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Abstract 
Physical exercise has shown beneficial effects on brain structure and function,  
enhancing memory and cognition [1]. Numerous studies have reported its ability 
to help decelerate or prevent progression of neurodegenerative diseases [2-4], even 
contributing to a reduced risk of developing Alzheimer’s disease (AD) [5-11], 
although evidence for the latter is not unanimously accepted [12, 13]. The 
mechanisms behind the observed effects are only partly understood. 

Working muscles release high levels of lactate during physical exercise [14, 15]. 
The lactate travels by the circulating blood and enters the brain through the blood-
brain barrier (BBB) via monocarboxylate transporters (MCT) to influence brain 
functions [16]. A lactate receptor called hydroxy-carboxylic acid receptor 1 
(HCAR1) was recently found to be present and active in the mammalian brain [17, 
18], suggesting lactate as an important signaling molecule. Our group also showed 
that lactate through HCAR1, mediates exercise dependent beneficial processes in 
the brain [28].  

In the present study, molded on the latter findings, AD model mice overexpressing 
amyloid precursor protein with 5 familial AD mutations (5xFAD) [19] were 
injected with lactate in doses mimicking high intensity exercise, once daily 5 days 
a week for 7 consecutive weeks, aiming to activate the cerebral HCAR1 and 
explore its potential for intervention against the pathology and progression of AD. 
Following the treatment period, the mice were assessed for cognitive behavior on 
the Y-maze memory test. Their brains were further dissected and analyzed for 
mRNA and protein expressions with quantitative polymerase chain reaction 
(qPCR) and mass spectrometry (MS)1 techniques, respectively, alongside confocal 
microscopic analysis of immunohistochemically processed brain tissue sections.  

The results indicate that lactate has beneficial effects in terms of lowering IL-1b 
and increasing IL-4 expressions in the brain. Microscopic analysis revealed highly 
significant reductions in microglial mass and also indicated decreases in amyloid 
plaques in lactate treated compared to saline injected AD model mice. The Y-maze 
test showed no ameliorative effects on cognitive behavior, but gave partly 
paradoxic results, likely due to technical reasons. This work serves as a pilot study 
encouraging future more comprehensive investigations to clarify the effects of 
lactate in AD mouse models. 

 

 
1 Due to technical problems with the MS proteomics equipment at NTNU, the MS data will be available only after the 
PhD dissertation. Material is secured also for future mRNA and immunocytochemical analyses. 
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1 Introduction 

1.1 Background 

In a society with an increasingly elder population, the prevalence of age-related 
cognitive disabilities and memory decline, with ensuing dementia, is quickly rising [20]. 
Dementia is loss of cognitive abilities2 resulting from various neurodegenerative 
diseases [21]. Globally, dementia is predicted as the fifth leading cause of death, 
affecting an estimated 50 million people today [22], and expected to double every 20 
years [23]. It is thus of great need to increase the knowledge about these conditions and 
the underlaying mechanisms leading to their development.  

AD is the most common form of dementia [24], characterized by behavioral and 
psychological changes besides a tremendous cognitive decline. In the early stages of the 
disease, features like short-term memory, spatial orientation and language are most 
commonly affected. As the AD progresses, deficiencies in long-term memory, intelligence 
and motor skills begin to emerge and interfere with daily activities [25]. Even a century 
after the first description of AD by the neuropathologist Alois Alzheimer [25], its 
etiology remains unclear. Nevertheless, it’s commonly agreed that the disease is a 
combined result of both genetic and environmental factors [26]. Current therapies 
against AD have only been able to relieve some of the symptoms, but none have 
succeeded in blocking or reversing the disease progression [27]. However, there is 
accumulating evidence for the beneficial effects of physical exercise on brain function, 
such as memory and learning enhancements [1]. While the concept is not yet 
unanimously accepted, numerous studies indicate that physical exercise contributes to 
reducing the risk of dementia [5-11, 28]. In line with this, our group recently identified 
the lactate receptor, known as hydroxycarboxylic acid receptor 1 (HCAR1), to be present 
and active in the mammalian brain [17, 18]. The receptor was shown to link physical 
activity to brain functions through the increase in capillary density and in a combined 
neurotrophic and angiotrophic factor3 [25], which should contribute to improving blood 
supply and supporting neuron survival [29, 30]. HCAR1 has also been implicated in 
counteracting tissue-damaging inflammation in various organs [31, 32], but this has not 
been tested in the brain. Since cerebral inflammation is considered a central mechanism 
in AD [33], it was of interest to examine if activations of HCAR1 would delay the disease 
progression. 

 
2 Brain-based skills that are necessary to carry out any task from the simplest to the most complex. The skills are more 
reliant on learning, memory, problem-solving and attention rather than with actual knowledge.  
3 Neurotrophic factors are biomolecules (peptides or small proteins) that support the growth, survival, and differentiation 
of developing and mature neurons. While angiotrophic factors stimulate the development of endothelial cells and the 
generation of blood vessels. 
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1.2 Aim and scope of thesis 

The thesis addresses the question of whether cerebral HCAR1 activation with its 
physiological agonist, lactate, in concentrations mimicking those in high intensity 
exercise, could counteract the development of disease in a mouse model of AD. If the 
answer is yes, it could consequently lead to finding therapeutics and preventive 
approaches capable of delaying the progression and perhaps even reversing the 
pathology. This research is also expected to contribute to an improved understanding of 
how physical activity benefits the brain, which would be of great importance for today’s 
society. In order to investigate the role of HCAR1 in AD, the following sub-goals were 
defined, comparing transgenic AD model mice and wild-type control mice with and 
without HCAR1 activation by exogenous lactate for items 1)-4): 

1) Cognitive performance. 

2) Brain inflammation markers expressions.  

3) Growth factor productions.  

4) Amyloidosis development course. 

1.3 Outline 

The parts of the thesis are organized as follows: 

¨ Part 2 presents the theory about the main points of the thesis. 

¨ Part 3 describes the materials and methods including detailed procedures and 
theoretical explanations.  

¨ Part 4 presents the results obtained on lactate measurements, behavioral tests, 
histological analysis of brain tissue, genotyping, and mRNA analysis.  

¨ Part 5 discusses the results that are presented with consideration of previously 
published studies.  

¨ Part 6 concludes findings and brings future perspectives. 

¨ Part 7 contains the list of all references used.  

¨ Part 8 includes Appendix A with all supplementary figures. 

¨ Part 9 includes Appendix B with kits utilized for the methodological procedures.
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2 Theory 

2.1 Communication in the brain 

In his first edition of On the Origin of Species, Charles Darwin asks the rhetorical 
question of why the brain should be enclosed in a box of numerous and extraordinarily 
shaped pieces of bone across most vertebrates [34]. Perhaps the answer lies in fact that 
it is the most important organ in the body. The brain consists of 100 billion neurons and 
possibly ten times more glial cells [35]. And while most other cells in the body 
communicate over short distances through endocrine and paracrine signaling4 neurons 
have the ability to communicate over wide distances by electrical signals called action 
potentials (AP), travelling along their axons and collectively forming a complex network 
with distinct firing patterns. The specialized area where an AP from one neuron is 
transmitted to another neuron, is called a synapse. There, neurotransmitters are 
released through exocytosis from the pre-synaptic neuron, to bind and activate receptors 
or channels on the post-synaptic neuron, inducing a membrane potential change in the 
latter neuron. When neurotransmitters bind to post-synaptic neurons containing 
excitatory receptors. Na+ ions are through these admitted to the neuron, leading to a 
depolarization which further promotes the generation of an AP. When 
neurotransmitters bind to a post-synaptic neuron with inhibitory receptors, Cl- and/or 
K+ ions are fluxed (in and out, respectively) and the cell hyperpolarized, leading to 
inhibition of the generation of an AP [36]. 

2.1.1 The Hippocampal formation 

The hippocampal formation is a central component of the medial temporal lobe5. This 
brain region plays an important role in spatial working memory used in navigation, and 
in short-term and long-term memories for information consolidation [37-39]. Mammals 
have two bilateral C-shaped hippocampi, one found in each brain hemisphere. In 
comparison with other brain regions, the structure and function of the  hippocampal 
formation are more highly conserved across species ranging from rodents to primates 
[40] (Figure 2.1.1).  

 
4 Paracrine signaling molecules move by diffusion through the extracellular matrix between closely located cells, while 
endocrine signaling takes place between distant cells. 
5 A system of anatomically related structures that are essential for declarative memory (conscious memory for facts and 
events). The system consists of the hippocampal region and the adjacent perirhinal, entorhinal, and parahippocampal 
cortices 
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Figure 2.1.1: A three dimensional view of the hippocampal formation (pink) in human and mouse brain 
(grey). Illustration generated in Paint  

The hippocampal formation anatomically comprises the following divisions: the dentate 
gyrus (DG), the hippocampus, the subicular complex and the entorhinal cortex (EC) [41]. 
The hippocampus is principally made up of a dense layer of pyramidal neurons that 
project through three major subfields of cornu ammonis termed CA1-CA3 [42]. The DG 
is mainly composed of a tightly packed granule cell layer wrapped around the distal 
CA3-end of the hippocampus, appearing V-shaped or U-shaped in sections [43]. The 
granule cell layer encloses a polymorphic layer, often referred to as the hilus, which 
contains mossy cells. Bordering the hilus, resides a thin cell layer called the subgranular 
zone (SGZ) which contains stem cells and occupies the inner third of the granule cell 
layer of the DG [44]. The subicular complex is divided into the subiculum, presubiculum 
and parasubiculum and contain a broad cell layer that consist of medium-sized 
pyramidal neurons extending from the distal CA1-end of the hippocampus [41]. The EC 
is considered the gateway to the hippocampal formation. It functions as the major 
cortical source of input to the hippocampus, and together with the subicular complex, it 
provides a major output of the hippocampus [45]. Neuronal input enters the 
hippocampal formation through the EC and is transferred to the DG and CA3 via the 
performant path. Granule cells of the DG project to the pyramidal neurons in the CA3 
field via their mossy fibers. CA3 pyramidal cells send axons to the ipsilateral CA1 field 
via the associational pathway (including the Schaffer collaterals), and to the CA1 field 
in the contralateral hippocampus through the associational commissural pathway. 
Pyramidal neurons in the CA1 field can also receive input directly from the performant 
path. They however send their axons to the subiculum which sends the main 
hippocampal output through the EC and out to other regions of the neocortex6 [45]. The 
hippocampal formation is thus forming a dense loop of neuronal circuitry (Figure 2.1.2). 

 
6The part of the mammalian brain involved in higher-order brain functions such as sensory perception, cognition, 
generation of motor commands, spatial reasoning and language.  
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Figure 2.1.2: A schematic drawing of the hippocampal formation and its neuronal circuitry. The different cell 
compartments are separated by dotted lines. A thin layer of pyramidal cells (denoted as triangles) runs 
through CA1-CA3. The dentate gyrus (DG) is composed of the stratum moleculare (SM), hilus (H), 
subgranular zone (SGZ) and a dense layer of granular cell denoted with small circles. The pyramidal like 
cells (white triangles) inside hilus are mossy cells which project both ipsilaterally and contralaterally (not 
shown). Through the perforant path (PP), the entorhinal cortex (EC) sends input to the dendrites of granular 
cells in the DG, which project mossy fibers (MF) to the pyramidal neurons in the CA3 field, or directly to 
pyramidal neurons in the CA3 and CA1 fields. The CA3 pyramidal neurons also receive input from MF and 
they send axons to the CA1 through the Schaffer collateral (SC) pathway (aka the associational pathway) as 
well as to pyramidal neurons in the CA1 fields of the contralateral hippocampus via the commissural (C) 
pathway. CA1 pyramidal neurons send axons to neurons in the subiculum (Sb), which in turn send the main 
hippocampal output to the EC, forming a loop. 

2.1.2 Brain plasticity  

Contrary to what was previously thought, the brain is very plastic, with an ability to 
change structurally and functionally in response to stimuli over time. Many evidences 
demonstrated that physical exercise affects brain plasticity, influencing cognition and 
wellbeing [46, 47]. The changes are activity-dependent and can be of several outcomes. 
Rapidly repeated APs for instance, drives a strengthening mechanism of the synapse, 
called long-term potentiation (LTP). LTP enhances glutamate release and subsequent 
activation of N-methyl-D-aspartate (NMDA) and α-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA) receptors, resulting in enhanced Na+ and Ca2+ influxes, 
further leading to several signal transduction cascades within the cell [48]. The 
mechanism of LTP involves increased density of AMPA receptors at the synapses and is 
thought to be underpinning learning and memory [49, 50] through the increased activity 
between a set of neurons that consolidates their connection [49]. Another activity-
dependent change is through long-term depression (LDP), which weakens the neuronal 
synapse [51].  

The hippocampal formation of a mouse 
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Another mechanism in which brain plasticity can occur, is through the formation of new 
neurons in the adult brain, a mechanism called adult neurogenesis (see Figure 2.1.3). 
Through the formation and retraction of neuronal spines [52, 53], and their integration 
into the preexisting neuronal network [54], this mechanism enables changes to the 
brain organization [55]. Enhanced adult neurogenesis has been associated with 
improved spatial memory performance in animals [56]. Adult neurogenesis encompasses 
the production of new neurons only in a few areas in the brain, and the most studied 
area is the hippocampus [57]. These neurons originate from adult neural stem cells 
(NSC) occupying the SGZ of the adult DG [58]. There are two types of NSC; quiescent 
type 1 neural progenitor cells (NPC) which are spanning the entire granule cell layer 
and spreads to the inner molecular layer of the DG, and the actively self-amplifying type 
2 NPC which are generated from the type 1 NPC. These intermediate type 2 NPCs 
subsequently give rise to neuroblasts that differentiate into granule cells of the SGZ. 
Young adult rats generate approximately 9,000 new cells in the SGZ everyday, with a 
survival rate of ~50% [59]. The surviving cells thereafter send their dendrites to the 
molecular layer of the DG, being able to receive inputs from the EC. They send axonal 
projections, mossy fibers, to innervate the CA3 pyramidal cells, and also hilar 
interneurons and mossy cells, integrating into existing neuronal circuits [60, 61]. 
Studies have shown that the addition of these new neurons can modulate global brain 
function, such as enhancing learning and memory processes [56, 62, 63] 

 

Figure 2.1.3: A schematic illustration of neurogenesis in the adult hippocampus. Type 1 neuronal stem cells 
(NSCs) are quiescent and radial cells located in the subgranular zone (SGZ). Type 2 NSCs are proliferating 
and non-radial, and they generate both astrocytes and neuroblasts. Neuroblasts migrate into the dentate 
gyrus (DG) and differentiate into dentate granular cells (DGC). Newly made DGC gradually develop 
branched dendritic trees in the molecular layer (Mol) to receive inputs reception from the entorhinal cortex 
(EC) and they project to CA3 pyramidal neurons (red) as well as to interneurons (blue) and mossy cells (not 
shown) in the hilus. [64] 

2.1.3 Hippocampal memory  

One of the most fascinating and complex functions of the brain, is memory. It is defined 
as the ability to store information provided by experience and to retrieve it at later 
timepoints at will. Once neural information reaches the EC, it will mostly get processed 
through the hippocampal circuitry and flow back to the neocortex, either to be 
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consolidated as a memory or to initiate other cognitive processes [65]. If the anatomical 
structure of the hippocampal formation gets either altered or damaged, it may change 
the neural processing with the neocortex, hence alter cognitive functions or memories 
[66]. Amnesia, i.e. the inability to learn or to retrieve information, has been especially 
instructive about the neurobiological underpinnings of memory. The most famous 
insight about the role of hippocampus in memory began with the story of Henry G. 
Molaison, known as patient H.M. Due to his suffering from epileptic seizures, he 
underwent a surgical intervention that resulted in removing two thirds of his 
hippocampi bilaterally. While the surgery succeeded in curing his epilepsy, patient H.M. 
developed anterograde amnesia [67, 68]. However, this incident produced a deeper 
understanding of the underlaying structural differences between long-term and short-
term memory, and between hippocampus dependent declarative (aka explicit) memory, 
as opposed to non-declarative (aka implicit or procedural) memory, which is largely 
hippocampus independent. It also established memory as a distinct ability among other 
cognitive functions [69]. 

2.2 Alzheimer’s disease (AD) 

AD is a progressive neurodegenerative disease that results in memory deficits, 
functional loss and cognitive impairment [70]. Due to its major role in memory 
formation, hippocampus is one of the first brain regions to suffer damage during the 
progression of AD [71].  

 

Figure 2.2.1: Brain atrophy in advanced AD. The upper photographs are side views, while the lower 
photographs depict frontal sections of a normal (left) and an AD (right) brain. Brain atrophy in AD causes 
narrow cortical gyri, shrunken hippocampi and enlarged cerebral ventricles. Reproduced from [72] 

Dr. Alois Alzheimer was the first to diagnose a patient with AD, in 1906, portraying it 
as an aggressive form of dementia, manifesting severe loss of memory and cognition. A 
subsequent autopsy of the diseased brain, revealed dramatic shrinkage of the cerebral 
cortex and hippocampus (Figure 2.2.1), with atrophied neurons, together with an 
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accumulation of neurofibrillary tangles and amyloid plaques [24] (Figure 2.2.2). Further 
studies showed that amyloid plaques are composed of amyloid-b (Ab) peptides ending at 
amino acid residues 42 or 40 [73], formed from an improperly cleaved amyloid precursor 
protein (APP). On the other hand, neurofibrillary tangles are made of 
hyperphosphorylated tau, a microtubule7 associated protein [73]. 

The primary function of APP is yet not fully understood, but it is a highly expressed 
integral membrane protein that is implicated in neurite extension and synaptic 
plasticity [74]. The APP can be cleaved by two pathways within the cell; (1) a 
nonamyloidogenic pathway where the full-length protein is cleaved by a- and g-
secretases8, and (2) a cleavage by the b- and g-secretases which can produce insoluble Ab 
peptides that aggregate in the brain to form plaques [75]. The b-Site APP-cleaving 
enzyme 1 (BACE-1) is the major b-secretase in the brain [76]. An initial cleavage of APP 
by the BACE-1 releases a large secreted derivative, leaving behind a membrane bound 
fragment of 99 amino-acids which is rapidly cleaved by g-secretase, generating an Ab 
peptide. The cleavage by g-secretase is however imprecise, hence different Ab peptides 
exist [77]. Peptides ending at position 40 (Ab40) are hydrophobic and fibrillogenic, and 
they are the most abundant (~80-90%) in amyloid plaques, followed by peptides ending 
at position 42 (Ab42,~5-10%)[78]. Presenilin 1 and 2 (PS-1 and PS-2) proteins regulate 
the proteolytic function of g-secretase, and potential mutations can change the activity of 
g-secretase and subsequently increase the ratio of Ab in forms of AD [79]. In a brain 
with normal conditions, there is an equilibrium between the production and elimination 
of Ab, maintaining Ab at constant levels known as steady state [80]. However, in aging 
and pathological brains, the formation and clearance of Ab have disturbances [81] that 
lead to generation of amyloid plaques [82]. This pathological accumulation may 
commence up to 20 years before any observable AD symptoms or diagnosis [83].  

The tau protein however, is mostly expressed in neurons where it stabilizes 
microtubules responsible for axonal transport [84]. Phosphorylation of tau in a healthy 
brain serves a necessary role in intracellular trafficking in order to remove tau from 
microtubules and allowing transport. A following dephosphorylation is necessary to 
return tau to the microtubule [85]. In a pathological AD brain, the tau protein is 
phosphorylated at multiple sites resulting in its collapse and removal from the 
microtubule, in turn disrupting cellular processes [86]. The hyperphosphorylated tau 
further aggregate into helical fragments that eventually form neurofibrillary tangles 
[87] which accumulate and lead to loss of neuronal function or apoptosis [88]. 

 
7Polymers of tubulin that constitutes the third principal component of the cytoskeleton and provide structure and shape 
to the cytoplasm of eukaryotic cells. 
8Enzymes that cleave pieces off a longer protein that is embedded in the cell membrane. 
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Figure 2.2.2: Amyloid b (Ab ) plaques and tau tangles in an AD brain. The plaques (orange) are misfolded 
proteins that build up between neurons. Tau tangles (black) cluster inside neurons and lead them into 
apoptosis. The picture is reproduced with authorization from the LaduLab[89].  

There are mainly two forms of AD; early onset familial and late onset sporadic. The 
familial AD accounts for 5% of the disease burden affecting people younger than 65 
years and is caused by a mutation in three genes (APP, PSEN-1, PSEN-2) inherited in a 
Mendelian dominant fashion. On the other hand, the sporadic AD has a combination of 
both environmental and genetic factors, where the latter are inherited with a 79% 
chance, and commonly manifesting in people over the age of 65 [26]. Several genes are 
implicated in the latter form, but many still remain unidentified.  

Until 2010, the diagnosis and management of AD relied upon clinical symptoms 
reported, such as memory dysfunction and loss of cognitive functions. Today, batteries of 
blood tests and brain imaging are becoming available for use at the pre-clinical disease 
and mild cognitive impairment stage. This may lay the foundation for early 
identification of at-risk patients, a prerequisite for disease modifying treatment. 
Current treatment options for AD are symptomatic without effect of the prognosis. Only 
two drug therapies are generally available for AD patients; cholinesterase inhibitors 
[90], and non-competitive NMDA receptor antagonist/dopamine agonist [91] which 
improve memory and alertness, respectively, without changing the life expectancy or 
overall progression of AD. On the other hand, lifestyle modifications such as diet and 
exercise remain the only interventions with evidence showing lower AD risk and 
possible prevention of overall cognitive decline [92]. For example, omega-3 fatty acid 
supplements showed improvement in thinking and memory in patients with AD [93, 94]. 
Given the rising predominance and mortality of AD together with the increasing 
healthcare costs, there continues to be a sense of urgency in the medical community to 
develop effective means of a successful treatment for this progressive neurodegenerative 
disease. 
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2.2.1 The 5xFAD mouse model 

The transgenic (Tg) 5xFAD mouse model is designed to overexpress five mutated forms 
of two mutated human proteins that occur in familial AD (FAD). The first protein is the 
mutant human APP (isoform 695) with three FAD mutations; K670N/M671L (Swedish), 
I716V (Florida) and V717I (London). The second protein is the human presenilin-1 
protein (PS-1) harboring two FAD mutations; M146L and L286V. The mutations are 
made on the APP and PSEN-1 genes, and each one cloned separately as a 
complementary DNA (cDNA) into chromosome 3, exon 2 of the mouse Thy1 gene under 
the control of a modified Thy1 promoter. This region contains the sequences required for 
neuronal expression but lacks the sequences required for expression in non-neural cells, 
thus the expression of the transgenes is targeted to the mouse brain. Both APP and 
PSEN-1 transgenes were co-injected in equal molar amounts into the pronuclei of 
single-cell C57/B6XSJL hybrid embryos, obtained from a cross between C57BL/6 
females and SJL males. The generated genetic insertions were further proved to not 
affect any known genes [15]. The highest APP expressing line (Tg6799) was thereafter 
bred with B6/SJL for several generations, producing stable germline transmission and 
transgenic expression. Only mice that are hemizygous for the 5xFAD transgenes are 
proved viable and fertile. The hemizygous mice express severe amyloid pathology and 
exhibit cerebral accumulation of Ab42 around the age of 1.5 months. At 2 months of age 
they display cerebral deposition of amyloid plaques and gliosis, and by 4-5 months they 
display neurodegeneration together with memory deficits. However, tangles have not 
been observed in this model at any age [19]. The B6/SJL 5xFAD mouse strain utilized in 
this study, is bred to include wild types (WT) with no inherited transgenes. These are 
the Tg mice’s littermates and possess a non-pathological phenotype due to no inherited 
transgenes. 

2.3 The neural immune system and glia 

The brain has long been considered immune privileged compared to the rest of organs in 
the body. Now it is recognized that neuronal tissue can raise strong immune reactions 
that depend upon specialized innate non-neuronal cells called glia [95]. These cells can 
be subdivided into macro and microglia, regulating many neural functions that span the 
range from development, function and immune response [96, 97]. They ensure normal 
brain structure and function and are also involved in a wide range of pathological 
conditions, including brain injuries, infections and neurodegenerative disorders.  

