify pixels into specific segment groups. First, a classifier has to be trained by selecting 

sections and manually labeling “background” or “microglia” repeatedly. Weka, being a 

machine-learning software, will automatically recognize only structures it has been trained 
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for. When the classifier is trained to an adequate degree, being able to separate the two 

segments, it can be used on any image.  

 

The WEKA segmentation uses Gaussian blurring to decrease unnecessary details and noise 

not belonging to the structure of interest. Gaussian blurring makes the radius of the structure 

bigger, giving a blurred result used to homogenize pixels and create a smooth transition 

between pixels. During training with Gaussian blur, the algorithm will use the original image 

and blurred versions of this image with different σ parameters. Here σmin=1 and σmax=16, as 

this gave a reasonable extent of blurring. During analysis with Gaussian blur, the algorithm 

will identify Gaussian kernels and perform n individual convolutions with normal n variations 

of σ (here n=5 due to σmax=16). The purpose of using Gaussian blur is to identify structures 

with variations in contrast, such as processes that have variations in contrast compared to the 

microglia soma.  

 

After performing Gaussian blur with variations of σ, the algorithm will perform the Hessian 

feature. This feature will calculate the Hessian matrix (H) for each pixel, making the 

algorithm capable of giving the structure of interest a defined shape. The equations that 

underlie Hessian feature is complex and will not be further described. The Hessian feature is 

necessary to perform after smoothing the image using the Gaussian blur feature.  

 

Finally, the algorithm performs the membrane projections feature. Any processes or 

membrane-like structures are enhanced through directional filtering. For the analysis the 

membrane thickness is set to 1 and membrane patch size to 19. This means the algorithm will 

identify an initial kernel and make a 19x19 zero matrix where the middle column is set to 1. 

The kernel is then convolved with the image. For the algorithm to be able to identify whole 

processes, the algorithm will create multiple kernels by rotating the original kernel 6 degrees. 

The algorithm will do this until the total rotation has become 180 degrees, creating 30 kernels. 

The algorithm has then created 30 images, one for each kernel, and these images are Z-

projected. Figure 14 shows the image before and after Weka segmentation. In addition to the 

segmentation, a mask was made containing only segmented structures between the size of 

100-600 µm2 to avoid bringing small segmented processes without nuclei further in the 

analysis. 
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Figure 14 Fiji Trainable Weka Segmentation (TWS) and microglia in mouse brain  

A) DAPI+ and Iba1+ microglia of the mouse brain. Scale bar = 50 µm. B) Post TWS, illustration of segmented image. Scale 

bar = 50 µm C) Enlargement of a segmented microglia. Scale bar = 20 µm 

 

3.11.3 Skeletonize  
Arborization can be investigated by skeletonizing the structure of microglia cells. Skeleton 

construction, converting a photomicrograph to a binary skeletonized image was performed in 

ImageJ (Fiji). The definition of a skeleton (or medial axis) in shape analysis, is a thin (1 pixel 

wide) version of the shape that is equidistant to its original form. Figure 15 gives a 

visualization of multiple skeletonized microglia. The skeletonized image was analyzed using 

the plugin “AnalyzeSkeleton (2D/3D)”. 

 

 
Figure 15 Microglia visualized as skeleton in HCAR1 wt saline mouse. From left to right; cortex contralateral side, cortex 

stroke side, striatum contralateral side & striatum stroke side. Illustration is from a ko saline mice. Scale bar: top row 200 

µm, bottom row 50 µm. 
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3.11.4 Measured parameters 
From the skeleton analysis three parameters were studied to measure activation; average 

number of processes (in Fiji ImageJ called branches) on each microglia, average number of 

end-point voxels and average number of junctions. These parameters, together, give 

information about arborization and whether the microglia have been activated or are in resting 

state. For a better understanding of the parameters, they are shown in Figure 16. Voxels is 

another name of pixels. End-point voxels (blue in Figure 16) are, in our analysis this 

represents the number of ends of processes on the microglia cell. Junction voxels (purple in 

Figure 16) are recognized as having more than 2 neighbors, in our analysis representing the 

number of cross-points in the branching of the processes. 

 

 
Figure 16 Skeletonized microglia from mouse brain on CortS of a Sal wt mice after MCAO. The three parameters were 

measured for signs of microglia activation. A) average number of branches, in orange B) End-point voxels, in blue  

C) Junction voxels, in purple.  

 

3.12  Statistics 
All statistical analyses were performed by GraphPad Prism Version 8.0, Microsoft Excel or 

SPSS. For comparison of more than two groups, statistical significance was analyzed by one-

way analysis of variance (ANOVA). For comparison between two groups two-tailed student 

t-test were used and in cases with paired data, paired two-tailed student t-test was performed. 

Data is presented as mean ± SD, and p < 0.05 considered significant difference. Throughout 

the thesis in both text and figures “n” represents the number of animals. 
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4 Results 
 

4.1 Genotyping 
Mice from heterogenous breeding were genotyped prior to the intervention. The genotyping 

resulted in one or two distinct DNA bands at 195 bp (representing the HCAR1 gene) and at 

509 bp (representing the LacZ gene). The LacZ gene replaces the HCAR1 in the allele where 

HCAR1 has been knocked out in the ko mice. Wt mice, expressing only the HCAR1 gene, 

were recognized by a single band at 195 bp, while ko mice, expressing only the LacZ gene, 

were recognized by a single band at 509 bp. Heterozygote mice were identified based on the 

presence of both bands. An example of an electrophoresis gel with the bands present is 

displayed in Figure 17. Only homozygote mice were used in experiments while heterozygote 

animals were used for further breeding.  

 
Figure 17 Genotyping of mice using gel electrophoresis. Samples of DNA filled in wells in an agarose gel with an electric 

field applied. HCAR1 mice (wt) were identified as having a visible band at 195 bp, HCAR1 ko mice were identified as having 

a visible LacZ band at 507 bp and heterozygote mice were identified based on the presence of both bands; 507 bp and 195 

bp. In M is a ladder with samples of known bp, the samples in lane 1,4,5 were identified as wt mice, lane 6,7,9 were identified 

as ko and the samples in lane 2,3,8,10 were identified as heterozygote mice. 

 
4.2 Background characteristics of the animals 
Table 12 gives an overview of the 144 mice included in the study according to the 

randomized treatment groups. Furthermore, the table presents background characteristics of 
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the animals at the beginning of the project; groups sizes, distribution of genotypes, average 

bodyweight in grams, distribution of sex and age in weeks. 

 
Table 12 Background characteristics of the animals included in the experiment (mean ± SD) 

 Parameter WT 

Sal 

WT 

MIIT 

WT 

HIIT 

WT  

Lac 

KO  

Sal 

KO 

MIIT 

KO 

HIIT 

KO  

Lac 

Total/ 

Average 

n 16 17 18 18 20 19 18 18 144 

Males 6 8 8 11 11 12 7 8 71 

Females 10 9 10 7 9 7 11 10 73 

Age at start 

(weeks) 
5.7 

±0.2 

 5.6 

±0.3 

5.6 

±0.4 

 5.8 

±0.2 

5.5 

±0.5 

5.5 

±0.4 

5.7 

±0.4 

5.7 

±0.1 

5.6 

±0.3 

Bodyweight 

at start (g) 
17.8 

±2.5 

18.8 

±2.7 

18.9 

±3.0 

19.7 

±2.4 

20.5 

±2.0 

20.0 

±3.1 

19.0 

±1.7 

19.5 

±2.1 

19.2 

±2.5 

 

Body weight 

All mice were weighed weekly during the active parts of the experiment (week 1-8 + week 

11) as a part of the health monitoring and also to adjust the volume of the lactate or saline 

injection for the animals assigned to any of these treatments. We did not observe any 

significant difference in weight between the genotypes (wt=18.82±2.7 g, ko=19.51±2.4 g, 

average ± SD, p=0.11, student t-test, Microsoft Excel) at the start of the project. Overall, the 

females (17.6±1.6 g) had a lower body weight than males (20.8±2.3 g) as they naturally have 

(p=2.5*10-18, student t-test, Microsoft Excel, data is given as average ± SD). The difference 

between sex (male having a higher weight) lasted throughout the experiment (Figure 18).  
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Figure 18 Average increase in body weight separated by sex Male mice (blue) have an overall higher body weight than 

female mice (pink) throughout the experiment. Data is given as mean weight ± SD. Be aware that some data from week 8 and 

week 11 are not presented. Unfortunately, the data was unavailable and not possible to include in this thesis due to the 

outbreak of SARS-CoV-2 (COVID-19). 

 

The development in body weight for each individual animal, as well as the average weight 

curve for each treatment group is given in Figure 19. Although there were small variations in 

the weight of each animal from week to week, all animals showed a steady increase in body 

weigh during the intervention period. Average increase in body weight were 5.8±1.8 g 

(average ± SD) during the 7 weeks of intervention.  
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Figure 19 Body weight (g) of HCAR1 wt and ko mice included in the study, divided into treatment groups. HIIT ko n=18, 

HIIT wt n=18, MIIT ko n=19 and MIIT wt n=17, lac ko n= 18, lac wt n=18, sal ko n= 20 & sal wt n=16. Be aware that some 

data from week 8-11 are not presented. Unfortunately, the data was unavailable and not possible to include in this thesis due 

to the outbreak of SARS-CoV-2 (COVID-19). 

 
We did not observe any significant difference in weight increase between treatment groups 

(p= 0.36, one-way ANOVA, Microsoft Excel). This is true even for the mice who were 

exposed to MIIT or HIIT, which is associated with weight loss in humans (Wewege, van den 

Berg et al., 2017), but not in mice (Morland, Andersson et al., 2017). Furthermore, even 

though HCAR1 is known to regulate lipolysis in adipocytes, there was no difference in weight 

increase between the genotypes in this study (wt=5.81±1.9 g, ko=5.86±1.9 g, average ± SD, 

p=0.90, student t-test, Microsoft Excel).  

 

Average increase in weight according to treatment group is given in Table 13. Most groups 

had a similar body weight increase, but both lactate injection groups (wt and ko) had a lower 
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increase (not statistically significant). Lactate given as an i.p. injection has been shown to 

reduce body weight in mice, but this needs further investigations (Lezi, Jianghua Lu et al., 

2013).  

