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Abstract

The incidence rate of dementia is rising, following the rapidly aging population. Currently,
there are no treatment options for the most prevalent cause of dementia, Alzheimer’s
Disease (AD). To impede the potential international crisis, WHO has listed efficient
strategies to prevent and treat AD as a global health priority. Fortunately, promising
findings in epidemiological studies indicate that exercise and high age-relative
cardiorespiratory fitness appear to be the most promising preventive strategies against
AD. Promising experimental studies indicate that beneficial blood factors induced by
exercise can mitigate neuropathology. One emerging hypothesis is that systemically
administered “exercised plasma” can cross the blood-brain barrier and modify
neurodegeneration. Nonetheless, there is a knowledge gap in the literature describing the
effects of exercise-induced blood-borne factors on the AD brain. This study aims to assess
whether systemic plasma administration can transfer the beneficial effects of exercise on
adult neurogenesis in the AD brain using a rat model of AD, and to examine the effects on
neurogenic, inflammatory and angiogenic markers.

23 five-month-old McGill-R-1-Thy1-APP rats were investigated in response to injections
with “exercised, young plasma”, “sedentary, young plasma” or saline, or to exercise.
Coronal brain sections were double-immunolabelled against BrdU and NeuN, targeting
dividing- and neuronal cells, respectively. The effects of exercised plasma were evaluated
based on the number of newborn neurons as a percentage of total neurons in the dorsal
dentate gyrus of the hippocampus, and the change in hippocampal mRNA expression in
markers of interest, assessed by RT-qPCR.

“Exercised, young plasma” significantly increased adult neurogenesis in AD rats (p < 0.05).
The genetic analyses revealed a marker of interest; however, the underlying molecular
mechanisms causing the increase are yet to be entirely deciphered. The present study was
one of the first to demonstrate blood factors transferring therapeutic effects of exercise to
the AD brain. The results of increased adult neurogenesis supported the hypothesis that
the systemic environment may be targeted with exercised plasma as a strategy to modify
the AD brain by increasing adult neurogenesis.



Sammendrag

Forekomsten av demens gker i sammenheng med den gkende andelen eldre befolkning. I
dag finnes det ingen behandlingsmuligheter for demenssykdommen med hgyest prevalens,
Alzheimers sykdom. For 8 hindre en potensiell internasjonal krise, har WHO listet effektive
strategier for & motvirke og behandle Alzheimers sykdom som en helseprioritet verden
over. Heldigvis finnes det epidemiologiske studier som indikerer at trening og hgy
aldersrelatert kardiorespiratorisk kondisjon er de mest effektive strategiene for &
forebygge Alzheimers sykdom. Lovende eksperimentelle studier indikerer at det finnes
gunstige faktorer i blodet indusert av trening som kan redusere nevropatologi. En ny og
lovende hypotese foreslar at systemisk administrert «trent-plasma» krysser blod-
hjernebarrieren og modifiserer nevrodegenerasjon. Det er manglende studier som
beskriver effekten av trenings-induserte blod faktorer i en Alzheimer-hjerne. Denne
studien har som mal & undersgke om systemisk administrering av plasma kan overfgre de
gunstige effektene fra trening pa nevrogenese hos voksne med Alzheimers sykdom, ved 8
bruke en rottemodell for Alzheimers sykdom, i tillegg til & se etter endring i genuttrykk av
markgrer for nevrogenese, inflammasjon og angiongenese.

23 fem maneder gamle McGill-R-1-Thy1-APP rotter injisert med «trent, ungt plasma»,
«stillesittende, ungt plasma» eller saltvann, i tillegg til en gruppe med trente rotter var
inkludert i studien. Koronale hjernesnitt ble immunfarget med fluorescerende celle
markgrer for 8 detektere BrdU og NeuN, som festes til delende celler og nevroner,
respektivt. Effekten av de trengingsinduserte faktorene i blodet ble evaluert basert pa
kvantifisering av nydanna nevroner som prosent av det totale antallet nevroner i dorsal
dentate gyrus av hippocampus, og pa endring av genuttrykk av markgrene av interesse.

«Trent, ungt plasma» gker nevrogenesen hos Alzheimer rotter (p < 0.05). De genetiske
analysene avslgrte én markgr av spesiell interesse, men de underliggende molekylzere
mekanismene bak gkt nevrogenese er fortsatt ikke fullstendig utarbeidet. Denne studien
var en av de fgrste til & vise terapeutisk effekt i en Alzheimer-hjerne grunnet
treningsinduserte faktorer i blodet. Funnene av gkt nevrogenese stgttet hypotesen om
systemisk behandling med trenings-induserte faktorer i blodet som en strategi for &
modifisere Alzheimer hjernen ved & gke nevrogenese.



Acknowledgements

This master’s thesis completes the Master of Science in Molecular Medicine programme
and was carried out at the Cardiac Exercise Research Group (CERG), at the Department of
Circulation and Medical Imaging, Faculty of Medicine and Health Sciences at The Norwegian
University of Science and Technology in Trondheim.

I would like to thank my invaluable supervisors for their encouragement, positivity and
guidance throughout this year. To Nathan Scrimgeour, for being supportive and helping
me during laboratory experiments, writing process, and always answering my questions,
no matter what time or regard. Additionally, thank you for spending time writing most of
the script to enable neuronal quantification. To Cecilie Skarstad Norevik, a special thanks
for allowing me to write my thesis as a part of your doctorate. Your support, leading me in
the right directions, has been greatly valued. Atefe Tari, your feedback, guidance and
propositions in the writing process have inspired me and improved my writing
tremendously. Thank you for sharing your incredible knowledge, it has been mostly
valuable to me. Ragnhild Rgsbjgrgen, thank you for advising me and providing directions
during my laboratory experiments. Your guiding and cheering are what made the
immunoassay finally work after years of endeavours. An extra thanks to Aleksi Huuha,
your technical assistance with the immunoassays has been essential in completing the
experiments by the deadline. Lastly, Ulrik Wislgff, I am so grateful for being a part of your
research group for this thesis. I would like to express my gratitude for your guidance and
feedback on my thesis, especially in the finishing phase. Besides, Asgeir Kobro Flatmoen
at the Kavli Institute for Systems Neuroscience, I appreciate your help and contributing
ideas. I would also like to thank professors at CMIC at NTNU for their time educating me
about the confocal microscope.

A special appreciation towards my family and Kristoffer for your unconditional
encouragement and support during this period. Thank you for always believing in me,
cheering me up and motivating me throughout my entire studies, especially during the
most intense days.



Table of Contents

LIST OF FIGURES....c.ccctiuiiiiiuneuinnesnnnnssnnssssssasssnnssssnsasssnsasssssasssssnsssnsnnssnnnnnsnnnnnnn V1
ABBREVIATIONS .iiiuiiiiiueeinnss s smssssnssssssssssssssssnssssssssssssssssssssssssssssssnsssssnnsnnnn V1
1 INTRODUGCTION ..iiiucciiuiaeesnnssssnnsssssssssssssssssssssssssssssssssssssssssssssssssssnssssannssnnnns 1
1.1 ALZHEIMER'S DISEASE .......ictiitieteeteeeeeteeteete sttt e et e e s e e etesteeteereeseessesssstestseteesesseensensestesteeteeseeneensenes 1
1.2 RISK FACTORS FOR AD ....covieiitiieecteeeeeeeeee ettt ettt sttt aesteebesaeste e et enaesteetesneenseneensenes 1
1.2.1 NONMODIFIABLE RISK FACTORS FOR AD ....ooouiitieieeeeeecte ettt sttt ete st ene e eneeneennes 2
1.2.2 MODIFIABLE LIFESTYLE RISK FACTORS FOR AD ....ooviiiiiiiciicteeeteceeete ettt eve v 3
1.3 EXERCISE AND BRAIN HEALTH ..oiviiviieiieiitectieteiet et eetetestesteetestssresssessestestestesessresnsessessessessessssnsensensenes 3
1.4 THE HIPPOCAMPUS ...ttt ettt ettt sttt et e st et et e st s ebesas et e ententeste st e besesereententesaestsetesesenseneensenes 4
1.5 ADULT NEUROGENESIS ....cviitiitiitietiettetesteeteste et est et e saestestesasstesstessessessestesesssesseessessensesteseseresssensenseneas 5
1.6 NEUROBIOLOGY OF AD ..ottt ettt e e st e e te e steeeate e sabeeeateeenbeeenbesenteeenreean 7
1.6.1 AD BRAIN PROTEINOPATHIES ......ccttiitiitieteiteettesteeetesteetestsettestessestessestesesetesssensessessestesesssesasensensenees 8
1.6.2 CHRONIC NEUROINFLAMMATION IN THE AD BRAIN ....ccocoiiuiitieeieteeeeeeeetesteeteereeseeseeseestesrssresnesreeseennas 9
1.6.3 CEREBRAL VASCULARIZATION IN THE AD BRAIN.....ccocoieiitietieteeeeeeeteete st ereere e eseestestesaeereeneeneennens 10
1.6.4 NEUROGENESIS IN THE AD BRAIN.....ccciiiitiitietieteeeetesteeteereeteeseeseeseseestesreesseseeseessessestesasstesneensennens 10
1.7 AD PROTECTIVE MECHANISMS ....ocuviiitiitietiiteeteesteeestesteetesteereeseeseessesssstssasersessensensensessestssrssseonsensens 10
1.7.1 YOUNG PLASMAL. ..ottt eteete et ettt eete st et sae et est et saesasetesresteeseeseestesteatesteebseseessensesetesassteeneensennens 11
1.7.2 EXERCISED PLASMA ......ooitiitiitiitteteeeteteetesteetesaeeteeseetesaestsetestssteeseessessesssatestsstseseessensessestesrssseensensensens 11
1.8 CANDIDATE MARKERS OF IMPORTANCE .....ccvtitietieeteeeeteiteeteesteseeseesestesasetesseeseessessessessssssssssssensensenes 12
1.8.1 INEUROGENIC MARKERS.......ccuitittitieitieiteeiteeeteeteestesseesaeesseesssessasesssssssesasessssessensesnsesreesreesaeesssensssnseons 12
1.8.2 INFLAMMATORY MARKERS .....oooviiuiiitieitiestteiteeteetesstesaeesteestsesssestsssssesesesesstsenteeneesnsessessaeesaeesssesseneeans 13
1.8.3 ANGIOGENIC MARKERS .....oootiitiitieiteecteeeteeeteeteeseesseesaeesseessssssssesssssssseesessteeteensesnsesaeesreesaeesssenseeneeans 13
1.9 ANIMAL MODEL FOR AD — THE MCGILL-R-THY1=APP ....ooooiiiiieeeeeeeteeeteeete et 14
1.10  PURPOSE AND AIM ...uoiiuiiitiiiieieeeeeteeeteeeteeeteeatsssaesaaesaeesteesassesentseneseseessesatsentesnsesasesneesreesaeesssesesneeans 14
2 METHODOLOGY iiccciiumesununsssnssssssssssssssssssssssssssssssssssssssssssssssssssssssnsssssnssssannnns 15
2.1 ETHICAL STATEMENT .ttt ceeete ettt et st et e setete et et e aese et esasessest et eseestsabesesersensensesseseseresneersensansan 15
2.2 STUDY DESIGN ...ueiuveviereeteeteeteeteeeeeteeteeteeteeseessesesseesesseeseeseessensensesesssesesseeseessensesensessesseesseseersensensen 15
2.3 THE MCGILL=R=THY1=APP RAT MODEL....ccttietueeitieeteeiteeeiteesiteeesteesetesensesstesessessssesessesessessnsesenns 16
2.4 BRAIN TISSUE SECTIONING.........ceeueeueereeteetieteeteeseesesseeseeseeseeseessessessensesseesesseessensensessessessesssessensenses 16
2.5 IMMUNOHISTOCHEMISTRY ....uviuvevetieteiteeteeteesreesesseeseeseeseeseessesesessesssesesseessessensensessessesseessessensensenses 17
2.5.1 IMMUNOSTAINING PROTOCOL FOR BRDU AND NEUN LABELLING ......c.covvuierrenreieeeseeereereereeneeneenns 17
2.5.2 DETECTION AND QUANTIFICATION OF BRDU AND NEUN LABELLED NEURONS .......ccoveuververeennene. 17
2.6 QUANTITATIVE REVERSE TRANSCRIPTION-PCR .....coctiiiiititiiceceeeeete ettt 20
2.7 STATISTICAL ANALYSES ..o itiieiieeieieeiete sttt et et ete st estesassteeassteestestsstestsatesbssbeessessensessetestsereeneeneeneenean 20
3 RESULT S iiiiiiiumetuuunesusn s snssssnsss s s s s s s s s s s s s s 6o s s 6o s 880 anssauunsssnunnssnunnns 21
3.1 IMMUNOHISTOCHEMICAL ANALYSIS OF NEURONS IN THE DORSAL DG .......covveveveeeceeeeeceene 21
3.1.1 TREATMENT EFFECT OF EYP ON ADULT NEUROGENESIS ....c.oeoveiiiireitiereireeneesteseeste st eresneereeseeneenns 23
3.2 TREATMENT EFFECT ON MRINA EXPRESSION ....oovviuiieiiieieieteiteereeseeeestesesetesssessessessessesesenssssesssssennes 24
4 DISCUSSTION iiiiiuuune s snsss s s s s s s 88 88 E o s 88 Ea S8 SRR R SR RRERSRRRRRRS 27
4.1 “EXERCISED PLASMA” INFUSIONS INCREASE NEUROGENESIS IN THE AD BRAIN.......ccccovevvvnne. 27
4.1.1 NEUROGENESIS (BRDU) ...ootiiiiiiiiiciiitiietestitetes ettt ettt sttt se st saene e 27
4.1.2 TOTAL NEURON NUMBER (INEUN) ..coiitiiititiiceceeee ettt ettt e 27
4.1.3 IMMUNOHISTOCHEMICAL METHODOLOGY ...ocutiuiiuieuiiiistietesreeteeseeeestesesssesssessessessessessssssssssssssssssensens 28
4.2 MOLECULAR MECHANISMS OF NEUROGENESIS .....ccoviiuiieiitiitieeeeeteteseestestesssesseseessesassessresnssnseneenees 28
4.2.1 RT-QPCR METHODOLOGY ...utiuiiuiiuiiieieitieteetteteesteseestestsetesresssssssssessesesstesrsssseneessensesssstesessrssssassensens 30
4.3 LIMITATIONS AND ADVANTAGES .....oovtitiitiitieti ittt eeteseestestests st eresstestestestsetesssesseseensestesesstesnssreeneeneas 30
4.4 FUTURE DIRECTIONS .....eeutitiitiitiiteeteeetestetesteetestsetessteseeaesasstesasssssssensantestsstesssessaneessessesesssesnsassensenes 31
B CONGCLUSION .oiiiiueeiuuun s snsss s s s s ssssss s s ssssssssssssssssssssssnsssssnnsannnns 32
REFERENCES ...ttt ssnsss s s s s s ssssssssssssssssssssssssssssssssssnssssansssnnnnnns 33
APPENDIX I A . .iueciuiueesunnnesannssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnsssssnnssssnnssnnn 40
IMMUNOSTAINING PROTOCOL DETECTING NEUROGENESIS (ANTI-BRDU AND ANTI-NEUN)........c.c......... 40
APPENDIX IB .uuuuectuuusesnunsssnussssssssssssssssss s ss s ss s s s s s s s ss s 6sssssasssssassssssnnssnnn 41