Macroglia include astrocytes and oligodendrocytes that insulate and protect adjacent 
neurons, allowing them to grow and migrate. The main type of macroglia are astrocytes, 
which are characterized by being connected through gap-junctions, and by their tiny 
end-feet processes that cover neurons and micro-vessels. These specialized structures 
play essential roles in the volume regulation and homeostasis of the brain by regulating 
the uptake and release of molecules at the blood-brain barrier (BBB) [98, 99], which 
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controls the transport between the brain and the blood [100]. In response to damage in 
the brain, astrocytes become activated through a mechanism referred to as 
“astrocytosis”. During astrocytosis, astrocytes upregulate their expression of 
intermediary filaments, and subsequently undergo hypertrophy. As the damage 
progresses, a proportion of the surviving astrocytes in the proximity of the damage, 
gradually transform into a scar, thereby sealing off the damaged tissue [101], restricting 
both spreading of cell death and neuronal growth [102, 103]. Astrocytes were also shown 
to express necessary ion channels and second messengers at the neuronal synapse [104-
106], leading to the assumption of their significance in neuronal connection and thus 
establishing the term “tripartite synapse” [106]. This term defines a neuronal synaptic 
cleft as being highly dependent on astrocytic regulation [107, 108]. Astrocytes regulate 
the synapse by releasing neurotransmitters to strengthen it [109, 110], as well as by 
clearing neurotransmitters to sustain normal signaling [111]. Following glutamate 
release in the synapse, astrocytes can take up and covert large proportions of the 
neurotransmitter into glutamine by glutamine synthetase [112]. Glutamine is further 
released back into the extracellular fluid (ECF) to be taken up by neurons, which can 
convert it back to glutamate at any time for the replenishment of neurotransmitters 
[113, 114]. Additional research suggests that astrocytes helps support neuronal 
metabolism during neurotransmission by producing lactate [115] and enabling glycogen 
storage. When the astrocyte takes up glutamate, its intracellular Na+ increases and 
activates the Na+/K+ ATPase. This causes a reduction in the astrocyte’s ATP levels 
which further stimulates its glycolytic activity, leading to its production and release of 
lactate [115]. During brain activation, this mechanism is consistent with the increased 
extracellular lactate levels [116, 117], and the rapid usage of glycogen stores [118, 119]. 

Microglia comprise ~10–15% of all glial cells and participate in neuronal development, 
homeostasis, and nearly all neurologic disturbances. These cells spread in the brain 
during early development. They also function as scavenger cells in physiological and 
pathological conditions. In AD brains, microglia are found to become chronically 
activated, releasing a variety of proinflammatory and toxic products, including reactive 
oxygen species, nitric oxide, and cytokines [120]. In a healthy adult brain, microglia are 
found in a “resting” state9, with highly branched processes but a small cell body – a 
distinct morphology that distinguishes them from macroglia. As part of their 
homeostatic functions, microglial cell bodies remain stationary, but their processes 
continuously scan the surrounding space. Through this they are able to respond quickly 
to damage, disease or infection by transforming themselves into activated cells and 
further enable inflammatory functions [121]. Activated microglia formed during aging 
have been shown to be responsible for the induction of reactive astrocytes during normal 
aging [122, 123]. Furthermore, studies have suggested that aged microglia up-regulate 
their expression of inflammatory cytokines [124]. 

 
9 A state in which microglia exist during physiological conditions. The resting microglial cell is characterized by a small 
cell body and much elaborated thin processes extending in all directions. 
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2.3.1 Neuroinflammation  

Acute neuroinflammation in the brain is a defense and neuroprotective response against 
any infection or injury. Hallmarks of a neuroinflammatory response are glial activation 
and production of immune signaling molecules. When activated, glial cells increase in 
number and in expression of cell-surface immune modulatory proteins, to further 
elevate the synthesis of pro-inflammatory cytokines and chemokines10 [125]. In 
neurodegenerative disorders like AD, neuroinflammation is chronic, and the 
neuroinflammation response is believed to worsen the situation [126], by disrupting the 
equilibrium of anti-inflammatory and pro-inflammatory signaling [127, 128]. Moreover, 
a chronic neuroinflammation in the brain does not only facilitate neurodegeneration, but 
it also aggravates both Ab and tau pathologies [129].  

It has been shown that elevated levels of inflammatory cytokines like interleukin 1, 
trigger increased APP production and subsequent Ab plaque formation [130]. Increased 
levels of the pro-inflammatory interleukin 1b (IL-1b) has been shown to elevate the risk 
of AD and increase the production of other cytokines [131]. IL-1b have been shown to 
elicit rapid activation of both macroglia and microglia in the rodent brain, in addition to 
increasing the expression of other pro-inflammatory cytokines, chemokines and cell 
surface adhesion molecules within the brain parenchyma [132]. IL-1b is even capable of 
triggering further enhancements of its own expression by a feedback loop [133]. 
However, in order for the IL-1b protein to become biologically active, the proprotein11 
form requires cleavage by caspase-1 (CASP-1). Independent of IL-1b there is evidence 
suggesting that CASP-1 can execute cell death processes in neuronal injury. Thus, 
representing a therapeutic target for the treatment of brain injury or disease [134]. 
Interleukin 4 (IL-4) is an anti-inflammatory cytokine that plays a role in neutralizing 
the neuroinflammatory process. In vivo studies have shown that IL-4 induces microglial 
clearance of Ab plaques by promoting the expression of Ab-degrading enzymes [135]. IL-
4 has also been reported to alleviate cognitive impairments in AD animal models [136].  

Tumor necrosis factor a (TNF-a) is another pro-inflammatory cytokine, acting as a key 
element in the neuronal inflammatory cascade. Its long-term expression has been 
reported to increase Ab and tau pathologies [137]. A short-term anti-TNF-a treatment 
on the other hand, has succeeded in improving cognition in AD patients [138], probably 
by relieving the Ab pathology [139]. However, due to the cytokine’s ability to bind 
several receptors, it can have widely varying downstream effects in AD [140, 141]. Small 
amounts of TNF-a for instance, have been reported to mediate microglial phagocytosis 
of Ab plaques [142].  

 
10 Cytokines are peptides secreted by cells, playing important roles in cell signaling. They cannot cross the lipid bilayer of 
cells to enter the cytoplasm but activate receptors at the cell surface. Chemokines are a family of small cytokines. 
11 An inactive protein that can be activated by posttranslational modifications.  
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2.3.2 Cerebral growth factors 

An increased gene expression of growth factors within the brain is associated with 
slower cognitive declines in older adults and AD patients. Therefore in recent years, 
growth factor therapies, stimulating local production of growth factors such as the 
brain-derived neurotrophic factor (BDNF) and the vascular endothelial growth factor A 
(VEGF-A), have emerged as potential treatments for a multitude of brain diseases [143]. 
BDNF is a neurotrophic factor that possesses a range of functions in the development 
and maintenance of the brain by activating certain receptors. The BDNF protein is 
mostly found in the brain, and it promotes the differentiation [144], maturation [145], 
and survival of neurons [146], besides being thought to stimulate and control 
neurogenesis [147, 148]. During fetal development, BDNF is expressed at low levels in 
the brain. During birth, it increases followed by a decrease later during adulthood [149-
151]. BDNF additionally plays a major role in energy homeostasis and shows 
neuroprotective features under pathological conditions, such as in cerebral ischemia12, 
hypoglycemia13, and neurotoxicity14 [152]. In accordance with that, in persistent 
neurodegenerative diseases low levels of BDNF have been observed [153-155], 
particularly evident in AD patients [156-159].  

VEGF-A is a hypoxia-inducible secreted protein that interacts with receptor tyrosine 
kinases on endothelial cells to promote angiogenesis; the formation of blood vessels. This 
protein has also been shown to exert neurotrophic and neuroprotective effects in the 
brain [160]. Interestingly, activations of HCAR1 induced increase in cerebral VEGF-A, 
further leading to an increase in angiogenesis [29]. Another study showed that 
overexpression of VEGF-A in adult rats resulted in improved cognition, memory and 
learning by stimulating neurogenesis in the adult brain [161]. Since cerebral 
hypoperfusion15 is an essential component of AD pathology, it is believed that increased 
levels of VEGF-A would help opposing the disease progression. The observation of low 
VEGF-A levels in cognitive impairment and neurodegeneration such as in AD, also 
suggests that the protein may exert beneficial neuroprotective effects besides 
angiogenesis. Surprisingly, in AD patients during the early stages, the VEGF-A protein 
was found in increased levels in hippocampus – in neuronal cells and astrocytes [162]. 
The protein level however decreased as the disease progressed. This phenomenon likely 
indicates a mechanism of self-repair in the early stages of AD [162].  

2.4 Physical exercise and brain function 

Several studies conducted in both humans and animals, have proven enhanced cognitive 
performance in response to physical exercise by facilitated neuroplasticity of certain 

 
12The restriction in blood supply to tissues, causing a shortage of oxygen that is needed for cellular metabolism. 
13 Low blood sugar, i.e. when blood sugar decreases to below normal levels. 
14 A form of toxicity in which an agent (neurotoxin) produces an adverse effect on the structure or function of the nervous 
system, altering the normal activity and cause permanent or reversible damage to the nervous tissue. 
15 Decreased blood flow through an organ. 
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brain structures [163]. A large proportion of the beneficial effects is also due to an 
increased cardiovascular fitness [164-167]. Physical exertion exhibits several cognitive 
effects considerably ameliorating condition in older adults with subjective memory 
impairments [168]. Even a slight increase in overall physical activity was positively 
associated with increased episodic memory regardless of exercise intensity [169]. Most 
importantly, exercise has shown the ability to help decelerate and prevent progression 
of neurodegenerative diseases [2-4], even causing a reduced risk of dementia  [5-11, 28]. 
Other epidemiological studies demonstrate an inverse relationship between the amount 
of physical activity undertaken and the risk of developing AD [8].  

On the cellular level, regular physical exercise increases the resilience of cells and 
tissues to oxidative stress, and also enhances vascularization, energy metabolism, and 
neurotrophic synthesis, which are all important in memory formation and learning [1, 3, 
56, 170]. The positive cognitive changes are accompanied by functional improvements in 
associated brain regions, including a reduced age-related decline of neuronal volume, 
most probably reflecting an enhanced neuronal processing efficiency [171]. Exercise has 
directly been shown to increase the hippocampal volume [172] and blood flow in the DG 
[173]. In animals, physical exercise succeeded in inducing plasticity, such as LTP [56, 
170], neurogenesis [56, 174, 175], and dynamics of dendritic spines [176]. However, the 
mechanism behind the positive effects observed in the brain after exercise remains 
unknown. The presence of a signaling molecule in the peripheral blood, of which the 
concentration is altered during exercise, could perhaps be an explanation of the 
observed effects. Considering this suggested mechanism, this molecule, however, needs 
to possess the ability of crossing the BBB. A molecule like lactate is easily passed 
through the BBB and its production is enhanced with physical exercise, reaching 
plasma concentrations above 10 mM in humans [177, 178]. The idea about this molecule 
and its potential beneficial effects has opened the way for new explorations.  

2.4.1 Lactate 

The brain is a highly metabolically active organ that requires continuous supply of 
energy substrate delivery [179]. In a healthy brain, energy in the form of adenosine-5'-
triphosphate (ATP) is largely produced from the metabolism of glucose (Figure 2.4.1). By 
glycolysis, glucose is broken down to pyruvate, which is further oxidized by the 
mitochondria during aerobic conditions16, or converted to lactate by the reversible 
lactate dehydrogenase (LDH). Lactate thereby serves as a “buffer” allowing glycolysis to 
continue even when mitochondria cannot oxidize pyruvate as fast as it is produced. 

When the rate of demand for energy is high, and the conditions become anaerobic17, 
pyruvate is transformed to lactate faster than the body can process it, causing lactate 

 
16 Aerobic metabolism is the most efficient mechanism used by the body to produce energy.  The metabolic system 
functions using a complex series of chemical reactions that use oxygen to convert nutrients to energy (36-38 ATPs). 
17 Anaerobic metabolism at the cellular level occurs when oxygen transport and tissue oxygenation are compromised. It is 
far less efficient than aerobic metabolism, glycolysis releasing only a small part of nutrient energy (only 2 ATP per 
glucose molecule). 
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concentrations therefore to rise (Figure 2.4.1), and lactate is released out of the cell and 
into the blood. Lactate levels in the blood are thus dependent on the rate of removal 
governed by the amount and isoform of LDH as well as the oxidative capacity of tissues 
[180]. As soon as the peripheral blood lactate concentration rises, there is a net influx 
into the brain [178, 181] and the transport across the BBB is subsequently increased 
[182]. At physical rest, there is rather a net efflux of lactate from the brain into the 
peripheral blood [183]. Thus, from being regarded as a useless end-product of anaerobic 
glycolysis, throughout the last 20 years, lactate became acknowledged as a major energy 
substrate for neurons [184, 185]. Although glucose is usually assumed to be the main 
energy source, there are some indications that it is lactate, and not glucose, that is 
preferentially metabolized by neurons in the brain, when both substrates are available 
in equal amounts [178, 186, 187]. 

 

Figure 2.4.1: The carbohydrate metabolism via anaerobic and aerobic pathway in a eukaryotic cell. In the 
presence of oxygen, glucose is metabolized into CO2 and H2O through the citric acid (TCA) cycle and electron 
transport chain, producing 36-38 ATP. In anaerobic glycolysis, oxygen is absent, thus glucose is metabolized 
into lactate, producing a low energy yield of only 2 ATPs. 

Lactate is the corresponding base to lactic acid (2-hydroxypropanoic acid) and is the 
naturally occurring molecule at the body’s physiological pH. This organic molecule has 
two chiral enantiomers; L(+) and D(–), where the L(+) isomer is the most abundant in 
mammalian cells [188] (Figure 2.4.2). Most lactate in the human body is produced by 
skeletal muscles [14] during high intensity exercise. With increasing activity, the lactate 
production increases. Circulating blood lactate is significantly elevated from a resting 
level of approximately 1 mM [189] in the human body to 8-10 mM following a high 
intensity exercise, even reaching up to 15-32 mM after repeated maximal exertion [190, 
191]. Similarly, mice at rest have lactate concentrations of 4.6 ± 0.7 mM [192], but 
during maximal physical activity on a treadmill at close to VO2max  their blood lactate 
levels reach ∼10 mM [29, 193]. 
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Figure 2.4.2 Structural formula of L-lactate generated in MolView.org 

In pathophysiological conditions, such as obesity, hypoglycemia, epilepsy18, hypoxia and 
ischemia [194, 195], lactate concentration increase up to 10-20 mM, due to arrest in 
aerobic glycolysis and a shift to anaerobic glycolysis [196, 197]. Remarkably high lactate 
levels have additionally been observed during wound repair [198] and in fetuses and 
newborns [199]. Lactate is also produced during normal physiological conditions, even in 
the presence of excess oxygen (aerobic glycolysis). This mechanism is most characteristic 
for tumors, commonly known as the Warburg effect [200], but does however take place 
among astrocytic cells within the brain. When the body is at rest and under normoxic 
conditions, astrocytes act as the main producers of lactate within the brain. The 
produced lactate is further taken up by neurons for energy production, a phenomenon 
referred to as the astrocyte–neuron lactate shuttle [201]. Astrocytes can also store the 
energy by converting glucose into glycogen, and later convert it back to glucose and 
subsequently lactate upon high energy demands [202]; like for instance during long-
term memory formation [203]. Gluconeogenesis from lactate primarily takes place in the 
liver, but may also occur in astrocytes [204]. 

In order for lactate to be transported between the brain and peripheral blood, it is 
mostly dependent on monocarboxylate transporters (MCTs) that enable it to cross the 
plasma membrane and down its concentration gradient. MCT transport is coupled to 
proton transport, whereby the direction and flux depend on both lactate and proton 
gradients. In the brain, there are three types of MCTs: MCT1, MCT2 and MCT4. In 
rodents, MCT1 [205] and MCT2 [206] are primarily expressed in neurons, whereas 
MCT1 [206] and MCT4 [207] are expressed in astrocytes. MCT1 is especially abundant 
at the BBB, spanning the luminal as well as the abluminal membrane of the endothelial 
cells of cerebral capillaries [207, 208]. It is regarded as the most important MCT for 
lactate transport between peripheral blood and the brain. The net flux direction of 
lactate is likely to be determined by its concentrations in the cerebral ECF and blood 
plasma, as well as the respective concentrations of pyruvate [209], which competes for 
the same transporter. Lactate concentration in the human brain in a normal resting 
condition is ∼0.2 to 1 µmol/g, while it approximately doubles during brain activation. 
During exhaustive exercise, and after net influx to the brain, lactate does not normally 
accumulate above ∼1 mmol/L [210].  

 
18A group of neurological disorders characterized by seizures which vary from brief and nearly undetectable periods to 
long periods of vigorous shaking. 
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2.4.2 The lactate receptor HCAR1  

In addition to acting as a substrate, lactate was proposed to act as a signaling molecule 
in the brain, through a receptor mechanism [211]. It was found to activate a lactate-
sensitive receptor called HCAR1, previously known as G-protein-coupled receptor 81 
(GPR81) [196]. G-protein-coupled receptors (GPCRs) are the largest family of 
transmembrane receptors characterized by a core of seven transmembrane alpha-helical 
domains. Any change in the receptor conformation leads to activation [212], further 
enabling formation of a complex with heterotrimeric G-proteins composed of three 
subunits: a, b and g [213] (Figure 2.4.3). 

 

Figure 2.4.3: HCAR1 activation with its lactate agonist, illustration generated in Biorender.com 

HCAR1 is highly expressed and active in adipose tissue and muscle cells and at lower 
levels in the brain, retina, uterus, liver and pancreas [11, 17, 31, 32, 196, 197]. In the 
brain, the receptor is particularly concentrated in fibroblast-like cells along pial blood 
vessels [11]. 

HCAR1 gets activated by lactate at a physiological extracellular brain concentration of 
0.2 – 1 mM at rest [18, 214]. Published EC50 values range 1 – 5 mM [196, 197, 215], 
depending on the conditions. Hence lactate may serve as a “volume transmitter”. The 
receptor activation by its agonist was shown to produce a wide range of responses that 
might serve to regulate multiple cellular processes. Since HCAR1 is a Gi-coupled 
receptor, its activation leads to inhibition of adenylyl cyclase, and consequently, the 
downregulation of cyclic adenosine monophosphate (cAMP). For instance, in adipocytes, 
HCAR1 activations were shown to lead to inhibition of lipolysis due to downregulation of 
cAMP [196, 215, 216]. Activation of the receptor was found to restrict high cAMP levels 
in the hippocampus [17] and diminish Ca2+ spiking in cortical neurons [217]. HCAR1 
was additionally identified as a potential therapeutic in other pathways, including 
diminution of pro-inflammatory cytokines [31, 32, 218] and neuroprotection during 
ischemia [219].  
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3 Methods 

3.1 Experimental overview  

The experiments in this study consisted of two parts; animal experiments, followed by 
analysis of brain tissue. The animal experiment part (Figure 3.1.1) involved two 
behavioral memory tests, one prior and one posterior to a 7-weeks treatment period.  

 

Figure 3.1.1: Animal experiment procedure. Commencing with a behavioral memory test in a Y-maze, followed 
by a treatment period for 7 consecutive weeks, and ending with a second behavioral test. Illustration 
generated in BioRender.com  

After the last behavioral testing, the animal brains were destined for analysis using 
three different techniques; (1) messenger-RNA (mRNA) analysis to quantify gene 
expressions, (2) protein mass spectrometry to study the transcribed proteins1, and (3) 
immunohistochemical techniques to visualize brain slices (Figure 3.1.2). 
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Figure 3.1.2: Brain analysis procedure. The brains of all subjects were dissected and aimed to be analyzed in 
three different methods; mRNA analysis, protein analysis1 and immunohistochemical analysis. Illustration 
generated in BioRender.com 

3.2 Approvals and animal housing 

All animal experiments were performed in strict accordance with the national and 
regional ethical guidelines at the Institute of Basic Medical Sciences, Faculty of 
Medicine, University of Oslo. All experiments were approved by the Norwegian Food 
Safety Authority and the Norwegian Animal Research Authority (FOTS15525) and 
executed by personnel holding animal researcher certification (similar to FELASA-C). 
The housing and treatment of animals fulfilled the requirements set by the European 
Union and the FDU. Mice were group-housed in Seal safe Plus GM900 and GM500 
cages (Scanbur AS, Norway) containing woodchip beddings, nesting paper and in-cage 
shelters of varying shapes. In aggressive fighting cases, mice were housed in smaller 
groups or in single cages if necessary. All mice had ad libitum access to water and 
standard pellet diet (2018S, Teklad Global 18% Protein Rodent Diet, Envigo, UK). The 
animals followed a 12-hour light/dark cycle (7am to 7pm). Experiments were conducted 
during the light cycles (9 am – 5 pm), corresponding to the mice’s inactive phase. Light 
intensity was at levels of 45 lux during day cycles and reached 285 lux during maximum 
illumination. Housing room temperature was around 22 ± 1°C, with a humidity level of 
55±5%. 

3.2.1 Experimental groups 

All experimental subjects were mice of the model 5xFAD B6/SJL that mimic AD [19], 
purchased from The Jackson Laboratory (34840-JAX, USA) and bred at the Institute of 
Basic Medical Sciences, University of Oslo, in collaboration with F. A. Chaudhry. A total 



METHODS 

 20 

of 86 mice consisting of 40 males and 46 females, were used in the study. 48 mice were 
Tg, i.e. harbored the 5xFAD mutations, and 38 were WT. Only 77 mice aged 1-3 months, 
were exposed for treatments. These had a distribution of 36 males and 41 females, and 
consisted of 44 Tg and 33 WT. The rest were the parental generation composed of 9 mice 
aged 7-10 months and were only used as positive controls.  

All mice were split into six groups (Table 3.2.1) on account of their genotypes, preserving 
the same age distribution throughout the groups (except for the parental groups which 
were much older).  

Table 3.2.1: Schematic overview of the six experimental mouse groups consisting of two treated, two placebo 
and two non-treated parental groups. 

Group 
name Description Genotype SC. 

injection Treatment Sex 
distribution 

Age 
(months) at 

start  

1 Treated WT, 
(N=16) WT Yes Lactate F = 10 

M = 6 1-3 

2 Treated Tg, 
(N=23) Tg Yes Lactate F = 13 

M = 10 1-3 

3 Placebo WT, 
(N=16) WT Yes PBS F = 10 

M = 6 1-3 

4 Placebo Tg, 
(N=22) Tg Yes PBS F = 8 

M = 14 1-3 

5 
Non-treated 
parental WT, 

(N=5) 
WT No -  F = 3 

M = 2 7-10 

6 
Non-treated 
parental Tg, 

(N=4) 
Tg No -  F = 2 

M = 2 7-10 

WT = wild type, Tg = transgenic, N = sample size, SC = Subcutaneous, PBS = Phosphate buffered saline, F = females, M = males 

3.3 Treatment regimes 

Mice within the four treatment groups (Table 3.2.1), gr. 1-4, were given a single 
subcutaneous injection dose every weekday (5 days a week) for 7 consecutive weeks. 
12.7mm/29 Gauge syringes (BD Micro-Fine+ 1 ml Insulin) were chosen as the most 
suitable candidates for skin penetration among subjects. The subcutaneous injections 
were given at a slow rate and inserted at 45-degree angles under the loose skin fold 
layers (not touching the muscle). Due to the repetitive technique, and in order to reduce 
the likelihood of local skin reactions, the injection sites were varied continuously. The 
most common areas of injections were over the neck, flank and back of the mouse.  

The workbench was cleaned thoroughly with water and 70% alcohol prior to injections. 
Treatment solutions were ultrasonicated for 15 min and filter sterilized with 0.22 µm 
filters (Millex -GS, Millipore, USA) prior to injections. Injection treatments of Sodium L-
lactate (lactate) were administered in amounts corresponding to 2 g kg-1 bodyweight (i.e. 
18 mmol kg-1) to the designated groups, aiming to raise blood lactate levels to ~10 mM 
[29]. Initially, lactate was administered at a concentration of 200 mg ml-1 dissolved in 
phosphate buffered saline (PBS); pH 7.4, following the proposed procedure in Morland C 
et al. [29]. From the fourth week, and due to complications (see Section 3.3.1), 
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administered lactate concentrations were halved to 100 mg ml-1 PBS; pH 7.4. In order to 
maintain a constant lactate delivery at 2 g kg-1 bodyweight, the injection volumes were 
subsequently doubled. The placebo groups received corresponding volumes of PBS.  

All treated mice were weighted at the start of every week in means of injection dose 
calculations (see Section 3.3.2) and health supervision. Their bodyweights were age 
dependent ranging between 16 to 38 g, and they increased uniformly throughout the 
experimental period.  