 
Table 13 Average increase in body weight (g) in HCAR1 ko and HCAR1 wt mice.  

Average increase in body weight (g) from week 1 to week 8 according to treatment group. Data represented as mean ± SD. 

Treatment group Average increase in body weight (g) 
(from week 1 to week 8) 

HIIT wt 6.0±1.9 
HIIT ko 6.3±2.0 
MIIT wt 6.2±1.8 
MIIT ko 6.2±1.9 
Lac wt 4.8±1.9 
Lac ko 4.7±1.1 
Sal wt 6.3±1.8 
Sal ko 6.1±2.1 

Average overall body weight increase 5.8±1.8 

 

Health monitoring after stroke operation 

During the three weeks after stroke, the animals were monitored daily. No signs of illness, 

such as abnormal behavior, negative changes in appearance and hydration status, discharge 

from the surgical wound, change in eating pattern, hair loss or mobility issues were observed 

in any animal. In line with this, most of the animals continued to increase their weight in this 

period. The weights gain in each group during these three weeks are given in Table 14. A 

decrease in weight occurred in four animals, of them only one was included in the lesion 

volume analysis. The weight loss was below 5% in three animals and the fourth animal lost 2 

g over the three weeks. This corresponds to a decrease of 9.5% in body weight. No other signs 

of distress or illness was found in any animals. 
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Table 14 Average increase in body weight (g) in HCAR1 ko and HCAR1 wt mice after permanent distal MCAO.  
Average increase in body weight (g) from week 8 to week 811according to treatment group. Data represented as mean ± SD. 

Treatment group Average increase in body weight (g) 
(from week 8 to week 11) 

HIIT wt 1.8±1.4 
HIIT ko 1.4±0.6 
MIIT wt 1.9±1.2 
MIIT ko 2.3±1.7 
Lac wt 1.5±1.4 
Lac ko 1.9±1.1 
Sal wt 0.6±1.0 
Sal ko 1.4±0.9 

Average overall body weight increase 1.6±0.3 

 

Health monitoring of the injection groups 

We observed minimal skin lesions when giving i.p. injections of saline and lactate. Some 

animals did get swelling and tendency to wound formation in the skin around the injection 

area, but because we injected the right and left side every other day, the skin problems had 

mostly healed before the next injection in the same area. We did observe that the animals 

injected with lactate became visible drowsy for a few minutes directly after the injections, 

before quickly returning to normal state. 

 

4.3 Progression in maximum capacity test and treadmill running 
The maximum capacity test was completed for every mouse on day two of the exercise 

regime and then every other week during the experimental period. The results from the 

maximum capacity test (max test) (Table 15) were used to set the speed for the next two 

weeks of running. Throughout the intervention period, the mice had progress in their max test. 

All groups steadily increased their running performance fortnight to fortnight, except the ko 

mice exposed to HIIT, who reached a maximum speed on week 5 and did not increase their 

performance from the third to the fourth max test as visualized in Figure 20.Figure 20 

Average results of maximum capacity test for HIIT ko (blue), HIIT wt (red), MIIT ko 

(green) and MIIT wt (purple). Average increase in maximum capacity over the 7 weeks 

program were; HIIT wt 9.7 m/min, n=18, HIIT ko 7.3 m/min, n=18, MIIT ko 8.1 m/min, 

n=19 and MIIT wt 7.6 m/min, n=17. 
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Table 15 Results of average maximum capacity test for HIIT ko, HIIT wt, MIIT ko, and MIIT wt  

Data represented as mean ± SD. 

Average maximum capacity test result (m/min) HIIT ko HIIT wt MIIT ko MIIT wt 

Week 1 26.1±1.7 25.3±1.9 25.0±1.4 25.9±1.7 

Week 3 31.0±1.8 29.9±1.7 29.4±2.7 29.8±2.2 

Week 5 33.5±2.3 33.7±2.9 32.1±1.7 32.0±2.5 

Week 7 33.4±1.8 35.0±3.0 33.1±2.5 33.5±2.6 

 

 
Figure 20 Average results of maximum capacity test for HIIT ko (blue), HIIT wt (red), MIIT ko (green) and MIIT wt 

(purple). Average increase in maximum capacity over the 7 weeks program were; HIIT wt 9.7 m/min, n=18, HIIT ko 7.3 

m/min, n=18, MIIT ko 8.1 m/min, n=19 and MIIT wt 7.6 m/min, n=17. 

The actual running speed for HIIT were 80% of the max test result and for MIIT 60%, 

respectively (Figure 21). All animals had a steeper progression in the beginning of exercising, 

before the progression gradually decreased in the latter half of the intervention period, as 

expected when an exercise regime is started. What is interesting about the data is that there is 

almost no difference in running capacity between ko and wt mice. 
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Figure 21 Average treadmill running speed for HIIT ko (blue), HIIT wt (red), MIIT ko (green) and MIIT wt (purple) 

throughout the intervention period. HIIT ko n=18, HIIT wt n=18 ran at 80% av their max test results. MIIT ko n=19 and 

MIIT wt n=17 ran at 60% of their max test result. Week 1: HIIT ko 20.9 m/min, HIIT wt 20.2 m/min, MIIT ko 15.0 m/min and 

MIIT wt 15.5 m/min. Week 8: HIIT ko 26.7 m/min, HIIT wt 28.0 m/min, MIIT ko 19.9 m/min and MIIT wt 20.1 m/min. 

 

4.4 Permanent Coagulation of the Distal Middle Cerebral Artery 
Death rate associated with the permanent distal MCAO was 6.9%. The lost animals mainly 

did not wake up after anesthesia or the operation lead to bleeding (subarachnoid hemorrhage). 

Unfortunately, two animals were found dead the day after the operation due to unsuccessful 

operation without further cause. Animals lost after the operation were more or less evenly 

distributed between the groups, which is consistent with what was observed in earlier 

projects.  

 

4.5 Measurement of lesion volume results 
In all animals, the cortex area was visibly narrowed and thinned on the ipsilateral side (where 

stroke has been induced) in comparison to the contralesional side. This cortical atrophy was 

identified as shorter distance between the corpus callosum (CC) and the surface of the brain. 

The CC was easily distinguished from the gray matter as it had a different (lighter) shade of 

purple. In addition to the thinner cortex, some of the sections showed remains of damages 

tissue, either appearing as lighter areas with smaller and more dense nuclei which were closer 

together and more compact, or as darker-appearing scared tissue. A representative section 

from each group is given in Figure 22. 
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Figure 22 Representative images of CV stained coronal brain sections from all treatment groups after permanent distal 

MCAO. Ipsilateral side (stroke side) on the right and contralateral side on the left. Selected sections are between 0.345 mm 

and 0.245 mm anterior to bregma. Scale bar: 5000 µm. 

Lesion volumes were measured in a total of 76 animals. Based on the exclusion criteria, 9 

animals were excluded from the final analysis. These were more or less evenly distributed 

between the groups (HIIT wt n=1, HIIT ko n=1, MIIT wt n=1, MIIT ko n=1, Lac wt n=1, 

Lac ko n=0, Sal wt n=0 and Sal ko n=4.)  Exclusion was due to lesion crossing through CC 

and into the underlying striatum (4 animals), lesion volume under 3 mm3 (2 animals) or 

inadequate section quality for exact measurements to be performed (3 animals). After 

exclusion, the number of animals used for lesion volume analysis from each group were: HIIT 

wt n=8, HIIT ko n=10, MIIT wt n=6, MIIT ko n=7, Lac wt n=8, Lac ko n=8, Sal wt n=12 

and Sal ko n=8. 

 

There was no evidence that either exercise or lactate injections as preventive treatment have 

any influence on stroke lesion size. The lesion volumes in each group were (mean ± SD): 

HIIT wt (8.59±2.51 mm3, n=8), HIIT ko (8.08±3.33 mm3, n=10), MIIT wt (8.91±3.20 mm3, 

n=6), MIIT ko (7.85±2.17 mm3, n=7), Lac wt (7.32±3.10 mm3, n=8), Lac ko (8.27±3.24 mm3, 

n=8), Sal wt (7.93±3.42 mm3, n=12) and Sal ko (8.62±3.45 mm3, n=8). After a statistical 

analysis, no significant differences in lesion volume between any groups, nor between 

genotypes, were detected after permanent distal MCAO (p = 0.984, one-way ANOVA, SPSS; 

Figure 23). 
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Figure 23 Average lesion volume in HCAR1 wt and HCAR1 ko mice after permanent distal MCAO. The figure shows the 

eight treatment groups with their average stroke lesion volume in mm3.  HIIT wt (8.59±2.51 mm3, n=8), HIIT ko (8.08±3.33 

mm3, n=10), MIIT wt (8.91±3.20 mm3, n=6), MIIT ko (7.85±2.17 mm3, n=7), Lac wt (7.32±3.10 mm3, n=8), Lac ko 

(8.27±3.24 mm3, n=8), Sal wt (7.93±3.42 mm3, n=12) and Sal ko (8.62±3.45 mm3, n=8). No significant difference in any 

group or genotype, p = 0.98 (one-way ANOVA). Data are reported as mean values ± SD. 

 

To further verify that the induced stroke in all the groups were at the same anterior-posterior 

area, we did an extensive distribution analysis of the measured lesion in each animal. As 

expected with the permanent distal MCAO model, we found the largest lesion volume to be 

around anterior to bregma (+1 mm), although with individual variation in the total lesion 

volumes. Each individual measurement of lesion area (mm2) is visualized in Figure 24. All 

apparently odd measurements, for instances the peaks that originates from sections in two 

animals (orange lines) in the Sal wt and MIIT wt group, has been double checked and verified 

by a second observer (Postdoctoral Fellow Samuel Geiseler). 
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Figure 24 Individual lesion area (mm2) in HCAR1 wt and HCAR1 ko mice after permanent distal MCAO. The figure 

shows the individual measurements of all animals included in the study; HIIT wt n=8, HIIT ko n=10, MIIT wt n=6, MIIT ko 

n=7, Lac wt n=8, Lac ko n=8, Sal wt n=12 and Sal ko n=8. It illustrates lesion area (mm2), not volume (mm3). Outliers are 

excluded from the illustration.  