SOLUTIONS FOR THE IMMUNOSTAINING PROTOCOL DETECTING ADULT NEUROGENESIS ........cccoevveuninnes 41
VALIDATED PRIMERS FOR MRINA ANALYSES ......ccsiiiiiiiiiicteie ettt 43
CDNA SYNTHESIS CYCLING CONDITIONS ...ocuiiiiiiiiiniiiiiitiiisiiscisi s sssssssssss s 44



List of figures

Figure 1: Overview of structures within the hippocampus in a coronal brain section................... 5
Figure 2: Overview of the SGZ and adult neurogenesis in the dorsal DG of the hippocampus ...... 6
Figure 3: Schematic presentation of adult neurogenesis in the SGZ of the DG............c.ccccenne.. 7
Figure 4: Illustration of neuritic plaques and neurofibrillary tangles ..............ccccovviiiiiiiiiiiiniinins 7
Figure 5: A schematic presentation of the amyloid cascade.............cccooviiiiiiiiiiiiiiiiiiiaeann, 8
Figure 6: Presentation of feedback loops in the amyloid cascade ............ccccvveiveiiiiiiiiiiiiiiniinans 8
Figure 7: Comparison of features within a healthy brain and a pathological AD brain ................. 9
Figure 8: Experimental StUAY AESIGN .........ouuuiiiiii e 16
Figure 9: Results - Demonstration of output images from Fiji .........cccvevieiiiiiiiiiiiiiiiiiiiiiiiiannnn, 19
Figure 10: Results - Example of images used for quantification from saline-treated rat.............. 21
Figure 11: Results - Example of images used for quantification from SYP treated rat................. 22
Figure 12: Results - Example of images used for quantification from EYP treated rat ................. 22
Figure 13: Results - Internal controls for the iMMUNOGSSAY .........uuueiiieiseiiiiiiiiteiieiiesiessaninn, 23
Figure 14: Results - The treatment effect Of EYP @Nd SYP.......o.o e 24
Figure 15: Results - RT-GPCR results Of @ll GENES .........e i 25
Figure 16: Results - RT-gPCR results of each target gene...........cuuuiiiiieiieiiiiiiiiiieiieiiisiesnaninn, 26
Abbreviations

AD Alzheimer’s disease

AB Amyloid beta

APP Amyloid precursor protein

BBB Blood-brain barrier

BDNF Brain-derived neurotrophic factor

BrdU Bromodeoxyuridine

CNS Central nervous system

CvD Cardiovascular disease

DG Dentate gyrus

EGR1 Early growth response 1

EYP Exercised young plasma

FNDC5 Fibronectin type III domain-containing protein 5

HPRT Hypoxanthine-guanine phosphoribosyltransferase

NeuN Neuronal nuclei

PLAU Urokinase-type plasminogen

SGZ Subgranular zone

Stat3 Signal transducer and activator of transcription 3

Shh Sonic hedgehog

SYP Sedentary young plasma

TNF Tumour necrosis factor

VEGF Vascular endothelial growth factor

VI


file://///Users/kamillajacobsen/Documents/Molecular%20medicine/MASTER/Master%20Thesis,%20nyeste.docx%20-%20draft.docx%23_Toc73692107
file://///Users/kamillajacobsen/Documents/Molecular%20medicine/MASTER/Master%20Thesis,%20nyeste.docx%20-%20draft.docx%23_Toc73692108

1 Introduction

1.1 Alzheimer's Disease

As a result of increased life expectancy over the past decades, the world’s population is
rapidly aging. With increased longevity comes increased incidence and prevalence of
dementia. Dementia poses a rising threat to public health worldwide (4, 5) and WHO have
stated that dementia is now a global health priority (6). Dementia is a term covering
symptoms of neurological disease affecting a person's ability to carry out everyday
activities. The most common cause of dementia is Alzheimer's Disease (AD), which is a
neurodegenerative disorder (7). AD patients experience a progressive cognitive decline as
the disease primarily disables the hippocampus that is pivotal to learning and memory (7,
8). Of all dementia incidents, 60-80% are due to AD that at current is incurable and
ultimately fatal (9).

The progression of AD is a continuum of three phases: 1) preclinical AD, 2) mild cognitive
impairment and 3) dementia (9). Before clinical manifestation, preclinical AD with apparent
molecular neuropathology has already been present for as long as 20 years or more (10,
11). In general, onset of the disease determines the duration; early-onset implies extended
neurodegenerative disorder for up to 25 years (12). Hence preventative and disease-
modifying measures in the early stages of AD are critical.

Cognitive disorders are a rising hurdle for both the global economy and quality of life of
the patients and their next of kind. A report published by Menon Economics on behalf of
Biogen assessed the socio-economic cost of dementia (predominantly AD) in Norway, and
estimated a total societal cost of dementia per year of 96 billion NOK, of which AD was
responsible for 62 billion NOK, more than the costs of heart failure and obesity combined
(13). Undoubtedly, dementia carries enormous consequences to the individual patient,
their relatives, the health care system and the society as a whole, but still, there is no
cure. In correspondence with increased longevity in developing nations, the overall
prevalence of AD has been expected to triple from today's 50 million to 152 million by
2050 (4). It has been estimated that postponing AD onset by five years before 2050 could
potentially decrease the prevalence by 41%, and that even a modest delay of disease onset
would lead to more years of life with good health for the patients and improve public
healthcare and the economy significantly (14). At current, all available AD drugs are simply
symptom-modifying, and AD-drug trials have the highest failure rate (99.6%) compared
with any other disease area (15). At present; AD is a quandary, it is an incurable and
terminal disease for which preventative measures are urgently needed (9, 16).

1.2 Risk factors for AD

Cognitive testing, lumbar puncture and MRI are commonly used as diagnostic approaches
for AD, as less invasive strategies are currently lacking in clinical practise (9). Recent
research indicates the possibility of identifying underlying pathology in asymptomatic
individuals with specific biomarkers in blood (17). Although promising, these biomarkers’
predictive value still needs to be clinically validated. One of the most promising biomarker
candidates to date is plasma phospho-tau217, with the power to discriminate AD cases
from other neurodegenerative diseases with significantly higher accuracy compared to
other biomarkers for AD (18). Further research is needed for the validation and clinical
relevance of phospho-tau217 (18). The enormous failure rate in AD drug trials indicates



that interventions after symptomatic onset might be too late (15). A need for early
detection is therefore vital in order to be able to prevent or slow the progression of AD
development (19). Addressing AD risk factors is a preventive measure that is currently
plausibly more promising than approaching curative measures.

A 2017 Lancet Commission report addressed dementia prevention, intervention and care,
where nine potentially modifiable risk factors for dementia were listed: hypertension,
educational level, depression, obesity, diabetes, smoking, hearing impairment, little social
interaction, and physical inactivity (20). In 2020, with convincing evidence, they expanded
their list, adding air pollution, excessive alcohol intake and traumatic brain damage (4). All
modifiable risk factors are potential targets for prevention and addressing them might
delay the onset of dementia (4). Furthermore, some of these modifiable risk factors might
also be potential targets for the future treatment of AD.

1.2.1 Nonmodifiable risk factors for AD

Epidemiological studies have assessed the prevalence and incidence of AD and strongly
point to age as the most prominent risk factor for disease development (21). A prospective
cohort study discovered a 20-fold increase in AD incidence rate in individuals from 65 to
69 years (2.8 per 1000 people) compared to individuals above the age of 90 (56.1 per
1000) (22). AD incidence increases exponentially with advancing age (23, 24).