3.3.1 Complications and treatment improvement 

In order to cause minimal pain and discomfort during injections, the lactate solution 
was made isotonic with a near-neutral pH. Due to wound developments at the injection 
sites and strange behavioral reactions in lactate injected mice (see Section 4.2), a 
parallel pilot test was executed on two additional mice during the third week of 
treatment. Both subjects were pre-shaved with a razor around the injection area for 
means of better visualization. The first mouse was administered with the previously 
used lactate concentration of 200 mg ml-1 and its corresponding volume to achieve 2 g 
kg-1 bodyweight. The second mouse was injected with half concentrated lactate (100 mg 
ml-1) in a twofold volume of the previous dose, making sure not to exceed the maximal 
limits for subcutaneous injections [220]. The half-concentrated solution resulted in less 
symptoms after one week of observations. Accordingly, commencing from the fourth 
week of treatments, all lactate-injections were adjusted to 100 mg ml-1. Placebo groups 
followed the same volume increments.  

3.3.2 Lactate solution calculations 

The lactate administered in concentrations of either 200 mg ml-1 or 100 mg ml-1 was 
injected as an amount corresponding to 2 g kg-1 mouse bodyweight. In order to calculate 
the corresponding number of lactate moles, the following calculations were used:  

	 MwNaC3H5O3	=	112.06
	g
mol	 (3.1) 

	 mNaC3H5O3	=	2	g	  
(3.2) 

	 nNaC3H5O3 	= 	
2	g

112.06	 gmol
	= 	0.0178	mol	»	18	mmol 

(3.3) 

An amount of 2 𝑔
𝑘𝑔

 of lactate corresponds to 18 𝑚𝑚𝑜𝑙
𝑘𝑔

. 
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The amounts of lactate given per mouse were dependent on their weight. Taking an 
example of a 30 g heavy mouse, the following calculation was used:  

	 2	
𝑔
𝑘𝑔 × 30	𝑔 = 0.06	𝑔	=	60	mg		 (3.4) 

An amount of 60 mg lactate was given to a 30 g weighing mouse. 

During treatment weeks 1-3, lactate was administered as a concentration of 200 mg ml-

1. The injection doses were calculated as follows for a 30 g heavy mouse:   

	
0.06	𝑔

0.2	 𝑔𝑚𝑙
	=	0.3	ml	

(3.5) 

A volume of 0.3 ml lactate solution was injected into a 30 g mouse. 

During treatment weeks 4-7, lactate was administered as a concentration of 100 mg ml-

1. The injection doses were calculated as follows for a 30 g heavy mouse:   

	
0.06	𝑔

0.1	 𝑔𝑚𝑙
	=	0.6	ml	

(3.6) 

0.6 ml of lactate solution was injected into a 30 g mouse. 

3.4 Blood lactate analysis 

It was desirable to confirm the lactate levels in peripheral blood that were achieved in 
5xFAD mice after SC injections of the two different concentrations that were given (See 
section 3.3.1). A parallel experiment19 was thus conducted addressing this question. 20 
mice of 3 months of age, were randomly divided into three groups (A-C) composed of 6-8 
individuals. The first group of mice received injection doses of 2 g of lactate per kg body 
weight, as concentrations of 200 mg ml-1 lactate dissolved in PBS; pH 7.4, following the 
proposed procedure in Morland C et al.[29]. The second group received injections of 100 
mg ml-1 concentrated lactate, following the adjusted treatments in section 3.3.1. The 
control group received the same volumes of PBS as the first group (A). Sex, genotype 
and age distributions in the different groups are presented in Table 3.4.1.  

 

 

 
19 FOTS 17448, 17551 
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Table 3.4.1: Population distribution within treatment groups for blood lactate analysis. 

Groups Description Treatment Genotype 
distribution Sex distributions Average age 

(weeks) 
1 [lactate], (N=6) 200 mg ml-1 

Lactate 
WT = 2   
Tg = 4 

F = 3 
M = 3 12.0 

2 ½ [lactate], 
(N=8) 

100 mg ml-1 
Lactate 

WT = 5 
Tg = 3 

F = 4 
M = 4,  13.9 

3 Control, (N=6) PBS WT 4  
Tg = 2 

F = 3 
M = 3 13.5 

SC = Subcutaneous, PBS = Phosphate buffered saline, WT = Wild type, Tg = Transgenic, F = females, M = males 

Blood samples were taken before injection (baseline) and at three timepoints after 
injection (5, 13, and 37 min). Blood was taken by puncturing the submandibular vein 
(Figure 3.4.1) with 5 mm long Goldenrod animal lancets (Braintree Scientific, USA). 20 
µl of blood was collected with a glass capillary tube and immediately put in an 
Eppendorf tube containing haemolysing solution (EKF Diagnostics, UK), to prevent post 
vivo glycolysis and coagulation. The samples were analyzed in duplicates for both 
lactate and glucose levels on a Biosen C-Line GP+ system (EKF Diagnostics, UK).  

 

Figure 3.4.1: An illustration of the submandibular vein puncturing (red dot) in a lateral view of a mouse head 
with its intraorbital veins (blue). The blood is further collected in a glass capillary tube and immediately 
submerged in a haemolysing solution in an Eppendorf tube.  

Linear interpolation was used to adjust the measured values from the exact timepoint of 
blood collection to the average time for each timepoint, due to small time differences 
between the blood samplings. The maximum deviations from the average time points 
were as follows: 

- Timepoint 1: 0 sec (baseline) 

- Timepoint 2: 220-440 sec, average. 285 sec (5min) 

- Timepoint 3: 700-980 sec, average: 756 sec (13 min)  

- Timepoint 4: 2090-2360 sec, average: 2196 sec (37 min)  
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3.5 Genotyping  

An equally estimated distribution between Tg and WT mice was expected among the 
subjects due to their heterozygous parental generation. However, a genotyping prior to 
experimental procedures was necessary in means of designing the study. Two separate 
genotyping methods were conducted for validation. 

The initially chosen genotyping procedure was a PCR technique followed by agarose gel 
electrophoresis, due to its rapidity and low expenses. This procedure had been tested 
and optimized for the 5xFAD model by F.A. Chaudry’s lab, promising reproducible and 
reliable results. The second genotyping was performed using a qPCR technique due to 
its high accuracy. All mice were individually tested for the APP and PSEN-1 transgenes. 
The experimental mice are generated as either Tg hemizygous for the APP and PSEN-1 
or as null mutants i.e. WT. Mice were additionally tested for the presence of a 
potentially mutated retinal degradation gene (Pde6brd1), resulting in a blind phenotype. 
If the latter was present, the animal would be unsuitable for the behavioral assessment, 
thus excluded from the study. The same primers were used in both genotyping methods, 
and they are presented in Table 3.4.1.  

3.5.1 DNA extraction 

Mouse identification is performed by ear-notching at 6-8 weeks of age. The notch 
position conveys an identification number for each mouse within a cage (Figure 3.5.1). 
The sliced ear-patches also serve as material for DNA isolation. Thus, ear biopsies were 
collected from all experimental subjects and each mixed with 100 µl extraction solution 
and 25 µl tissue preparation solution from the RED Extract-N-Amp kit (Sigma Aldrich, 
USA). The samples were further incubated at room temperature for 10 min followed by 
3 min at 98°C. After vigorous vortexing, the biopsies were neutralized with 100 µl 
neutralization solution and stored at -20°C.  

 

Figure 3.5.1: Schematic drawing of the ear-patching system for mouse identification within cages. 
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In order to detect the small amounts of extracted DNA, an amplification by polymerase 
chain reaction (PCR) was necessary. Standard PCR is the easiest and fastest technique 
for DNA detection, resulting in billions of copies (amplicons) of the target sequence.  

The PCR reactions were made following the protocols presented in Tables 3.5.2-3.5.4 
and were prepared on ice in PCR strip tubes. 3 µl of extracted DNA from each sample 
was combined with RED Extract-N-Amp PCR reaction mix (Sigma Aldrich, USA) and 
primers provided by F. A. Chaudhry from Sigma Aldrich, USA (Table 3.5.1), then run in 
the thermocycler GeneAmp PCR system 9700 according to the cycling programs in 
Tables 3.5.5 – 3.5.6. The procedure for genotyping was processed separately for each 
gene. 

Table 3.5.1: Primers used in RED Extract-N-Amp PCR reaction mix for genotyping of APP, PSEN-1 and 
Pde6brd1 in 5xFAD mice. 

Primer Type  Sequence (5' à 3') Tm Product 
length 

Accession 
nr. 

Primer 
name 

Pde6brd1 mutant FW AAG CTA GCT GCA GTA ACG CCA 
TTT 63.43 560 AH002075.2 oIMR2093 

Pde6brd1 WT FW ACC TGC ATG TGA ACC CAG TAT 
TCT ATC 62.74 240 AC124107.8 oIMR2094 

Pde6brd1 common RV CTA CAG CCC CTC TCC AAG GTT 
TAT AG 62.15 -  oIMR2095 

APP Tg FW AGG ACT GAC CAC TCG ACC AG 60.90 377 NM_000484.4 oIMR3610 
RV CGG GGG TCT AGT TCT GCA T 58.79  oIMR3611 

APP/PSEN-1 
internal positive 

control 

FW CTA GGC CAC AGA ATT GAA AGA 
TCT 58.56 

324 
AH001969.2 oIMR7338 

RV GTA GGT GGA AAT TCT AGC ATC 
ATC C 59.30  oIMR7339 

PSEN-1 Tg FW AAT AGA GAA CGG CAG GAG CA 58.80 608 NM_000021.4 oIMR1644 
RV GCC ATG AGG GCA CTA ATC AT 57.72  oIMR1645 

  

Melting temperature = Tm, WT = Wild type, Tg = Transgene, FW = Forward primer, RV = Reverse primer, Pde6brd1 = Retinal degradation 1, PSEN-1 = Psenilin 1, 

APP = Amyloid precursor protein. 

Table 3.5.2: PCR protocol for Pde6brd1gene. 

Reaction component Primer name Final concentration up to final 
volume (µl) 

Common oIMR2095_Jax (832) 1 
FW_mutant oIMR2094_Jax (830) 1 

RV_WT oIMR2093_Jax (831) 1 
REDExtract-N-Amp mix  10 

ddH2O  4 
FW = Forward primer, RV = Reverse primer, WT = Wild type. 

Table 3.5.3: PCR protocol for APP gene. 

Reaction component Primer name Final concentration up to final 
volume (µl) 

FW_IPC (0.5 uM) 
 

oIMR7338_Jax (828) 1 

RV_IPC (0.5 uM) oIMR7339_Jax (829) 1 
FW_APP (0.5 uM) oIMR3610_Jax (833) 1 
RV_APP (0.5 uM) oIMR3611_Jax (834) 1 

ddH2O  3 
RED Extract-N-Amp mix  10 

IPC = Internal positive control, APP = Amyloid precursor protein, FW = Forward primer, RV = Reverse primer.   
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Table 3.5.4: PCR protocol for PSEN-1 gene. 

Reaction Component Primer name Final concentration up to final volume 
(µl) 

FW_IPC (0.5 uM) oIMR7338_Jax (828) 1 
RV_IPC (0.5 uM) oIMR7339_Jax (829) 1 

FW_PSEN-1 (0.66 uM) oIMR1644_Jax (826) 1.33 
RV_PSEN-1 (1.33 uM) oIMR1645_Jax (827) 1.33 

RED Extract-N-Amp mix 
 

10 
ddH2O 

 
2.34 

IPC = Internal positive control, APP = Amyloid precursor protein, FW = Forward primer, RV = Reverse primer.   

Table 3.5.5: PCR cycling program for Pde6brd1 and APP genes. 

Step Temp °C Time Cycles 
1 94 2 min 1 
2 94 20 sec 10 

(-0.5 °C per cycle decrease) 3 65 15 sec 
4 68 10 sec 
5 94 15 sec 28 
6 60 15 sec 
7 72 10 sec 
8 72 2 min 1 
9 10 hold - 

Table 3.5.6: PCR cycling program for PSEN-1 gene. 

Step Temp °C Time Cycles 
1 94 3 min 1 
2 94 30 sec 

35 
(-0.5 °C per cycle decrease) 3 60 1 min 

4 72 1 min 
5 72 2 min 1 
6 4 hold - 

3.5.2 Agarose gel electrophoresis 

In order to separate the PCR products by size, they were run on an agarose gel with 1X 
Tris/Borate/EDTA (TBE) buffer. The agarose gel creates a diffusion barrier across an 
electric field that separates molecules by charge. Molecules with high molecular weights 
are hampered compared to molecules with lower molecular weights. And since the 
charge of the separated DNA molecules is proportional to the molecular weight, the 
molecules separate according to size. The content of agarose influences the movement of 
DNA in the gel, i.e. higher content of agarose gives higher resistance against movement 
of molecules. Due to the small and similar sizes of the expected PCR products (Table 
3.5.7), the agarose concentration of the gel was set to 4%, which allows maximal bp 
separation. The melting temperature (Tm) of the primers used for transgenic detection 
and positive control are similar, but they generate different sized products, providing a 
simultaneous detection of the transgene presence and the PCR control. On the agarose 
gel, all approved samples had to give at least one band. 

1 L of 1X TBE was made by dissolving 10.8 g Tris and 5.5 g Boric acid in 900 ml dH2O. 
Then 4 ml 0.5 M Na2EDTA (pH 8.0) was added and the volume adjusted to 1 L. A 4% 
agarose gel was made by mixing 4 g of agarose with 100 ml TBE buffer and heated in a 
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microwave until complete dissolution. When the temperature decreased to around 40°C, 
5 µl of GelRed (10,000X) (Biotium,USA) was added and homogenized in the solution. 
The mixture was further poured into a sealed casting tray with combs and cooled at 4 °C 
for 30 min. Once the gel had polymerized, it was put inside the electrophoresis chamber 
and immersed with 1X TBE buffer. 4 µl of GeneRuler 100 bp DNA ladder (Thermo 
Scientific, USA) (Figure 3.5.2) was pipetted in the outermost wells and 7 µl of each 
sample solution was loaded in the wells between. The electrophoresis was performed at 
100 V for approximately 2 hours. And the gels were eventually visualized under UV-
light. The preceding steps were repeated for all three genes within all 86 samples.  

Table 3.5.7: Expected sizes of PCR products after agarose gel electrophoresis. 

Gene Mutant fragments (bp) Positive control fragments (bp) 
Pde6brd1 560 240 

APP 377 324 
PSEN-1 608 324 

 

 

Figure 3.5.2: The 100 bp DNA ladder utilized in the agarose gel separations. The leftmost illustration is 
depicting the correct band distances due to the use of TBE buffer in the experiments. 

3.5.3 Genotyping with qPCR  

Since gel electrophoresis did not provide clear results, a novel genotyping technique 
employing quantitative-polymerase-chain reaction (qPCR) was conducted in means of 
verification. The main aspect of qPCR is the usage of fluorescent dies that detect double 
stranded DNA (dsDNA) amplicons at the end of each cycle, thus monitoring products in 
“real time”. The threshold cycle (Ct), also referred to as quantification cycle (Cq) or 
crossing point (Cp), defines the cycle at which a significant increase in fluorescence is 
first detected and exceeding the background signals in a sample. The Ct value is 
inversely proportional to the log of the initial copy number of the initial target DNA.  

In this additional genotyping step, the previous PCR reactions (Tables 3.5.2-3.5.4) were 
prepared on ice in 96-well plates for qPCR analysis. 3 µl of extracted DNA from each 
sample was combined with 17 µl RED Extract-N-Amp PCR reaction mix and primers 
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provided by F. A. Chaudhry (Table 3.5.1), then run in the thermocycler AriaMx 
Realtime PCR System (Agilent Technologies, USA) according to the cycling program 
illustrated in Table 3.5.8. The AriaMX software (version 1.5) automatically determines 
the baseline fluorescence value from cycle 5 through 9. And the threshold is set at 10 
standard deviations above the mean baseline fluorescence value. 

Table 3.5.8: Cycling program for qPCR genotyping of APP, PSEN-1 and Pde6brd1. 

Temp (ºC) Time Cycles Segment 
94 2 min 1 Hot start 
94 20 sec 10 

(-0.5 ºC per cycle decrease) 
Amplification 

 65 15 sec 
68 10 sec 
94 15 sec 

28 Amplification 60 15 sec 
72 10 sec 
95 30 sec 

1 Melt 65 30 sec 
95 30 sec 

A maximum of two products were expected in each reaction, resulting in biased Ct-
values with the SYBR Green dye binding non-specifically to all dsDNA. However, only 
the presence of the gene products was of interest in this assay. Therefore, the results 
were interpreted from the melting curve analysis; being representative of fluorescence (-
R’(T)) versus temperature. The melting temperature (Tm) is the temperature at which 
half the amplified DNA products are denatured to ssDNA. Since the breakage of the 
hydrogen bonds between the DNA strands is mainly dependent on their GC-content, 
each product would give a unique melting curve. And if more than one DNA fragment 
was produced, more than one melting curve would be detected in the melting curve.  

3.6 Behavioral test on Y-maze 

All subjects were tested for memory on a Y-maze at the animal facility at The Institute 
of Basic Medical Sciences, before and after the treatment period. The behavioral tests 
aimed to quantify the cognitive abilities of the transgenic 5xFAD mice [19] by 
assessment of spontaneous alternation rates, as an indication for short-term spatial 
working memory [221, 222]. In addition, mean speed, walked distance and number of 
arm entries are measured in order to monitor the amount of movement of each mouse. 
The Y-maze tests did not involve any training, reward or punishment. 

The Y-maze apparatus had three identical arms shaped like a ‘Y’. The arms were 50 cm 
long and spaced at an angle of 120° from each other. Each arm was 10 cm wide with 
enclosed walls of 30 cm height. Only the top of the maze was left open for visualization. 
During experiments, the entire maze was elevated to a height of 50 cm from the floor. 
All lights were off during the experiments, except for an 8-lux generating lightbulb 
above the maze. The room temperature was kept at 23±1°C. The behavioral test 
consisted of a single 5-min session, in which the tested mouse was placed in arm A 
(Figure 3.6.1) and allowed to freely explore the rest of the maze. During the test trial, 
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the experimenter was separated from the testing area by a wall. If the mouse would 
climb on the walls of the maze, it was carefully returned to the arm, and the trial 
session was continued. The maze was wiped off with 70% ethanol and dried between 
each trial, to avoid smell interference between subjects. The experimenters were blinded 
for the genotypes and treatment groups of the mice, and the sessions were video-
recorded, tracked, and analyzed with ANY-maze (Stoelting Co., USA) tracking software 
(version 6.05).  

 

Figure 3.6.1: Schematic illustration of the Y-maze. The mouse is placed in arm A and allowed to freely explore 
the rest of the maze. Illustration generated in BioRender.com 

An arm entry was considered to be complete when a minimum of 80% of the mouse body 
had been placed inside the arm-zone. And an arm exit was considered complete when 
more than 70% of the mouse had been placed outside the arm-zone. Mice with less than 
eight arm entries during the session were excluded from the analysis. A re-entry into 
the same arm was counted as a separate entry. ‘Alternations’ are defined as entries into 
all three arms on consecutive occasions. The six possible alternations are; ABC, ACB, 
BAC, BCA, CAB, CBA. ‘Spontaneous alternation %’ was calculated with the following 
calculation:  

3.7 Brain tissue collection and preparation 

All mice were sacrificed by cervical dislocation three days after the last behavioral 
experiments. Their brains were quickly dissected out and cut in the sagittal plane with 
a scalpel, separating the two hemispheres. In a random and interchangeable manner, 
one brain-hemisphere was snap-frozen (seconds) on dry ice and stored at -80°C until 
RNA extraction. The second brain hemisphere from every animal was destined for 
histological analysis, thus keeping a structural integrity of the tissue was essential. A 
common risk with slow tissue-freezing is the formation of ice crystals, and subsequently 

	 𝑆𝑝𝑜𝑛𝑡𝑎𝑛𝑒𝑜𝑢𝑠	𝑎𝑙𝑡𝑒𝑟𝑛𝑎𝑡𝑖𝑜𝑛	% =
𝐴𝑙𝑡𝑒𝑟𝑛𝑎𝑡𝑖𝑜𝑛𝑠	

(𝑇𝑜𝑡𝑎𝑙	𝑛𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝑎𝑟𝑚	𝑒𝑛𝑡𝑟𝑖𝑒𝑠 − 2) 	×	100	 (3.7) 
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distortion of the cells. Crystals are avoided by cryopreserving the tissue with sugars 
with aim of lowering the melting point of water. A 30% sucrose cryoprotectant solution 
was made from 30 g sucrose and 70 ml 0.1 M PBS. The brain hemispheres were kept in 
it for three days (until they sank to the bottom) at 4°C, before further freezing. Sucrose 
solutions (above 10%) are hypertonic and will cause water to diffuse out by osmosis 
resulting in cell shrinkage. The brains were therefore fixed with 4% paraformaldehyde 
(PFA) (See section 3.7.1) for one week prior to cryopreservation.  

Hearts were taken out rapidly and snap-frozen for later projects. The tip of the tail was 
cut and snap-frozen for the purpose of genotyping each mouse.  

28 animal brain hemispheres were chosen for immunofluorescence and subsequently cut 
in 40 µm thick parasagittal sections (Figure 3.7.1) using a sliding microtome (Microm 
HM 450, Thermo Scientific) at NORBRAIN, Institute of Basic Medical Sciences, UiO. At 
-40°C, an approximately 0.5 cm thick layer of 30% sucrose was manually built on the 
microtome platform. The brain hemisphere was placed on top of the sucrose layer 
(Figure 3.7.2), with the medial sagittal plane facing down, and immediately immersed 
with more sucrose until slightly covered. Sectioning was performed at -20 °C in order to 
preserve the morphology of the brain slices. 

 

Figure 3.7.1: Illustration of the parasagittal sectioning of the left brain-hemisphere in a mouse. Hippocampi 
are colored in pink in the correct proportion to the rest of the brain (grey). 

During the slicing procedure, brain sections were collected with a fine brush and placed 
in 24-well plates filled with freshly made tissue collecting solution (TCS). 1 L TCS was 
made from 250 ml Glycerin, 300 ml Ethylene glycol, 1.38 g NaH2PO4, 5.48 g Na2HPO4 

and further filled up to 1 L with dH2O.  

Each sliced brain section was placed in one well of the 24-well plate in a systematic 
manner; A1, A2, A3... etc. When all wells became filled with one section each, another 
round was repeated until the whole brain was sectioned. Eventually, each well 
contained 5-7 sections (each twenty-fourth section) being 960 µm distant from each 
other.  
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Figure 3.7.2: A brain hemisphere under the process of immersion by 30% sucrose at -40°C on a sliding 
microtome platform at NORBRAIN. 

3.7.1 4% Paraformaldehyde 

1 L of 4% PFA in 0.1 M sodium phosphate buffer was made by dissolving 11.5 g of 
Na2HPO4 (Mw 142 g/mol) in 900 ml dH2O. 40 g of PFA was added while the solution was 
heated to 70°C on a hot-plate and mixed with a magnetic stirrer. The solution was left 
mixing and hot until the PFA became dissolved and depolymerized to formaldehyde. The 
solution was thereafter cooled and 2.3 g NaH2PO4 (Mw 120 g/mol) was added before 
adjusting the volume to 1 L with dH2O. Finally, the pH was adjusted to 7.32 with NaOH 
and HCl, and the solution was filtered to remove undissolved particles.  

3.8 Immunofluorescence  

Immunofluorescence was performed on free-floating parasagittal sections placed in 24-
well plates with TCS. Two wells (each containing 5-7 parasagittal sections) from each 
animal were selected per antibody-staining assay. All section transmissions were 
performed with portable well-baskets for minimal tissue damage. Every washing or 
incubation step was performed on an orbital shaker at room temperature.  

The sections were washed three times (10 min for every washing step) with TBS and 
further incubated for 1 h in blocking solution. In order to make 1 L of 10X TBS; 24.2 g 
Tris Base and 80.0 g NaCl were mixed with dH2O and adjusted to 1L. The pH was 
adjusted to 7.6 with HCl and NaOH. And, 100 ml of blocking solution was made from 
96.75 ml 1XTBS, 3 ml goat serum and 0.25 ml Triton X-100. 

While shielded from light, the sections were incubated overnight in blocking solution 
containing the chosen primary antibody in its right concentration (Table 3.8.1). The next 
day, the sections were washed twice with TBS and once with blocking solution, then 
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further incubated for 4-6 h in blocking solution with the secondary antibody in its right 
concentration (Table 3.8.1) while shielded from light.  