 
4.5.1 Repeatability 
All lesion volume measurements were performed blinded. To investigate repeatability lesion 

volume measurements of 39 sections (78 measurements) were performed as duplicates. By 

dividing the second measurement by the first, we got an average repeatability of 98% 

(ipsilateral side 0.97±0.07, n=39, contralateral side 0.99±0.05, n=39, mean values ± SD).  
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4.6 Microglia activation results 
As described in the methods section, the brain sections used to study microglia activation 

originates from a previous project. These mice have been subjected the same stroke model 

operation (permanent distal MCAO), before HCAR1 wt and ko mice were subjected to lactate 

(l) or saline (s) injections 24 hours and 48 hours after stroke. Detailed description of the 

treatment is described in the former students master theses (Forbord, 2019; Ghazal, 2019). 

Lesion volume at 3 weeks after stroke was found to be significantly lower in the wt mice 

treated with lactate than in the wt mice treated with saline. In the ko group, lactate had no 

effect on the lesion volume, but both ko groups showed lesion volumes that, in size, were 

between what was observed for wt saline and wt lactate (Forbord, 2019; Sajedi, 2019).  

 

On the other hand, one week after the operation, no difference in lesion volumes were found 

between the groups. Nevertheless, the question remains whether different levels of 

neuroinflammation at one week can be an underlying cause of the differences observed after 3 

weeks. Hence, the animals that were euthanized at one week after stroke were included in the 

current analysis for microglia activation. The sections were stained using the same 

fluorescence IHC method as described in the methods, but they are solely marked with Iba1 

(marker for microglia) not with GFAP (marker for astrocytes). For that reason, analysis of 

astrocyte activation will not be included in the present master thesis. The original sections 

labeled for the present study could unfortunately not be scanned due to the outbreak of SARS-

CoV-2 (COVID-19). 

 

Microglia activation analysis were performed on 21 animals, distributed between groups as 

following; Saline ko (ko s) n=6, saline wt (wt s) n=4, lactate ko (ko l) n=7, lactate wt (wt l) 

n=2 and Sham (wt sham) n=2. Confocal images of four ROIs, ipsilateral striatum (StriaI), 

ipsilateral cortex (CortI), contralateral striatum (StriaC) and contralateral cortex (CortC), were 

obtained from each animal. The location of the ROIs is visualized in the upper cartoon in 

Figure 25. Microglia cells were identified as Iba1 positive (Iba1+) cells with DAPI positive 

(DAPI+) nuclei. In each 415x415x20 µm large ROIs 59±17 (mean ± SD) microglia were 

measured. 
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Figure 25 Cortical section of mouse brain showing microglia present in the cortex and striatum of HCAR1 wt saline 

mouse. Iba1+ (red) and DAPI+ (blue) microglia illustrated in Cortex ipsilateral, Striatum ipsilateral, Cortex contralateral 

and Striatum contralateral. Please note that the ROIs indicated in the upper cartoon are rectangular while the images shown 

below are square. This is because several images were taken from the same ROI. Only a subset of each image was analyzed 

to ensure that the microglia included in the analysis were from the same location compared to the stroke core.  Scale bar; top 

row 100 µm, bottom row 50 µm. 

 

In general, the density of microglia (number of microglia per tissue area) appeared higher in 

and around the stroke area than in the areas further away from the stroke and in the 

contralateral hemisphere. This fits with the quantifications performed by Karl Martin Forbord 

(Forbord, 2019) in the same images, where the density, but not the degree of activation was 

measured. In the contralateral hemisphere, both in the cortex and the striatum, microglia were 

evenly distributed and showed a large number of fine processes (see high magnification 

images in Figure 25) suggesting that they were mainly in the resting state. In the ipsilateral 

cortex, microglia of different morphology were observed. Close to the ischemic core, the 

microglia appeared to have a more amoeboid morphology consistent with extensive microglia 

activation or with infiltration of peripheral immune cells (the Iba1 labeling does not separate 
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between the two). In the proximity of the core area, amoeboid microglia were found together 

with microglia showing some thick shorter processes, but less of the fine processes seen in the 

contralateral images. This indicates microglia activation. Further away from the ischemic 

core, microglia gradually appeared more and more ramified, suggesting less activation of the 

microglia.  

 

Three animals lacked a full set of images (one from each ROI, four in total), but the images 

that were available were included. In addition, problems with the algorithm led to an 

additional image shortage of some animals. In total 13 images were excluded, 4 lacked from 

the start and 9 images were excluded due to analysis malfunction. This leaves 71 analyzed 

images, group sizes (n= number of animals) as shown in Table 16. In the present study the 

parameters average number of branches, average number of end-point voxels and average 

junction voxels were measured in the four ROIs separately as characteristics for microglia 

activation. 

 
Table 16 Group size (n) of confocal images of the four ROIs used for microglia activation analysis.  

Number of animals (n) CortC CortI StriaC StriaI 

Ko s 5 5 6 6 

Ko l 5 6 6 7 

Wt s 4 3 4 2 

Wt l 2 2 2 1 

Wt sham 1 1 2 1 

Total (n) 17 17 20 17 

 

A successful conversion to a skeletonized image was essential for proper Iba1+ microglia 

analysis, and an example of this is illustrated in Figure 26. A conversion, using the same 

algorithm, of an image analysis which was excluded from the study is illustrated in Figure 27. 

In the latter image, none of the microglia were converted to skeletons, and therefore such 

images could not be used for measurements of any of the three parameters. 
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Figure 26 Successful conversion of microglia from a photomicrograph to a binary skeletonized image in mouse brain.  

A) Original image, two channels (Iba1 and DAPI) merged B) 415x415x20 µm ROI C) Segmented image using Fiji (ImageJ 

software) trainable WEKA D) Skeletonized image of microglia. Scale bar = 1000 µm in A, 100 µm in B, C and D. 

 
Figure 27 Unsuccessful conversion of microglia from a photomicrograph to a binary skeletonized image in mouse brain 

(excluded from the study). A) Original image, two channels (Iba1 and DAPI) merged B) 415x415x20 µm ROI C) Segmented 

image using Fiji (ImageJ software) trainable WEKA D) Skeletonized image of microglia. Scale bar = 1000 µm in A, 100 µm 

in B, C and D. 
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To get an overview of the microglia activation and the impact of stroke on 

neuroinflammation, all images from the ipsilateral side were compared to their respective 

contralateral side without taking treatment groups into account.  

 

Firstly, the images of the cortex were compared. There was no significant difference in the 

average number of branches (p=0.06, paired students t-test, Microsoft Excel) or the average 

end-point voxels (p=0.09, paired students t-test, Microsoft Excel). Even though the results are 

not statistically different, we demonstrate a clear trend and strong indications that there is a 

difference in microglia activation between the two hemispheres. The latter parameter, the 

average junction voxels, were significantly lower in the ipsilateral cortex (CortI) in 

comparison to the contralateral cortex (CortC), suggesting microglia activation in the 

ipsilateral cortex (p=0.05, paired students t-test, Microsoft Excel). The results are illustrated 

in Figure 28. 

 

 
Figure 28 Microglia activation analysis of the contralateral in relation to the ipsilateral cortex of HCAR1 wt and HCAR1 
ko mice after injection of saline and lactate 24 and 48 hours after permanent distal MCAO The average number of 
branches (p= 0.06, paired students t-test, Microsoft Excel), the average end-point voxels (p= 0.09, paired students t-test, 
Microsoft Excel) and the average junction voxels (p= 0.05, paired students t-test, Microsoft Excel). Data are reported as 
mean values ± SD.  

 

In addition to comparing images from the cortex, the same analysis was performed with all 

animals using images from the striatum. In the striatum there was no difference or tendency 

for difference in microglia activation. The analysis resulted in a p= 0.27 on the average 

number of branches (paired students t-test, Microsoft Excel), p= 0.63 the average end-point 

voxels (paired students t-test, Microsoft Excel) and p= 0.19 the average junction voxels 

(paired students t-test, Microsoft Excel) illustrated in Figure 29. 
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Figure 29 Microglia activation analysis of the contralateral in relation to the ipsilateral striatum of HCAR1 wt and 
HCAR1 ko mice after injection of saline and lactate 24 and 48 hours after permanent distal MCAO The average number 
of branches (p= 0.27, paired students t-test, Microsoft Excel), the average end-point voxels (p= 0.63, paired students t-test, 
Microsoft Excel) and the average junction voxels (p= 0.19, paired students t-test, Microsoft Excel). Data are reported as 
mean values ± SD. 

 

When the contralateral cortex (CortC) was analyzed and treatment groups taken into account, 

there was no difference in the average number of branches (one-way ANOVA, p= 0.72), the 

average end-point voxels (one-way ANOVA, p=0.37) or the average junction voxels (one-

way ANOVA, p=0.58) (Figure 30). Although the ko saline appeared to have slightly higher 

number of branches and junctions, and slightly lower levels of end points compared to the 

others, all the other groups showed numbers that were equal to what was found in the sham 

operated animal. This suggest microglia activation at resting levels. However, the ANOVA 

(one way) showed that these results were not statistically significant. 

 

 

 
Figure 30 Microglia activation analysis of the contralateral cortex of HCAR1 wt and HCAR1 ko mice after injection of 
saline and lactate 24 and 48 hours after permanent distal MCAO. Average number of branches (one-way ANOVA, p= 
0.72), average end-point voxels (one-way ANOVA, p=0.37), average junction voxels (one-way ANOVA, p=0.58) were not 
affected by genotype or lactate treatment. Data are reported as mean values ± SD. Number of animals included: ko s (n=5), 
ko l (n=5), wt s (n=4), wt l (n=2), wt sham (n=1). 

 
In the ipsilateral cortex (CortI) there were no difference in the average number of branches 

(one-way ANOVA, p= 0.81), the average end-point voxels (one-way ANOVA, p=0.96), or 

the average junction voxels (one-way ANOVA, p=0.70) (Figure 31). However, the number of 
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branches, endpoints and junctions all appeared lower than what was observed in the sham 

animal. This could not be compared statistically, as there was only one sham operated animal 

with successful analysis, but the tendency (and the lack of the same tendency in the 

contralateral cortex) may suggest increased microglia activation in all groups. 

 

 
Figure 31 Microglia activation analysis of ipsilateral cortex of HCAR1 wt and HCAR1 ko mice after injection of saline 
and lactate 24 and 48 hours after permanent distal MCAO. Average number of branches (one-way ANOVA, p= 0.81), 
average end-point voxels (one-way ANOVA, p=0.96), average junction voxels (one-way ANOVA, p=0.70). Data are reported 
as mean values ± SD. Number of animals included in the analysis: ko s (n=5), ko l (n=6), wt s (n=3), wt l (n=2), wt sham 
(n=1). 