Genetics is a nonmodifiable determinant of developing AD (25). One can separate AD into
two subtypes: early-onset (before the age of 65 years) and late-onset (after the age of
65). The latter is the most common, whereas early-onset only accounts for 1-6% of AD
cases (26). Familial AD occurs in both early- and late-onset AD. Studies have found that
approximately 60% of early-onset cases are associated with a familial history of AD, most
often with multiple susceptibility genes and environmental factors involved (27). Roughly
13% of early onset-AD cases are estimated to be inherited in an autosomal dominant
manner (27), linked to Amyloid precursor protein gene (APP) and presenilin genes (PSEN1
and PSENZ2) with high penetrance (26-28). The APP gene encodes the precursor to amyloid-
B (AB) -peptides, and mutations in the presenilin genes favour an overproduction of the
neurotoxic AB42 (29).

Literature supports late-onset AD as a multivariate disease, with a possibility of several
susceptibility genes. Genome-wide association studies have identified genes modifying the
susceptibility of late-onset AD, exceeding 20 risk loci (30). The strongest linked gene to
AD predisposition is the gene that encodes apolipoprotein E, APOE, with the highest
expression on glial cells within the brain. APOE is a vital ligand, mediating lipoprotein
undergoing endocytosis (31), implicating neuroinflammation (32). The APOE ¢4 allele has
been a well-established susceptibility factor for late-onset AD for decades (33). The most
common genotype is €3¢3, but individuals with either one or two ¢4 alleles expressed have
an increased risk of developing AD by approximately three- and fifteen-fold, respectively
(33). Although the predisposition of AD increases if one carries the ¢4 allele, it is neither
required nor sufficient to develop the disease (34).

Contrary to the direct nonmodifiable risk factors such as age and genetics, indirect
predisposing factors can be modified by behaviour, therapeutic interventions, and
treatment. Targeting these modifiable risk factors could be a multivariate approach to



prevent or mitigate cognitive decline (35), and of high utility to elucidate pathogenic AD
pathways.

1.2.2 Modifiable lifestyle risk factors for AD

A growing body of evidence suggests that lifestyle significantly impacts the risk of
developing dementia. It has been estimated that 20% of AD cases globally are attributable
to low education (36). Many factors associated with a higher risk of cardiovascular disease
(CVD; e.g. high blood pressure, diabetes) as well as CVD itself (e.g. stroke, heart failure)
are associated with a higher risk of developing AD (35). Hypertension is a commonly
investigated risk factor for cerebrovascular disease and CVD; and extensive
epidemiological studies have demonstrated a relationship between midlife hypertension
and initiation of cognitive decline (37-39). Hypertension induces molecular alterations in
brain vessels with a possible mechanistic link to dementia. Hypertension is destructive to
the blood-brain barrier (BBB) and therefore harms AP clearance mediated by density
lipoprotein receptor-related protein-1 lining the abluminal membrane of the BBB, and in
turn this provokes a toxic milieu in the brain, and synaptic dysfunction (40). Undoubtedly,
hypertension affects vascular health, representing a prospective preventative target in the
development of cognitive decline (37). Diabetes is associated with an enhanced risk of
developing AD and dementia. Recent reviews summarize a notable association between
AD and diabetes, whereas patients with diabetes have been associated with having 60-
70% increased risk of developing AD compared to individuals without diabetes (41, 42). A
chronic exposure to glucose causes hyperglycemia, a condition that might increase
extracellular AB (43), cause abnormal brain network structure (44), and
neuroinflammation (45), all of which are associated with the pathophysiology of AD (29).
Additionally, considering the global obesity pandemic (46), obesity is a growing concern
as evidence demonstrates a strong association between midlife obesity and risk of
developing AD (47).

Physical inactivity is one of the most significant modifiable risk factors to avoid developing
chronic lifestyle diseases (48). In the USA, Europe and the UK, physical inactivity was
attributable to the largest proportion of AD cases of all modifiable factors (36). Evidence
points towards a direct risk reduction of AD by increasing physical activity, as inactivity is
a risk factor for dementia. Additionally, increased activity seems to decrease the incidence
of CVDs and CVD risk factors, possibly through secreted molecules which has been
associated with reduced dementia risk, and thereby indirectly reducing the risk of AD
development (49, 50).

A growing body of literature supports the efficacy of preventative strategies, suggesting
multidomain approaches in the fight against cognitive impairment and dementia (51). The
expected increase in AD cases needs prophylactic measures and are recognised as pivotal
in halting the escalating pandemic crisis (52, 53).

1.3 Exercise and brain health

It is hypothesised that physical inactivity is a strong and independent risk factor for
developing abdominal adiposity, and consequently activate inflammatory pathways,
promoting insulin resistance, tumour growth, atherosclerosis, neurodegeneration. Lastly,
physical inactivity leads to development of diseases belonging to “the diseasome of
physical inactivity”, of which dementia is included in (54). Fortunately, there is converging
evidence that exercise delays age-related cognitive decline, alleviates neurodegeneration,



and improves memory and learning (55-57). Van Praag et al. (58) demonstrated
counteractive effects against aging within an experimental group of aged mice housed with
a running wheel. Increased physical activity was associated with improved learning,
increased synaptic plasticity, and increased generation of new neurons in the dentate gyrus
(DG; a neurogenic region within the hippocampus), compared to sedentary control mice
(58). Furthermore, there is evidence that running induces a more pronounced effect on
dorsal DG versus ventral DG (59, 60).

The advantageous effects of exercise have been linked directly to neurobiology, through
positively influencing neurogenesis and maturation of newborn cells in the DG of the
hippocampus (2, 61, 62), increasing synaptic plasticity (59, 62), and indirectly by reducing
stress, improving sleep and decreasing the risk of cardiopathies, which positively impact
brain health (63). Exercise has been found to alter the systemic environment (64),
increasing blood flow due to capillary density and cerebral angiogenesis enhancement (55,
65-67).

1.4 The hippocampus

Deeply embedded inside the temporal lobe of the brain lies the hippocampal area (68).
The hippocampus is the primary mediator of memory functions and consists of excitatory
pathways through three subregions: the DG, cornu ammonis 1, 2 and 3 (CA1, CA2, CA3)
(figure 1) and the subiculum. The subiculum connects the hippocampus with the entorhinal
cortex (68). The afferent and efferent connectivity throughout the longitudinal axis of the
hippocampus was found to change from one pole to the other, leading Moser and Moser in
1998 to propose that the dorsal and ventral part of the hippocampus have different and
dissociable functions (69). Their theory suggested that cognitive processes like memory
function are modulated explicitly by the dorsal pole of the hippocampus, while the ventral
modulates affection and sensations (69). Even though most studies do not consider
hemispheric differences of the left or right hippocampi, the lateralization is seemingly
significant to consider and has been proposed to be critical for cognitive function (70). The
entorhinal cortex is a crucial structure providing input to the hippocampal circuitry through
its connections to the DG (71). The importance of projections from the entorhinal cortex
to the hippocampal structures for spatial navigation and memory function has been
demonstrated (72). Impairments in these entorhinal cortex related structures are
associated with manifestations of mild AD, where memory impairment is the earliest
symptom most frequently observed (73, 74).
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Figure 1: Overview of structures (DG, CA1, CA2, CA3) in a coronal section of the hippocampus,
stained with anti-neuronal nuclei (NeuN), a neuronal marker. The DG is framed in the right
hemisphere for visualization of the area of interest.

1.5 Adult neurogenesis

Previously, it was believed that new neurons do not arise in the adult brain, however in
1965 Altman and Das provided the first anatomical evidence of postnatal neurogenesis in
the rat hippocampus (75). In 1998, Eriksson at al. (76) were the first to demonstrate the
generation of new neurons in the DG of the hippocampus of an adult human brain.
Neurogenesis is the development of new neurons, the endogenous process where neuronal
stem cells go through phases of proliferation, differentiation and migration. This process is
altered in neurodegenerative diseases (77). Adult neurogenesis arises within specific
neurogenic regions; the subventricular zone of lateral ventricles and the subgranular zone
(SGZ) of the DG (figure 2A) (78). The microvasculature is closely associated with cell
division in the SGZ, and furthermore, some angiogenic factors are associated with
increased adult neurogenesis (79). Newborn cells are highlighted with arrows in figure 2B.
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Figure 2: A: Overview of the SGZ in the dorsal DG of the hippocampus. B: Adult neurogenesis in the
dorsal DG of the hippocampus, stained with anti- bromodeoxyuridine (BrdU) to detect newly
proliferated cells.
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the DG (1) (figure 3). New cells in the stimulated by inputs from the surroundings. The figure
DG migrate and incorporate into the is adapted and modified from Zhao et al. (1).
adjacent neuronal network (81). In young adult rats, approximately 9000 new cells are
generated in the DG every day, a rate that becomes reduced with aging (82). Within three
weeks, the main proportion of newborn neurons die (83), whereas the surviving cells of
the adult DG mature into functional neurons (84). The distribution of newborn neurons in
the DG is not even, and studies suggest that the quantity is higher in dorsal DG compared
to ventral DG (85).

Glutamate

It is assumed that cues within neurogenic niches where adult neurogenesis occurs initiate
neurogenesis (84), and this directly affects cognitive processes such as learning and
memory (81). Exercise and young plasma are two factors found to increase adult
hippocampal neurogenesis in aging mice (61, 86). These studies in mice suggest that
cognitive impairments during aging could be mitigated by changes of factors from the
systemic environment, and that the underlying mechanisms are not well-characterised.

1.6 Neurobiology of AD

The hallmarks of AD are accumulation
and aggregation of AB peptides into
plagues and accumulation of
neurofibrillary tangles, a phosphorylated
tau protein in an abnormal form. AB
plaques and neurofibrillary tangles occur
extracellularly and intracellularly,
respectively (figure 4) (9). It is likely
that excess accumulation of AB peptides

. B . % -
intracellularly leads to cellular autolysis, Figure 4: Neur/t/c plaques (extrace/lular) sta/ned
releasing the content in the extracellular with Bielchowsky silver staining, which also labels
. neurofibrillary tangles (hyperphosphorylated tau,
matrix, and he.nce precedes the AR intracellular). The figure was adapted and modified
plague formation (87, 88). from DeTure et al. (3).

Phosphorylated tau destroys microtubules and hinders essential conveyance inside
neurons and the transport of molecules and nutrients (9). By interfering with the
communication through synapses, AB plaques contribute to the damage and eventually
death of 80% of neurons (16). The accumulation of AB plaques and phosphorylated tau
increases as AD progresses, and is followed by depletion of synapses, in addition to




inflammation and atrophy of neurons (9, 16). The neuropathologic lesions are clinically
alike among patients, however the cause of the disease is multifactorial and yet to be
deciphered.

1.6.1 AD brain proteinopathies

In AD pathogenesis, one of the impaired essential mechanisms is the clearance of AB that
leads to an imbalance in the generation and clearance ratio. A clearance abnormality will
subsequently lead to the aggregation of AP peptides into plaques (89). The low-density
lipoprotein receptor interacts with AB peptides and mediates clearance by transport
through the BBB into cerebrospinal fluid or blood. In the AD brain the expression of
lipoprotein receptor-related protein-1 is decreased (89, 90). Lower levels of lipoprotein
receptor-related protein-1 have been found to contribute to the accumulation of AB in the
AD brain (89, 91), additionally, creating a positive feedback amplification as pathological
levels of AB are found to decrease the expression of lipoprotein receptor-related protein-1
further (92).
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Figure 5: A schematic presentation of the amyloid cascade presented by Hardy and Higgins (93).