An additional wash with DAPI (4’,6-diamidino-2-phenylindole) in a 1:1000 
concentration, was performed in order to visualize cell nuclei. The sections were finally 
washed twice in TBS and mounted with a fine paint brush on to Superfrost Plus 
Adhesion Microscope Slides (Thermo Fischer Scientific, Germany), and dried at room 
temperature. After drying, the sections were covered by a 2.5% PVA-DABCO (see 
Section 3.8.1) and secured by High Precision Microscope Cover Glass (Marienfield 
SUPERIOR; Germany). The cover-slipped slides were placed flat overnight until PVA-
DABCO polymerization was complete, and further stored in slide boxes at -20 °C. 

Table 3.8.1: Primary and secondary antibody concentrations used in the immunofluorescence protocol. 

Primary antibody (PA) PA concentration in 
blocking solution 

Secondary antibody (SA) SA concentration in 
blocking solution 

Anti-GFAP, Rabbit 1:400 Goat anti-Rabbit IgG H&L 
(Alexa Fluor® 488) 

1:500 

Anti-Ab antibody, Rabbit 1:200 Goat anti-Rabbit IgG H&L 
(Alexa Fluor® 488) 

1:1000 

Anti Iba1, Rabbit 1:1000 Donkey anti-Rabbit IgG H&L 
(Alexa Fluor® 555) 

1:1000 

Anti-NeuN antibody, Mouse 1:1000 Goat anti-Mouse IgG H&L 
(Alexa Fluor® 555) 

1:1000 

3.8.1 PVA-DABCO coverslip solution 

PVA-DABCO solution is a glycerol based mounting medium containing an anti-fading 
reagent for immunofluorescence preparations. The stained sections were mounted on 
glass and left to dry (minutes). Then 150 µl of PVA-DABCO solution was applied on top 
of the tissue, avoiding air bubble formation. At the perimeter of the coverslip, the 
medium polymerizes upon contact with air and forms a strong seal, both protecting and 
acting as a glue.   

25 ml of 2.5 % PVA-DABCO was made by mixing 6 g glycerol and 2.4 g PVA inside a 50 
ml culture tube by repeated inversion until the PVA was coated with glycerol. 6 ml 
dH2O was added and mixed until relatively uniform. The tube was left overnight for 
mixing on a rotator at room temperature. 0.2 M Tris HCl was made by combining 7 
pellets of NaOH with 15.76 g Tris HCl and 500 ml dH2O, pH was adjusted to 8.5. The 
next day, 12 ml of 0.2 M Tris-HCl (pH 8.5) was added and heated to 50 °C in a water 
bath while mixing for 30 min. 0.625 g DABCO was added and mixed well before 
centrifugation at 5000 G for 15 min. The solution was aliquoted and stored at -20 °C.  

3.8.2 Microscopy 

Stained 40 µm-thick parasagittal brain sections were visualized with Andor Dragonfly 
(Andor Technology Limited, Oxford Instruments), a high-resolution confocal microscope 
at Oslo NorMIC Imaging platform at the department of Biosciences, UiO. The Zyla 4.2 
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sCMOS 2048x2048 camera was preferred and used due to its high resolution and speed 
properties. Images were captured in a single optical plane at 20x magnification 
corresponding to 0.3 µm/pixel resolution with an illumination aperture of 16.64x14.04 
mm. In order to minimize the differences in fluorescence intensities due to photo 
bleaching, images were taken with standardized procedures e.g. the same exposure time 
and laser intensity. Images were captured at the same distances from the surface of the 
40 µm thick brain sections in an attempt of lowering possible variations of labeling 
intensities caused by differing antibody penetrations.  

The DragonFly microscope is equipped with a FRAPPA unit (micro mirror array) for 
photobleaching of definable regions, thus providing low phototoxicity of samples. The 
microscope encompasses a spinning disk confocal accompanied by different pinholes. A 
40 µm pinhole was selected as it produced the best signal to noise ratio. Images were 
inspected using Fusion Software (Version 2.1.0.80) powered by Imaris (Version 
9.0.4.50218). A built in Fusion Stitcher (Version: 9.1.3) was utilized in order to 
automatically stitch several images together and efficiently create an image covering 
large areas of brain tissue in short time. Due to the size and the special image format of 
produced images (TIF), smaller IMS images were exported and processed separately. 
This enabled greater processing speed and lower memory load. 

3.9 Image processing 

Image processing was performed on FIJI (Version 2.0.0-rc-69/1.52n, Wayne Rasband, 
National Institutes of Health, USA) which is a newer version of the ImageJ software. All 
analyses were performed blinded with regard to grouping of samples. Analyses were 
additionally performed by the same person on the same computer, to reduce variations. 
Due to the three-dimensional curvature of the hippocampus, two-dimensional sections 
would show different shapes depending on the angle and position of the cut. However, 
the analyzed sections were intended to be approximately at the same area 
(corresponding number of section).  

Regions of interest (ROI) were manually selected within each sample based on 
anatomical segmentations (specified in Table 3.9.1), and further cropped out using the 
ROI manager plug-in.  

Table 3.9.1: The chosen regions of interest (ROI) corresponding to each primary antibody marker. 

Marker against Ab plaques Microglia Astrocytes Neurons 

ROI1 360x360 µm square in 
the subiculum 

360x360 µm square in 
the subiculum - - 

ROI2 - The dentate hilus The dentate hilus The dentate hilus 

ROI3 - - A rectangle through 
hippocampus - 

ROI4 - - - Widht of the DG 
ROI = Region of interest, DG = Dentate gyrus, Ab = Amyloid-b peptide.  

ROI1 was defined as a 360x360 µm square inserted in the subiculum, distal to the CA1 
layer of the hippocampus. ROI2 encompassed the dentate hilus area, defined as the 
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region enclosed by the granule cell layer. By connecting the CA3 tip to the two 
‘extremes’ of the granule cell layer with virtual straight lines, the ROI was defined as 
the inner field between the upper and lower blades of the DG. ROI3 was drawn as a 
rectangle through the whole hippocampus, where one of the sides was parallel and 
bordered to the lower subgranular zone (SGZ); the inner layer of the granule cell layer, 
and the other side reached to the beginning of (middle of white matter area). And 
finally, ROI4 measures the width of the granular cell layer at the DG ‘bend’ of the upper 
blade. All ROIs are illustrated in Figure 3.9.1 below.  

 

Figure 3.9.1: Confocal image (automatically stitched together from several images taken with a 20X objective)  
of a sagittal 40µm section of a mouse brain (hippocampus to the right and neocortex to the left). The images 
are representing the four manually selected ROI1-4 (yellow regions) within the hippocampal formation. 
Nuclei (blue) are DAPI-stained to show the normal architecture of the mouse brain. Scale bars: 200µm. 

A total of 28 mice; five per treatment group and four from the parental groups were 
selected and quantified. Images with non-homogenous staining across the brain regions 
were excluded. Color channels were separated and processed individually. Brightness 
and contrast were adjusted manually for each color channel, to correct for illumination 
variability between samples. All background noise was virtually removed by converting 
the original 16-bit confocal images into binary with manual thresholding. In order to 

ROI1 (Ab plaques, microglia) 
 

ROI2 (microglia, astrocytes, neurons) 
 

ROI3 (astrocytes)  
 

ROI4 (neurons)  
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quantify images with a reliable method, the latter steps were performed as equally as 
possible between samples to reduce variability.  

To quantify the amount of positive staining in the images, the stained area versus total 
areal was determined for all groups. Results are expressed as area % stained for the 
different markers.  

Additionally, cells were automatically counted as particles with the extended Particle 
Analyzer plug-in, and further calculated to number of particles/mm2. However, staining 
of microglia and astrocytes, composed a challenge for the software due to their dynamic 
morphologies under different physiological states. These cells exhibit changes in 
morphology when activated, and they feature tiny extended processes which are difficult 
to compartmentalize. Therefore, an additional manual counting was performed. Only 
Marker+/DAPI+ double-stained cells were counted to estimate the density of cells per 
ROI area (number of cells/mm2). Cells that exhibited strange morphologies, due to their 
possible adjacent localization, were discarded from the analysis.  

3.10 Quantification of gene expression 

Changes in an organism’s metabolism or in its environment are capable of changing its 
gene expression at the mRNA level. Being highly unstable and transient molecules, 
mRNAs are efficient candidates to depict gene expression at the specific time. However, 
mRNA expression is far from perfect, in predicting protein expression levels [223].  

3.10.1 RNA isolation 

Snap-frozen brain hemispheres from all groups were thawed on ice to limit degradation. 
They were further homogenized with 800 µl milli-Q water in a Fastprep machine, at 
speed 6.5 for 40 sec. RNA was immediately extracted from the tissues using RNeasy 
Lipid Tissue Mini Kit (QIAGEN, Sweden), according to the manufacturer’s protocol, and 
eluted in 30 ml RNase-free H2O. While on ice, the concentration and quality of RNA in 
each sample was measured using a nanodrop (Nanodrop 2000c, Thermo Scientific, 
USA).  

Due to the possible risk of gDNA contamination, a DNAse removal step was added using 
the TURBO DNA-free kit (AM1907, Thermo Fisher Scientific, Lithuania). 3 µl of 10X 
TURBO DNase Buffer and 1 µl of TURBO DNAse were added to each RNA sample, 
mixed gently and incubated at 37°C for 30 min. 3.4 µl of resuspended DNAse 
inactivation reagent was added thereafter and mixed. The samples were further 
incubated at room temperature for 5 min with occasional mixing. Finally, all samples 
were centrifuged at 10,000 g for 1.5 min and RNAs transferred to fresh tubes. All 
samples were measured again on the nanodrop.  
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3.10.2 cDNA synthesis 

In order to analyze the mRNA in a sample, it initially needs to be converted to cDNA by 
reverse transcription. A reverse transcription enzyme (EuroScript RT, Belgium) was 
used, and the priming of RNA was performed by random primers. As their name 
implies, the primers are expected to “randomly” bind throughout the entire length of the 
nucleotide sequence and ensure reverse transcription of total RNA present in the 
sample. The disadvantage with these primers is the potential loss of low expressed 
mRNA transcripts, due to competition between conversion of total RNA and the mRNA 
of interest. Another option is to use Oligo-dT primers which are mRNA-specific; short 
sequences of deoxy-thymidine nucleotides that bind to the poly-A tail of mRNAs. 
However, these primers are capable of producing a bias; when mRNAs are undergoing 
degradation; the primers would still be able to bind to their poly-A tails and result in 
copying of 3’ end parts still attached. Thus, random primers were preferred as the most 
suitable candidates for the assay. 

Prior to reverse transcription, the RNA from each sample was mixed with H2O in 
calculated amounts attaining 700 ng RNA in a 20 µl solute. A mix containing 10X 
reaction buffer, MgCl2, dNTP, Random nonamers, RNAse inhibitor and Reverse 
transcriptase enzyme from the Reverse Transcriptase Core Kit (RT-RTCK-05; Lot. 
EUK211, Belgium) was added to each sample according to the manufacturers protocol 
(Table 3.10.1), making the final reaction volume for each sample corresponding to 50 µl. 
All samples were reverse transcribed following the cycling program in Table 3.10.2 with 
a PCR Thermal Cycler (GeneAMP PCRSystem 9700, Applied Biosystems, USA) for 45 
min, and further kept at 4°C. The concentration of RNA in each sample was initially 14 
ng/µl before the RT. Since a 1:1 ratio is expected between RNA and cDNA; an equal 
amount of cDNA was predicted. 

Table 3.10.1: Two step RT qPCR reagents from the Reverse Transcriptase Core Kit. 

Reagents Ratio volumes (µl) 

10x reaction buffer 1 

MgCl2 2 

dNTP 2 

Random nonamer 0.5 

RNAse inhibitor 0.2 

EuroScript RT 0.25 

Table 3.10.2: PCR cycling program for cDNA synthesis. 

Cycles Temp (ºC) Time (min) 

Initial step 25 10 
Reverse Transcriptase step 48 30 

Inactivation of the RT enzyme 95 5 
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3.10.3 Primer design and isoforms 

Primer-BLAST (NCBI, USA) was used to design qPCR primers. The tool uses Primer3 
(ELIXIR, UK) to design PCR primers and then uses BLAST and global alignment 
algorithm to screen primers against a database to avoid non-specific primer pair 
amplifications [224]. The used specifications for the primer design were Tm within 57-
63°C, primer length of 20-24 bp, GC content within 40-60%, amplicon size range 
between 70-200 bp and primer pair separation by at least one intron on the 
corresponding genomic DNA. The primer design tool takes into account the possibility of 
self-annealing and primer-dimer formation, both being risks of decreasing the reaction 
efficiency in the qPCR analysis. The primers were manually designed, and the best 
candidates were purchased from Sigma-Aldrich, USA (Table 3.10.3).  

A good pair of primers would bind specifically to the cDNA of interest and not to any 
gDNA which can interfere with the gene expression analysis. To avoid this problem, 
primer sequences were designed to cross an exon-exon junction and include large 
introns in between, on the corresponding precursor gDNA. If a large intron sequence is 
between, the gDNA will not have enough time to be transcribed in the qPCR. Therefore, 
a selection of only mRNAs will be transcribed. However, some gene sequences do not 
contain an intron, like for instance HCAR1 – therefore the DNAse step performed 
during RNA extraction was essential. Another feature that helps in efficient replications 
is the production of short amplicons, which enables quick cycle steps of temperature 
exposure in the PCR. Short cycles decrease unspecific products, and possible copying of 
gDNA as well.  

Table 3.10.3: Designed primers for qPCR analysis, purchased from Sigma-Aldrich. 

Gene  Primer sequence (5´-3´) Temp 
(C°) 

GC 
content 

Primer 
size (bp) 

Intron size (bp) 
between exon-
exon junction 

Gene bank 
accession 

no. 

Rpl27a 

FW CAAGACTGGAGTTGCTCCC
AT 60.00 52.38 

93 

958 (between pos. 
109520642 and 
109521601 on 

NC_000073.6 on 
Chr7) 

NM_011975
.3 RV ACGATGACAGGTTGCTTAG

GG 60.07 52.38 

IL-1β 

FW TGCCACCTTTTGACAGTGA
TG 59.04 47.62 

136 

1544 (between 
pos. 129369703 
and 129368158 

on NC_000068.7 
on Chr2) 

NM_008361
.4 RV ATGTGCTGCTGCGAGATTT

G 59.55 50.00 

IL-4 

FW CCAAACGTCCTCACAGCAA
C 59.69 55.00 

167 

4113 (between 
pos. 53618170 
and 53614056 

on NC_000077.6 
on Chr11) 

NM_021283
.2 RV AGGCATCGAAAAGCCCGAA 60.00 52.63 

HCAR1 
FW CAAACAGCCCAACAACGAG

G 
59.97 

 55 
133 - NM_175520

.4 RV CAAGCAGGGTGGATCCCAT
T 

60.03 
 55 

TNF-α 

FW GGCGGTGCCTATGTCTCAG 60.23 
 63.16 

195 

694 (between pos. 
1520062 and 
1519312 on 

NT_187004.1 on 
Chr17) 

NM_013693
.3 RV CTACAGGCTTGTCACTCGA

ATTT 59.00 43.48 
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BDNF 

FW CTCCAGGACAGCCTGTATC
C 59.24 60.00 

178 

14965 (between 
pos. 109694621 
and 109709587 

on NC_000068.7 
on Chr2) 

NM_001316
310.1 RV TGGTGGAACTTTACGACAC

CA 59.51 47.62 

VEGF-A 

FW ACTGGACCCTGGCTTTACT
G 59.31 55.00 

99 

2891 (between 
pos. 46031291 

and 46028399 on 
NC_000083.6 

Chr17) 

NM_001287
058.1 RV ACTTGATCACTTCATGGGA

CTTCT 59.71 41.67 

Rpl27a = Ribosomal protein L27a, IL-1β = Interleukin 1 β, IL-4 = Interleukin 4, HCAR1 = Hydroxycarboxylic acid receptor 1, TNF-α = Tumor necrosis factor α, 

BDNF = Brain-derived neurotrophic factor, VEGF-A = Vascular endothelial growth factor A, FW = Forward Primer, RV = Reverse primer, bp = base pairs, Chr = 

chromosome.  

3.11 qPCR  

Accurate and high-throughput mRNA quantification is always conducted by using 
qPCR. Considering the large sample size in this study, the qPCR was chosen as it is fast 
and easy to perform compared to other RNA quantification methods, such as northern 
blotting and in situ hybridization.  

For the qPCR analysis, all cDNA samples were diluted with nuclease-free H2O. For each 
10 µl cDNA solution, a volume of 35 µl H2O was added and mixed, making a final 
volume of 225 µl, and a concentration of 3.11 ng/µl cDNA. Each qPCR reaction was 
prepared with Brilliant III Ultra-Fast SYBR Green QPCR Master Mix (Agilent 
Technologies, USA) according to the manufacturers protocol, with 10 µl of diluted cDNA 
as template (Table 3.11.1). Thus, the amount of template used per individual reaction, 
was corresponding to 31.1 ng cDNA. AriaMx Realtime PCR System was used for the 
cDNA quantification. The qPCR was performed following the program illustrated in 
Table 3.11.2. 

The qPCR setup was performed with three technical replicates. To improve reliability, a 
newly calibrated multi-pipette was used for all reactions. In order to decrease variability 
between samples, the SYBR Green master mix with each set of primer pairs was made 
in a single tube, sufficient for all reactions (divided between three 96-well plates). In 
order to reduce the variability in the assay, each set of primer-pairs (see Table 3.10.3) 
was analyzed individually, due to their size differing amplicon-productions.  

Table 3.11.1: qPCR SYBR Green reagents 

qPCR reagents Ratio volumes (µl) 

dH2O (nuclease free) 1 
SYBR Green mix 12.5 
Primers (FW+RV) 1.5 

cDNA (diluted) 10 
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Table 3.11.2: qPCR program on Agilent Technologies AriaMx Real-Time PCR system 

Temp (ºC) Time Cycles Segment 
95 3 min  1 Hot start 
95 5 sec  40 Amplification 
60 10 sec  40 Amplification 
95 30 sec  1 Melt 
65 30 sec 1 Melt 
95 30 sec 1 Melt 

Gene expression analysis was performed on five different genes encoding the HCAR1, 
IL-4, IL-1b, VEGF-A and TNF-a. Ribosomal protein L27a (RPL27a) was used as a 
“housekeeping” reference gene for normalization of gene expression [225].  

An amplification plot presenting the emitted fluorescence intensity (DR) by the SYBR 
Green bound product as a function of number of cycles in the reaction, was generated. 
The Ct values of all samples and the three technical replicates within each sample were 
inspected. Ct values between 9-29 were not allowed to deviate more than 0.2-0.3 Ct 
units, value with variation above 0.3 Ct units within triplicates were excluded as 
outliers (the most similar replicates remained). Ct values between 30-40 were expected 
to have more variability, therefore the values deviating more than 1.5 Ct units from the 
other two, were excluded. Another elimination was conducted by removing all single 
replicates between 9-29 that deviated more than 0.3 Ct units from only one of the other 
two replicates. Similarly, single replicates between 30-40 that deviated more than 1.5 Ct 
units from one of the two replicates were removed. If two replicates deviated below 0.1 
Ct, the third value was automatically removed. 

All samples were checked for any co-amplified products by melt curves analysis, 
representing fluorescence (-R’(T)) versus temperature.  

3.11.1 qPCR controls 

Minus-reverse transcriptase control (˗RT) was conducted on a random selection of 
samples that were extracted at different times. A -RT is a reaction with all ingredients 
including the same amount of template cDNA, except the reverse transcriptase. The ˗RT 
is a negative control which controls for gDNA contamination. If a product is seen in the -
RT reaction, the probability for gDNA contamination is high.  

A no template control (NTC) was performed in every run. An NTC is a negative control 
that includes all PCR reagents except for the cDNA template, which is substituted with 
the nuclease free water that was used in making the PCR master mix. This negative 
control identifies any set-up contamination and primer dimerization.  
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3.11.2 Primer efficiency and standard curve  

In order to test the primer efficiencies, a pool of cDNA was made from seven samples 
that yielded the highest RNA concentrations. The cDNA pool was then diluted in four 
series; 1, 1:10, 1:100 and 1:1000. 10 µl of each of the series was run in double replicates 
together with one of the primer pairs and the Brilliant III Ultra-Fast SYBR Green 
QPCR Master Mix, according to the manufacturers protocol (Table 3.11.1) and run 
according to its following program (Table 3.11.2).  

The obtained Ct-values from the qPCR run were plotted on a logarithmic scale against 
the corresponding cDNA concentrations. A linear regression curve (Figure 3.11.1), called 
a standard curve, was generated for each primer through the data points and the slope 
of the trend line was calculated. Percentage of each primer efficiency was calculated 
using the following equation:  

	 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦	(%) = (10
TU

VWXYZ − 1) × 100	 (3.8) 

A high DNA amplification efficiency requires a primer efficiency between 90% and 
110%. And the standard curve trendline slope should optimally be between -3.2 and -3.5 
and a coefficient of determination (R2)> 0.98.  

 

Figure 3.11.1: Standard curves for all genes in the qPCR assay. The trendline slope and R2 for each gene is 
indicated in its corresponding linear equation.   
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All primer pairs were additionally tested for fulfilling the following criteria; (1) a good 
melting curve with a clear peak and little noise, indicating a single amplicon and no 
primer dimers, (2) a clear NTC with no fluorescence or any sign of primer dimerization, 
and (3) a Ct-value between 20-35, indicating an ideal proportion between primer and 
cDNA concentration in the sample.  

3.11.3 The Pfaffl method for relative quantification 
of mRNA expression  

The most common method to calculate the relative gene expression levels from qPCR 
data is the ΔΔCt method. Its limitation is that it can only be used for data with similar 
amplification efficiencies (90-110%) between the reference and the target genes in the 
assay. Since the linear representations of HCAR1 and TNF-a did not indicate optimal 
slopes, their primer efficiencies were not similar. Additionally, IL-4 and IL-1b did not 
show an R2 > 0.98. The Pfaffl method was thus chosen as the most optimal technique for 
calculating gene expression.  

First, converted primer efficiencies for the reference and target genes were calculated 
using the following formula: 

	 𝐸 = 10
TU

VWXYZ	 (3.9) 

The Ct-values of the technical replicates were averaged for all samples. Non-detectable 
Ct-values and outliers were excluded. The PBS-treated WT-group of mice was chosen as 
the calibration group, and the average of their Ct-values was calculated.   

For each sample, a unique ∆Ct value was determined by subtracting the control average 
Ct-value (calibrator group) from the Ct-value of each sample, including reference and 
target genes: 

	 ∆𝐶] = 𝐶𝑜𝑛𝑡𝑟𝑜𝑙	𝐶]𝑎𝑣𝑒𝑟𝑎𝑔𝑒 − 𝑠𝑎𝑚𝑝𝑙𝑒	𝐶]		 (3.10) 
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Finally, the gene expression ratio was calculated using the following formula:  

	
𝐸]_`aZ	aZbZcde]	fghijf	ijkjl

𝐸`ZmZ`ZbnZ	aZbZcde]	hjojhjkpj	ijkjl
	 (3.11) 

3.11.4 Normalization 

The normalization in this assay was performed using a reference “housekeeping” gene 
(RPL27a) as an endogenous control. The gene is assumed to be present in all samples at 
a constant concentration that is resistant to biological fluctuations in the organism. 
Performing a normalization accounts for the differences in the amounts of starting 
material across the samples. The procedure also corrects for variations in the handling 
of each sample in multiple steps, like for instance during the RNA extraction, 
purification, reverse transcription and the concentrations assessment (where different 
volumes were pipetted).  

3.11.5 Statistics 

All statistical analysis was performed in SPSS Statistics (version 25, IBM Corp., 
Armonk, NY, US). Graphs were produced in Excel (version 16.26, Microsoft, 2019). 
Values within groups that are outside the minimum (𝑄1 − 1.5 × 𝐼𝑄𝑅) and maximum 𝑄3 −
1.5 × 𝐼𝑄𝑅) interquartile range (IQR) were considered outliers and were subsequently 
trimmed from all final datasets, by virtually plotting in box whiskers plots (10-90% min-
max). 

Any violations of sphericity were corrected using the Greenhouse-Geisser-correction, 
and Huynh-Feldt-correction. All datasets were checked for normality with Shapiro-
Wilk’s test (p>0.5) [226] and Levene’s test respectively. Skewness and kurtosis, together 
with histograms and normal Q-Q plots were inspected. If no assumptions were violated, 
the data were analyzed using analysis of variance (ANOVA). In the case of multiple 
comparisons, either multiple tests were corrected using the Holm-Bonferroni method 
[227], or multivariate analysis of variance (MANOVA) or mixed ANOVA were used to 
decrease the a-level (type 1 errors obtained by multiple comparisons [228], which can 
oversee existing correlations between the dependent variables.  