 

In the contralateral striatum (StriaC) there were no difference in average number of branches 

(one-way ANOVA, p= 0.51), average end-point voxels (one-way ANOVA, p=0.33), average 

junction voxels (one-way ANOVA, p=0.66) (Figure 32). For some reason, the wt lactate 

group, appear to have a higher microglia activation (although not significant). 

 

 
Figure 32 Microglia activation analysis of contralateral striatum of HCAR1 wt and HCAR1 ko mice after injection of 
saline and lactate 24 and 48 hours after permanent distal MCAO. Average number of branches (one-way ANOVA, p= 
0.51), average end-point voxels (one-way ANOVA, p=0.33), average junction voxels (one-way ANOVA, p=0.66). Data are 
reported as mean values ± SD. Number of animals included: ko s (n=6), ko l (n=6), wt s (n=4), wt l (n=2), wt sham (n=2) 

 

In the ipsilateral striatum (StriaI) there were no difference in average number of branches 

(one-way ANOVA, p= 0.45), average end-point voxels (one-way ANOVA, p=0.44), average 

junction voxels (one-way ANOVA, p=0.55) (Figure 33). No trend or tendency of difference 

observed. 
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Figure 33 Microglia activation analysis of ipsilateral striatum of HCAR1 wt and HCAR1 ko mice after injection of saline 
and lactate 24 and 48 hours after permanent distal MCAO. Average number of branches (one-way ANOVA, p= 0,45), 
average end-point voxels (one-way ANOVA, p=0,44), average junction voxels (one-way ANOVA, p=0,55). Number of 
animals included in each group was: ko s (n=6), ko l (n=7), wt s (n=2), wt l (n=1), wt sham (n=1). Data are reported as 
mean values ± SD. 

 
In conclusion, there was no significant difference in the three parameters measured in any of 

the treatment groups or genotypes. If the treatment groups are not taken into account an 

overall microglia activation is observed in the ipsilateral cortex compared to the contralateral 

cortex. 
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5 Discussion 
Our findings and the contributions made from our study will be summarized in this section. 

Firstly, I will discuss the ethics around the use of animals in research, before discussing the 

strengths and limitation regarding the methods used, to explain and substantiate our findings. 

Furthermore, I will discuss our experimental results in comparison to previous findings and 

our hypothesis. Lastly, I will briefly discuss translation of results from mice to human and 

make suggestions for further work. 

 

5.1 Animal ethics – the use of animals in research 
Strict and clear laws on the topic of animal use in research is important to secure a high level 

of animal welfare and limit unnecessary use of animals (for more information, see 1.3). In our 

study we investigate phenotypical changes in the brain during stroke and complex 

pathophysiological mechanisms regarding severe disease. This is only possible to study in an 

intact animal, due to the complex system of the brain and connection between the brain and 

the periphery. To demonstrate the effects of the lactate receptor HCAR1, the HCAR1 ko 

animal model is the most suitable model. Due to the lack of representative in vitro models, 

using animals was considered necessary to get more knowledge in this field of science. 

 

The topic of laboratory animals is highly debated and, understandably, it has been a big 

concern for the general public for an extended period of time. The term “animal welfare” 

refers to “the physical and mental state of an animal in relation to the conditions in which it 

lives and dies” (World Organisation for Animal Health, 2019). More commonly, animal 

welfare is used to describe an animal´s life quality with everything that follows. Including 

appropriate care and treatment, good husbandry, access to food and water, a safe and 

stimulating environment and most importantly freedom from pain, distress and inhumane 

handling. The use of animals in research has multiple ethical implications, especially when 

the research includes induction of medical conditions, as is the case in the present study. From 

a scientific point of view, it is pivotal to obtain results from non-stressed animals, as stress 

factors may alter the outcome significantly. 

 

The concept of “the 3R´s”, previously described in the introduction, represent one approach to 

ensure compliance with animal welfare (Russell & Burch, 1959). The first “R”, replacement, 

encourages development and utilization of in vitro research and methods that fully avoids the 
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use of animals. Furthermore, if absolute replacement is not possible, relative replacement 

such as substitute conscious living animals with insentient animals is promoted. The second 

“R” stands for reduction and is referring to any actions that minimizes the number of animals 

used to obtain adequately information to answer the current research question. The third “R” 

is refinement. Any refinement methods are encouraged and involves the use of experimental 

procedures that decrease the severity and degree of inhumane handling. The goal is to 

minimize the animal’s levels of distress, suffering and pain and will gain both the animals and 

the research results (Burden, Chapman et al., 2015). 

 

In the present study the 3R´s are followed thoroughly. The number of animals used in the 

present study represent, by experience, the lowest number needed to reveal potential 

differences between treatment groups in the study. We chose the permanent distal MCAO 

over the intraluminal MCAO which have a significantly lower lethality and will reduce the 

number of animals needed, in addition to lowering the burden on each animal. As described in 

the method section, refinement methods are implemented throughout the study design. All 

experiments are approved by a number of agencies and institutions and animals were only 

handled by professional personnel. Additionally, the animals had continuous health 

monitoring and animals had free access to food and water. Previously our research group gave 

lactate and saline injections as subcutaneous injections (s.c.), but skin lesions were observed 

in previous studies. Therefore, intraperitoneal injections (i.p.) were chosen in the present 

study to prevent the adverse event of skin lesions.  

 

5.2 Methodological considerations 

5.2.1 Animals 
Information obtained from one species is used in comparative medicine to acquire knowledge 

about the same processes in another species. The chosen laboratory animal for this study is 

mice. Mice are generally one of the preferred species for research as the use of mice provides 

multiple advantages both practical, economical and genetical. The high genetic similarity to 

humans (over 90%) gives a great advantage, and techniques making it possible to manipulate 

the genome, makes it possible to create knock out mice which can be used to study selected 

genes  (Ahmed, Tunaru et al., 2010; Waterston, Lindblad-Toh et al., 2002). Furthermore, 

mice are small in size, easy to care and maintain, they have a short gestation time with a large 

number of offspring, and a short life cycle (Bryda, 2013).  
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We used wt mice of the strain C67NL/6N and HCAR1 ko mice in our experiments. In line 

with previous studies on mice we performed the interventions during the daytime, even 

though mice naturally are nocturnal animals. This is not a determining factor as the mice were 

housed in a 12 hours light, 12 hours dark light cycle and their circadian rhythm followed the 

cycle. In addition, different treatment-groups where handled at random order during daytime, 

to prevent an effect of circadian rhythm on stroke outcome. In human, higher stroke 

frequency has been demonstrated in the morning in comparison to the evening (Al-Ahwal, 

Ragab et al., 2019; Lago, Geffner et al., 1998). Regarding the ko stain, it is important to 

notice that other ko mice have been shown to develop compensatory mechanisms that hides 

the effect of the missing genes (Crawley, 1996; El-Brolosy & Stainier, 2017). These 

compensatory mechanisms could potentially impair the reliability of the results. To know the 

extent of the problem, further investigations are needed. To this day this is not considered a 

critical factor in animal research, but something to be aware of. 

 

On the positive side, our study design involves both male and female mice and robust group 

sizes compared to similar studies (Dalsgaard, Quistorff et al., 2004; El Hayek, Khalifeh et al., 

2019). In our study we used 51% female mice and 49% male mice. Including both sexes is 

especially important because stroke affects men and women differently (Reeves, Bushnell et 

al., 2008). A negative consequence of male-biased animal research is the lack of studies on 

stroke in women and distinguishes the study results from the clinical situation (Ahnstedt, 

McCullough et al., 2016).  

 

5.2.2 Genotyping 
In the present study we used mouse DNA from ear punching to perform genotyping. Different 

tissue can be used to genotype, but since ear punch identification were performed on the 

animals, we collected the already removed tissue and used it further. This was presumed to be 

the least invasive method maintaining animal wellbeing. This is also in alignment with a 

previous study comparing ear punch tissue, tail biopsy, hair plugging, mouth and rectum 

swabs for genotyping in regard to the degree of result precision, but also invasiveness, pain 

and animal wellbeing. The study concludes that ear punch tissue is the best option (Paolo 

Cinelli, 2007). The wt mice (C67NL/6N) have the gene coding HCAR1, but in the ko mice a 

gene cassette encoding β-galactosidase (LacZ) replaces the hcar1 gene. Instead of solely 
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knock out the hcar1 gene it got replaced by the gene cassette LacZ and neomycin resistance 

which reduces the possibility of false negative genotyping results. 

 

5.2.3 Exercise program 
We randomized HCAR1 ko and wt mice and exposed them to high intensity interval training 

(HIIT) or medium intensity interval training (MIIT). The HIIT exercise regime used in the 

study has been tested extensively and have shown to cause multiple benefits, including 

improved mitochondrial function and increased glycemic control in mice (Wisløff, Ellingsen 

et al., 2009). In 2017, our research group showed, using the exact same HIIT, increased 

angiogenesis in the brain through effect on the HCAR1 receptor (Morland, Andersson et al.). 

Further, in mice, a 25 degree inclination on the treadmill, as conducted in the present study, 

gives the best cardiovascular effects (Kemi, Loennechen et al., 2002). The rigorous testing 

underpins our choice of exercise program and degree of inclination. 

 

Forced or voluntary running 

Subjecting animals to exercise can either be forced (treadmill) or voluntary (running wheel). 

Voluntary running mimics daily human activities while the forced running represents active 

exercise. The aspect of coercion regarding forced running, can cause stress for the animals 

that further affects the outcome of the study though various physiological processes. On the 

contrary, in our study we are dependent reaching lactate threshold, which is reached by forced 

running, but not by volunteer running. It is previously demonstrated that forced exercise 

effectively induces neuroprotection in stroke, but voluntary exercise do not show any 

neuroprotective effect (Hayes, Sprague et al., 2008). Another speculation around forced 

exercise, although not yet investigated, is the possibility that forced running confounds 

exertion with stress and therefore may not be the best model of exercise. In human, the release 

of endorphins after exercise partly explains the energized wellbeing (“feel-good”) (Hawkes, 

1992), an effect that likely is altered in forced running. In addition to reaching the lactate 

threshold, a major advantage of a treadmill is to maintain and control a high training intensity 

(>20 m/min). In the present study the highest speed reach was 42 m/min a max test and in all 

HIIT sessions the speed was > 20 m/min. 
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Activity monitoring between sessions 

A limitation to our method is the lack of animal monitoring between exercise sessions. Some 

animals were housed in single cages while others housed in groups up to 8 and in bigger 

cages. We have reason to believe that the mice housed in the bigger cages together with other 

mice were more active between the exercise sessions which potentially could influence the 

experiment. We did not have control over movement and physical activity between the 

intervention. To minimize this effect, running wheels and other apparatus that promotes 

activity were excluded in all cages. 