In 1992, Hardy and Higgins presented the amyloid cascade hypothesis as the prominent
causative agent for the pathology of AD (figure 5) (93). The hypothesis was based on
overproduction- and decreased degradation of AR with deposition of plaques as the initial
event. As a result of this, numerous subsequent events occur, including chronic
inflammation, oxidative stress, dysfunction of synapses, phosphorylation of tau and
formation of tangles and neuronal loss. However, more recent evidence on the amyloid
hypothesis points toward a multifaceted process where the initial linear cascade is no
longer tenable (figure 6) (93, 94).
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Figure 6: Presentation of feedback loops in the amyloid cascade. Blue arrows present pathways in
healthy cells; black arrows present pathways in AD brain; green arrows present activated pathways
in AD brain; red arrows present inhibited pathways in AD brain. The figure is adapted and modified
from Doig et al. (94). Created with BioRender.com.



Neurofibrillary tangles are composed of aggregates of hyperphosphorylated tau-protein
within neurons (11, 94). Tau dissociates from microtubules and forms tangles when
hyperphosphorylated, shown downstream in the amyloid cascade in figure 5 and 6 (94).
Neurons are the primary expressors of this microtubule-associated protein, which has been
proposed to affect synaptic function (95), where the number of cells expressing
neurofibrillary tangles has been associated with AD progression (96). The formation of
neurofibrillary tangles as a mechanism in AD brain pathology leads to impaired functionality
of the microtubule and compromises axoplasmic transport, in addition to causing neuronal
and synaptic disabilities (figure 7) (11). Fortunately, AD proteinopathies seem to be
modulated and mitigated due to physical activity and exercise, reviewed elsewhere (97).
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Figure 7: Comparison of features within a healthy brain and an AD brain. Adapted and modified from
BioRender.com.

1.6.2 Chronic neuroinflammation in the AD brain

Persistent neuroinflammation is prominent in the AD brain (94). Inflammation and
activation of complement are generally protective responses in response to cell and tissue
injury. However, when this defence system is imbalanced, it can exert excessive damage
primarily mediated by glial cells; microglia and astrocytes (98). Microglial cells are the
most prominent innate immune cells in the central nervous system (CNS) (99). In the AD
brain, microglia and astrocytes are activated in the presence of AB plaques and
neurofibrillary tangles as an attempt to clear these toxic proteins. This activation generates
a neuroinflammatory milieu and could resolve chronic inflammation if the immune cells are
constantly activated and there is inadequate clearance (100). However, the activation of
glial cells has been found both beneficial and damaging. Phagocytosis of AB by activated
microglia may contribute to the clearance of neuropathological protein aggregates, but the
activation is also neurodegenerative by recruiting astrocytes to release proinflammatory
cytokines, such as interleukins and tumour necrosis factor (TNF) (98, 101, 102). There is



evidence of reduced pro-inflammatory marker levels and correspondingly enhanced anti-
inflammatory marker levels as a response to exercise in the hippocampus of AD rodent
models (103, 104).

1.6.3 Cerebral vascularization in the AD brain

The CNS is a complex system where vascularisation is vital for cells to function (105). High
vascularization ensures sufficient oxygen and nutrition delivery to the CNS, on which glial
cells and neuronal cells are dependent (106). A unique attribute of the blood vessel
network in the CNS is the BBB (105). The cellular interactions in the BBB regulate vessel
permeability between blood and brain by limiting molecular exchange intrinsically to
protect the brain from toxins (106). Vascular abnormalities such as distortions in capillaries
and small arterioles, and lowered vascular net density, particularly in the hippocampal
area, are common pathological features in AD brains (107). To compensate for decreased
tissue oxygenation, the physiological process of generating new blood vessels is the
primary response (108). Administration of growth factors to restore pathological
angiogenesis has been suggested a treatment to prevent cognitive decline (109).
Additionally, exercise is demonstrated to increase the blood flow by upregulating certain
angiogenic gene expressions; amongst these are the exercise-induced increase of Vegf
mMRNA in various tissues, such as rat skeletal muscle and brain tissue (110-113).

1.6.4 Neurogenesis in the AD brain

Concurrently with the progression and development of AD, deficits in the underlying
mechanisms of adult neurogenesis occur, furthermore contributing to neuropathological
conditions (77). In the AD brain, adult neurogenesis has been suggested to drop sharply
compared to in nonpathological brains (114). Impaired adult neurogenesis in the AD brain
might be due to disturbances in key pathways and signals necessary for hippocampal
neurogenesis, perhaps involving tau, PSEN1 and APP, key signals found implicated in AD
brains (78). Evidence suggests there could be therapeutic benefits from promoting adult
neurogenesis to treat cognitive disorders, including AD (78). Brain-derived neurotrophic
factor (BDNF) is a neurotrophic protein found to initiate the proliferation of neural stem
cells. Additionally, BDNF induces the formation and promotes the survival of newborn
neurons (115).

The advantageous effects of physical exercise on brain health are numerous; however, the
underlying mechanism from the initial signal release until a response in the brain is
reached, is yet to be established. Evidence points towards the importance of cerebral
perfusion and increased vascular density in the brain in counteracting cognitive decline, by
promoting neurogenesis, both during normal age-related decline as well as in
neurodegenerative diseases (67). Recent discoveries have led to identification of direct
effects of exercise on the CNS, and systemic mediators with positive effects on brain
function (116). In line with this and the fact that adult neurogenesis arises in proximity to
blood vessels and that newborn neurons proliferate in response to vascular growth factors
(79), seemingly, the interaction between the systemic environment and neurogenic niches
is improved and regulated by exercise. It still remains unknown how to fully take advantage
of the beneficial traits of the systemic environment.

1.7 AD protective mechanisms

Numerous molecules are secreted by muscle during exercise. These exercise-induced
myokines enable inter-organ communication. They are secreted from muscles into the
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systemic circulation affecting distant organs, including the liver, adipose tissue and brain
(116). One of these myokines secreted by skeletal muscle is Irisin, derived from its
precursor membrane protein fibronectin type III domain-containing protein 5 (FNDC5),
which is cleaved and sequentially secreted into the circulation. During exercise, Irisin has
been shown to increase BDNF, an essential growth factor in the hippocampus, hence
influencing neurogenesis, enhanced cognition and mood (117). Increased levels of
cathepsin B in the systemic environment of mice induced by exercise has also been
demonstrated (118). Cathepsin B is thought to stimulate neurogenesis by increasing the
hippocampal mRNA expression of Bdnf (118). The brain and blood levels of BDNF is low in
AD patients; hence physical activity and exercise has been suggested as a mechanism to
mitigate symptoms of the disease (119).

1.7.1 Young plasma

Recent research has found the circulatory system as a route of communication from
peripheral tissues to the brain (120). Systemic factors may cross the BBB and reach a
cellular target within the parenchyma, to modulate neurons or glial cells. The systemic
factors are then excreted back into the periphery (120). Systemic factors abundant in
adolescence have been shown to increase adult neurogenesis in the DG of aged mice (121),
and it was proposed that changes in the systemic environment could contribute to changes
in neurogenesis and directly counteract age-related neurodegeneration (121). Increased
hippocampal plasticity and dendritic spine density in aged mice receiving young plasma
(122), have led to speculations of a therapeutic potential within systemic factors. Another
study found improved vasculature, greater blood flow and activation of stem cell
proliferation in the hippocampus (86). Few studies assess similar effects with young human
plasma in aged mice. However, a study injected human plasma from the umbilical cord to
old mice. They discovered a revitalised aged hippocampus function and proposed that the
tissue inhibitor of metalloproteinases 2 was necessary to achieve the beneficial cognitive
effects (123). Additionally, a small, randomized clinical trial found infusions of young
plasma to patients with mild cognitive impairment- or early phase AD to be safe and
possibly advantageous (124). Young plasma infusions were also associated with improved
levels of activates of daily living in the patients (124). These studies indicate that young
plasma is associated with rejuvenation of an aged brain. However, more research is needed
on the mechanisms and the extent of the effect.

1.7.2 Exercised plasma

Evidence points towards an improved cognitive function due to exercise (125). Of high
interest, similar effects have been found using systemically administered exercised plasma
in aged mice (126). It is established that physical activity and high age relative
cardiorespiratory fitness protects against neurodegenerative diseases and AD (127). A few
studies are now investigating the possibility of conveying these beneficial effects via
systemic factors, as observed in “young plasma-trials” (121). Injection of exercised plasma
in mice have been shown to improve cognitive function and neurogenesis (128). These
findings implicate a therapeutic potential from mechanisms induced by exercise, which
could possibly be utilized in the development of future AD medication.

To date, few studies, and no clinical trials, have investigated the effects of exercised plasma
on the AD brain. However, in 2020, a study assessed the effect of exercised plasma from
mice infused into transgenic AD mice (129). The results indicated that cognitive
impairment was improved after treatment, increased mitochondrial function and
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hippocampal plasticity (129). The first study investigating the effect of exercised plasma
in AD patients will be initiated by CERG/Nevro/Blodbanken St. Olav in the ExPlas trial from
August 2021.

1.8 Candidate markers of importance

As reviewed above, systemic administration of beneficial factors seemingly contributes to
brain rejuvenation (86, 122, 126, 128). Conversely, factors from an aged environment
have been found to promote cognitive decline (121). The cause of the alterations seems
to lie within the components of the plasma.

1.8.1 Neurogenic markers

Early growth response 1 (EGR1) regulates the transcription of neural cells (130). Silencing
Egrl has been reported to lower tau phosphorylation, reduce A morphology, and improve
cognition (131), protective mechanisms against pathological hallmarks of AD. On the
contrary, the Villeda study (2014) detected an increased expression of the EGR1 protein
in brain sections of the heterochronic parabionts (aged-young) compared to isochronic
parabionts (aged-aged), suggesting another preventative mechanism (122). Thus, the
change of EGR1 expression might need to be interpreted in conjunction with other genes.
FNDCS is the precursor of Irisin and an essential regulator of metabolism. Irisin has been
proven to have several beneficial physiological effects, particularly in reducing oxidative
stress, anti-inflammatory effects, and neuroprotective effects through intracellular
pathways (132). In response to exercise, FNDCS5 is regulated through the receptor PGC-
1a, modulating the significant beneficial effects of exercise on metabolism (117).

Another potential component of exercised plasma is BDNF, a neurotrophin and a
fundamental regulator within neurobiological processes, induced as a response to
endurance exercise (117, 133). The study on exercised plasma from mice infused into
transgenic AD mice suggested that the protective effects were due to increased BDNF
(129). BDNF binds selectively to a tyrosine-related kinase receptor, which in turn activates
and increases the expression of PGC-1a, and hence increases FNDC5. Recent discoveries
indicate PGC-1a/FNDC5/BDNF as an essential pathway for neuronal protection (133, 134).
Another link is between Sonic hedgehog (Shh) and BDNF regulating neuroplasticity, where
Shh increases the transcribed levels of BDNF in axons (135). The Shh pathway is necessary
for signal transduction, and is known for its essential role as a morphogen in embryonic
neurogenesis (136). Investigations in recent years have led to the identification of Shh
signalling in the adult rodent brain, exerting effects on neural stem cells in the adult
subventricular zone and SGZ of the DG (137), and astrocytes located in these neurogenic
regions have been reported to promote neurogenesis by releasing Shh (138). Additionally,
administration of Shh to mice has been demonstrated to increase adult neurogenesis by
stimulating neural stem cell proliferation (138). Other studies present indirect protective
effects of Shh on neurons, as cerebral angiogenesis may be stimulated by Shh signalling
through interaction with the plasminogen system (139, 140). Hence there could be possible
therapeutic links to Shh and diseases such as AD.