In the case of non-normally distributed data, non-parametric analyses were performed 
with Kruskal-Wallis test followed by Bonferroni corrected Mann-Whitney U test 
comparisons. 

A value of p ˂ 0.05 was considered statistically significant, if not indicated otherwise. 
Data are presented as mean ± SEM (standard error of the mean) or SD (standard 
deviation) as indicated. 
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4 Results 

4.1 Genotyping  

Reliable identification of the mouse genotypes was necessary due to their transgenic 
nature. The genotyping was done using both a PCR technique followed by agarose gel 
electrophoresis and qPCR.  

4.1.1 Genotyping using agarose gel electrophoresis 

The results from the agarose gels were photographed and interpreted (see Table 8.1.1). 
In Figure 4.1.1, the agarose gel depicts APP genotyping with both Tg (two bands) and 
WT (one band) genotypes. Each band has different length, indicated with red arrows on 
the side. Figure 4.1.2 shows PSEN-1 genotyping with both Tg (two bands) and WT (one 
band) genotypes, while Figure 4.1.3 shows Pde6brd1genotyping without any mutants 
(two bands).  

 

Figure 4.1.1: Genotyping of APP. Transgenic (Tg) 5xFAD mice express an additional fragment (377 bp) to the 
control fragment (324 bp). Wild-type (WT) mice do not express additional bands to the control. 
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Figure 4.1.2: Genotyping of PSEN-1. Transgenic (Tg) mice express an additional fragment (608 bp) to the 
control fragment (324 bp). Wild-type (WT) mice do not express additional bands to the control. 

 

Figure 4.1.3: Genotyping of Pde6brd1. The blind phenotype expresses an additional fragment (560 bp) to the 
control fragment (240 bp). None of the mice expressed this gene. 

4.1.2 Genotyping using qPCR technique  

A qPCR genotyping method was performed to support the agarose gel interpreted 
results. This method revealed one product for each genotype of APP, where Tg mice 
(Figure 4.1.4) had a product with a Tm = 83.00, and WT mice (Figure 4.1.5) had a 
product with a Tm = 79.00. On the other hand, the melting curve analysis for PSEN-1 
revealed two products with Tm = 79.50 and Tm = 83.50 for Tg mice (Figure 4.1.6), but 
only one product with a Tm = 79.50 for WT mice (Figure 4.1.7).  

 

 Figure 4.1.4: Amplification plot and melting curve analysis for mice with transgenic (Tg) APP gene. The gene 
products have a clear Tm = 83.00  
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Figure 4.1.5: Amplification plot and melting curve analysis for mice without transgenic APP gene, i.e. wild-
types (WT). The gene products have one Tm = 79.00.  

 

Figure 4.1.6: Amplification plot and melting curve analysis for mice with transgenic (Tg) PSEN-1 gene. Two 
gene products are detected on the melting curve analysis; one at Tm = 79.50 and one at Tm = 83.50. 
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Figure 4.1.7: Amplification plot and melting curve analysis for mice without transgenic PSEN-1 gene, i.e. 
wild-types (WT). Only one gene product is detected on the melting curve analysis; Tm = 79.50.  

4.2 Lactate treatment 

Around the second week of treatment, lactate-injected mice (gr. 1 and 2) started to show 
wound developments at the injection sites (Figure 4.2.1). Additionally, strange jumping 
and vocalizing behavior lasting up to 1 min post-injection was observed. No such effects 
were observed in the PBS-treated groups (gr. 3 and 4). 

 

Figure 4.2.1: Wounds formed at injection sites on mice treated with 200 mg ml-1 lactate for two consecutive 
weeks.  
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Commencing from the fourth week of treatment, lactate injected mice got half 
concentrated injections (100 mg ml-1). Subsequently, fewer individuals displayed bad 
reactions (Figure 4.2.2), and no wounds developed at the new injection sites. 

 

Figure 4.2.2: Weekly percentages of Tg and WT mice reacting to daily lactate injections. Subjects were given 
200 mg ml-1 lactate during weeks 1-4. The following weeks (4-7), both groups were given a double volume of 100 
mg ml-1 lactate injections. 

4.2.1 Blood lactate levels 

In order to find out how the lactate injections affected the blood lactate levels, a mixed 
multivariate ANOVA with repeated measurement was conducted to compare the blood 
lactate levels in the different injection groups (200 mg ml-1 lactate, 100 mg ml-1 and 
PBS) across the four timepoints 1-4 (baseline, 5 min, 13 min and 37 min). The mixed 
ANOVA tests the effects of both the between-subjects factor and within-subjects factor 
and has a greater power to detect effects and lower unsystematic variability, compared 
to a traditional repeated measurement ANOVA [229]. Prior to conducting the ANOVA, 
the normality assumption was evaluated and satisfied for the three injection groups. 
Furthermore, the assumption of homogeneity of variances was tested and satisfied 
based on Levene’s test of equality of error variances.  

Results from the mixed ANOVA indicated a significant difference between the four 
timepoints of the measured blood lactate level, Wilk’s Lambda = .027, F(3,13) = 11.75, p 
= .001, η2 = 0.73.  

Three paired samples t-tests were used to make post-hoc comparisons between the four 
timepoints within each individual group. The test indicated that the group receiving 
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injections of 200 mg ml-1 lactate, had a significantly higher level of blood lactate at 5 min 
(17.30 ± 2.36); t(4) = -5.43, p = .006, and 13 min after injection (21.68 ± 3.60); t(4) = -4.17, 
p = .014, compared to the baseline level (10.85 ± 1.90). The blood lactate level at 13 min 
was significantly higher than at 5 min after injection; t(5) = -2.58, p = .05.  

Similarly, in mice that were injected with 100 mg ml-1 lactate, the lactate level at 5 min 
(14.12 ± 1.71); t(7) = -3.64, p = .008, and 13 min after injection (16.42 ± 2.61); t(7) = -2.85, 
p = .025 were significantly higher than baseline (9.71 ± 1.22). And the lactate level at 37 
min (9.42 ± 1.30) was significantly lower than both at 5 min; t(6) = 2.95, p = .026, and 13 
min after injection; t(6) = 4.01, p = .007.  

While in the PBS injected group, the lactate level at 5 min after injection (9.63 ± 0.63) 
was significantly higher than the baseline value (7.70 ± 0.74); t(5) = -3.18, p = .025, but 
significantly lower than 13 min after injection (7.57 ± 0.54); t(5) = 6.67, p = .001.  

Further, individual one-way ANOVAs with Fisher's Least Significant Difference (LSD) 
post hoc tests were performed on all timepoints to look at differences between groups at 
the same timepoints. The 200 mg ml-1 lactate injected group (16.42 ± 2.12) had 
significantly higher blood lactate than the PBS injected group (9.63 ± 0.63) already 5 
min after injection, with a p = .014. Both the 200 mg ml-1 (21.51 ± 3.14) and the 100 mg 
ml-1 lactate injected groups (16.42 ± 2.61) were significantly higher than the PBS 
injected group (7.57 ± 0.54) at 13 min after injection, with respectively p = .001 and p = 
0.19. And at 37 min after injection, the 200 mg ml-1 lactate group (13.73 ± 1.45) had 
significantly higher blood lactate than the 100 mg ml-1 (9.42 ± 1.28) with a p = .034 and 
the PBS group (7.55 ± 1.25) with a p = .006. 

The data associated with blood lactate levels in the three groups are plotted in Figure 
4.2.3. Investigating the groups altogether, it was clear that the lactate peaks were 
highest at 13 min after injection followed by 5 min after injection for both the 200 mg 
ml-1 lactate and the 100 mg ml-1 lactate group. The factors: sex, age and genotype, were 
proven insignificant and independent of the results obtained. 
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Figure 4.2.3: Time-response for blood lactate (mM). Lactate or PBS were injected subcutaneously (SC) in the 
three mice groups; 200 mg ml-1 (N = 6), 100 mg ml-1 (N= 8) and PBS (N = 6). Blood samples were taken 
immediately from the submandibular vein and measured for lactate at four different timepoints (before 
“baseline”, 5, 13 and 37 min after injection). The data are presented as the mean ± SEM, * p £ 0.05, ** p £  0.01 
and *** p £  0.001. Statistical analysis was done using a mixed multivariate ANOVA with repeated 
measurements.  

4.3 Cognitive behavior 

The mice were tested in the Y-maze, where spontaneous alternations were used as a 
measure for their spatial working memory, while distance travelled, number of arm 
entries, and mean speed were used as variables monitoring the movement of the mice 
during the test. Changes in the cognitive abilities of the mice were found by calculating 
the difference in percentage from the initial behavioral test to the post treatment test. 
This was calculated independently for each animal, thus making individual 
investigations of differences for each animal within the different groups. The new 
performance difference % value was calculated as follows: 

	 𝑃𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒	𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒	% =
′𝑎𝑓𝑡𝑒𝑟′	𝑣𝑎𝑙𝑢𝑒 − ′𝑏𝑒𝑓𝑜𝑟𝑒′	𝑣𝑎𝑙𝑢𝑒

′𝑏𝑒𝑓𝑜𝑟𝑒′	𝑣𝑎𝑙𝑢𝑒 ∗ 100		 (3.12) 

To not lose any valuable data from the highly variating absolute values, outliers were 
eliminated at the last step (from the ‘performance difference %’ values). All performance 
scores declined during the second behavioral test, which mostly gave negative values in 
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the ‘performance difference %’ results. The results are presented in graphs with the 
performance difference % along the y-axis.  

A one-way MANOVA was conducted to test for possible differences in Y-maze output 
between the different groups. A statistical significant MANOVA effect was obtained, 
Wilk’s Lambda = .47, F(30,250) = 1.76, p = .011, η2 = .14. The homogeneity of variance 
assumption was tested for all dependent variables. Based on a series of Levene’s F tests, 
the homogeneity of variance assumption was considered satisfied for all variables. A 
series of one-way ANOVAs on each of the dependent variables was conducted as a 
follow-up test to the MANOVA for all groups. All ANOVAs were statistically significant 
for the variables; ‘spontaneous alternations %’ F(5,76) = 3.54, p = .006, ‘arm entries’ 
F(5,74) = 2.38, p = .047, ‘distance travelled’ F(5,75) = 2.85, p = .021, and ‘mean speed’ 
F(5,75) = 2.92, p = .018. Finally, a series of post hoc analyses (Fishers LSD) where 
performed to examine individual mean difference comparisons across groups.  

Within the variable ‘spontaneous alternations %’ (Figure 4.3.1), all groups were proven 
statistically significant from group 6 (82.55 ± 75.55); where group 1 (-16.61 ± 7.79), 
group 3 (-11.44 ± 4.97) and group 4 (-10.00 ± 8.41) had a significantly lower performance 
difference % in spontaneous alternations % than group 6  with a p < .001, whereas group 
2 (-2.83 ± 7.54) and group 5 (-17.14 ± 18.78) performed significantly lower than group 6 
with a p = .001. 

Within the variable ‘arm entries’ (Figure 4.3.2), group 1 (-39.77 ± 5.80) had a 
significantly lower performance difference % of arm entries than group 3 (-13.21 ± 8.78) 
with a p = .008, and from group 6 (-6.60 ± 23.47) with a p = .034. While group 2 (-33.78 ± 
5.17) performed significantly lower than group 3, with a p = .028.  

Within the variable ‘distance travelled’ (Figure 4.3.3), group 6 (-1.99 ± 15.30) had a 
significantly higher performance difference % of travelled distance than group 1 (-42.23 
± 5.40) with a p = .002, group 2 (-37.10, ± 4.48) with a p = .005, and group 4 (-29.34 ± 
4.24) with a p = .026. Group 1 performed significantly lower than group 3 (-24.90 ± 6.60) 
with a p = .032.  

Within the variable ‘mean speed’ (Figure 4.3.4), group 6 (-1.25 ± 16.58) had a 
significantly higher performance difference % of mean speed than group 1 (-42.41 ± 5.44) 
with a p = .002, group 2 (-37.03 ± 4.51) with a p = .004, and group 4 (-29.01 ± 4.23) with 
a p = .025. Group 1 was performed significantly lower than group 3 (-24.55 ± 6.63) with 
a p = .028.  

The factors: sex, age and color, were proven insignificant and independent of the results 
obtained. 
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Figure 4.3.1: Performance difference on the Y-maze between the first and the second test in percentage (%). 
The graph illustrates the amount of spontaneous alternations % made by mice in the six different groups; gr. 
1 (N = 15), gr. 2 (N = 19), gr. 3 (N = 14), gr. 4 (N = 19), gr. 5 (N = 5), gr. 6 (N = 4). The data are presented as the 
mean ± SEM, * p £ 0.05, ** p £  0.01 and *** p £  0.001. Statistical analysis was done using separate ANOVAs. 
Color codes indicate the corresponding genotypes and treatments for each of the groups. The last two groups 
have not been treated. WT = Wild-type, Tg = transgene, PBS = phosphate buffered saline, P = parental 
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Figure 4.3.2: Performance difference on the Y-maze between the first and the second test in percentage (%). 
The graph illustrates the amount of arm entries made by mice in the six different groups; gr. 1 (N = 15), gr. 2 
(N = 19), gr. 3 (N = 14), gr. 4 (N = 19), gr. 5 (N = 5), gr. 6 (N = 4). The data are presented as the mean ± SEM, * p 
£ 0.05, ** p £  0.01 and *** p £  0.001. Statistical analysis was done using separate ANOVAs. Color codes 
indicate the corresponding genotypes and treatments for each of the groups. The last two groups have not 
been treated. WT = Wild-type, Tg = transgene, PBS = phosphate buffered saline, P = parental 

 

Figure 4.3.3: Performance difference on the Y-maze between the first and the second test in percentage (%). 
The graph illustrates the distance travelled in meters (m) by mice in the six different groups; gr. 1 (N = 15), gr. 
2 (N = 19), gr. 3 (N = 14), gr. 4 (N = 19), gr. 5 (N = 5), gr. 6 (N = 4). The data are presented as the mean ± SEM, * 
p £ 0.05, ** p £  0.01 and *** p £  0.001. Statistical analysis was done using separate ANOVAs. Color codes 
indicate the corresponding genotypes and treatments for each of the groups. The last two groups have not 
been treated. WT = Wild-type, Tg = transgene, PBS = phosphate buffered saline, P = parental 
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Figure 4.3.4: Performance difference on the Y-maze between the first and the second test in percentage (%). 
The graph illustrates the mean speed (m/s) of mice in the six different groups; gr. 1 (N = 15), gr. 2 (N = 19), gr. 
3 (N = 14), gr. 4 (N = 19), gr. 5 (N = 5), gr. 6 (N = 4). The data are presented as the mean ± SEM, * p £ 0.05, ** p £  
0.01 and *** p £  0.001. Statistical analysis was done using separate ANOVAs. Color codes indicate the 
corresponding genotypes and treatments for each of the groups. The last two groups have not been treated. 
WT = Wild-type, Tg = transgene, PBS = phosphate buffered saline, P = parental 

4.4  Gene expression analysis 

The gene expression results for HCAR1, VEGF-A, IL-1b, IL-4 and TNF-a did not pass 
the normality tests, neither did they satisfy the assumption of homogeneity of variances 
based on Levene’s test of equality of error variances. Due to the non-parametric and 
skewed data, a Kruskal-Wallis20 test was conducted to inspect gene expressions across 
the different groups.  

There was found a statistically significant differences in the expression of IL-1b (Figure 
4.4.2), c2 (2) = 31.20, p < .001, df = 5, with a mean rank of 26.87 for group 1, mean rank 
of 47.20 for group 2, mean rank of 17.93 for group 3, mean rank of 47.57 for group 4, 
mean rank of 24.67 for group 5 and a mean rank of 70.00 for group 6.  

To evaluate the nature of the differences between the groups, a series of two-tailed 
Mann-Whitney U21 tests were run. Analyzing the expression of IL-1b, the Mann-Whitney 
U tests showed that group 1 expressed significantly lower IL-1b than group 2 (U = 67, p 
= .005), group 4 (U = 84, p = .018), and group 6 (U = 0, p = .002), but significantly higher 
than group 3 (U = 58, p = .041,). Group 2 had significantly higher expressions than 
group 3 (U = 27, p < .001) and group 5 (U = 8, p = .046), but significantly lower than 

 
20 Non-parametric equivalent to One-way ANOVA 
21 Non-parametric equivalent to independent samples t-test 
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group 6 (U = 5, p = .018). Group 3 had significantly lower expression than group 4 (U = 
47, p < .001) and group 6 (U = 0, p = .003). And group 5 had significantly lower than 
group 6 (p = .05, U = 0). While no statistically significant effect of lactate (group 2) 
compared to PBS (group 4) was demonstrated in the Tg mice, subtracting the values in 
WT (groups 1 and 3), lactate lowered the value in Tg by 33% compared to PBS-injected, 
indicating a moderate but potentially important effect. 

The Mann-Whitney U tests also revealed statistically significant differences in the 
expression of IL-4 (Figure 4.4.3), where group 1 expressed the gene significantly higher 
than group 4 (U = 14, p = .043) and group 5 (U = 0, p = .04).  

Expressions of HCAR1 (Figure 4.4.1), VEGF-A (Figure 4.4.4), and TNF-a (Figure 4.4.5) 
did not show any significant differences between the different groups. The factors: sex, 
age and color, were proven insignificant and independent of the results obtained. 

 

Figure 4.4.1: Expression ratio of hydrocarboxylic acid receptor 1 (HCAR1) in six different mouse groups; gr. 1 
(N = 15), gr. 2 (N = 21), gr. 3 (N = 15), gr. 4 (N = 21), gr. 5 (N = 5) and gr. 6 (N = 4). The graph demonstrates 
expression of the mRNA from 5xFAD mouse brains measured by qPCR technique. The data are presented as 
the mean ± SEM. Statistical analysis was done using Kruskal-Wallis followed by individual two-tailed Mann-
Whitney U tests. No statistically significant differences were observed. Color codes indicate the corresponding 
genotypes and treatments for each of the groups. The last two groups have not been treated. WT = Wild-type, 
Tg = transgene, PBS = phosphate buffered saline, P = parental. 
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Figure 4.4.2: Expression ratio of interleukin 1b (IL-1b) in the six different mouse groups; gr. 1 (N = 15), gr. 2 (N 
= 20), gr. 3 (N = 14), gr. 4 (N = 21), gr. 5 (N = 3) and gr. 6 (N = 3). The graph demonstrates expression of the 
mRNA from mouse brains measured by qPCR technique. The data are presented as the mean ± SEM, * p £ 0.05, 
** p £  0.01 and *** p £  0.001. Statistical analysis was done using Kruskal-Wallis followed by individual two-
tailed Mann-Whitney U tests. The effect of lactate on Tg was not statistically significant compared to PBS (gr. 
2 compared to gr. 4), but subtracting the values in WT, lactate lowered the observed mean value in Tg by 33% 
compared to PBS. Color codes indicate the corresponding genotypes and treatments for each of the groups. 
The last two groups have not been treated. WT = Wild-type, Tg = transgene, PBS = phosphate buffered saline, P 
= parental. 

 

Figure 4.4.3: Expression ratio of interleukin 4 (IL-4) in the six different mouse groups; gr. 1 (N = 7), gr. 2 (N = 
10), gr. 3 (N = 9), gr. 4 (N = 10), gr. 5 (N = 2) and gr. 6 (N = 2). The graph demonstrates expression of the mRNA 
from 5xFAD mouse brains measured by qPCR technique. The data are presented as the mean ± SEM, * p £ 0.05, 
** p £  0.01 and *** p £  0.001. Statistical analysis was done using Kruskal-Wallis followed by individual two-
tailed Mann-Whitney U tests. Color codes indicate the corresponding genotypes and treatments for each of the 
groups. The last two groups have not been treated. WT = Wild-type, Tg = transgene, PBS = phosphate buffered 
saline, P = parental. 
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Figure 4.4.4: Expression ratio of vascular endothelial growth factor A (VEGF-A) in the six different mouse 
groups; gr. 1 (N = 15), gr. 2 (N = 20), gr. 3 (N = 13), gr. 4 (N = 19), gr. 5 (N = 5) and gr. 6 (N = 4). The graph 
demonstrates expression of the mRNA from mouse brains measured by qPCR technique. Statistical analysis 
was done using Kruskal-Wallis followed by individual two-tailed Mann-Whitney U tests. No statistically 
significant differences were observed. Color codes indicate the corresponding genotypes and treatments for 
each of the groups. The last two groups have not been treated. WT = Wild-type, Tg = transgene, PBS = 
phosphate buffered saline, P = parental. 

 

Figure 4.4.5: Expression ratio of tumor necrosis factor a (TNF-a) in the six different mouse groups; gr. 1 (N = 
15), gr. 2 (N = 21), gr. 3 (N = 16), gr. 4 (N = 21), gr. 5 (N = 5) and gr. 6 (N = 4). The graph demonstrates 
expression of the mRNA from mouse brains, measured by qPCR technique. The data are presented as the 
mean ± SEM. Statistical analysis was done using Kruskal-Wallis followed by individual two-tailed Mann-
Whitney U tests. No statistically significant differences were observed. Color codes indicate the corresponding 
genotypes and treatments for each of the groups. The last two groups have not been treated. WT = Wild-type, 
Tg = transgene, PBS = phosphate buffered saline, P = parental. 
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4.5 Histological analysis of brain tissue 

For the histological analyses, a series of one-way ANOVAs on each of the measured data 
sets was conducted for each marker and for each ROI. Finally, a series of post hoc 
analyses (Fishers LSD) where performed to examine individual mean difference 
comparisons across groups. ANOVAs for Ab plaques in ROI1 (Figures 4.5.1-3), microglia 
in ROI1 (Figures 4.5.14-18), and neurons in ROI4 (Figure 4.5.29-30) showed statistical 
significance between groups, but no significant differences were found among astrocytes 
in ROI2 (Figure 4.5.4-8) and ROI3 (Figure 4.5.9-13), microglia in ROI2 (Figure 4.5.19-
23), and neurons in ROI2 (Figure 4.5.24-28). 

The ‘area %’ in all of the ROIs is defined as follows:  

	 𝐴𝑟𝑒𝑎	% =
𝐴𝑟𝑒𝑎	𝑜𝑐𝑐𝑢𝑝𝑖𝑒𝑑	𝑏𝑦	𝑝𝑙𝑎𝑞𝑢𝑒𝑠	(µ𝑚y)

𝑇𝑜𝑡𝑎𝑙	𝑎𝑟𝑒𝑎	𝑜𝑓	𝑅𝑂𝐼	(µ𝑚y) ∗ 100		 (4.1) 

The ‘particles per mm2’ in all of the ROIs is defined as follows:   

	
𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠
𝑚𝑚y =

𝑁𝑟. 𝑜𝑓	𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠
𝑇𝑜𝑡𝑎𝑙	𝑎𝑟𝑒𝑎	𝑜𝑓	𝑅𝑂𝐼	(𝑚𝑚y)		 (4.2) 

The ‘cells per mm2’ in all of the ROIs is defined as follows:   

	
𝐶𝑒𝑙𝑙𝑠
𝑚𝑚y =

𝑁𝑟. 𝑜𝑓	𝑐𝑒𝑙𝑙𝑠
𝑇𝑜𝑡𝑎𝑙	𝑎𝑟𝑒𝑎	𝑜𝑓	𝑅𝑂𝐼	(𝑚𝑚y)		 (4.3) 

‘Area %’ measurements of Ab plaques in ROI1, F(5,25) = 6.82, p < .001, showed that 
group 6 (24.00 ± 5.04) had a significantly larger area % occupied by Ab plaques 
compared to the rest of the groups. Data showed that group 6 had a significantly larger 
area % of Ab plaques than group 1 (0.43 ± 0.23), group 3 (2.12 ± 1.77) and group 5 (M = 
1.97 ± 0.95) collectively with a p < .001. And group 6 had a significantly larger area % 
than group 2 (6.53 ± 1.45) by a p = .001, and group 4 (11.01 ± 4.24) by a p = .007. Group 
4 on the other hand had a significantly larger area % than group 1 with a p = .024, than 
group 3 with a p = .032 and group 5 with a p = .05. While no statistically significant 
effect of lactate (group 2) compared to PBS (group 4) was demonstrated in the Tg mice, 
subtracting the values in WT (groups 1 and 3), lactate lowered the area % of Ab plaques 
value in Tg by 31% compared to PBS-injected, indicating a moderate but potentially 
important effect. 