 

Reduction of distractions 

Mice get easily distracted by sights and smells. To reduce the potential influence of odor 

residues on the treadmills from the previous group of mice, the treadmills were washed with 

ethanol between each session and thoroughly washed with both ethanol and soap by the end 

of the day. The treadmill had a single belt construction, but in order to train more than one 

animal at a time the belt was divided into six lanes (compartments). The animals could not see 

through the dividing walls, so that they did not influence each other’s running performance. 

 

5.2.4 Lactate kinetics and administration 
Plasma lactate increases during exercise, which further increases lactate uptake by the brain 

(Larrabee, 1995). Extracellular lactate concentration ranges from 0.5-4.6 mmol/L in the brain 

and HCAR1 receptor has previously been shown to be activated with lactate concentrations 

between 0.1–30 mmol/L (for review, see (Morland, Lauritzen et al., 2015)). Although we did 

not measure plasma lactate concentrations in any groups, partly due to the practical limitation 

of repeated plasma sampling simultaneously to the mice running, but also that the exercise 

regime has been previously used and tested thoroughly.  

 

Similar exercise regimes (25 degree incline, but shorter duration) have shown to give lactate 

levels between 4 mmol/L and 6 mmol/L (Lønbro, Wiggins et al., 2019). Another study found 

that the running speed needs to increase in order to maintain the elevated lactate levels over 

time (Lezi, Jianghua Lu et al., 2013), which we have also done. Speed increased in parallel 

with increased performance in the maximum capacity test. Average increase; HIIT wt 9.7 

m/min, HIIT ko 7.3 m/min, MIIT ko 8.1 m/min and MIIT wt 7.6 m/min. Knowing this, we are 
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confident that our training program will increase lactate sufficiently to reveal potential effects 

on the HCAR1 receptor.  

 

The injection groups were given intraperitoneal injections (i.p.) of sodium L-lactate 2 g/kg 

bodyweight (200 mg/ml dissolved in 0,9% 1 M PBS, pH: 7,4) or the same volume by kg 

bodyweight of 0.9% sodium chloride according to their group. We were careful not to exceed 

the recommendation of maximum volume of administration via i.p. injection in mice (10 

mL/kg bodyweight) (Turner, Brabb et al., 2011). Based on lactate measurements from a 

previous study, lactate reached its maximum plasma concentration (Cmax) after 15 minutes 

(Tmax) and was elevated for 3 hours after a 2 g/kg i.p. injection, which is the same injection as 

we have used (Lezi, Jianghua Lu et al., 2013). Haugen and his team (2020) investigated the 

effects of s.c. versus i.p. injections of lactate and found s.c. injections to give significantly 

lower lactate levels compared to i.p. injections, yet both routes of administration results in an 

serum lactate increase similar to high intensity training. The background of having both 

exercise and injection groups included in the study was to show if the lactate itself induces 

some of the effects of exercise and if these effects were mediated through the HCAR1 

receptor. Furthermore, we could investigate HCAR1 independent effects of lactate on stroke 

and reveal the possibility of exercise and lactate having conflicting or additive effects, which 

would be disguised in the training mice. 

 

5.2.5 The stroke model 
An ideal stroke model that exactly mimics clinical human strokes do not exist due to the fact 

that stroke is a largely heterogenous condition that depends on multiple factors. These factors 

can be the duration of ischemia, adequate blood pressure, the localization and severity of the 

injury as well as age, genes, sex, differences in cerebral vasculature and other comorbidities. 

On the other hand, all ischemic strokes have one main occurrence; blockage, or an 

interruption of cerebral blood flow, resulting in tissue damage. Therefore, this event is 

exploited to mimic stroke in animals for research purposes. In addition, when using animal 

models, the research can in a higher degree focus on mechanisms, because it allows for a 

controlled environment with controlled variables, for instance age, and a reproducible injury 

in all animals as opposed to the human situation that have lots of uncontrollable variables that 

makes clinical studies complicated. Even though some aspects of stroke, such as effects of 
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glucose deprivation, excitotoxicity and hypoxia can be investigated in specific cell types in 

vitro (for review see (Holloway & Gavins, 2016)). 

 

A solid stroke model should provide a reproducible lesion size, be relatively reliably and safe 

to perform correctly, have low mortality and be as little invasive as possible in regard to 

animal ethics. In addition, physiological variables should be possible to detect, and the brain 

must be available for histopathological analysis afterwards. Several models are developed and 

fulfill these criteria to different degrees, and each model is associated with various advantages 

and disadvantages. The following models will be compared and discussed; thrombotic stroke 

models including microinjections of thrombin-induced clots (clot model) and photosensitive 

dye (photothrombotic model), endothelin-1 model, intraluminal MCAO and distal permanent 

MCAO. The latter being our model of choice. 

 

Reproducibility and lesion size 

Regarding reproducibility and lesion size, the size of the modelled infarction depends on the 

choice of artery (or arteries), whether the artery/arteries are permanently or transiently 

occluded and what mechanism is used to cause the occlusion. The photothrombotic model, 

intraluminal MCAO and distal permanent MCAO enables well defined localization of the 

lesion with highly controllable lesion size. Although some variation may occur with 

intraluminal MCAO model due to consequential damages to hypothalamus leading to 

secondary hypothermia (F. Li, Omae et al., 1999). The endothelin-1 model, as mentioned in 

1.2, inhibits the disadvantage of a dose dependent vasoconstrictive effect. Due to dose 

dependent effect of the endothelin-1 model, it gives limited control over the ischemic degree 

and duration, and therefore also lesion size. The clot method, even though it mimics human 

stroke closely, gives a smaller and non-consistent lesion volume. The high variability in 

infarct volume can be explained by the difference in artery dimensions from animal to animal. 

The provoked clot travels with the blood stream until it hits an end-artery where it is too big 

to pass. The dimension of the end-artery may differ and result in various infarct locations. It is 

important to highlight the fact that for our study, a reproducible lesion volume is essential to 

show potential effects from exercise and lactate on the lesion size and to detect differences 

between groups. Permanent distal MCAO enables well defined localization of the stroke 

lesion (cortex area) with highly controllable lesion size (not crossing CC) and reproducibility.  
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Degree of invasiveness 

Overall, stroke models that calls for a craniectomy, a surgical incision of the skull, are more 

invasive because it causes skull trauma, interferes with BBB function, and changes cerebral 

pressure and temperature of the exposed area. It still remains unclear to which degree these 

factors can attribute to altered results. Both the photothrombotic model and endothelin-1 have 

low invasiveness as they are provoked by injection of a clot or endothelin-1 respectively, and 

therefore do not need a craniectomy. Using the photothrombotic model one can induce stroke 

in freely moving mice without anesthesia (C.-L. Yu, Zhou et al., 2015). Intraluminal MCAO 

is also performed without craniectomy, but it gives a larger injury covering both cortex and 

striatum. In addition, it may also block blood supply to the hypothalamus, leading to 

hypothalamic injury and a secondary hyperthermia (F. Li, Omae et al., 1999). All of which 

increase the degree of invasiveness. Permanent distal MCAO, as used in the present study, 

requires craniectomy and thereby requires precisely surgical skills. Even though the procedure 

is more invasive than other methods, it only causes injury to a restricted area. In contrast to 

intraluminal MCAO, permanent distal MCAO spares the hypothalamus, hippocampus and 

midbrain, causing injury solely to the cortex. 

 

Mortality 

While the photothrombotic-, endothelin-1- and permanent distal MCAO have low mortality 

rates, complications are more common using intraluminal MCAO. Although intraluminal 

MCAO is less invasive than distal permanent MCAO, rupturing of blood vessel leading to 

subarachnoid hemorrhage occurs with high incidence and the operation itself causes severe 

ischemia. Problems with subarachnoid hemorrhage and the previously mentioned 

hyperthermia adverse event, the intraluminal MCAO model have a higher mortality rate than 

all the other methods (Sommer, 2017). When the method was first introduced, the mortality 

rate was reported as 60% (Longa, Weinstein et al., 1989). In recent times, the mortality rate 

for the intraluminal MCAO is reported as 10-20%, were as with permanent distal MCAO 

death rate is significantly lower (5-7 %) (Engel, Kolodziej et al., 2011; Llovera, Roth et al., 

2014). 

 

Anesthesia  

Most stroke models are performed on anesthetized animals. Unfortunately, there is some 

evidence that anesthetic drugs might have neuroprotective effects independently of the 

substance studied, leading to incorrect findings of lesion volumes and degree of neuronal 
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damage (Hoffmann, Sheng et al., 2016). In our study we used the anesthetic agent isoflurane 

among others. Indications that isoflurane has properties on numerous mechanisms relevant for 

stroke outcome such as delay of depolarization onset and protection against excitotoxicity are 

published (Kudo, Aono et al., 2001; Verhaegen, Todd et al., 1992). It is important to note, that 

the present evidence relies on results from neuronal–glial cultures and rat models. Several 

questions regarding the effects of anesthesia remain unanswered, but the possible effects of 

anesthesia are assumed to be equal among the genotypes and groups. There is no evidence 

that the use of anesthesia influences HCAR1 wt and HCAR1 ko mice differently. Therefore, 

the use of isoflurane and other anesthetics will not introduce or camouflage differences 

between the groups in this study. 

 

Reasons for choosing permanent distal MCAO 

Our chosen stroke method was permanent distal MCAO. From the discussion above, we can 

conclude that permanent distal MCAO enables well defined localization of the stroke lesion 

with highly controllable lesion size and high reproducibility. The method also has a low 

mortality rate, in our study 6.9%. This is consistent with what has been found previously 

(Llovera, Roth et al., 2014). In addition, it only requires a short operation time and therefore 

short anesthesia time. The operation also has very little effect on animal well-being after the 

operation.  