A member of the STAT-family, the signal transducer and activator of transcription 3 (Stat3)
pathway is activated by pro-inflammatory cytokines, such as TNF and interleukin-1j,
increasing the formation of reactive astrocytes found near AB-plaques (141), and
conversely discovered to decrease neurogenesis (142). Protective attributes of genetic
deletion of Stat3 in a mouse model of AD has been demonstrated to induce several
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beneficial effects, such as attenuation of neuroinflammation, reduction of soluble AB and
amyloidosis, all attributes ameliorating AD pathology (141). Furthermore, evidence
suggests that the suppression of Stat3 promotes neurogenesis (142). A study
demonstrated a link between the neurogenic markers BDNF and Stat3, however
conversely, they found supressed Stat3 expression to attenuate the neurogenic effects of
BDNF (143). Nevertheless, a change in the gene expression of neurogenic markers might
indicate the occurrence of neurogenesis.

1.8.2 Inflammatory markers
Peripheral and central systemic factors are central modulators of cognitive function and

overall brain health. If neurodegenerative pathology is present, the brain is compromised,
and a common feature of the condition is systemic inflammation. CNS inflammation is
exacerbated by systemic inflammation, and if not prevented, this milieu has been
demonstrated to correlate with cognitive decline (55, 144). Exercise is found to counteract
this “metabolic syndrome” by mediation of an anti-inflammatory environment (145),
resulting in functional and cellular brain alterations in mice (126). TNF is demonstrated to
be one of the pivotal proinflammatory cytokines involved in neurological disorders (146),
and increased levels are found in AD patient serum (147). A decrease in the expression of
the gene encoding inflammatory TNF could indicate mitigation of systemic inflammation.

1.8.3 Angiogenic markers
The CNS is a complex system where vascularisation is vital for cells to function. Glial cells

and neuronal cells are dependent on a fresh supply of blood, and hence a well-vascularised
CNS. A unique attribute of the blood vessel network in the CNS is the BBB (105). The BBB
is built up of tight junctions of vascular endothelial cells in brain capillaries and astrocytes,
restricting the passage of solutions from blood to the brain. This physiological barrier
protects the nervous tissue from toxins, where alterations, such as AB plaques, might
contribute to pathological hallmarks and the progression of neurodegenerative diseases
(148). Physical exercise has been discovered to enhance capillary density due to
angiogenesis and sprouting novel capillaries from vessels, an indirect mechanism of
exercise that refines brain function (67).

Vascular endothelial growth factor (VEGF) has been established as an essential cytokine
for vasculogenesis and angiogenesis in the CNS (105). Vegf expression in AD hippocampal
arteries tends to be reduced compared to non-pathological brains (149). Lining the brain
vasculature is the lactate receptor HCAR1, which enhances cerebral VEGFa when activated.
Lactate has been found to induce regulation of angiogenesis in the CNS, and the
downstream effect of HCAR1 activation was increased angiogenesis and VEGFa levels in
the hippocampus, demonstrating a principal link between muscles, blood and brain health
(67). These findings substantiated physical activity as a potential preventative measure
for brain pathologies or lactate as an adjuvant for individuals further in the disease
progression without the ability to be physically active (67). Following activation of VEGF,
there are numerous downstream signalling cascades; amongst them is the urokinase-type
plasminogen activator system encoded by urokinase-type plasminogen (PLAU). PLAU is
involved in degrading the build-up of aggregated AR and processing APP, preventing AB
neurotoxicity (150), in addition to stimulating angiogenesis (139). An upregulated gene
expression of angiogenic markers might imply amelioration of AD pathogenesis.
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1.9 Animal model for AD - The McGill-R-Thy1-APP

Animal models cannot fully mimic the AD pathology in humans, but they aim to replicate
symptoms, causes or lesions of the disease, in order to elucidate and understand aspects
of the disease. For this cause, nhumerous genetically modified animal models have been
adapted. (151). The morphologic signatures needed to diagnose AD, tau- and AB pathology
are often replicated in AD models. In addition, neuronal loss, inflammation, gliosis and
alterations in neuroplasticity are considered components of importance to mimic the
aspects of the disease (152). The most common way to generate transgenic models of AD
is to overexpress App. These models exhibit amplified levels of AR but do not demonstrate
the hallmark tau-hyperphosphorylation and excessive neurodegeneration (2, 153, 154).

In the rat model of AD utilised for this study, McGill-R-Thy1-APP, two genes associated
with early-onset AD are expressed: The Indiana- and the Swedish mutation, present in
App. This transgene encodes the human APP 751 (hAPP751). The cDNA encoding hAPP751
controlled by the murine Thy1.2 promoter enables amyloid pathology, one of the hallmark
molecular pathological changes in an AD brain. In the early 1990s, a double mutation in
exon 16 in APP (chr21:27269939 G>T, chr21:27269938 A>C, KM670/671NL, (155)) was
identified within two Swedish families, segregating with early-onset AD, hence its name
"The Swedish mutation". The two base pair inversions on the N-terminus of B-amyloid of
the transcript, close to the gamma-secretase cleavage site on the APP gene, is the probable
cause of pathogenicity (156). This mutation causes an increase in the production of AR
with a 6-8 fold compared to nonmutants, a direct relationship with the clinicopathological
phenotype and the mutated genotype (157). In the same decade, another mutation linked
to early-onset familial AD was identified, "the Indiana mutation". A missense mutation on
exon 17 (chr21:27264096 G>T, V717F, (158)) increasing the AB42/AB40 ratio in blood
plasma results in an increased accumulation of toxic AB42 in the brain (159). This amino
acid substitution, phenylalanine for valine, was found to be an essential pathogenesis
contributor within familial related early-onset AD (160).

1.10 Purpose and aim

Adult neurogenesis decreases with age and possibly decreases at an even higher rate in
the AD brain (114). Exercise has been shown to increase neurogenesis and the survival of
newborn neurons (61). Exercise-induced blood borne factors have been shown to cross the
BBB and affect the aging brain (126).

The overall aim of this thesis is to examine whether systemic factors can transfer the
beneficial effects of exercise on neurogenesis to the AD brain. This is done by quantification
of BrdU/NeuN -labelled neurons, and mRNA expression measurements of neurogenesis
related markers.

Secondary aims are to examine the effects of exercised-blood factors on mRNA expression
of inflammatory and angiogenic markers.

The hypothesis of this thesis is that adult neurogenesis in the hippocampus of the AD brain
can be enhanced through systemic administration of exercise-induced blood factors.
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2 Methodology
2.1 Ethical statement

The study was conducted in compliance with animal research regulations in Norway;
European Convention for the Protection of Vertebrate Animals used for Experimental and
Other Scientific Purposes, Norwegian Animal Welfare Act §§ 1-28 and Norwegian
Regulations on Animal Research §§ 1-26. The experimental procedures involving rodents
were approved by the Norwegian food and safety authority (FOTS ID: 11740). The
experimental design was established based on the principles of the three Rs of animal
research ethics; replacement, reduction and refinement.

2.2 Study design

At the age of two months, the donor rats were randomly divided into two subgroups; one
group followed a six-week exercise protocol, and the other group were sedentary rats.
Plasma was collected from the donor rats at the age of 3.5 months, pooled, snap frozen,
and later thawed and injected intravenously into the tail of transgenic AD rats. Three- and
six-month-old AD rats were included to assess potential effects before and after AB plaque
formation. This thesis only assessed six-month-old due to the time limit. The AD rats,
McGill-R-Thy1-APP, received 14 injections with 0.8 mL of three possible treatments:
exercised young plasma (EYP), sedentary young plasma (SYP) or saline (control). Half of
the rats received injections intraperitoneally with BrdU (5 mg BrdU /
100 g weight), while the remaining rats received saline. BrdU injections were given to rats
that were to be fixed in 4% paraformaldehyde for 24 hours prior to immunohistochemistry,
while saline injections were given to rats whose tissue was used fresh or snap frozen for
molecular biological methods, such as RT-qPCR. In each group, there were three subgroups
with three-four rats who received the same treatment. An additional experimental group
composed of three AD rats subjected to high-intensity interval training was included in the
MRNA analyses to assess the direct effect of exercise on the genetic markers of interest.
A schematic overview of the study design is presented in figure 8.
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Figure 8: Experimental study design. For immunohistochemical analysis, three rats treated with
saline, four rats treated with EYP, and four treated with SYP were chosen. Three rats from each of
the treated groups and three exercised rats were chosen for the RT-gPCR analysis. Created with
BioRender.com.

2.3 The McGill-R-Thy1-APP rat model

Male, wild type (non-transgenic) Wistar rats were used as plasma donors for the AD rats.
The AD rats were homozygotic male transgenic McGill-R-Thy1-APP rats (provided by
Professor Menno Witter at Kavli Institute for Systems Neuroscience at the Centre for
Neuronal Computation at NTNU Trondheim) which expressed hAPP751, double Swedish
and Indiana mutation, controlled by murine Thy1.2 promoter. The rats were housed on a
12-hour reversed light-dark cycle, two or three together in ventilated cages at 70%
humidity, 23 °C and providing the rats access to water and standard rodent chow ad
libitum. Experimental testing and procedures took place in the dark phase of the circadian
cycle. All cages were environmentally enriched with wood stock for chewing and an opaque
plastic house for shelter.

2.4 Brain tissue sectioning

For the immunohistochemistry procedures, fixated brains (24 h in 4% PFA, stored in DMSO
till sectioning) were sectioned using a freezing microtome (HM430, Thermo Fisher
Scientific). The brains were cut in 40 um coronal sections in 6 series. Sections in series
one were mounted on SuperFrost™ Plus Adhesion slides (Thermo Scientific), while the
remaining sections were transferred in Eppendorf tubes containing DMSO storage buffer.
In total, there were approximately 220 sections from each brain. The tissue collection
occurred between 48-96 hours after the last injection of BrdU. Every sixth coronal
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hemibrain section from each brain was stained with specific markers labelling neurons and
BrdU expressing cells. All data correspond to every sixth coronal section.

2.5 Immunohistochemistry

BrdU, an analogue of thymidine, is an exogenous cell tracer known as the "gold standard"
among cell proliferation research, including neurogenesis research (161). During DNA
synthesis, the injected BrdU replaces the T in the genetic sequence, persists in the
synthesised cells, and passes down to daughter cells (161). To enable the quantification of
neurogenesis, segregating neuronal cells from the remaining cell types in a rat brain is
vital (162). One can assume the presence of non-specific staining if BrdU is incorporated
into every nucleus (163). NeuN is a phenotypic marker labelling the nuclei of mature
neurons, exclusively expressed in the nervous tissue (161, 164). To ascertain the relative
proportion of proliferating cells, counterstaining the tissue with NeuN combined with BrdU
birth dating was performed. Quantification of neurogenesis utilising the expression of NeuN
determines that the newborn cell is a neuron. In addition to identifying newborn neurons,
decreased NeuN immunoreactivity could indicate neuronal damage, suggesting cell death
(162).