Area% occupied by astrocytes in ROI3 (Figure 4.5.11) showed no statistically significant 
effect of lactate (group 2) compared to PBS (group 4) in the Tg mice, but subtracting the 
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values in WT (groups 1 and 3), lactate lowered the area % of astrocytes value in Tg by 
67% compared to PBS-injected, indicating a moderate but potentially important effect. 

Measurements of ‘area%’ of microglia, ‘microglia/mm2’ and ‘microglial particles/mm2’ in 
ROI1 showed statistical significance between groups, while the corresponding 
measurements in ROI2 were not significantly different. ‘Area%’ of microglia in ROI1, 
F(5,20) = 8.34, p < .001, was found significantly larger in group 4 (36.95 ±  2.32) than the 
rest of the groups. Group 4 had a significantly larger area % of microglia than group 1 
(13.59 ± 2.00), group 3 (14.80 ± 1.09) and group 5 (15.91 ± 3.42) with a p < .001, and 
significantly larger than group 2 (20.30 ± 5.46) with a p = .001 and larger than group 6 
(24.35 ± 1.24) with a p = .01. Group 6 on the other hand had significantly larger area % 
than group 1 with a p = .031, and group 3 with a p = .043. While no statistically 
significant effect of lactate (group 2) compared to PBS (group 4) was demonstrated in 
the Tg mice, subtracting the values in WT (groups 1 and 3), lactate lowered the area % 
of microglia in Tg by 70% compared to PBS-injected, indicating a moderate but 
potentially important effect. 

Manually counted ‘microglia/mm2’ in ROI1, F(2,20) = 7.71, p < .001, showed a 
significantly larger number of microglia in group 2 (0.29 ± 0.08) compared to group 1 
(0.10 ± 0.03) with a p = .005, group 3 (0.09 ± 0.01) with a p = .002, and group 5 (0.10 ± 
0.02) with a p = .007. Group 6 (0.28  ± 0.02) showed significantly more microglia 
compared to group 1 with a p = .012, group 3 with a p = .004, and group 5 with a p = 
0.015. Group 4 (0.35 ± 0.03) had significantly more microglia compared to group 1 and 
group 5 with a p = .001, and to group 3 with a p < .001.  

Automatically counted ‘microglial particles/mm2’ in ROI1, F(5,20) = 4.73, p = .005, 
showed significantly less particles in group 4 (1.92  ± 0.25) than group 1 (2.64 ± 0.20) 
with a p = .039, group 3 (2.77 ± 0.15) with a p = .011, group 5 (3.28 ± 0.49) with a p = 
.001, and group 6 (2.71, ± 0.15) with a p = .025. Group 2 (1.97 ± 0.21) had less particles 
than group 3 with a p = .016, group 5 with a p = .001, and group 6 with a p = .035. 

Measurements of the width of the granular cell layer in the DG of ROI4, F(5,18) = 3.52, 
p < .001, demonstrated that group 3 (69.80 ± 2.37) had a significantly shorter width 
than group 1 (87.79 ± 7.20) with a p = .036, group 2 (89.81 ± 5.48) with a p = .009, and 
group 4 (90.37 ± 7.50) with a p = .011. Group 6 (67.52, ± 4.96) had a significantly shorter 
width than group 2 with a p = .012, group 4 with a p = .013 and group 1 with a p = .034.  

The factors: sex, age and color, were proven insignificant and independent of the results 
obtained. 
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4.5.1 Ab plaques 

 

Figure 4.5.2: Image analysis procedure for the quantification of Ab plaques stained with anti-Ab antibody. A) 
The 360x360µm square ROI is cropped out. The image is already merged between two channels; showing Ab 
plaques (green) in one channel and nuclei (blue) in another channel. B) The blue and green channels are 
split, and only the green channel visualizing Ab plaques, is retained. C) The green channel image is processed 
into a binary image via a thresholding method. Ab plaques (white) are further measured in comparison to the 
background (black) in sum of area calculation. Scale bar: 100µm. 

A) ROI1 selected B) Nuclei removed C) Image made binary

Original image (ROI1) 

Figure 4.5.1: Confocal image (automatically 
stitched together from several images taken 
with a 20X objective) of a sagittal 40µm 
section of a mouse brain (hippocampus to the 
right and neocortex to the left). Ab  plaques 
are stained with Anti-Ab antibody (green) 
and nuclei are stained with DAPI (blue). The 
yellow box illustrates ROI1, which is a 
360x360µm square distal to CA1 (overlapping 
the subiculum). Scale bar: 200µm. 
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Figure 4.5.3: Area % occupied by Ab  plaques stained with anti-Ab antibody in the subiculum (ROI1) of the six 
mouse groups; gr. 1 (N = 4), gr. 2 (N = 6), gr. 3 (N = 6), gr. 4 (N = 7), gr. 5 (N = 4) and gr. 6 (N = 4). The data are 
presented as the mean of area % occupied by Ab plaques within each group ± SEM, * p £ 0.05, ** p £  0.01 and 
*** p £  0.001. Statistical analysis was done using one-way ANOVA followed by individual Fishers LSD post 
hoc analyses. The effect of lactate on Tg was not statistically significant compared to PBS (gr. 2 compared to 
gr. 4), but subtracting the values in WT, lactate lowered the observed mean value in Tg by 31% compared to 
PBS. Color codes indicate the corresponding genotypes and treatments for each of the groups. The last two 
groups have not been treated. WT = Wild-type, Tg = transgene, PBS = phosphate buffered saline, P = parental. 
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4.5.2 Astrocytes 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5.5: Image analysis procedure for the quantification of astrocytes stained with anti-GFAP antibody. 
A) The yellow outlined hilus area corresponding to ROI2 is cropped out. The image is already merged between 
two channels; showing astrocytes (green) in one channel and nuclei (blue) in another channel. B) The blue 
and green channels are split, and only the green channel visualizing astrocytes, is retained. C) The green 
channel image is processed into a binary image via a thresholding method. Astrocytes (white) are further 
measured in comparison to the background (black), both in means of area calculation and cell counting. 
Scale bar: 100µm. 

A) ROI2 selected B) Nuclei removed C) Image made binary

Figure 4.5.4: Confocal image (automatically stitched together from several images 
taken with a 20X objective) of a sagittal 40µm section of a mouse brain (hippocampus 
to the right and neocortex to the left). Astrocytes are stained with anti-GFAP 
antibody (green) and nuclei are stained with DAPI (blue). ROI2 (outlined in yellow) 
is defining the hilus area by bordering the inner side of the granular cell layer of the 
dentate gyrus (DG) and attaching its terminals to the hippocampal CA3 end by a V-
shape. Scale bar: 200µm. 

Original image (ROI2) 
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Figure 4.5.6: Area % occupied by astrocytes stained with anti-GFAP antibody in the hilus (ROI2) of the six 
mouse groups; gr. 1 (N = 6), gr. 2 (N = 5), gr. 3 (N = 4), gr. 4 (N = 5), gr. 5 (N = 4) and gr. 6 (N = 4). The data are 
presented as the mean of area % occupied by astrocytes within each group ± SEM. Statistical analysis was 
done using one-way ANOVA followed by individual Fishers LSD post hoc analyses. No statistically significant 
differences were observed. Color codes indicate the corresponding genotypes and treatments for each of the 
groups. The last two groups have not been treated. WT = Wild-type, Tg = transgene, PBS = phosphate buffered 
saline, P = parental. 

 

Figure 4.5.7: Manually counted astrocytes stained with anti-GFAP antibody in the hilus (ROI2) of the six 
mouse groups; gr. 1 (N = 6), gr. 2 (N = 5), gr. 3 (N = 4), gr. 4 (N = 5), gr. 5 (N = 4) and gr. 6 (N = 4). The data are 
presented as the mean of counted astrocytes/mm2 in ROI2 within each group ± SEM. Statistical analysis was 
done using one-way ANOVA followed by individual Fishers LSD post hoc analyses. No statistically significant 
differences were observed. Color codes indicate the corresponding genotypes and treatments for each of the 
groups. The last two groups have not been treated. WT = Wild-type, Tg = transgene, PBS = phosphate buffered 
saline, P = parental. 
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Figure 4.5.8: Automatically counted astrocytes (particles bigger than 7µm in width) stained with anti-GFAP 
antibody in the hilus (ROI2) of the six mouse groups; gr. 1 (N = 6), gr. 2 (N = 5), gr. 3 (N = 4), gr. 4 (N = 5), gr. 5 
(N = 4) and gr. 6 (N = 4). The data are presented as the mean of particles/mm2 in ROI2 within each group ± 
SEM. Statistical analysis was done using one-way ANOVA followed by individual Fishers LSD post hoc 
analyses. No statistically significant differences were observed. Color codes indicate the corresponding 
genotypes and treatments for each of the groups. The last two groups have not been treated. WT = Wild-type, 
Tg = transgene, PBS = phosphate buffered saline, P = parental. 

 

 

Figure 4.5.9: Confocal image (automatically stitched together from several images taken with a 20X objective)  
of a sagittal 40µm section of a mouse brain (hippocampus to the bottom right and neocortex to the upper left). 
Astrocytes are stained with anti-GFAP antibody (green) and nuclei are stained with DAPI (blue). The yellow 
rectangle through the hippocampus outlined in yellow, represents ROI3. The length of ROI3 extends from the 
inner side of the lower subgranular zone (SGZ) to the beginning of cortex (middle of white substance). The 
width of the rectangle extends: from end of hippocampal CA4 to the bend in the dentate gyrus (DG). Scale bar: 
200µm. 

1 2 3 4 5 60,00

0,50

1,00

1,50

2,00

2,50

As
tr

oc
yt

ic
 p

ar
tic

le
s/

m
m

2

Groups

Astrocytic particles stained with anti-
GFAP per mm2 in hilus (ROI2)

WT + lactate Tg + lactate WT + PBS Tg + PBS WT (P) Tg (P)

Original image (ROI3) 



RESULTS 

 64 

 

Figure 4.5.10: Image analysis procedure for the quantification of astrocytes stained with anti-GFAP antibody. 
A) The rectangle corresponding to ROI3 from astrocytes, is cropped out. The image is already merged between 
two channels; showing astrocytes (green) in one channel and nuclei (blue) in another channel. B) The blue 
and green channels are split, and only the green channel visualizing astrocytes, is retained. C) The green 
channel image is processed into a binary image via a thresholding method. Astrocytes (white) are further 
measured in comparison to the background (black), both in means of area calculation and cell counting. 
Scale bar: 100µm. 

 

Figure 4.5.11: Area % occupied by astrocytes in the hippocampus (ROI3) of the six mouse groups; gr. 1 (N = 6), 
gr. 2 (N = 5), gr. 3 (N = 5), gr. 4 (N = 5), gr. 5 (N = 4) and gr. 6 (N = 4). The data are presented as the mean of 
area % occupied by astrocytes within each group ± SEM. Statistical analysis was done using one-way ANOVA 
followed by individual Fishers LSD post hoc analyses. No statistically significant differences were observed. 
The effect of lactate on Tg was not statistically significant compared to PBS (gr. 2 compared to gr. 4), but 
subtracting the observed mean values in WT, lactate increased the value in Tg by 67%% compared to PBS. 
Color codes indicate the corresponding genotypes and treatments for each of the groups. The last two groups 
have not been treated. WT = Wild-type, Tg = transgene, PBS = phosphate buffered saline, P = parental. 
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Figure 4.5.12: Manually counted astrocytes in the hippocampus (ROI3) of the six groups; gr. 1 (N = 6), gr. 2 (N 
= 5), gr. 3 (N = 5), gr. 4 (N = 5), gr. 5 (N = 4) and gr. 6 (N = 4). The data are presented as the mean of counted 
astrocytes/mm2 in ROI3 within each group ± SEM. Statistical analysis was done using one-way ANOVA 
followed by individual Fishers LSD post hoc analyses. No statistically significant differences were observed. 
Color codes indicate the corresponding genotypes and treatments for each of the groups. The last two groups 
have not been treated. WT = Wild-type, Tg = transgene, PBS = phosphate buffered saline, P = parental. 

  

Figure 4.5.13: Automatically counted astrocytes (particles bigger than 7µm in width) stained with anti-GFAP 
antibody in the hippocampus (ROI3) of the six groups; gr. 1 (N = 6), gr. 2 (N = 5), gr. 3 (N = 5), gr. 4 (N = 5), gr. 
5 (N = 4) and gr. 6 (N = 4). The data are presented as the mean of astrocytic particles/mm2 in ROI3 within each 
group ± SEM. Statistical analysis was done using one-way ANOVA followed by individual Fishers LSD post 
hoc analyses. No statistically significant differences were observed. Color codes indicate the corresponding 
genotypes and treatments for each of the groups. The last two groups have not been treated. WT = Wild-type, 
Tg = transgene, PBS = phosphate buffered saline, P = parental. 
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4.5.3  Microglia 

 

 

Figure 4.5.15: Image analysis procedure for the quantification of microglia stained with anti-Iba1 antibody. 
A) The 360x360µm square corresponding to ROI1 is cropped out. The image is already merged between two 
channels; showing microglia (green) in one channel and nuclei (blue) in another channel. B) The blue and 
green channels are split, and only the green channel visualizing microglia, is retained. C) The green channel 
image is processed into a binary image via a thresholding method. Microglia (white) are further measured in 
comparison to the background (black), both in means of area calculation and particles counting. Scale bar: 
100µm. 

A) ROI1 selected B) Nuclei removed C) Image made binary

Original image (ROI1) 

Figure 4.5.14: Confocal 
image (automatically 
stitched together from 
several images taken with 
a 20X objective) of a 
sagittal 40µm section of a 
mouse brain 
(hippocampus to the right 
and neocortex to the left). 
Microglia are stained 
with Anti-GFAP (green) 
and nuclei are stained 
with DAPI (blue). ROI1 is 
a 360x360µm square distal 
to CA1 (touching the 
borders of the subiculum). 
Scale bar: 200µm. 
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Figure 4.5.16: Area% occupied by microglia stained with anti-Iba1 antibody in the subiculum (ROI1) of the six 
mouse groups; gr. 1 (N = 4), gr. 2 (N = 5), gr. 3 (N = 5), gr. 4 (N = 5), gr. 5 (N = 3) and gr. 6 (N = 4). The data are 
presented as the mean of area % occupied by microglia within each group ± SEM, * p £ 0.05, ** p £  0.01 and 
*** p £  0.001. Statistical analysis was done using one-way ANOVA followed by individual Fishers LSD post 
hoc analyses. The effect of lactate on Tg was not statistically significant compared to PBS (gr. 2 compared to 
gr. 4), but subtracting the observed mean values in WT, lactate reduced the value in Tg by 70% compared to 
PBS. Color codes indicate the corresponding genotypes and treatments for each of the groups. The last two 
groups have not been treated. WT = Wild-type, Tg = transgene, PBS = phosphate buffered saline, P = parental. 

  

Figure 4.5.17: Manually counted microglia stained with anti-Iba1 antibody in the subiculum (ROI1) of the six 
mouse groups; gr. 1 (N = 4), gr. 2 (N = 5), gr. 3 (N = 5), gr. 4 (N = 5), gr. 5 (N = 3) and gr. 6 (N = 4). The data are 
presented as the mean of counted microglia /mm2 in ROI1 within each group ± SEM, * p £ 0.05, ** p £  0.01 and 
*** p £  0.001. Statistical analysis was done using one-way ANOVA followed by individual Fishers LSD post 
hoc analyses. Color codes indicate the corresponding genotypes and treatments for each of the groups. The 
last two groups have not been treated. WT = Wild-type, Tg = transgene, PBS = phosphate buffered saline, P = 
parental. 
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Figure 4.5.18: Automatically counted microglia (particles bigger than 5 µm in width) stained with anti-Iba1 
antibody in the subiculum (ROI1) of the six mouse groups; gr. 1 (N = 4), gr. 2 (N = 5), gr. 3 (N = 5), gr. 4 (N = 5), 
gr. 5 (N = 3) and gr. 6 (N = 4). The data are presented as the mean of microglial particles/mm2 in ROI1 within 
each group ± SEM, * p £ 0.05, ** p £  0.01 and *** p £  0.001. Statistical analysis was done using one-way 
ANOVA followed by individual Fishers LSD post hoc analyses. Color codes indicate the corresponding 
genotypes and treatments for each of the groups. The last two groups have not been treated. WT = Wild-type, 
Tg = transgene, PBS = phosphate buffered saline, P = parental. 
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Figure 4.5.19: Confocal 
image (automatically 
stitched together from 
several images taken with 
a 20X objective) of a 
sagittal 40µm section of a 
5xFAD mouse brain 
(hippocampus to the right 
and neocortex to the left). 
Microglia are stained with 
anti-Iba1 antibody (green) 
and nuclei are stained 
with DAPI (blue). ROI2 
(outlined in yellow) is 
defining the hilus area by 
bordering the inner side of 
the granular cell layer of 
the dentate gyrus (DG) and 
attaching its terminals to 
the hippocampal CA3 end 
by a V-shape. Scale bar: 
200µm 
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Figure 4.5.20: Image analysis procedure for the quantification of microglia stained with anti-Iba1 antibody. 
A) The yellow outlined hilus area corresponding to ROI2 is cropped out. The image is already merged between 
two channels; showing microglia (green) in one channel and nuclei (blue) in another channel. B) The blue 
and green channels are split, and only the green channel visualizing microglia, is retained. C) The green 
channel image is processed into a binary image via a thresholding method. Microglia (white) are further 
measured in comparison to the background (black), both in means of area calculation and cell counting. 
Scale bar: 100µm.  

  

Figure 4.5.21: Area% occupied by microglia stained with anti-Iba1 antibody in the hilus (ROI2) of the six 
mouse groups; gr. 1 (N = 4), gr. 2 (N = 5), gr. 3 (N = 5), gr. 4 (N = 5), gr. 5 (N = 3) and gr. 6 (N = 4). The data are 
presented as the mean of area occupied by microglia within each group ± SEM. Statistical analysis was done 
using one-way ANOVA followed by individual Fishers LSD post hoc analyses. No statistically significant 
differences were observed. Color codes indicate the corresponding genotypes and treatments for each of the 
groups. The last two groups have not been treated. WT = Wild-type, Tg = transgene, PBS = phosphate buffered 
saline, P = parental. 

A) ROI2 selected B) Nuclei removed C) Image made binary
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Figure 4.5.22: Automatically counted microglia (particles bigger than 5 µm in width) stained with anti-Iba1 
antibody in the hilus (ROI2) of the six mouse groups; gr. 1 (N = 4), gr. 2 (N = 5), gr. 3 (N = 5), gr. 4 (N = 5), gr. 5 
(N = 3) and gr. 6 (N = 4). The data are presented as the mean of microglial particles/mm2 in ROI2 within each 
group ± SEM. Statistical analysis was done using one-way ANOVA followed by individual Fishers LSD post 
hoc analyses. No statistically significant differences were observed. Color codes indicate the corresponding 
genotypes and treatments for each of the groups. The last two groups have not been treated. WT = Wild-type, 
Tg = transgene, PBS = phosphate buffered saline, P = parental. 

  

Figure 4.5.23: Manually counted microglia stained with anti-Iba1 antibody in the hilus (ROI2) of the mouse 
six groups; gr. 1 (N = 4), gr. 2 (N = 5), gr. 3 (N = 5), gr. 4 (N = 5), gr. 5 (N = 3) and gr. 6 (N = 4). The data are 
presented as the mean of counted microglia/mm2 in ROI2 within each group ± SEM. Statistical analysis was 
done using one-way ANOVA followed by individual Fishers LSD post hoc analyses. No statistically significant 
differences were observed. Color codes indicate the corresponding genotypes and treatments for each of the 
groups. The last two groups have not been treated. WT = Wild-type, Tg = transgene, PBS = phosphate buffered 
saline, P = parental. 
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4.5.4 Neurons  

 

 

Figure 4.5.25: Image analysis procedure for the quantification of neurons stained with anti-NeuN antibody. 
A) The yellow outlined hilus area corresponding to ROI2 is cropped out. The image is already merged between 
two channels; showing neurons (red) in one channel and nuclei (blue) in another channel. B) The blue and 
red channels are split, and only the red channel visualizing neurons, is retained. C) The red channel image is 
processed into a binary image via a thresholding method. Neurons (white) are further measured in 
comparison to the background (black), both in means of area calculation and cell counting. Scale bar: 
100µm. 

A) ROI2 selected B) Nuclei removed C) Image made binary

Original image (ROI2) 

Figure 4.5.24: Confocal image 
(automatically stitched together 
from several images taken with 
a 20X objective)  of a sagittal 
40µm section of a mouse brain 
(hippocampus to the right and 
neocortex to the left). Neurons 
are stained with anti-NeuN 
antibody (red) and nuclei are 
stained with DAPI (blue). ROI2 
(outlined in yellow) is defining 
the hilus area by bordering the 
inner side of the granular cell 
layer of the dentate gyrus (DG) 
and attaching its terminals to 
the hippocampal CA3 end by a 
V-shape. Scale bar: 200µm. 
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Figure 4.5.26: Area% occupied by neurons stained with anti-NeuN antibody in the hilus (ROI2) of the six 
mouse groups; gr. 1 (N = 3), gr. 2 (N = 5), gr. 3 (N = 5), gr. 4 (N = 4), gr. 5 (N = 4) and gr. 6 (N = 3). The data are 
presented as the mean of area % occupied by neurons in ROI1 within each group ± SEM. Statistical analysis 
was done using one-way ANOVA followed by individual Fishers LSD post hoc analyses. No statistically 
significant differences were observed. Color codes indicate the corresponding genotypes and treatments for 
each of the groups. The last two groups have not been treated. WT = Wild-type, Tg = transgene, PBS = 
phosphate buffered saline, P = parental. 

 

Figure 4.5.27: Manually counted neurons stained with anti-NeuN antibody in the hilus (ROI2 of the six 
groups; gr. 1 (N = 3), gr. 2 (N = 5), gr. 3 (N = 5), gr. 4 (N = 4), gr. 5 (N = 4) and gr. 6 (N = 3). The data are 
presented as the mean of nr. of neurons/mm2 of ROI2 within each group ± SEM. Statistical analysis was done 
using one-way ANOVA followed by individual Fishers LSD post hoc analyses. No statistically significant 
differences were observed. Color codes indicate the corresponding genotypes and treatments for each of the 
groups. The last two groups have not been treated. WT = Wild-type, Tg = transgene, PBS = phosphate buffered 
saline, P = parental. 
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Figure 4.5.28: Automatically counted neurons (particles bigger than 10µm in width) stained with anti-NeuN 
antibody in the hilus (ROI2) of the six mouse groups; gr. 1 (N = 3), gr. 2 (N = 5), gr. 3 (N = 5), gr. 4 (N = 4), gr. 5 
(N = 4) and gr. 6 (N = 3). The data are presented as the mean of nr. of particles/ mm2 of ROI1 within each 
group ± SEM. Statistical analysis was done using one-way ANOVA followed by individual Fishers LSD post 
hoc analyses. No statistically significant differences were observed. Color codes indicate the corresponding 
genotypes and treatments for each of the groups. The last two groups have not been treated. WT = Wild-type, 
Tg = transgene, PBS = phosphate buffered saline, P = parental. 

 

Figure 4.5.29: Image analysis procedure for the width measurement of the granular cell layer of the DG 
stained with anti-NeuN antibody in ROI4. A) Confocal image (automatically stitched together from several 
images taken with a 20X objective) of a sagittal 40µm section of a 5xFAD mouse brain (hippocampus to the 
right and neocortex to the left). Neurons are stained with anti-NeuN antibody (red) and nuclei are stained 
with DAPI (blue). Scale bar: 200µm. B) ROI4 is the yellow line measuring the width of the granular cell layer 
at the DG ‘bend’ of the upper blade. Scale bar: 100µm.  
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Figure 4.5.30: The width of granular cell layer in the DG (ROI4) of the six mouse groups; gr. 1 (N = 3), gr. 2 (N 
= 5), gr. 3 (N = 5), gr. 4 (N = 4), gr. 5 (N = 4) and gr. 6 (N = 3). Data are presented as the mean of width (µm) of 
the granular cell layer within each group ± SEM, * p £ 0.05, ** p £  0.01 and *** p £  0.001. Statistical analysis 
was done using one-way ANOVA followed by individual Fishers LSD post hoc analyses. Color codes indicate 
the corresponding genotypes and treatments for each of the groups. The last two groups have not been treated. 
WT = Wild-type, Tg = transgene, PBS = phosphate buffered saline, P = parental. 
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5 Discussion 

The aim of this work (see Section 1.2) is to find biological evidence of whether activation 
of the HCAR1 receptor with its physiological agonist, lactate, could aid in delaying the 
AD-like disease progression in 5xFAD mice. Briefly, the results show a tentative “yes” to 
this question, as lactate seems to counteract some aspects of the AD-like phenotype in 
the Tg mice. Thus, the expression of the pro-inflammatory cytokine IL-1b tended to be 
reduced, while the largely anti-inflammatory IL-4, which was low in the Tg mice, 
showed increase after lactate treatment. Similarly, the amounts (area %) of Ab plaques 
and of microglia were reduced (in subiculum) after lactate treatment. The effect on 
microglial area was statistically highly significant, while the other effects of lactate were 
only indicative. In order to obtain preventive effects, treatment was started early (at age 
1-3 months), but for time limitation, the mice could not be kept till old age when the AD-
like pathology is fully developed. Further studies at longer survival times are needed to 
clarify the efficiency of lactate in the 5xFAD mouse model.   