 

Stroke models can be transient or permanent. Transient occlusion models mimic stroke with 

reperfusion. This can happen spontaneous for stroke patients or used as treatment 

(intravenous thrombolysis or mechanical thrombectomy). Permanent distal MCAO model do 

not allow for studying reperfusion, but on the other hand better represent an untreated disease 

progression which accounts for the majority of stroke patients. Even though a craniectomy is 

needed and it requires a well-trained operator, the method has recently been considered 

firsthand choice of stroke model in mice (McBride & Zhang, 2017). Our stroke operations 

were performed on 3 months (88.4±2.4 days) old mice. Based on experience, the optimal age 

to perform the permanent distal MCAO is up to 2 months. If the animals get older than 3 

months, finding the correct artery becomes more difficult because the skull gets thicker and 

less transparent. However, with a trained operator (Postdoctoral Fellow Samuel Geiseler) we 

successfully completed the operations in our study, even though 3 months are towards the 

older extreme to obtain reliability and to perform the operation. The animals could not have 
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been operated at a younger age, due to the 7 weeks training program which could not started 

before the animals were close to adulthood (not younger age than 5-6 weeks of age). 

 

The results from our research group last year (Forbord, 2019; Ghazal, 2019), using the same 

stroke model, found clear support that the craniectomy procedure itself did not affect the brain 

or inducing injury that could be interpreted as ischemic injury. Sham operations were 

performed by following the surgical protocol all the way to the thinning of the skull, but 

without coagulating the artery. Sham animals did not show any significant difference in lesion 

volume from the other groups or any signs of stroke after a histopathological analysis. The 

sham animals were included to verify that the operation, including opening of the skull and 

exposure to the atmosphere did not influence the outcome nor made an injury in the brain 

tissue. 

 

5.2.6 Fixative agent 
Another critical step in this study is the fixation process. Because we study hypoxia caused by 

stroke, an important concern is tissue exposure to hypoxia before it is fully fixated. It is 

important that the brain is not in a hypoxic environment and also important that the fixative is 

evenly distributed throughout the brain. Fixation of small tissue pieces can be performed by 

placing the tissue directly in fixative, but since we are working with the entire brain the 

penetration-distance is too large and hence emersion fixation is not sufficiently rapid or 

effective for proper fixation. Therefore, fixation by perfusion was the chosen method, using 

the circulation of the animal to evenly distribute the fixative solution. Fixatives can roughly 

be divided into two groups; denaturing fixatives and cross-linking fixatives. The chosen 

fixative in our study is formaldehyde which acts by formation of intra- and intermolecular 

cross-links (Howat & Wilson, 2014). Formaldehyde is a widely used fixative because of 

convenience in handling, high degree of accuracy and extreme adaptability (Thavarajah, 

Mudimbaimannar et al., 2012).  

 

Fixed tissue was used for both morphological and histological examinations. Two major 

problems can occur in the fixation process; over-fixation and under-fixation. Over-fixation 

might result in the formation of too many cross-links making the epitopes in the tissue 

unavailable for antibody binding in immunohistochemistry. Lowering in availability of 

epitopes can result in significantly decreased immunoreactivity of some antibodies, but 
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luckily not all antibodies are affected. Experience shows that under-fixation can have 

consequences for the morphology resulting in problems with identifying single cells. To 

perform the immunohistochemistry analysis in the present study it was important to maintain 

good antigenicity and to be able to identify single cells.  

 

5.2.7 Cryoprotection and microtomy 
The purpose of cryoprotection is to maintain tissue morphology and epitope 

immunoreactivity. In the present study brain tissue were cryoprotected using sucrose with 

azide (30%/0.01%). Sucrose extracts water from the brain and hence dehydrate the tissue, as 

sucrose possesses hypertonic properties. Cryopreservation prevents the formation of large 

intracellular ice crystals in the tissue when water freezes rapidly and expands. These crystal 

formations can cause cell damage by mechanically break cell membranes creating freeze 

artifacts. In this study the temperature changes from room temperature to -20°C (sometimes 

down to -40°C) in 10-15 minutes. Other options to sucrose as cryoprotectant are different 

sugars and polyols such as ethylene-glycol which is shown to give effective long-term storage 

of brain tissue (R. E. Watson, Wiegand et al., 1986).  

 

In the present study we worked with well-fixated tissue and therefore we could use a 

microtome for sectioning. If under-fixated or lightly fixated tissue, the use of microtomy is 

not the preferred method as the tissue will adhere to the knife and loose it´s structure when 

removed (Rosene & Rhodes, 1990). Therefore, a cryostat must be used instead of a 

microtome if the tissue is not well-fixated. We cut the brains using coronal sectioning, during 

microtomy the knife was pulled over the surface of the brain in a smooth motion to created 

even sections of the desired thickness (here 20 μm). The temperature was set at -20 °C as this 

temperature has previously demonstrated to be suitable for fixed mouse brains. Other 

temperatures may cause the sections to be either porous (too low temperatures) or folded (too 

high temperatures). Coronal sectioning was used over sagittal sectioning as we performed 

lesion volume analysis measuring cortex of both hemispheres and were dependent on 

comparing the hemisphere in the exact same area of the brain. The brains were serial 

sectioned, sectioning the whole brain at a time to prevent oblique sectioning and 

methodological inequalities.  
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5.2.8 Staining protocol 
In our study we used cresyl violet (CV) staining for the brain sections. CV staining is a well-

established method to determine cerebral infarction area (Türeyen, Vemuganti et al., 2004). 

Another option would be to stain using haematoxylin and eosin staining were nuclei gets a 

blue colour while cytoplasm gets coloured pink providing greater contrast between stroke 

lesion and healthy tissue (Fischer, Jacobson et al., 2008). Unfortunately, haematoxylin and 

eosin staining were found to give an uneven staining in identical tissue samples making stroke 

lesion measurement difficult (Forbord, 2019; Ghazal, 2019). CV gave a more consistent result 

for our measurements, and stains neuronal cytoplasmic elements (“Nissl bodies”). The stroke 

area was visible as a different shade of purple than the healthy tissue. If the color difference 

was not visible enough, healthy tissue was distinguished from infarcted area by looking at the 

cell nuclei. The infarcted area contained more dead cells and have cell nuclei closer together 

and more compact. The stroke lesion was also visible as narrowing and thinning of the 

ipsilateral cortex (cortical atrophy) and most often visible as fragile tissue. 

 

5.2.9 Lesion volume measurement 
Stroke volumetric calculations were performed after measuring ipsilateral and contralateral 

cortex in the area between 1.645 mm anterior and 2.355 mm posterior to bregma (n=76 

animals) based on anatomical landmarks according to the Allen Brain Atlas (Mouse, coronal 

sections, (Allen Institute for Brain Science, 2008). Different methods for calculations of 

lesion volume are possible to perform. One can use the theoretical distance between each 

mounted section and multiplying the stroke area with the distance before lastly adding the 

volumes together. Since every sixth section were mounted, the theoretical distance between 

the sections is 120 μm (20 μm thick sections *6). This applies if the number of sections 

included from each animal is 33 (4000 μm/120 μm= 33, where 4000 μm is the total distance 

between the most anterior and posterior section mounted).  

 

In our study, measurements were performed on slightly uneven numbers of sections in given 

distance to bregma. Therefore, the calculation was done more precisely by dividing 4 mm on 

the actual number of sections, giving the precise average distance between each measured 

section. Then the areas were multiplied with the actual distance and summarized to get the 

total lesion volume. Reasons for uneven number of sections might be that the sections got 

arranged in the wrong order during microtomy, asymmetric sectioning and anatomical 
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inequalities of the brains, or small differences in section thickness between the two 

microtomes used. The same area of the brain was consistently analysed in all animals 

regardless of the number of sections. 

 

A strength in our experimental study is a high accuracy rate in our measurements, we got an 

average reproducibility of 98% in the measurements that were performed double. Where we 

had performed double measuring, the first measurement was used for the analysis. 

 

5.2.10 Immunohistochemistry 
The animals from last year’s project (n=21), that were treated with lactate injections 24 and 

48 hours post-stroke, were found to have mostly resting microglia in the contralateral 

hemisphere and microglia with changed morphology (amoeboid form) in the ipsilateral 

hemisphere suggesting activation. To quantify the degree of activation in and around the 

stroke area immunohistochemistry with the microglia marker Iba1 was conducted.  

 

Monoclonal or polyclonal (pAb) antibodies 

Antibodies (Abs) is produced by B cells in the adaptive immune system after recognizing 

specific antigens (Ag) and can be divided in five groups of immunoglobulins (Ig): IgM, IgG, 

IgA, IgD, or IgE (Vidarsson Gestur, Dekkers Gillian et al., 2014). For immunohistochemistry 

IgG is most commonly used and is also used in the present study. Further, antibodies are 

either polyclonal (pAb) or monoclonal (mAb). pAb originated from more than one clone of B 

cells and binds to a number of different antigen epitopes. mAb on the other hand, are 

produced by genetic identical cells (one clone) and recognizes one specific epitope and 

selectively binds it with a high degree of affinity (Lipman, Jackson et al., 2005). In the present 

study both mAb and pAb were used. Mostly to ensure binding to microglia, due to problems 

with previous immunohistochemistry procedures, with unsuccessful Iba1 staining of 

microglia. pAbs have the advantage of being generated more rapidly and at less expense than 

mAbs. They are also less sensitive to structural changes of the epitope such as glycosylation, 

and denaturation because they bind different epitopes. mAbs are highly dependent on the 

epitope not changing its structure, but have extremely high specificity to its target epitope 

(Lipman, Jackson et al., 2005). 
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Fluorescence IHC  

In fluorescent immunohistochemistry a fluorophore-conjugated secondary antibody with 

specificity for the primary antibody is used for visualization. The fluorophore emits light of a 

certain wavelength when subjected to the correct absorption wavelength. An overview of the 

method is given in Figure 11. Fluorescence emitted can be detected using fluorescent 

microscopes. Labelling of multiple antigens can be performed simultaneously, provided that 

the primary antibodies are produced in different species and that the corresponding secondary 

antibodies emit at different wavelengths.  