2.5.1 Immunostaining protocol for BrdU and NeuN labelling

This was an indirect immunofluorescent protocol; specific monoclonal primary antibodies
were detected by fluorescent conjugated secondary antibodies, that targeted and
visualized BrdU and NeuN antigens in coronal brain sections. The Free-floating tissue
sections were stained simultaneously with anti-BrdU (1:100 dilution, Invitrogen) and anti-
NeuN (1:3000 dilution, Abcam). A detailed protocol is included in Appendix I. The positive
BrdU control slides from rat intestines collected from one of the rats in this study were
formalin-fixed and paraffin-embedded on glass slides and were first deparaffinised before
following the protocol for the free-floating immunohistochemistry simultaneous with the
brain sections of interest. Sections were incubated with sodium citrate buffer (10mM
sodium citrate buffer, 0.05% Tween 20, pH 6.0) in a water bath at 60 °C for 30 minutes
to unmask the binding sites. The sections were rinsed in Tris-buffered Saline (TBS, pH 8.0)
to remove the DMSO buffer leftovers. For DNA denaturation, the sections were incubated
for 30 minutes in HCI (1 M, pH 0-1) in a water bath at 45 °C, followed by rinsing and
neutralizing for 10 minutes in borate buffer (0.1 M, pH 8.5). Three rinses in TBS were
followed by incubation in 10% goat serum in TBS-Triton- X-100 (0.5% Tx, pH 8.0) to block
non-specific binding sites for 60 minutes. Sections were incubated with primary antibodies;
BrdU mouse monoclonal antibody (1:100 in TBS-Tx, Abcam) and NeuN rabbit monoclonal
antibody (1:3000 in TBS-Tx, Abcam) at 4 °C overnight.

The following day the sections were rinsed in TBS-Tx before 60 minutes incubation with
fluorescent conjugated secondary antibodies; Goat Anti-Mouse IgG H&L Alexa Flour 488
(1:100 in TBS, Abcam) and Goat anti-rabbit IgG H&L Alexa Flour 594 (1:100 in TBS,
Abcam), followed by three rinses in TBS, and finally proceeding with mounting the sections
on glass slides. See complete protocol and solutions in appendix IA and IB, respectively.

2.5.2 Detection and quantification of BrdU and NeuN labelled neurons

Z-stack images of the dorsal part of the DG from all sections, both left and right
hemisphere, were imaged with Zeiss 880 Airyscan Confocal Microscope. A plan-apochromat
20x / 0.8 M27 objective lens was used. The fluorophores Alexa Fluor 488 (BrdU) and Alexa
Fluor 594 (NeuN) were excited with the 488 nm and 561 nm laser, respectively. Z-stacks
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were acquired at 3.98 um intervals with a resolution of 1024 x 1024 pixels, and tile
scanning made it possible to image the entire dorsal DG with a 10% spatial overlap. The
Zen (Zeiss) image-acquisition software enabled a reusable imaging routine setup with the
experiment designer module.

The images analyses were conducted utilizing Fiji (Fiji is just Image]) software for neuron
quantification. A script was written to enable high throughput quantification of NeuN
positive cells and cells positive for BrdU and NeuN. The script processed the raw images
from the confocal microscope (Zeiss) by performing a user-defined background subtraction
specific for each section. Subsequently, a predetermined intensity threshold was set to
identify BrdU and NeuN positive regions, watershed segmentation separated densely
packed NeuN positive bodies, and lastly, a colour intensity threshold was set to identify
BrdU+ and NeuN+ colocalization (BrdU+/NeuN+). The script created three image files;
one with both BrdU + and NeuN+ for colocalization (figure 9A); one to count all of the
NeuN+ cells (figure 9B); and the last as a binary image of the colocalization used for
quantification of newborn neurons (figure 9C). The region of interest was set before particle
analysis for quantification (figure 9A). The script generated two separate files for the
quantitative output; NeuN+ cells and BrdU+/NeuN+ cells. Fluorescent imaging,
quantification and analysis of the results were performed while blinded to treatment.
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Figure 9: A: Colocalization of BrdU + and NeuN+. B: Binary image of quantification of NeuN+ cells.
C: Binary image of the colocalization used for quantification of newborn neurons.
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2.6 Quantitative reverse transcription-PCR

RNA isolation was performed using RNeasy mini kit (Qiagen) according to the
manufacturer’s instruction on all rat brains' right intermediate DG. The isolated RNA was
quantified, and the purity assessed by ultraviolet-visible spectroscopy using a Thermo
Scientific™ NanoDrop 2000 (Thermo Fisher). The total RNA generated from each sample
(300 ng) served as the template for reverse transcription using QuantiTect Reverse
Transcription Kit (Qiagen). The cDNA templates generated were stored at -20 °C until RT-
gPCR was executed.

Hypoxanthine-guanine phosphoribosyltransferase (HPRT) was the housekeeping gene
chosen for normalisation for relative quantification. The primers targeting genes of interest
were designed by using the "Basic Local Alignment Search Tool" (Primer-BLAST, National
Centre for Biotechnology Information) (see appendix IIA, table 1 for base sequences).
Validation of all primers against a standard serial dilution of rat cDNA was executed,
assuring the adequate primer efficiency.

The RT-gPCR analyses were carried out on C1000™ Thermal Cycler, CFX96 ™ Real-Time
System (Bio-rad). According to manufacturers' protocol, each validated primer was mixed
with SYBR Green (Thermo Fisher) master mix in Eppendorf tubes. According to the plate
layout, the reaction combinations were added to a 96-well plate, 20.0 pl in each reaction
well. 5.0 yl of an 8-fold dilution of the previously transcribed cDNA was added in triplets
to each reaction mix of the primers matching the genes of interest. A no-template control
for every target gene was included to control for contamination of PCR mixes. The plate
was sealed and centrifuged on ROTINA 420R centrifuge (Hettich) at 1000 rpm for 1 min to
remove bubbles. See appendix IIB for the RT-qPCR cycling conditions. Melt curve analyses
were performed to identify the presence of primer-dimers or nonspecific products.

Relative quantification by the comparative method (222Ct) was used to analyse the RT-
gPCR data. This method was formulated by Livak and Schmittgen and allows the
assessment of the difference in gene expression of the gene of interest relative to the
housekeeping gene (equation 1) (165).

AACT = ACT (target sample) — ACT (reference sample)
= (CTtarget gene - CTrefernece gene) — ( CTtarget gene — CTrefernece gene)
Equation 1: Equation for fold change calculation. All fold change values were presented as 2-24CT,

2.7 Statistical analyses

Statistical analyses were accomplished using GraphPad Prism 9.1.0 (GraphPad Software).
A one-way ANOVA test was performed to analyze the variance between the groups for
each of the experiments. If the overall variance test indicated significant variance between
the treatments, it was followed by a Holm-Bonferroni post-hoc test. The Holm-Bonferroni
test was applied to correct for multiple comparisons by adjusting the p-values and the
rejection criteria: all p-values were sorted in increasing order. If the smallest p-value was
greater than or equal to the set significance level (a = 0.05) divided by number of
comparisons (K), then no p-values were significant. If not, the next p-value was compared
to a/(K-1). If greater or equal to this value, then no further p-values were significant, if
not the next p-value was compared to a/(K-2), this continued until the p-value was greater
or equal to the calculated threshold.
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3 Results

3.1 Immunohistochemical analysis of neurons in the dorsal DG

AD rats injected with SYP (figure 10A) and EYP (figure 11A) had a greater number of BrdU+
cells than the control group (figure 12A). There was no difference in the total amount of
neurons between the three groups (SYP: figure 10B, EYP: figure 11B, saline: figure 12B).
The BrdU+/NeuN+ double labelled cells verified that the newborn cell was a neuron. These
were primarily detected in the SGZ of the dorsal DG of the hippocampus, however also in
other areas of the dorsal DG (SYP: figure 10C, EYP: figure 11C, saline: figure 12C).

A

Figure 10: Example of images used for quantification from SYP treated rat. A: A processed image of
BrdU+ cells. B: A processed image of NeuN+ cells. C: A merged image of the two channels, where
of double labelled cells are shown in yellow. The grey arrow points at a newborn cell that is not a
neuron, while the white arrow points at a newborn neuron.
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Figure 11: Example of images used for quantification from EYP treated rat. A: A processed image of
BrdU+ cells. B: A processed image of NeuN+ cells. C: A merged image of the two channels, where
of double labelled cells are shown in yellow. The grey arrow points at a newborn cell that is not a
neuron, while the white arrow points at a newborn neuron.

A-B-
c

Figure 12: Example of images used for quantification from saline-treated rat. A: A processed image
of BrdU+ cells. B: A processed image of NeuN+ cells. C: A merged image of the two channels, where
of double labelled cells are shown in yellow. The grey arrow points at a newborn cell that is not a
neuron, while the white arrow points at a newborn neuron.

Each set of BrdU stained sections was validated using an intestinal section as a positive
control (figure 13A) and two negative controls without primary antibodies (figure 13B:
BrdU-, figure 13C: NeuN-).
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Figure 13: A: Positive anti-BrdU control (intestines). B: Negative anti-BrdU control. C: Negative anti-
NeuN control.

3.1.1 Treatment effect of EYP on adult neurogenesis

Quantification was completed in each hemisphere in each section included in each rat's
dorsal DG, giving a total sum of detected BrdU+/NeuN+ cells in the individual hemispheres
(figure 14A: left hemisphere, figure 14B: right hemisphere) and a total number of neurons
identified in the individual hemispheres (figure 14C: left hemisphere, figure 14D: right
hemisphere).

The BrdU+/NeuN+ quantification confirmed that treatment with EYP and SYP both
positively affected adult neurogenesis in the McGill-R-Thy1-APP rats compared to saline
only treatment (figure 14A and B). One-way ANOVA analysis with Holm-Bonferroni post-
hoc test revealed a significant rise in newborn neurons compared to the control group by
a mean of 264.7% for SYP treated rats and 363.2% for EYP treated rats in the left
hemisphere, and by a mean of 325.0% for the EYP treated rats in the right hemisphere.
SYP treatment tended to increase neurogenesis in the left hemisphere, though this was
not statistically significant (p = 0.08). Additionally, there was a tendency that the effect of
EYP treatment gave rise to a more considerable increase of newborn neurons compared to
SYP treatment, however, this was only significantly demonstrated in the left hemisphere
(p = 0.05), and as a trend in the right hemisphere (p = 0.2). There was no significant
difference between the left or right hemisphere (p > 0.05). The quantification of the total
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number of neurons revealed no significant difference between the experimental groups or
the hemispheres (p > 0.05, figure 14C and D).
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Figure 14: A and B: The treatment effect of EYP and SYP on newborn neurons in a rat model of AD.
% Relative quantity of BrdU+/NeuN+ in the two experimental groups (SYP and EYP, n=4) compared
to the control group (saline, n=3), in left and right hemisphere respectively. C and D: The treatment
effect of EYP and SYP on the total amount of neurons in a rat model of AD, in left and right hemisphere
respectively. There were no significant changes in the total amount of NeuN+ cells in the two
experimental groups (SYP and EYP, n=4) than in the control group (saline, n=3). All data are
presented as mean £ SEM (standard error of the mean), variance was tested with a one-way ANOVA
with Holm-Bonferroni post-hoc test (for A and B) * p < 0.05, **p < 0.01

3.2 Treatment effect on mRNA expression

Given that the injected plasma treatments seemingly increased neurogenesis in the dorsal
DG of the hippocampus, RT-gPCR was performed using the right intermediate DG to
identify potential genes contributing to the achieved effects and markers indicating other
effects as angiogenesis and inflammation. The fold change in expression of the gene of
interest relative to the housekeeping gene HPRT was calculated and normalized against
the control group (saline). Tissue from exercised rats had already been collected, therefore
“exercised rats” was included as an experimental group in the RT-gPCR analysis to address
if exercised AD rats were comparable to EYP treated AD rats.