Several analyses were conducted, guided by the study by Oakley et al. [19] that 
introduced the 5xFAD model. In particular, we studied the expression of a selection of 
markers of inflammation and AD pathology, and in addition HCAR1 and the growth 
factor VEGF-A, key proteins in the study by Morland et al. [29] that identified lactate as 
a potential anti-AD agent. In addition to testing the effect of lactate compared to PBS in 
mice aged 3-5 months at termination, we included “parental” mice aged 9-12 months at 
termination as positive controls for AD pathology. Further, a part of the study has been 
to establish the immunohistochemical technique and optimize it for each of the different 
antibodies used to stain the 5xFAD mouse brains. 

5.1 Discussion of results 

5.1.1 Spatial working memory 

Spatial working memory was assessed for each subject by calculating the spontaneous 
alternations % in two sessions on the Y-maze (before and after treatment), where the 
mice were allowed to freely follow their natural curiosity of exploration. Over the course, 
one would expect a normally behaving mouse to generate high spontaneous alternation 
%. Every time the mouse decides to enter an arm of the maze, it typically tends to 
explore a new one rather than returning to a previously visited one. And if the mouse 
chooses to visit different arms consecutively, it is counted as an alteration and is 
considered a normal behavior. However, if the animal returns to the previous arm that 
it just had been into, it is considered an error and the calculated spontaneous 
alternation % gets lower. 
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Measurements of spontaneous alternations % in the Y-maze have been shown to be 
impaired in 5xFAD mice at approximately 4-5 months of age [19, 230]. In our study the 
experimental mice were exposed to the first behavioral test during 1-3 months of age, 
and to the second test around 3-5 months. Therefore, during the second test the Tg 
5xFAD mice were expected to show some cognitive impairments. Comparing the 
performance difference % of mice between the first spontaneous alternation % and the 
second, did not reveal the results expected. Surprisingly, only the non-treated Tg 
parental group had performed significantly better during their second behavioral 
session compared to their initial one. Albeit by looking at Figure 4.3.1, one can see that 
the lactate treated Tg group had performed slightly better than the remaining groups 
during their second session.  

Other types of measurements were performed to investigate if the motor skills were 
affected by any means, and therefore causing wrong deductions. Measurements of total 
arm entries revealed that both the non-treated Tg parental group and the placebo WT 
group had entered significantly more arms during their second session compared to the 
lactate treated WT group, while the placebo WT group had entered more arms than the 
lactate treated Tg group. The total walked distance in the Y-maze was measured for 
every animal, showing that mice in the placebo WT group had walked more than mice in 
the lactate treated WT group. Additionally, the non-treated Tg parental mice walked a 
longer distance than the other two Tg groups and the lactate treated WT group. 
Measuring the mean speed by which the mice had walked in the Y-maze, the results 
were similar to those seen for distance. This altogether is pointing out a significant 
tendency of slow and lazy behavior in the lactate injected mice compared to the placebo 
groups. It might perhaps be speculated that their brains are tricked to believe that they 
have exercised enough and need to rest. 

It is well known that age and sex differences may influence performance. But neither 
factor revealed any statistically significant effect in our results. The first and the second 
sessions were a long time apart, and the conditions including possible inadvertent 
changes in ambient odors lighting etc. may have caused disturbances of performance in 
the Y-maze test. The seemingly paradoxic results may likely have (unknown) technical 
reasons. An alternative method for future experiments would be the Morris Water 
Maze, which tests hippocampaus-dependent learning [231].  

5.1.2 Brain inflammation 

Gene expression analysis 

Among the contributors to cognitive decline witnessed in humans and rodents through 
aging and AD progression, is an increase in baseline inflammation, characterized by an 
increase in pro-inflammatory cytokines such as TNF-a  and IL-1b, which may enhance 
and stimulate the inflammatory response. On the other hand, anti-inflammatory 
cytokines such as IL-4 reduce or dampen the inflammatory response. However, this 
classification is somewhat simplistic and there are numerous examples that a given 



DISCUSSION 

 77 

cytokine may act both as a pro- as and an anti-inflammatory cytokine depending on the 
actual cellular situation. The choice of the inflammatory genes in this study was a 
matter of priority and expectance.  

Reverse transcription quantitative polymerase chain reaction (RT-qPCR) was applied to 
investigate the gene expression of HCAR1, IL-1b, IL-4, VEGF-A and TNF-a in brains of 
5xFAD mice. It is believed that the underlying mechanisms of functional changes in an 
organism may be reflected at the level of transcription, and consequently the mRNA 
concentration. However, it has to be kept in mind that an altered mRNA concentration 
provides no information on whether that mRNA will be translated into a functional 
protein or not.  

HCAR1 expressions were similar, particularly across groups that got the same 
treatments. The observed mean values were slightly lower in the old mice and slightly 
higher in the lactate treated mice, consistent with a possible slight downregulation with 
age and slight upregulation with HCAR1 agonist treatment, but statistical significance 
was not reached. Notably, there was no influence of the Tg. The effects of lactate 
through its receptor are therefore unlikely to be influenced by up- or down-regulation of 
HCAR1 mRNA levels during the experiments. 

The most important finding was that the pro-inflammatory cytokine IL-1b was 
increased in all Tg mice (see Figure 4.4.2). Lactate compared with PBS treatment 
reduced the observed mean value in the Tg. This did not reach statistical significance 
but was substantiated when subtracting the values in WT mice, which indicated a 33% 
reduction by lactate in Tg mice. The lactate treated WT group had a significantly lower 
expressions compared to all the Tg groups, but a higher expression than the placebo WT 
group, pointing to a possible interaction between lactate and IL-1b in WT. The lactate 
treated Tg group had a significantly lower expressions than the non-treated parental Tg 
group, but still higher than the placebo WT group and the non-treated WT group.  The 
non-treated parental Tg group expressed IL-1b, higher than the non-treated parental 
WT group, altogether revealing an increase of the proinflammatory gene expression in 
Tg mice, according to our hypothesis.  

Looking at the expression of the anti-inflammatory IL-4, only the lactate treated WT 
group expressed the gene significantly more than the non-treated parental WT group 
and the placebo Tg group. However, Figure 4.4.3 indicates a higher expression of IL-4 by 
the lactate treated Tg group together with the two experimental WT groups in 
comparison to the placebo treated Tg group and the non-treated parental groups. 
Agreeing with the results, literature has shown this cytokine beneficial in the brain 
[232], where it is implicated in countering both the effect and production of TNF-a and 
IL1b  in LPS-activated monocytes.  

TNF-a expressions were not significantly different between groups, however, the Tg 
groups expressed this gene slightly more compared to their control groups. The lack of 
significant difference in this inflammation marker, supposedly highly up-regulated in 



DISCUSSION 

 78 

Tg mice as well as in non-lactate treated mice with induced inflammation [233], 
suggests that this gene is not to be heavily up-regulated after all in the 5xFAD mice.  

However other genes should additionally be tested, such as CASP-1 which is an 
inflammasome ingredient initiating proinflammatory response by activating IL-1b. 
CASP-1 also gets inhibited by HCAR1 through inflammasome influence [31] and is 
interesting in association with AD [234]. NLRP1 or NLRP3 are also interesting markers 
for inflammation in the brain, which work downstream of HCAR1 [235].  

Histological analysis of brain tissue 

As expected, measurements of the area % of Ab plaques in subiculum, presented the 
non-treated parental group as the one with significantly larger area occupied by Ab 
plaques followed by the placebo Tg group showing that quantification of Ab plaques is a 
good measure for AD pathology in this model. Even though no significance was found, 
Figure 4.5.3 clearly shows a higher area % occupation of plaques in the placebo Tg group 
compared to the lactate treated, indicating a small effect of lactate on reducing AD 
progression. Comparisons between the lactate treated and the placebo Tg groups, 
relative to their WT controls, revealed that lactate treatment reduced area % of Ab 
plaques in Tg mice by 31%. 

Measurements of astrocytes in the hilus and subiculum were not indicative of any 
different significance between the groups. However, measurements of area % of 
astrocytes in the hippocampus was found slightly lower in lactate treated Tg compared 
to placebo Tg. Relative to their WT controls, the lactate treated Tg group had a reduced 
area % by 67% compared to the placebo Tg group. 

Area% of microglia in subiculum revealed that the placebo Tg group had a significantly 
larger area % occupied by microglia than the rest of the groups, followed by the non-
treated parental Tg group, showing significantly larger area of microglia than the 
experimental WT groups. Comparisons between the lactate treated and the placebo Tg 
groups, relative to their WT controls, revealed an area % decrease of microglia by 70 %. 
A manual counting in the same region revealed alleviated microglia/mm2 in the lactate 
treated Tg group. The non-treated parental Tg group followed the same pattern as seen 
in the area % measurements, however closely followed by the placebo Tg group.  

Visualizing DAPI staining in Ab plaques stained sections, revealed “bigger than normal” 
nuclei, indicating a co-localization of cells. By further inspections, it revealed that those 
cells were microglia surrounding and engulfing the plaques. A further question that 
came up to mind; does the immunological enthusiasm of microglia cause harm to 
healthy cells, and could it accelerate the disease progression or even help to initiate it? 
Scientists have debated these questions for over two decades, without any firm 
resolution [236]. 

Measurements of neuronal cells in the hilus were not indicative of any different 
significance between the groups. However, measurements indicated a slightly bigger 
number of neurons in the lactate treated groups compared to the rest. 
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5.1.3 Growth factors 

Our group’s recent discovery [29] hypothesized that high-intensity endurance training 
increases the production of nerve growth factors such as BDNF, VEGF-A and in turn 
increases the capillary density in the hippocampus of WT mice.  

Our data from the VEGF-A expression measurements showed no significant effect of 
lactate or other differences among groups. This is apparently at variance with previous 
findings [29], but the latter paper measured VEGF-A in the hippocampus, while the 
present study assayed the whole brain hemisphere. Although VEGF-A have been shown 
non-influenced by the procedure in our experiments, it has earlier been shown increased 
subsequent to lactate injections and exercise [29]. By which further led to increments of 
microvascular density in the DG, believed to regulate adult hippocampal neurogenesis. 

The BDNF gene was originally among the chosen candidates for analysis of expression. 
However, the generation of primers failed, due to the selection of wrong splice variants. 
This regulation of gene expression is a complicated process, where one of the earliest 
regulatory processes is alternative splicing, in which particular exons of the same gene 
are joined to produce multiple mRNAs, called splice variants, which are then translated 
into different protein isoforms. When designing qPCR primers, it is therefore important 
to include all splice variants of a target gene by targeting the cDNA (all intended 
isoforms) in order to get a general picture of the gene expression in the organism. 
Expression of some variants are limited to specific tissues and leaving out one variant 
that is expressed in the tissue of interest can yield a skewed picture like what was 
obtained with BDNF. The gene expression of BDNF will be analyzed in future studies. 

5.1.4 Neurodegeneration and adult neurogenesis 

In order to estimate the amount of neurons in the granule cell layer of the DG, the width 
of the granular cell layer was measured. A thicker granular cell layer can indicate 
increased neurogenesis or reduced neurodegeneration, while a thinner layer can 
indicate the opposite of either of these conditions. The results demonstrated that the 
non-treated Tg group had a shorter width than the lactate treated groups and the 
placebo Tg group, while the placebo WT group showed a shorter width than both lactate 
treated groups and the placebo Tg group. The reason by which the placebo WT group 
had such a small width compared to the placebo Tg group is puzzling. However, this 
method is found imprecise, due to the comparison of sections not being at the exact same 
anatomical location. This could be solved by increasing the number of sections measured 
per mouse, such as every 6th section containing the hippocampus. In addition to the 
thickness, the total area of the granule cell layer could also have been measured. 
However, a much better way of measuring neurogenesis in the brain could be done by 
staining with markers such as doublecortin (DCX), which identifies new neurons up to 
about four weeks of age originating in the SGZ [237], or Ki67, which identifies 
proliferating cells [238]. To discover the presence of neurodegeneration caused by AD 
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pathology, other brain areas could have been investigated, such as cortical layer 5 and 
subiculum, which were previously found to be affected by neurodegeneration in the 
5xFAD model [19]. 

5.1.5 Lactate treatment 

Injections of the physiologically existing lactate were not expected to show any adverse 
effects on well-being of mice, neither give implications in the relatively short-term 
experiments that were performed. Especially after Morland et al.[29] had performed the 
exact 7-week treatments on their mice, no complications were expected. Highly 
concentrated lactate injections have however previously been associated with acute 
anxiety attacks [239]. Since Morland et al. tested their lactate-injected mice for anxiety 
and got negative results, the possibility of acute anxiety due to lactate was not taken 
into consideration in our experiments.  

The lactate solution was SC injected during the first four weeks of treatment, in 
concentrations of 200 mg ml-1; giving high blood lactate peaks corresponding to what is 
achieved under high intensity exercise. But during the second week of treatment, the 
lactate injected mice commenced to show wounds at the injection sites (see Figure 4.1.1), 
together with strange reactions consisting of jumping and vocalizing behaviors, lasting 
up to 1 min after injection. In an attempt of observing the genotypes separately; over 
70% of WT mice were shown to react after injection, while over 50% of Tg mice reacted. 
PBS injected placebo groups on the other hand, did not show any similar effects. We 
thus hypothesized that lactate could be too concentrated in the injected solution, thus 
causing the wounds and reactions observed. Commencing from the fourth week of 
treatment, the injected lactate concentration was halved to 100 mg ml-1 and doubled in 
volume, to maintain the previously administered lactate amounts. Subsequently, fewer 
mice displayed reactions and none developed new wounds during the last three weeks of 
treatment. All reactions successfully decreased under 20% for both genotypes (see 
Figure 4.1.2). 

Blood lactate levels 

The peak of blood lactate was observed between 5 min and 13 min after SC lactate 
injections, reaching its highest amplitude at 13 min (21.5 mM blood lactate following 
200 mg ml-1 lactate injections and 16.4 mM blood lactate following 100 mg ml-1 lactate 
injections). In both cases, blood lactate decreased drastically at 37 min after injection, 
reflecting a temporary effect in the circulating blood.  

Noteworthy, the PBS injected placebo group showed an immediate increase of lactate at 
5 min after injection, but a subsequent decrease already at 13 min after injection, most 
likely reflecting a stress response of the handling procedure [240]. The baseline levels of 
blood lactate in all mice prior to injections were also higher than what is considered 
normal physiological levels in a fed and resting state [192]. A probable explanation to 
these observations could lie in an adrenergic response upon the stress of injections and 
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blood sampling as mentioned. In light of the results, both concentrations of lactate are 
valid options for increasing blood lactate in mice to significant levels. Despite the slight 
difference in peaks, they both yield high blood lactate levels mimicking high-intensity 
exercise. However, doses of 200 mg ml-1 lactate seemed to sustain high lactate levels for 
a longer time compared to the half-concentrated doses, due to a slower absorption rate.   

Drugs administered through SC injection are absorbed through capillaries in the 
subcutis in a slower fashion than with other parenteral administration routes, thus 
resulting in a more sustained effect [241]. However, taking this to a further step; what 
is most interesting is how much lactate that could enter the brain following such 
injections. Lactate is rapidly metabolized, and therefore the levels of lactate in the brain 
do not follow the blood concentrations. However, intravenous infusions of lactate with 
concentrations of 9.5 mM caused a 56% increase of hippocampal lactate levels in freely 
moving rats, to about 2 mM [242]. Therefore, high lactate concentrations, such as the 
ones induced in the present study, are believed to cause significant increments of the 
extracellular lactate levels in the brain.  

In our study, blood lactate levels peaked at about 16.4-21.5 mM, after lactate injections. 
This is a concentration that would cause almost full receptor activation (See Section 
2.4.2). Extracellular levels of lactate in the brain fluctuates within the dynamic range of 
the receptor and are elevated in response to exercise or lactate injections. Therefore, it is 
likely that lactate from the blood can easily diffuse into the brain through highly 
concentrated MCT1 and activate cerebral HCAR1. However, HCAR1 may also be 
activated by locally released lactate in the brain, as has been shown to be the case in 
adipose tissue [197]. An autocrine or paracrine signaling mechanism for lactate may 
also be active in the brain [18].  

5.2 Discussion of methods 

5.2.1 The use of mouse models  

Using animals to study the one organ that distinguishes humans as complex and 
advanced organisms, may seem contradictory. However, many of the basic structures 
and functions of the brain are conserved across all mammals. Complex thoughts and 
functions produced by the human brain are built on a foundation of simpler mental 
processes which can be found in other animals, such as rodents. Thus, animal studies 
can shed light on particular human behaviors. Even though we strive to find 
alternatives to the use of animals due to ethical reasons, animal research on the brain 
has already produced drastic improvements in human health and well-being [243], and 
it promises much more. 

When studying causal relationships within AD, it is of great importance to have the 
ability to manipulate the pathological system. Given their rapid reproducibility, mice 
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have proven to be powerful candidates, which are easy to manipulate genetically. A 
recent study on mice showed that aggregations of Ab and tau lesions were able to alter 
synaptic transmission and impair neuronal plasticity, presenting a novel understanding 
of their role in AD and thus presenting the detailed pathways involved to identify new 
therapeutic targets [244]. Mouse models were also important in the battle about 
whether Ab or tau were the most important lesions in AD, by finally providing evidence 
that both were important, with tau acting downstream of Ab [245, 246]. Additionally, Ab 
immunotherapy was initially developed in mouse models [247], and is now one of the 
most promising therapies in clinical trials [248].With the continuing technological 
advances and the wide variety of mouse lines available, there is every reason to believe 
that mouse models will continue to be helpful tools in the drug discovery pathway for 
AD treatment. 

5.2.2 Is 5xFAD a good model for AD? 

Rodents do not reach Ab aggregation and develop AD like humans. The normal 
concentration of Ab in the rodent brain has been estimated to be in the picomolar range, 
whereas in human AD brain it may reach nanomolar concentrations [249]. Therefore, 
the introduction of human early-onset FAD mutated genes is effective to model the AD 
pathology in mice, and notably the 5xFAD model [19] is well recognized.  

In accordance, the 5xFAD mouse model was used to examine if a treatment at early 
stages of AD would have an effect on the progression of the disease. The 5xFAD line is 
generated by an injected pronuclei strategy (see Section 2.2.1), and leads to 
overexpression of FAD genes, resulting in a much faster AD progression than most other 
models. This overexpression has in turn resulted in criticism by researchers. However, 
the 5xFAD model presents pathological features with heavy amyloidosis, being common 
to all forms of AD. Additionally, this AD model is one of a few that display significant 
neurodegeneration [250]. Although 5xFAD mimics the amyloid pathology seen in human 
AD, caution must be taken when comparing human and mouse phenotypes. The first 
concern is that the mutant 5xFAD phenotype does not develop tau pathology, which is 
typical in the human form of the disease [251]. Secondly, no cases of AD are caused by 
multiple FAD mutations, and thus unexpected effects on the processing of the mutated 
genes could occur as a consequence of the mutation combinations. Additionally, the Ab42 
to Ab40 ratio appears to be higher and more rapidly rising in 5xFAD compared to human 
AD, resulting in an elevated Ab42 toxicity [19].  

It was suitable for this study to use the 5xFAD model, which seemed relevant to the 
generalized form of AD and useful for providing insight into the aggressive 
pathogenesis. However, it could be informative to use other models in addition; for 
instance, ones that also develop tau pathology. Comparisons between the different 
models and observations from human AD patients are required in order to select the 
most suitable models for each purpose. This can further lead toward effective research 
and treatment development.  
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5.2.3 Sex differences 

Unfortunately, most animal and human studies look at combined data from both sexes 
when investigating AD risk factors or use subjects of only one of the sexes in the studies.  
Thereby, AD risk factors that are more common or more predictive in females vs. males 
and vice versa, cannot be identified. Researchers therefore call for more research in sex 
differences [252]. 

In our 5xFAD model for instance, it is known that females display more plaques in the 
hippocampus compared to males, increasing until at least 14 months of age, while the 
number of plaques in males plateaus at 10 months [253]. However, the sex differences 
were neither apparent nor statistically significant in our experiments. Future studies 
are needed to elucidate these sex differences, and they should be taken into account 
when using different sexes for studies involving AD mouse models. 

5.2.4 Genotyping procedures 

Genotyping of 5xFAD mice with agarose gel electrophoresis did not give accurate results 
for the APP gene. Even though PCR was run simultaneously for all mice, the bands on 
the agarose gel did not give similar outputs between animals that were shown to be 
genetically identical with the other gene (PSEN-1). While some Tg mice showed both the 
control and the Tg bands equally, others showed one band stronger than the other in an 
interchangeable manner and a few others only showed the Tg band (see Figures 4.1.1-3). 
Since the separated material was DNA and not RNA, the explanation could not lie in 
different expressions of the transgenes. Another qPCR genotyping method was 
performed in addition to support the agarose gel interpreted results. This method 
revealed two products on the melting curve analysis for PSEN-1 Tg and only one for WT 
mice (see Figure 4.1.6-7). While results from APP genotyping (see Figure 4.1.4-5) 
revealed one product for each genotype; WT mice had a product with Tm = 79.00, while 
Tg mice had a product with Tm = 83.00. These results made it clear that the mice were 
genotyped correctly. 

The unclear APP results from the agarose gel and the appearance of only one product in 
the qPCR analysis was different from the PSEN-1 genotyping results, thus quite 
ambiguous. We hypothesized that one probable explanation could be the primer set 
competition. In most cases, the internal control primers (annealing to both WT and Tg) 
are thought to be competed out by the transgenic APP primer, due to a similar Tm. One 
supporting argument for the primer competition is their slightly longer primer sequence 
compared to the transgenic APP primer; i.e. less effective annealing and product 
generation. During APP genotyping the transgenic primers clearly dominated over the 
internal control primers in the melting curve analysis – resulting in only one curve 
instead of two. As for the probability of primer dimer22 generation in the qPCR 

 
22 Primers that attach to each other and get amplified by the DNA polymerase, leading to competition for PCR reagents, 
and potentially inhibiting amplification of the target DNA sequence. 
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genotyping, this possibility was ruled out due to the inconsistent appearance in the 
melting curve analysis.  

5.2.5 RNA purity 

The exclusion of gDNA is important in mRNA analyses and is therefore is ensured by 
DNAse treatment. However, other impurities are known to accompany the RNA and 
thus have to be checked by spectrophotometry on Nanodrop2000c.  

Generally, nucleic acids (DNA and RNA) have an absorbance maximum at 260 nm, 
while proteins and other molecules have absorbances at 280 nm and 230 nm. A sample 
containing pure RNA should give a 260/280 ratio ~ 2.0. If the ratio is much lower, it may 
indicate the presence of phenols or proteins absorbing at 280 nm or less. All the samples 
in the study gave a ratio between 1.5 and 2.2, indicating a low protein contamination. 
On the other hand, the measured 260/230 ratios were highly variable between the 
samples. This ratio is used as a secondary measure for purity. The expected values for 
clean RNA samples are in the range of 2.0-2.2. When the ratio gets remarkably lower 
than expected, like for some samples in our study, this could indicate the presence of 
contaminants which absorb at 230 nm or less. Possible candidates in contributing to our 
low measured 260/230 ratio may be; (1) carbohydrate carryover, (2) residual phenol from 
nucleic acid extraction, (3) dissolving samples in TE buffer, (4) glycogen, or (5) residual 
guanidine.  