 

5.2.11 Automatic machine-learning  
In the present study automatic morphological analysis of microglia activation was performed 

using Fiji (ImageJ software) with the plugins TWS and skeletonize. TWS is a machine 

learning tool using algorithms for pixel classification (see the method section). As with any 

algorithm, there are advantages and disadvantages to using it. The method used for microglia 

activation is under development and has potential for improvements which will be discussed 

further. 

 

The major advantage of an automatic machine-learning analysis is the possibility to create an 

automated workflow. Automatization might be one of the most promising aspects of modern 

research and have the potential to save time and reduce manual work. Furthermore, the 

method effectively functions on microscopy images of 3D data, making projected 3D views 

(2D representation of 3D data). Another advantage is that after the workflow is developed and 

validated, it can be used on multiple images continuously. It also allows for small optimizing 

adjustments of the protocol without changing the entire workflow. Using TWS enables 

analyzes of huge amounts of material in a short amount of time in comparison to manual 

work, although training of the algorithm is very time consuming. Automatic methods are 

more objective than manual work, because an algorithm always measure activation after 

predefined standardized parameters. An operator performing manual activation analysis can 

be unwanted affected by various factors. One influencing factor could be different measuring 

in an image with clear activation versus another image with little to no activation. Even 

though an automatic analysis was used, the analysis was performed blinded, with hidden 

groups and genotypes, to avoid bias. 
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The first part of the protocol, preparation and processing of images, will produce comparable 

images using default settings. Regardless of the baseline, the images should turn out the same 

in regard to contrast, color, background noise and clarity after the sample preparation. 

Unfortunately, this did not work out perfectly, as Figure 26 and Figure 27 illustrates (the latter 

representing an extreme situation). This resulted in a few excluded images and underlines the 

importance of an optimized standardized sample preparation, but also standard scanning 

procedure to produce comparable images. 

 

In some images, the outer edge of the microglia processes was cut off by the TWS and did not 

get segmented. This is an apparent limitation of the method because our study looks into 

morphological changes (changes of process length, number and thickness) in microglia after 

stroke. Since the TWS fails to show the real length of the processes our segmented images are 

not completely accurate representations of the original images. On the positive side, the same 

method of segmentation was used on all images and is therefore considered adequate to 

compare the degree of activation between different groups. Reasons for the limitation is 

unknown but might lie in the WEKA classifier. The WEKA classifier was trained using a 

different set of microglia images. Another possible reason for the suboptimal analysis might 

be the use of 20 μm thick coronal sections. Studies using similar methods has successfully 

performed the method on coronal tissue sections ranging from 50 µm to 200 µm in thickness 

(K. Young & Morrison, 2018). Using 20 μm thick sections may not cover the full span of the 

microglia processes. 

 

Lastly, reference data from manual segmentation was not obtained. Therefore, the method 

lack validation and accuracy performance test. However, processed images were manually 

reviewed to ensure complete segmentation. All processed images that were considered 

unsuccessfully segmented were excluded from the study (example in Figure 27). 
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5.3 Discussion of study results 

5.3.1 The role of exercise- and lactate induced activation of HCAR1 in 

neuroprotection in ischemic stroke 
The findings of the present study suggest that exercise, both HIIT and MIIT, do not provide 

preventive effects on the stroke lesion volume after permanent distal MCAO in mice. 

Furthermore, we demonstrate that lactate, given as intraperitoneal injections, also lacked the 

preventive effects on stroke. The permanent distal MCAO resulted in equally large lesion 

volumes across all the treatment groups (Figure 23). After statistical analysis no significant 

difference between genotypes and treatment groups were found (p = 0.98, one-way ANOVA) 

which indicates the outcome of stroke lesion volume is not affected by any treatment and also 

is independent of HCAR1 activation. The variation within groups in our study was consistent 

with what has been reported in previous studies (Brait, Jackman et al., 2010; Forbord, 2019; 

Ghazal, 2019). These results are somewhat counterintuitive to our hypothesis and to previous 

findings. Based on previous neuroprotective findings of exercise, we hypothesized that lactate 

mediated some of these exercise-induced effects and that this process is (partly) mediated 

through HCAR1 activation. We had reason to believe that HCAR1 was involved as HCAR1 

expression is shown to increase 24 hours after ischemia in multiple regions of the brain and 

HCAR1 has been previously shown to increase vascularity in HCAR1 wt mice which 

theoretically can reduce stroke outcome (Castillo, Rosafio et al., 2015; Morland, Andersson et 

al., 2017). Results from this study signals a rebuttal of our hypothesis.  

 

Previously our research group reported increased angiogenesis (as mentioned above) in wild-

type mice after 7 weeks of exercise and that lactate injections enables reproducibility of the 

results. Effects in wild-type mice and lack of effect in HCAR1 knockout mice suggests these 

effects are dependent on HCAR1 activation. Contrary to these findings, we did not show any 

effects on neuroprotection of exercise nor lactate injection using the same method in this 

study. The fact that the exercise regime used in the present study has previously shown effect 

through HCAR1 receptor eliminates the possibility that a suboptimal exercise regime caused 

the absence of effects between groups. Last year, lactate was demonstrated to have effects as 

stroke treatment, given 24 and 48 hours after permanent distal MCAO (Forbord, 2019; 

Ghazal, 2019). Other studies have also reported neuroprotection of lactate given after stroke 

(Berthet, Lei et al., 2009). This indicates that lactate administered post stroke have therapeutic 
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effects, but that lactate does not possess direct preventive effects on stroke outcome in our 

model. 

 

The INTERSTROKE study, a worldwide study covering 22 countries, found 11 risk factors to 

collectively account for 88% of the risk of all type of strokes in all ages (O'Donnell, Xavier et 

al., 2010). The strongest risk factor for all strokes is advanced age and second most impactful 

risk factor is high blood pressure. Hypertension gives a 3-4 times higher risk of having a 

stroke, compared to individuals with normal blood pressure. This correlation is most likely 

due to the stress-effect hypertension has on the cerebral circulation (Iadecola & Gorelick, 

2004). The positive modifications on risk factors induced by exercise includes; reduction of 

blood pressure, inflammation, lowering in total body fat, improves blood sugar control, 

improves endothelial function and promotes reduction of serum lipids (Ford, 2002; 

Gallanagh, Quinn et al., 2011; Kemmer & Berger, 1983; Martin, Dubbert et al., 1990). All of 

these effects can partly explain the protective mechanism of physical activity and exercise on 

stroke prevention. 

 

An apparent limitation of our method is that we used young healthy mice to investigate a 

disease that mostly occurs in elderly with underlying risk factors and comorbidities. At the 

start of our experiment the mice were 5-7 weeks which converted to human age is the teenage 

years. When the experiment ended and the animals were sacrificed, the mice were 3 months 

of age, in human this corresponds to a young adult. The lack of effect of exercise in our study 

might be because the method is suitable to show potential effects of exercise and lactate on 

stroke, if these effects are through a reduction of risk factors. Alternatively, it could simply 

mean that the direct effect of exercise on the brain after stroke are not so impactful as first 

thought. 

 

Another aspect important to mention, is the aspect of timing. Most studies measure lesion 

volume shortly after stroke induction (1-3 days), while our study measured the lesion volume 

three weeks after the stroke operation (El Hayek, Khalifeh et al., 2019; Pianta, Lee et al., 

2019). This might partly explain contradictory results from other studies. The present study 

examines the long-term effect of lactate on stroke outcome instead of an immediate effect. 
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5.3.2 Results from microglia activation analysis 
The results of this study demonstrate two aspects of neuroinflammation. First, microglia 

activation (as an indicator of neuroinflammation) is involved in cerebral ischaemia in the 

cortex area of the brain in mice one week after permanent distal MCAO. As expected, and in 

accordance with the literature, the stroke damage of the ipsilateral cortex causes microglia 

activation which is not visible in the contralateral side. These findings only applied when 

treatment groups were not taken into account. Predictably, the difference in activation 

between ipsilateral and contralateral side is not visible in the striatum, which is a brain region 

further away from the stroke area.  

 

Secondly, our data suggests that lactate given 24 and 48 hours after stroke induction did not 

impact microglia activation one week after permanent distal MCAO. Comparing microglia 

activation in the four chosen brain regions (ipsilateral cortex, ipsilateral striatum, contralateral 

cortex and contralateral striatum), between treatment groups (lactate and saline), and 

genotypes (wt and ko), the present study shows no significant difference in microglia 

activation in any treatment group or genotype in any region. This result suggests microglia 

activation being independent of the HCAR1 receptor. The study from last year, found the 

stroke lesion volume at 3 weeks after stroke to be significantly lower in the wt mice treated 

with lactate than in the wt mice treated with saline, but one week after the operation, no 

difference in lesion volumes were found between the groups. After further investigations our 

results suggest that neuroinflammation is not an underlying cause of the differences observed 

after 3 weeks.  

 

Ionized calcium binding adaptor molecule 1 (Iba1) is a calcium-binding protein specifically 

expressed in microglia and macrophages. Iba1 is commonly used as a microglia marker, but 

do not separate innate microglia and infiltrating monocyte derived macrophages. An 

alternative to staining solely with Iba1, would be to use an additional antibody; TMEM119. 

TMEM119 is expressed by microglia cells, but not by infiltrating macrophages in the stroke 

lesion and is therefore a way to separate local CNS immune cells from peripheral immune 

cells (Satoh, Kino et al., 2016). Unfortunately, macrophages are just shown to lack expression 

of TMEM119 in the necrotic area, and since we are going to analyze for activation around the 

stroke area staining with TMEM119 would just be an additional expense without contributing 

to the research (Satoh, Kino et al., 2016). It is also possible to separate microglia and 

macrophages by precise morphology studies, but this has to be done manually. In the 
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automatic analysis performed in this thesis, all Iba1 positive cells were included and counted 

as microglia. 