A one-way ANOVA test with Holm-Bonferroni post-hoc test was used to assess if the
treatments led to any variance between the groups due to gene expression changes in the
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AD rats. The calculated mRNA fold changes revealed no significant gene expression
variation between experimental groups (figure 15).
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Figure 15: RT-gPCR results displayed as scatterplot of all genes together for comparison. The effect
of treatment of all genes of interest presented as fold change relative to the housekeeping gene
(HPRT) and normalized against the control group (saline). N= 3 for all groups. All data are presented
as mean + SEM (standard error of the mean), variance was tested with one-way ANOVA analysis.

The mRNA changes of neurogenic markers revealed a trend of upregulation of the gene
expression of Shh in SYP compared to exercised (p = 0.1). All other variances between the
experimental groups for neurogenic markers were not significant (p > 0.05). Both SYP and
EYP treatment displayed an increased gene expression of Shh compared to saline by
approximately 100% and 50%, respectively. On the contrary, the exercised group
displayed a 35% decrease (figure 16E). The results of expression of Bdnf suggests a
tendency of downregulation in EYP treated and exercised rats, however not significantly
(p > 0.05). The variation within SYP treated rats made the results challenging to conclude,
however, there might be a tendency of up-regulation of Bdnf (figure 16A). SYP treatment
seemed to increase the expression of Stat3 (figure 16B) and decrease the expression of
Fndc5 (figure 16C). There were no trends in gene expression changes of Fndc5 and Stat3
in neither the remaining experimental groups nor in the change of gene expression of Egri
(figure 16D).

The gene expression analysis and statistical analysis results suggested no significant
difference in the inflammatory marker gene expression in response to treatments or
exercise, Tnf (p > 0.05, figure 16F). The most substantial change in the expression level
was between the two groups: saline and exercised rats, approximately 45% decrease for
the exercised group. Thf tended to be downregulated in both EYP treated rats and exercised
rats compared to saline. The mRNA level of Tnhf in SYP treated rats was seemingly
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comparable to the control group, indicating that SYP did not regulate the gene expression
of Tnf.

The results from the RT-qPCR analyses targeting genes for angiogenesis did not differ
significantly between groups (p > 0.05). Relative to the control group, these results
suggested no significant fold change in neither the expression of Plau (figure 16G) nor
Vegfa (figure 16H) for the experimental groups. However, the results indicated a tendency
of upregulation of Plau in the SYP treated AD rats and a tendency of upregulation of Vegfa
in the exercised AD rats.
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Figure 16: RT-gPCR results displayed as individual scatterplots for each target gene - expressing
the fold change relative to the housekeeping gene (HPRT) and normalized against the control group

(saline). All data are presented as mean * SEM (standard error of mean).
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4 Discussion

The results in this thesis are among the first to demonstrate upregulated adult
neurogenesis in the DG of the hippocampus in an AD rat model injected with exercised
plasma, due to the inherent potential of exercised-plasma factors. There was a clear trend
of upregulated expression of Shh in response to plasma treatment. Thus, this neurogenic
molecular marker is suggested as a trigger involved in mechanistic pathways mediating
beneficial effects by promoting adult neurogenesis in the AD brain.

4.1 “Exercised plasma” infusions increase neurogenesis in the AD
brain

4.1.1 Neurogenesis (BrdU)
Previous plasma exchange studies have suggested the circulatory system as an essential

provider of systemic factors that seems to rejuvenate an aged brain (86, 122, 126, 128),
mitigate pathological conditions one can relate to AD (126), or ameliorate AD cognitive
dysfunction (129). Here, the obtained results were in line with previous findings of
beneficial effects from young plasma on aged mice. The findings presented in figure 14A
and B implied that systemic factors within EYP resemble the efficacy of physical exercise
on adult neurogenesis (58, 128). Both plasma treatments increased neurogenesis in the
AD rats, indicating an overall effect of young plasma injections, and the difference between
SYP and EYP indicated that exercised plasma is more effective than sedentary plasma. The
difference of effect between the treatments was statistically significant in the left
hemisphere (p = 0.05), and in the right hemisphere there was a trend (p = 0.2) of
increased newborn neurons due to the systemic factors from EYP compared to SYP. The
amplified effect on adult neurogenesis in the EYP group suggests an added benefit of
exercise. The increased neurogenesis could be due to higher concentrations of active
molecules in EYP than SYP, or an additive effect of another molecule working through
different pathways. The underlying mechanisms remain to be investigated. By these
findings, the potency of EYP treatment was supported and could be utilized as an approach
to enhance brain health.

4.1.2 Total neuron number (NeuN)

Quantification of neurons in the dorsal DG of the hippocampus (figure 14C and D) indicated
no difference between control and experimental groups (p > 0.05.) The number of newborn
neurons was relatively small compared to the total number of neurons, hence the increase
of adult neurogenesis might not reflect the overall NeuN+ cells. Interestingly, in a similar
study on aging rats, they found exercised plasma to increase astrocytes by 2-fold
compared to a control group (126). This finding might suggest that EYP increased the
proliferation of astrocytes and neurons and that the total amount of astrocytes could be a
potential target of interest in future studies. Other possibilities causing an unchanged total
neuron count could be the low sensitivity quantification method, that the short period of
treatment did not induce detectable differences in the overall neuron number.

To further break down the immunostaining results, the two hemispheres were assessed
independently to consider hemispheric asymmetry. It is known that there is functional
differentiation in the hippocampus, both on the septotemporal axis as well as lateral
hemispheric asymmetry (69, 70). There was an indication of a greater effect of both EYP
and SYP in the left than the right hemisphere, though this was not statistically significant.
These results could be evaluated in conjunction with previously conducted cognitive testing
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or MRI results for these rats to assess similar trends of lateralized hemispheres, such as
cognitive ameliorations or increased hippocampi volume.

4.1.3 Immunohistochemical methodology
Based on previous findings of adult neurogenesis (59, 60, 85, 166), the dorsal DG of the
hippocampus was assessed for neuron and neurogenesis quantification in the sections.
Both hemispheres were imaged, analysed and quantified to exclude hemispheric
differences. The quantitative estimation of neuronal cells represents 1/6 of the total
number of neurons in the dorsal DG for each rat.

Positive and negative control sections were stained to ensure the validity of the
fluorescence staining in the newly established immunohistochemistry protocol. All brain
sections were internal positive tissue controls for anti-NeuN, as brain tissue is expected to
express the targeted antigen. The external positive (tissue/antigen) control for anti-BrdU
ensured that the immunohistochemistry method was working and was optimized and
verified that the negative results were valid. The positive control was intestines from a rat
in this project, it also functioned as an internal control of the BrdU injection procedure and
a negative tissue control for anti-NeuN as the intestines do not express the targeted
antigen.

Some isolated examples of small regions of non-specific BrdU staining in a few rats were
noticed while processing the images. In these cases, the ROI for cell counting was altered
to exclude these regions. Suboptimal perfusion with paraformaldehyde was observed in
two of these rats particularly, suggesting that this might be a possible cause.

A standardized quantification approach of adult neurogenesis using designed-based
stereology has been suggested as the optimal method of choice to obtain rigorous and
reproducible results (166). Within the timeframe for this master project, a stereology-
based method was not feasible. On the one hand, the applied method was less precise and
sensitive than stereology, hence there was a possibility of undetected small differences.
On the other hand, an advantage was that this analysis method can be semiautomated to
increase the high throughput further. Additionally, the script and its predetermined
thresholds minimised user bias. In the end, the effect size was large, and lower precision
compared to stereology was not an issue. The relative quantification results obtained with
the conducted method in this project were decided representative of actual values.

4.2 Molecular mechanisms of neurogenesis

Shh has previously been linked with promoting the proliferation of adult neural stem cells
(137). The findings in this project suggested a notably increase in the gene expression of
Shh due to SYP treatment. There is a possibility that the Shh pathway was involved in
increasing the adult neurogenesis detected by immunohistochemistry (figure 14A).
However, as SYP induced the biggest fold-change of Shh expression, the treatment effects
did not correspond in the two methods. The most significant increase in BrdU+/NeuN+
cells was due to EYP, which could indicate several pathways and signals causing the effect
on adult neurogenesis. However, further validation is required to see if the expression of
Shh increases as a result of EYP injections. Previous studies have found the administration
of Shh to stimulate neural stem cell proliferation (138), which supports the notion that Shh
signalling was somehow involved in the increased neurogenesis detected in this study.
Nevertheless, this gene is worth extra investigation in future studies.
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Particularly within the experimental group treated with SYP, there was high interindividual
variability, this could have impeded the results. BDNF is a neurogenesis promoter and was
expected to be upregulated comparable to similar studies (129), contrary, suppression of
Stat3 has led to beneficial effect in previous studies (142), hence a decrease could indicate
a beneficial response. There were no trends in neither the analysis of Bdnf (figure 16A) nor
Stat3 (figure 16B). Despite this, the gene expression of Bdnf and Stat3 in one particular
rat increased as a response to SYP compared to the other rats. These results could imply
that this specific rat had a greater effect of the treatment. Overall, there seemed to be a
correlation of the change of expression of Bdnf and Stat3, most of the rats expressed
similar changes in both of the genes. Similarly, downstream effects of Stat3 on
neurotrophin signalling have previously been found (143), this could support the findings
of correlated change of gene expressions and plausibly indicate that a common pathway
was affected by the treatments and regulated these genes.

Interestingly, except for the Tnf mRNA expression in one particular rat in the SYP group,
which displayed a considerable increase, the results suggested a tendency of down-
regulation of Tnf (figure 16F). The fold change values from SYP varied, and the mean was
skewed; 2 out of 3 rats were found to have decreased mRNA expression of Tnf, while the
mean suggested no effect of treatment. Overall, the results pointed to a down-regulation
of Tnf in the hippocampus from exercised and plasma-treated AD rats, with the most
substantial change from the exercised group. A decrease in this group was expected as
exercise has been found to have anti-inflammatory attributes in AD (103, 104). The results
indicated a tendency of counteracted metabolic syndrome, nevertheless, a more prominent
effect for the remaining experimental groups was projected, similar to a study where
exercised plasma dampened inflammation in aged mice (126).

There were little to no change in the gene expression of Fndc5 (figure 16C) and Egri (figure
16D), this could mean that the mechanisms of protective effects of neither SYP nor EYP do
involve these two factors, although this is contradictory to other studies (122). Angiogenic
stimulation was anticipated in the treated groups based on previous findings on genes as
a response to exercise (110-113). Additionally, upregulating the Shh signalling pathway
has previously been shown to stimulate cerebral angiogenesis (140), one demonstrated
mechanism is interaction with the plasminogen system and, subsequently, induction of
angiogenesis (139). These previous studies support the finding of increased Shh, despite
this, minimal effects were found on Plau (figure 16G) and Vegfa (figure 16H). However, to
provide additional knowledge on how vascular plasticity is affected by treatment, fMRI is a
planned analysis in the clinical study.