Option (1) is often only seen in plant samples, thus being very unlikely as a cause of the 
low 260/230 ratio. Option (2) is improbable due to the relatively clear 260/280 ratios. 
Option (3) is discarded because the RNA samples were dissolved in pure water. Left 
with options (4) and (5) as possible candidates to the low purity scores, we know that 
either way, the downstream applications and DNA synthesis would not be affected. 
Glycogens are often used in precipitation of RNA, but at concentrations ≤4 mg/mL they 
have been shown to not inhibit first-strand synthesis and most importantly they do not 
inhibit PCR. Guanidine contaminations on the other hand are often observed when 
using RNA extraction column kits (being present in the lysis buffer). A  concentration as 
high as 100 mM guanidine in an RNA sample has been shown to not affect the 
reliability of PCR techniques that are sensitive to inhibitors [254]. Even so, small 
amounts of contaminants will not exert big effects on the downstream applications, such 
as cDNA synthesis, when RNA concentrations are high.  

5.2.6 Brain histology 

Histological analysis was planned to be performed on all animals. However only a 
selection of five from each group was done in the first round, and more brain tissue is 
available to be inspected. A perfect morphology preservation of brain tissue is normally 
achieved by perfusion fixation of animals, where the fixative solution is infused into the 
heart and pumped through the vascular circulation of the animal, rapidly clearing out 
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blood with fixative which uniformly penetrated into the tissues, reducing the risk of 
hypoxia [255]. However, perfusion fixation does not allow for biochemical experiments 
on tissue from the animal and is obviously not an option if further mRNA and protein 
analysis are intended. Therefore, the method of choice was to fixate the brains destined 
for immunohistochemical analysis in paraformaldehyde, facing the risk of anoxia by the 
slower penetration of fixative into the brain tissue.  

A broadly used image analysis technique in immunohistochemistry is to statistically 
compare fluorescence of a specific marker between samples. Thus, we measured the area 
% that is occupied by cells/particles vs the total area (background) in a region of 
interest. Since the image quality and segmentation were at high levels, this method 
showed to be fast and successful. However, this method is highly criticized when it 
comes to measuring microglia and astrocytes. Since these active cells change their 
morphologies in several physiological and pathological conditions, results can be highly 
affected when using this method, and it is defined as insufficient technique for scientific 
publications [256]. 

In order to quantify cells in a reliable method, they had to be counted as individual 
entities. A fast and automatic particle counting method showed to be insufficient and 
unable to differentiate between cells/particles in close proximities, and between 
cells/particles that were segmented in smaller parts due to the orientations in the brain 
section. This method was therefore regarded as partly unsuccessful.  

Counting cells/particles is known to be problematic for adjacent structures. Therefore, a 
blinded manual counting was additionally performed. This method is however an 
inconvenient way of measure, since it takes a long time and requires much precision. 
Certain criteria for counting cells needed to be chosen in beforehand, like for instance 
the size and whether or not considering the presence of a nucleus. However, this method 
proved to be the most accurate way of counting due to the reproducible results obtained 
by the other measurements.  

5.2.7 Antibodies used for immunohistochemistry 

The histological analysis of brain tissue is based on the use of antibodies. This allows 
visualization of the cellular and subcellular localization of the proteins of interest in the 
intact tissue. In the labeling method, a primary antibody that specifically recognizes the 
molecule of interest is used, followed by a species-specific secondary antibody coupled to 
a suitable label, in our case a fluorochrome, which is visualized with confocal imaging. 
Simultaneous visualization of different proteins, i.e., co-labeling, was performed by the 
use of antibodies from different species so that the secondary antibodies can recognize 
only one of the primary antibodies. Furthermore, the secondary antibodies have to be 
conjugated to fluorochromes that emit light at different wavelengths, avoiding overlap 
between the spectral properties of the fluorochromes.  
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The use of antibodies in research is not without pitfalls, as unspecific labeling and cross-
reactivity may occur. Therefore, antibodies must be used with great caution. Unspecific 
labeling is a common problem for immunohistochemical techniques and has been met 
several times during this study. The unspecific binding may be reduced by using 
blocking solutions containing high concentration of proteins, like for instance goat or 
donkey serum, both being used in the study. One should additionally be careful in 
interpreting results from antibody staining due to a large variability in both specificity 
and sensitivity of antibodies. It is therefore of great importance to make sure that the 
results obtained are reliable and reproducible. It is useful to search the literature to find 
commercial antibodies that have worked well for others. In addition, it is important to 
validate each new antibody and find a concentration that maximizes the sensitivity to 
the intended target, and minimizes cross-reactivity with off-targets in the specific 
experimental conditions [257]. In sum, the antibodies used in the present research met 
such tests and seem to reliably label their target antigens. 

The polyclonal23 anti-Iba1 antibody was used to stain for microglia in brain sections and 
has been raised in rabbit. The immunogen24 is a synthetic peptide corresponding to the 
C-terminus of the ionized calcium binding adapter 1 (Iba1) protein. Iba1 itself is a Ca2+-
binding protein that is specifically expressed in microglia and upregulated upon their 
activation. Thus, a good marker for microglial identification. 

In order to stain neurons in the DG layers of the hippocampus, the monoclonal anti-
NeuN antibody was used. This antibody is raised in mouse, and the immunogen is 
derived from purified cell nuclei from the mouse brain. The DNA-binding and neuron-
specific protein called NeuN (for neuronal nuclei) is mostly found in nuclei, suggesting a 
nuclear regulatory function.  

The glial fibrillary acidic protein (GFAP) is an intracytoplasmic filamentous protein 
component of the cytoskeleton in astrocytes, important for both motility and stability. 
Under injury or inflammation, astrocytes are heavily proliferated and their GFAP 
becomes upregulated. In order to stain for reactive astrocytes, a polyclonal anti-GFAP 
antibody, raised in rabbit, was used. This antibody distinguishes cells of astrocytic 
origin by staining their cytoplasms. The immunogen is a GFAP isolated from bovine 
spinal cord. 

APP functions as a cell surface receptor and performs physiological functions in 
neurons. It is involved in cell mobility and transcription regulation through protein-
protein interactions. However, defects in the APP lead to neurotoxic accumulation of Ab 
40-42 peptides. The polyclonal anti-Ab antibody made in rabbit was used to quantify the 
amyloid pathology in the 5xFAD mice. The immunogen is a synthetic peptide 
corresponding to the human Ab amino acid 1-14, which is conjugated to keyhole limpet 
haemocyanin.  

 
23 A polyclonal antibody encompasses a collection of antibodies from different B-cells that recognize multiple epitopes on 
the same antigen. While a Monoclonal antibody represents antibody produced from a single B-cell and therefore only 
binds with one unique epitope. 
24 Antigen that provokes an immune response (as antibody production). 
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In order to differentiate between cells, it was necessary to visualize cell nuclei. A blue-
fluorescent stain with high specificity to DNA called DAPI was used. The molecule 
forms a fluorescent complex when it binds to the minor groove of A-T rich regions in 
dsDNA. 

5.2.8 Choice of microscope  

The microscope of choice in this study was the Dragonfly, which is a spinning disk 
confocal microscope that consists of a multi-point confocal system. It was selected due to 
its high-speed and high-sensitivity technology which enables image capturing at speeds 
of 10-20 times faster than traditional confocal microscopes.  

In regular widefield optical microscopy, samples are illuminated with a thick beam of 
light in order to excite fluorophores. The resolution of the features in focus therefore 
becomes interrupted by the fluorescence emitted by the sample regions outside the focal 
plane. However, confocal microscopy has an ability to remove out-of-focus light through 
the use of a “pinhole”, and in turn improves lateral and axial resolution. Only light from 
the correct plane passes through the pinhole, while light above or under the plane fails 
to pass through.  

The most common confocal technology is confocal laser scanning microscopy (CLSM), 
were the sample is illuminated by a single point of light from a laser. The laser scans 
sequentially across the sample, point by point, until an entire image is created. One 
drawback in this technology is the compromise between image resolution and speed of 
image acquisition. On the other hand, spinning disk confocal laser microscopy (SDCLM) 
like the Dragonfly overcomes the problem by simultaneous illumination with a rotating 
pattern of thousands of pinholes, and so light is detected simultaneously at multiple 
points with enhanced sensitivity imaging. As illustrated in Figure 5.2.1 within the 
SDCLM, a light beam illuminates an array of microlenses on a collector disk. The 
microlenses are arranged in a pattern, which scans a field of view defined by the array 
aperture size and the microscope objective magnification. Each microlens has an 
associated pinhole laterally co-aligned on a second pinhole disk. Both the collector and 
pinhole disks are fixed to a common shaft that spins at high speed by an electric motor. 
A dichroic mirror between the two disks further reflects emission wavelengths and 
separates them from any excitation light reflected from the microscope optics. The result 
of the emission path is a signal with low background noise. 
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Figure 5.2.1: Spinning disk technology in confocal microscopy. A dual disk arrangement consisting of 
microlenses which focus the excitation light onto an array of pinholes. Reprinted from AndorX with 
permission from Oxford Instruments. 
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6 Conclusion 

Currently, reduction in lifestyle-related risk factors seems to be one of the most 
promising options to reduce the prevalence of AD and other forms of dementia. 
Convincing evidence associates physical activity with reduced risk of AD [5-11, 28], 
together with other benefits in brain functions, including enhanced memory and 
learning. The discovery of the HCAR1 localization in the brain, and its activation by 
muscle-generated lactate, have brought up this mechanism as one of several by which 
physical exercise can benefit the brain (see Figure 6.1.1). The observations in the 
present work suggest HCAR1 receptor stimulation as a potential target of 
neuroprotective intervention in AD and other brain pathologies.  

Interestingly, a single daily subcutaneous injection of lactate 5 times a week over 
7 weeks, mimicking blood lactate levels achieved during intense exercise, has previously 
been shown to cause HCAR1 dependent effects in the brain [29]. The present study 
indicates that this regimen of lactate treatment resulted in higher IL-4 expression and 
lower IL-1b expression, together with lower area % occupancy of microglia and amyloid 
plaques in brains of Tg 5xFAD mice compared with saline injected placebo controls.  

Cognitive performance in Tg 5xFAD mice was not improved by HCAR1 activations 
compared to placebo groups in the present study. The results on the Y-maze did not 
show any difference between Tg and WT mice, in high contrast to previous studies [19]. 
There may be many underlying reasons for the different outcome on the Y-maze in this, 
technical reasons being likely, but it points out that one should be careful with drawing 
conclusions directly.  

We further hypothesize that high levels of blood lactate may have rejuvenating 
properties. If this hypothesis prevails, and the underlying mechanisms are understood, 
this could be an important step towards enabling development of novel therapeutics 
against neurodegeneration and AD. Additionally, lactate injections could potentially be 
useful, not as a replacement of physical activity, but as an adjuvant, for individuals who 
are unable to perform sufficient physical activity [258]. Further studies are needed to 
pinpoint the mechanism leading to the beneficial effects in the brain. 

The results from the present study remain preliminary and inconclusive due to non-
repeated experiments and relatively small analyzed sample sizes. Future studies with 
increased population sizes and number of replications are necessary to clarify the 
reported results from the behavioral tests, immunohistochemical and gene expression 
analyses. Furthermore, the immunohistological data set and tissue samples collected 
contain more data than was included in the analysis. When analyzed these data may 
adjust the current findings. Nevertheless, the results within the scope of this project do 
suggest that lactate may have a therapeutic potential that should be further explored. 
These possible future studies are briefly outlined in the next section.	 
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Figure 6.1.1: Candidate factors for physical exercise-induced neuroprotection. The illustration depicts the 
expected results from intensive physical exercise, raising blood lactate to levels enabling interaction with 
cerebral HCAR1 and further inducing beneficial effects in the brain. The molecules marked in red are ones 
observed in this study, while the others (in black) remain to be explored with future studies. Illustration 
generated in BioRender.com. 

6.1 Future perspectives 

This thesis work serves as a pilot study encouraging future more comprehensive 
investigations, including the use of 5xFAD mice crossbred with HCAR1 knockout mice 
to validate and explore the role of the lactate receptor. Based on the data showing that 
HCAR1 is mostly present on pial blood vessels [29], it would be of interest to see if 
stimulations work through the cerebral receptor, or via HCAR1 present in other areas of 
the body. It might also be a good idea to repeat parts of the experiments with the 
injection of selective HCAR1 agonists that have a more potent effect than lactate. 
Interesting candidates are 3,5- dihydroxy benzoic acid (3,5-DHBA) with EC50 ∼150µM 
[259], and ‘Compound 2’ with EC50 ∼50nM [260]. However, intermittent stimulation 
mimicking bouts of high intensity exercise may be required, rather than continuous 
receptor occupancy by a high affinity agonist. Thus HCAR1 is known to desensitize by 
internalization after activation [215].  

A natural next step is also to repeat the experiments and use other and more sensitive 
analyzing methods with longer observation times. The present material shall also be 
used to test effects on additional parameters, such as MS proteomics (which are in 
process, see Footnote 1) and other markers of inflammation and neuronal dysfunction, 
e.g., synaptic components. 
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8 Appendix A 

8.1 Genotyping 

Table 8.1.1: The deduced genotypes of the 86 mice from both agarose gel electrophoresis and qPCR technique.  

Animal nr. Sex Color Age group Concluded 
genotype 

1 Female White 3 WT 

2 Female Brown 3 WT 

3 Female Brown 3 Tg 

4 Female White 3 Tg 

5 Female Beige 3 WT 

6 Male White 3 Tg 

7 Male White 3 WT 

8 Male Beige 3 Tg 

9 Male Brown 3 Tg 

10 Female Brown 3 Tg 

11 Female Brown 3 WT 

12 Female Brown 2 Tg 

13 Female Brown 2 Tg 

14 Male Brown 3 WT 

15 Male Beige 3 Tg 

16 Male Brown 3 Tg 

17 Male Beige 3 Tg 

18 Male White 3 Tg 

19 Male White 3 Tg 

20 Male White 3 WT 

21 Male Brown 3 WT 

22 Male Brown 3 Tg 

23 Male Brown 2 WT 

24 Male Brown 2 Tg 

25 Female White 2 WT 

26 Female Brown 2 Tg 

27 Female Brown 2 Tg 

28 Female Brown 2 Tg 

29 Female White 2 Tg 

30 Female White 2 Tg 

31 Female White 2 WT 

32 Female Brown 2 WT 
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33 Female Brown 2 Tg 

34 Female Beige 2 Tg 

35 Female Brown 2 WT 

36 Male Brown 2 Tg 

37 Male Brown 2 WT 

38 Male Brown 2 Tg 

39 Male Brown 2 Tg 

40 Male Beige 2 WT 

41 Female White 2 Tg 

42 Female Brown 2 WT 

43 Female Brown 2 WT 

44 Female Black 2 WT 

45 Female Brown 2 WT 

46 Male Beige 2 Tg 

47 Male Black 2 WT 

48 Male Brown 2 WT 

49 Female Brown 2 WT 

50 Female Brown 2 Tg 

51 Female Brown 2 Tg 

52 Male White 2 WT 

53 Male Brown 2 WT 

54 Male Brown 2 Tg 

55 Male Brown 2 Tg 

56 Female Brown 1 WT 

57 Female Beige 1 Tg 

58 Female Brown 1 WT 

59 Female Beige 1 Tg 

60 Female Beige 1 Tg 

61 Female Brown 1 WT 

62 Male Beige 1 Tg 

63 Male Beige 1 Tg 

64 Male Brown 1 Tg 

65 Male Beige 1 Tg 

66 Male Brown 1 Tg 

67 Female Brown 1 Tg 

68 Female White 1 WT 

69 Female Beige 1 WT 

70 Female Brown 1 WT 

71 Female Beige 1 Tg 

72 Female White 1 Tg 

73 Female Brown 1 WT 
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74 Male White 1 WT 

75 Male Brown 1 Tg 

76 Male Brown 1 Tg 

77 Male Beige 1 Tg 

80 Male White 5 WT 

81 Female Brown 4 Tg 

82 Male Brown 5 WT 

83 Female Brown 4 Tg 

84 Male Brown 5 Tg 

85 Female White 4 WT 

86 Male Brown 5 Tg 

87 Female Beige 4 WT 

88 Female Brown 4 WT 

 

8.1.1 Primers for genotyping 

 

Figure 8.1.1: Detailed primer pair report of the mutant Pde6rd1 gene on the virus Xm-28 rd beta PDE. 
Generated in Primer-BLAST. 

 

 

Figure 8.1.2: Graphical view of the mutant Pde6rd1 gene (green) and the primer pair spanning region (green to 
blue vertical lines). Generated in Primer-BLAST. 
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Figure 8.1.3: Detailed primer pair report on the APP/PSEN-1 internal positive control on the interleukin 2 
mouse gene. Generated in Primer-BLAST. 

 

Figure 8.1.4: Graphical view of the APP/PSEN-1 internal positive control on the mouse interleukin 2 gene 
(green) and the primer pair spanning region (green to blue vertical lines). Generated in Primer-BLAST. 

 

Figure 8.1.5: Detailed primer pair report on the transgenic (Tg) human PSEN-1. Generated in Primer-BLAST. 

 

Figure 8.1.6: Graphical view of the human transgenic (Tg) PSEN-1 (red) and the primer pair spanning region 
(blue horizontal line). Generated in Primer-BLAST. 

 

Figure 8.1.7: Detailed primer pair report on the transgenic (Tg) human APP. Generated in Primer-BLAST. 



APPENDIX A 

 115 

 

Figure 8.1.8: Graphical view of human transgenic (Tg) APP gene (red) and the primer pair (blue horizontal 
line) spanning region. Generated in Primer-BLAST.  

8.1.2 Primers for gene expression analysis with 
qPCR  

 

Figure 8.1.9: Detailed primer pair report on the mouse ribosomal protein L27A (Rpl27a). Generated in Primer-
BLAST. 

 

 

Figure 8.1.10: Graphical view of mouse ribosomal protein L27A (Rlp27a) gene (red) and the primer pair (blue 
horizontal line) spanning region. Generated in Primer-BLAST. 

 

 

Figure 8.1.11: Detailed primer pair report on the mouse interleukin 1b (IL-1b). Generated in Primer-BLAST. 
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Figure 8.1.12: Graphical view of mouse interleukin 1b (IL-1b ) gene (red) and the primer pair (blue horizontal 
line) spanning region. Generated in Primer-BLAST. 

 

Figure 8.1.13: Detailed primer pair report on the mouse interleukin 4 (IL-4). Generated in Primer-BLAST. 

 

Figure 8.1.14: Graphical view of mouse interleukin 4 (IL-4) gene (red) and the primer pair (blue horizontal 
line) spanning region. Generated in Primer-BLAST. 

 

Figure 8.1.15: Detailed primer pair report on the mouse hydrocarboxylic acid receptor 1 (HCAR1) Generated 
in Primer-BLAST. 

 

Figure 8.1.16: Graphical view of mouse hydrocarboxylic acid receptor (HCAR1) gene (red) and the primer pair 
(blue horizontal line) spanning region. Generated in Primer-BLAST. 
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Figure 8.1.17: Detailed primer pair report on the mouse tumor necrosis factor a  (TNF-a) gene. Generated in 
Primer-BLAST. 

 

Figure 8.1.18: Graphical view of mouse tumor necrosis factor a  (TNF-a) gene (red) and the primer pair (blue 
horizontal line) spanning region. Generated in Primer-BLAST. 

 

Figure 8.1.19: Detailed primer pair report on the mouse brain derived neurotrophic factor (BDNF) gene. 
Generated in Primer-BLAST. 

 

Figure 8.1.20: Graphical view of mouse BDNF gene (red) and the primer pair (blue horizontal line) spanning 
region. Generated in Primer-BLAST. 
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Figure 8.1.21: Detailed primer pair report on the mouse vascular endothelial growth factor A (VEGF-A) gene. 
Generated in Primer-BLAST. 

 

Figure 8.1.22: Graphical view of mouse vascular endothelial growth factor A (VEGF-A) gene (red) and the 
primer pair (blue horizontal line) spanning region. Generated in Primer-BLAST. 
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9 Appendix B 

9.1 List of reagents 

Reagent Product nr. Reference/Manufacture 

Sodium L-lactate ≥99.0% (NT) 71718 Sigma-Aldrich, USA 
PBS (1X) 10010023 Gibco, USA 

Sucrose ≥99.5% (GC) S0389 Sigma-Aldrich, USA 
Sodium azide ≥99.5% S2002 Sigma-Aldrich, USA 

Ethylene glycol E9129 Sigma-Aldrich, USA 
Glycerol bidistilled 99,5% 24388.295 VWR Chemicals 

Sodium phosphate monobasic ≥99.0% S8282 Sigma-Aldrich, Canada 
Sodium phosphate dibasic ≥99.0% S7907 Sigma-Aldrich, Canada 

NaCl S9888 Sigma Aldrich, 
Triton X-100 X100 Sigma-Aldrich 

Paraformaldehyd 19208 Electron Microscopy Sciences, USA 
Trizma Base T1503 Sigma-Aldrich, USA 

Sodium chloride≥99.0% S9888 Sigma-Aldrich, USA 
1,4-Diazabicyclo2.2.2octane D27802 Sigma-Aldrich, USA 

Trizma hydrochloride T3253 Sigma-Aldrich, Canada 
Poly(vinyl alcohol) P8136 Sigma-Aldrich, Canada 

DAPI D1306 Invitrogen, USA 
Donkey serum AB7475 Abcam, USA 

Goat serum S26-LITER Millipore, USA 
UltraPure Agarose 16500-500 Invitrogen, UK 

Tween 20 93773 Sigma-Aldrich, USA 

9.2 List of antibodies 

Primary antibodies Product nr. Supplier 
Polyclonal anti-Iba1, Rabbit 019-19741 Wako, Japan 

Anti-Ab antibody AB2539 Abcam, UK 
Anti-Glial Fibrillary Acidic Protein, Rabbit Z0334 Dako, USA 

Anti-NeuN Antibody, Mouse MAB377 Millipore, USA 

Secondary antibodies Product nr. Supplier 

Goat anti-Rabbit IgG H&L (Alexa Fluor® 488) AB150077 Abcam, UK 
Goat anti-Rabbit IgG H&L (Alexa Fluor® 568) AB175471 Abcam, UK 

Donkey anti-Rabbit IgG H&L (Alexa Fluor® 555) AB150074 Abcam, UK 
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Goat anti-Mouse IgG H&L (Alexa Fluor® 555) AB150114 Abcam, UK 
   

9.3 Kits 

9.3.1 REDExtract-N-Amp Tissue PCR Kit  
Components Reference Cat. nr. Supplier 

Extraction Solution E7526 XNAT Sigma-
Aldrich, USA 

Tissue Preparation Solution T3073   
Neutralization Solution B N3910   

REDExtract-N-Amp PCR Reaction Mix 
(PCR reaction mix containing buffer, salts, 
dNTPs, Taq polymerase, REDTaq dye, and 

JumpStart Taq antibody). 

R4775   

9.3.2 AllPrep DNA/RNA/Protein Mini Kit 
Components Cat. nr. Supplier 

AllPrep DNA Mini Spin Columns (uncolored) 50 (each in a 
2 ml Collection Tube)   

80004  QIAGEN, 
Sweden  

RNeasy® Mini Spin Columns (pink) 50 (each in a 2 ml 
Collection Tube)  

Collection Tubes (1.5 ml) 100  
Collection Tubes (2 ml) 150  

Buffer RLT  
Buffer RW1  

Buffer RPE (concentrate)  
RNase-Free Water  

Buffer AW1 (concentrate)  
Buffer AW2 (concentrate)  

Buffer EB  
Buffer APP  
Buffer ALO   

9.3.3 TURBO DNA-free kit  
Components Cat. nr. Supplier 

TURBO DNase (2 Units/µL)  AM1907 Invitrogen by 
Thermo Fisher, 

Lituania 
10✕ TURBO DNase Buffer  

DNase Inactivation Reagent  
Nuclease-free Water  

9.3.4 Reverse Transriptase Core Kit  
Components Cat. nr. Supplier 

10x reaction buffer RT-RTCK-05 Eurogentec, 
Belgium 25 mM MgCl2 

2,5 mM dNTP Mix 
Random nonamers 
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RNase inhibitor 
EuroScript reverse transcriptase 

RNase free water 
Oligo d(T)15 VN 

9.3.5 Brilliant III Ultra-Fast SYBR Green QPCR 
Master Mix  

Components Cat. nr. Supplier 
Nuclease-free PCR-grade water  600883 

 
Agilent 

Technologies, 
USA 

Brilliant III SYBR Green QPCR Master Mix with High 
ROX 

 