 

Immunostaining with Iba1 antibody revealed, after visual observations, higher numbers of 

Iba1 positive cells in and close to the ischaemic core. This fits with the quantifications 

performed by Karl Martin Forbord (2019) in the same images, where the density, but not the 

degree of activation was measured. In addition, in the present study the Iba1 positive cells 

were found to be in an activated state in the ipsilateral cortex (stroke side) and had a resting 

morphology in the contralateral cortex, also after visual observations. All of this suggests 

neuroinflammation is involved in the mechanisms of stroke. We chose to compare images 

from the cortex of both hemispheres (ipsilateral vs contralateral) because the permanent distal 

MCAO results in a stroke in the cortex and this is where the largest effects on 

neuroinflammation is expected. Even though statistically significant differences were found in 

one parameter: average junction voxels (p=0.05, paired students t-test, Microsoft Excel), 

strong tendencies were found towards microglia activation between the two sides also in the 

average number of branches (p=0.06, paired students t-test, Microsoft Excel) or the average 

end-point voxels (p=0.09, paired students t-test, Microsoft Excel). For detailed description of 

the parameters, see 3.11.4. The present study confirms the previous findings of the impact of 

neuroinflammation in stroke (Figure 28). Acute neuroinflammation is found to be a key 

component of the pathophysiological process that follows cerebral ischemia and is linked to 

the degree of brain damage (Raivich, Bohatschek et al., 1999). 

 

One 20 μm section from each animal was used to analyze markers for neuroinflammation 

(microglia) to reveal whether the presence of HCAR1 or the treatment affect the 

neuroinflammatory process in this study. The chosen sections were in an area of the brain 

where all animals had visible stroke. The visual findings show clearly an infiltration and 

higher volume of microglia cells in and close to the stroke area. When choosing the regions of 

interest (ROIs) in the large confocal images, two different approaches were possible. ROIs 

could be chosen based on the distance from the stroke lesion or based on anatomical 

localization in the brain. Neither method is flawless. A limitation to the selection of ROIs was 

the different sizes in stroke volume because we did not want to measure in the middle of the 

stroke area or too far away from the stroke. In the present study ROIs were chosen based on 

the distance from the stroke to avoid measuring directly in the stroke area of some animals. 
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Since the lesion volume had such large difference in size the chosen area could be either far 

away from the core or right outside the core. This is a problem, because the degree of 

microglia activation changes with distance to the core and might be part of the reason why we 

were not able to detect any differences in activation in this study. 

 

Another limitation in the analysis involves the issue of group size. The group sizes ranges 

from 1-7 animals in each group. This limitation is becoming clear as statistical analysis was 

not possible to perform in all groups and the possible differences are therefore not detected 

statistically. We used all the available data, but to deliver reliable results the group size must 

increase. 

 

Furthermore, we hope to be able to apply this method to images of the animals from this 

year’s lesion volume study to investigate and identify the role of microglia activation in these 

animals as well to investigate the role of neuroinflammation when exercise and lactate is 

given preventively. Unfortunately, we could not include these analyses in the present thesis 

due to the SARS-CoV-2 (COVID-19) outbreak, because the sections immunostained with 

Iba1 and GFAP were not scanned. As no significant difference in stroke lesion volume in 

these animals was demonstrated (4.5). We suggest that choosing ROIs would be an easier 

process in these sections as we can choose areas based on anatomical localization due to 

similar stroke size in every animal. We believe it will be decisive factor to compare the same 

anatomical area in the process of detecting differences in microglia activation and further 

investigate the role of neuroinflammation in stroke, with particular focus on the effects of 

exercise, lactate and the role of HCAR1 receptor in this regard. Another advantage of this 

group of animals is the large group sizes (n=18). It will then be possible to run statistical 

analysis and to get reliable results. 

 

5.4 Translational research: from mouse models to the human clinic 
The hcar1 gene encoding the HCAR1 receptor is found in both humans and rodents making it 

possible to do translational research on the HCAR1 receptor (Ahmed, 2011). Laboratory rats 

and mice provide ideal animal models for biomedical research and comparative medicine 

studies because they have many similarities to humans in terms of anatomy and physiology 

(although, not completely similar). Likewise, rats, mice, and humans each have approximately 

30,000 genes of which approximately 95% are shared by all three species (Waterston, 
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Lindblad-Toh et al., 2002). Even though animal research gives extensive knowledge, it may 

never adequately address the mechanisms occurring in human, therefore, human clinical trials 

are always needed to ensure the findings from an animal model corresponds to the human 

situation.  

 

It is reasonable to assume that species specific differences have an impact on the 

pathophysiology of stroke as differences between mice and human, but also within mice 

strains, is found in brain anatomy, functional organization, vascular anatomy and the immune 

system (Braeuninger & Kleinschnitz, 2009; Seok, Warren et al., 2013; Sommer, 2017). 

Another basic difference is the use of anesthesia in the majority of animal models which is not 

clinically relevant in human. Stroke therapy academic industry roundtable (STAIR) has 

guidelines for effective translational research which includes the importance of study 

blinding, sample size calculation, randomization of the study groups, accurate statistical 

analysis and clinically relevant animal model (strain, stroke model, inclusion and exclusion 

criteria) (Lapchak, Zhang et al., 2013). STAIR also recommend at least two outcome 

measures, example function and morphology, also covering both acute (1–3 days) and long-

term (7–30 days) endpoints. These guidelines help reduce the translational disparity between 

mice and man. 

 

5.5 Future perspectives 
Since we did not replicate the previously reported neuroprotective effects of lactate in the 

present study, our results challenge the hypothesis of direct preventive effects of lactate and 

exercise on the brain in stroke. Our chosen method does not exclude that any preventive 

effects of exercise and lactate is through minimizing risk factors. Because only young, healthy 

animals were used this was not investigated in the present study. 

 

A naturally next step would be to investigate if the preventive effects of exercise and lactate 

on stroke occur through the reduction of risk factors. A further research objective could 

include mice with advanced age and/or hypertension. As age and hypertension are the two 

strongest risk factors, further research on these topics could possibly provide the information 

needed to reduce stroke incidents and thereby also the social and economic burden of stroke. 

Therefore, a research question that could be asked is “Does exercise and lactate in elderly 

mice with high blood pressure give neuroprotective effects through the HCAR1 receptor?”.  
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By alteration of the renin angiotensin system it is possible to generate transgenic mice with 

elevated blood pressure (Kimura, Mullins et al., 1992). Using older mice offer some 

challenges, as the permanent distal MCAO model requires that the operator is able to identify 

the correct artery through the intact scull. In elderly mice, this is more uncertain, as a thicker 

skull is less transparent. Furthermore, the financial expenses would be higher because the 

animals needed housing over a longer period of time than the younger mice. 

 

More data increasing the general knowledge about the mechanisms in the brain and 

connections between the brain and the periphery is needed to develop better, higher quality in 

vitro models for brain research and would also help to reduce the need of animals in research. 

There are still many unanswered questions about neuroinflammatory processes following 

ischemic stroke and how they can be modified to improve stroke outcome. Therefore, future 

research should expand the knowledge currently obtained about the neuroinflammatory 

process to better understand potential targets for prevention and treatment of ischemic stroke. 

As mentioned above (in 5.3.2), the next step for the investigate neuroinflammation is to 

perform the analysis on the animals from the lesion volume analysis. This analysis will shed 

light on the effects of exercise and lactate given preventively on the neuroinflammatory 

process by both analyzing microglia activation, but also astrocyte activation, which will be a 

naturally next step. 
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6 Conclusion 
The scope of this thesis was to investigate whether exercise and lactate contribute to 

neuroprotective effects in stroke with main focus on lactate and receptor HCAR1. The thesis 

further investigates the preventive role of lactate and HCAR1 in regard to neuroinflammation 

in stroke. Neither high and medium intensity interval exercise nor lactate treatment as 

intraperitoneal injections 5 days a week for 7 weeks had a preventive effect on stroke lesion 

volume in three months old mice three weeks after permanent distal MCAO. The findings are 

also independent of the HCAR1 receptor as no significant difference in lesion volume was 

found between HCAR1 wild type mice and HCAR1 knock out mice in any treatment group.  

 

The results of this study demonstrate two aspects regarding the role of microglia activation (as 

an indicator or neuroinflammation) in stroke. First, we demonstrate that microglia activation 

is involved in cerebral ischaemia in the cortex area of the brain in mice one week after 

permanent distal MCAO. These findings only applied when treatment groups were not taken 

into account. Second, the present study shows microglia activation being completely 

independent of lactate treatment given 24 and 48 hours after stroke induction in any of the 

four measured regions of the brain (ipsilateral cortex, ipsilateral striatum, contralateral cortex 

and contralateral striatum). In addition, microglia activation was independent of HCAR1 

receptor as no difference in degree of activation were shown between genotypes. 

 

The results from this study signals a rebuttal of our hypothesis but may contribute to further 

investigations of preventative stroke mechanisms. 
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Appendix A – Macro for microglia analysis 
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Appendix B – Evaluation form of pain and definition of 
human endpoint 

 
 

Parameters 
 

State 
 
 

 
Score 

 
Date 

 
Date 

 
Date 

 
Date 

 
Date 

 
Date 

 
 
 
 

Appearance 
/hydration 

status 
 

Normal, normal skin tent and 
posture 

4 
 

      

Slight skin tent present on 
dorsum 

 

3       

Moderate skin tent, hunched 
posture, piloerection present 

 

2       

Severe skin tent, eyes sunken 
in, piloerection 

1       

 
 
 
 

Natural 
behavior 

 

Normal, active in cage prior to 
and during handling, nesting, 

sleeping in groups 

4 
 

      

Decreased activity, isolated but 
alert, responsive to handling 

3       

Lethargic, isolated, decrease 
resistance to handling 

2       

Nonresponsive, move only 
when touched 

1       

 
 

Body condition 
 

BC3  3 
 

      

BC2 
 

2       

BC1 
 

1       

 
 

Body weight 
 

Normal 4       

Loss < 5% 3       

Loss < 10% 2       

Loss < 15% 1       

 
 
 
 
 
 

Wound 
inspection  
(for 7 days 

after surgery) 
 

Normal 
(no exudate, erythema or 

edema) 

4       

Normal healing (small amount 
of serous exudate, mild 
erythema, mild edema) 

3       

Minor wound infection 
(serous/seropurulent discharge, 
mild erythema/edema around 

sutures and wound) 

2       

Moderate wound infection 
(purulent exudate, moderate 

erythema/edema around 
sutures/wound and along wound 

1       

Severe wound infection 
(separation of deep tissues, 

severe erythema/edema 
purulent exudate) 

0       

 
 
 
Total score     
19-18 normal, 17–15 pay close attention to the state of health, 14-10consider euthanasia, >9human endpoint/euthanasia  
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