Based on the results from the RT-qPCR, there were no indications of correlation between
the gene response in exercised AD rats and exercised-plasma-treated AD rats. The present
study did not reveal a clear marker indicating a pathway from blood to increased
neurogenesis. However, the increased expression of Shh could demonstrate such a
connection between increased adult neurogenesis and systemic factors. Comprising the
animal study this project was based on, proteomics analysis has been performed to
characterize the proteome of the blood, and interestingly, some of the findings could be
associated with increased gene expression of Shh. The proteome revealed increased
plasminogen, as well as other complement cascade related proteins. While these
discoveries were contradictory to decreased expression of complement proteins in the
study by Miguel et al. (126) on aging mice, it could present a noteworthy missing link

29



between factors in the blood, genetic modifications and cellular alterations. Complement
activation is a double-edged sword, with exacerbating effects on disease and protective
attributes in maintaining brain homeostasis by the clearance of AB plaques. Activation of
the complement cascade is a sign of inflammation and could contribute to neurotoxic glial
cell activation and the driver of pathology (102). Nevertheless, in this framework and
conjunction with increased adult neurogenesis, a complement activation could be a
protective response of the injected plasma, furthermore, contribute to the alleviation and
counteraction of AD pathology.

4.2.1 RT-gPCR methodology

Large variations within one group might be due to individual differences. This variation was
a challenge, especially with few rats within the experimental groups. Optimally the gene
expression analyses should be performed on tissue from both hemispheres as hemispheric
lateralization might skew the results somehow. However, the majority of targeted genes
did not provide statistically significant variation of gene regulations and other genes might
be targeted in the left intermediate hemisphere for future studies to reveal the cause of
increased adult neurogenesis. This strategy minimized the number of animals needed in
accordance with animal research ethics, which could outweigh the potential limit of
hemispheric lateralization. More rats could be included to make results easier to interpret
and to increase the statistical power, however, this was not feasible in this study. The
results obtained conceivably represent the truth with little change in expression of the
targeted genes from treatment.

4.3 Limitations and advantages

The capacity to perform these experiments was limited by the rate at which we were able
to breed the recipient rats and wait for them to reach the required age (2-7 months). As a
result, the experiments were very time consuming, and this was a contributing factor to
the low sample size. A general challenge with animal models is the translational aspect
and the difficulty of recreating human AD pathology. The AD rat model used in this study
(McGill-R-Thy1-APP) does not exhibit substantial neuronal loss or tau pathology, which was
a weakness. On the other hand, it has been determined comparable to human pathology
as cognitive impairment becomes prominent. Behavioural experiments are a focus of the
overall animal study, which is partly the reason why this specific model was chosen.
Additionally, this AD model develops neuroinflammation, AB accumulation and amyloid
plaque is present throughout the hippocampus. Overall, it was a good model for AD
concerning AB pathology but less regarding neuronal loss (2, 154). The translational value
of the results might be limited due to the inadequate exhibition of a fully recreated human
AD pathology, which is the case for all animal models. However, it is possible that health
science innovations such as the 7 Tesla MRI (7T MR) can decrease this gap between basic
research and translational research.

A limitation of the study could be that the time from the last BrdU injection until sacrifice
varied from 48 hours till 96 hours. Previous studies have found decreased expression of
BrdU positive cells corresponding with increased time interval between last injection of
BrdU and sacrifice (167, 168). In this study, one rat was sacrificed after 96 hours post last
injection, the same rat displayed the lowest BrdU signal within the EYP treated group.
Conversely, the rat with the greatest BrdU signal was sacrificed after 48 hours. These
might be coincidences, and this was not a trend for the remaining rats. However, future

30



studies could include a standardized time interval between last injection of BrdU and
sacrifice to exclude this variable.

Another limitation of the study was the low statistical power caused by the low sample size
and large interindividual variance, that could lead to an undetected effect, due to a minor
difference and large variance (i.e., a type two-error). This could be that a marker that was
decided not significantly affected in response to treatments in this study might reveal to
be significantly affected if more rats were included in the study. Lastly, this was a multiple
comparison study, and the more hypotheses that were checked, the more the probability
of detecting false positives increased. To counteract this, Holm-Bonferroni post-hoc tests
were implemented to reduce the risk of incorrectly identifying a statistically significant
variance (i.e., a type one-error). Another approach to lower the risk of type one-error
would have been to set a lower significance level, e.g. a = 0.01, which would decrease the
chance of a false positive from 5% to 1%. However, this would also decrease the power of
the analysis to detect a difference, the analysis would be less sensitive. For the purpose of
finding markers of potential interest, the set significance level was decided sufficient,
however, a more thorough assessment of these markers is needed to show an effect of
change in gene expression.

4.4 Future directions

This present study is a part of the animal study allied to the clinical project “ExPlas -
Exercised Plasma to Treat Alzheimer's Disease”. The results obtained will be supplemented
by additional data from the animal study and provide valuable information to support the
clinical study ExPlas.

During the work with this project, an essential immunohistochemistry protocol for
detecting and quantifying neurogenesis and neuronal number has been established. This
will be used for further work on tissue collected in the animal study. Identical analyses on
neurogenesis and gene expression will be executed on experimental groups treated
starting at the age of 2 months to evaluate if treatment prior to the development of amyloid
pathology has a similar effect. It is hypothesized that there might be amplified effects in
the youngest experimental group, which would be of greater translational value to primary
intervention studies. Additionally, the immunostaining will be performed on exercised rats,
as previous findings in the animal study showed high-intensity interval training to be
associated with accumulation of AB plaques. The remaining series of brain sections can be
used for additional immunostaining, first priority will be to detect amyloid plaque to assess
if there has been a reduction in amyloid pathology as a result of EYP treatment. Another
potential target could be glial cells to determine how different cells in the CNS are affected
by plasma treatment.

Unquestionably there are unresolved molecular processes in blood that cause the
proliferation of neural cells, which these mRNA analyses did not uncover. The presence of
the common denominator in EYP and SYP needs to be further assessed in future studies.
Other genes could be targeted and analyzed in conjunction with the obtained results from
the proteomics analysis. Correlations between blood proteome and mRNA expression in
the hippocampus would be an indication of systemic factors crossing the BBB and possibly
accelerating adult neurogenesis. For future studies, the mechanism that mediated the
beneficial effects on adult neurogenesis needs to be elucidated to display the translational
value and clinical utility of the study.
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5 Conclusion

To conclude, quantification obtained from the analysis of BrdU/NeuN immunofluorescence
staining confirmed that treatment with EYP resemble the efficacy of physical exercise on
adult neurogenesis seen in other AD models. Moreover, as the response was amplified in
the experimental group receiving EYP compared to SYP treatment, we can conclude that
exercised plasma provides an additional benefit on the generation of new neurons.

The analyses of mMRNA expression of neurogenesis, inflammation and angiogenesis markers
suggest a difference in gene expression of Shh in AD-rats treated with SYP. The finding of
an increased neurogenic marker indicates an association between changes in the systemic
environment after exercise and beneficial effects in the hippocampus. Despite this, the
molecular genetic mechanisms behind the increase of adult neurogenesis generated by
exercised-plasma-factors require further investigation.

The finding of increased neurogenesis in response to EYP reveals a possible novel
therapeutic strategy for AD. This is one of the first studies to detect preventative and
conceivably therapeutic attributes of EYP treatment. EYP treatment seemed to stimulate
counteraction of neurodegeneration by increasing adult neurogenesis, demonstrated in a
transgenic rat model of AD. Additionally, the results indicate that exercise-induced factors
give rise to additional advantageous effects compared to sedentary young plasma.
Targeting the systemic environment with exercise-induced blood-borne factors could be a
step towards slowing disease progression, mitigating AD proteinopathies and improving
cognitive functions. If future studies support our findings of exercised plasma to benefit
the AD brain, then further research is needed to decipher the underlying molecular
mechanisms. Eventually, this knowledge might be applied in the development of next-
generation AD drugs.
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Appendix IA

Immunostaining protocol detecting neurogenesis (anti-BrdU and anti-NeuN)

Day 1

Deparaffinisation of control section

1.

2 x 5 min Xylen
2 x 1 min 100%
1 x 1 min 96%
1 x 1 min 80%
H20

Note: Carry out the procedure with a negative control section in a 6-well plate with
strainers, the remaining free-floating tissues are in "braincups"”, while the positive BrdU
control is fixed on a slide. All rinsing and incubations should be performed on a plate shaker
at room temperature unless otherwise stated. Step 12 and beyond should be performed in
the dark.

2.

10.
11.

12

Day 2
13

15.

16.

17.
18.

Transfer the free-floating brain sections to a petridish filled with DMSO when
selecting accurate sections for staining

Preheat sodium citrate buffer (10 mM sodium citrate, 0.05% Tween, pH 6.0) to 60
°C in a water bath

Transfer sections into Eppendorf tubes containing preheated sodium citrate buffer,
and immerse into the water bath for 30 min

After the incubation is done, remove the tubes and slides from the water bath and
retrain sections in the solution until room temperature is reached

Preheat water bath and 1M HCI to 45 °C

Rinse section 3 x 5 min in TBS

Denature DNA by transferring the sections into Eppendorf tubes containing
preheated HCI, and immerse into the water bath for 30 min

Rinse sections in Borate buffer (0.1 M) for 10 min

Rinse sections 3 x 10 min in TBS

Incubate with 10% goat-serum in TBS-Tx for 60 min.

.Incubate sections with primary antibodies: BrdU mouse monoclonal antibody

(1:100 in TBS-Tx) and NeuN rabbit monoclonal antibody (1:3000 in TBS-Tx) for 24
hours at 4 °C.

.Rinse sections 3 x 10 min in TBS-Tx.
14.

Incubate sections with fluorescent conjugated secondary antibodies, Goat Anti-
Mouse IgG H&L Alexa Flour 488 and Goat anti-rabbit IgG H&L Alexa Flour 594,
(1:100 in TBS) for 1 hour

Rinse section 3x5 min in TBS. For later mounting, keep in TBS at 4 °C covered with
aluminium foil.

Mount on Superfrost glass slides while sections are floated in TBS - let dry for at
least 30 min.

Add Vectashield and place the coverslip. Seal the coverslip using nail polish.
Mounted sections can be stored (in the dark) 4°C for up to 6 months
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Appendix IB

Solutions for the immunostaining protocol detecting adult neurogenesis

DMSO
100 ml: 312.5 mL 400 mM phosphate buffer + 467.5 mL H20 + 200 mL glycerine + 20 mL
DMSO. Store at 2 - 8 °C.

Sodium citrate buffer (10mM Sodium Citrate, 0.05% Tween 20, pH 6.0)
1 L: 2.94 g trisodium citrate (dihydrate) + 1 L distilled H20. Mix to dissolve.
Adjust to pH 6.0 with 1 M HCI. Add 0.5 mL Tween-20 and mix well. Store at 2 - 8 °C.

Tris-buffered saline (TBS) pH 8.0
1500 mL: 9.09 g Tris + 13.44 g NaCl in 1500 mL H20
Adjust to pH 8.0 with HCI (2.0 M). Store at 2 - 8 °C.

TBS-Tx (0,5%) pH 8.0
500 mL TBS: In a ventilated hood, add 2.5 mL Triton X-100 and mix well. Store at 2 - 8
°C.

1 M HCI
50 mL: 4.2 mL 37 % HCl in 45.8 mL H20
Store at room temperature in a well-ventilated place for an extended period of time.

2 M HCI
50 mL: 8.4 mL 37 % HCl in 41.6 mL H20
Store at room temperature in a well-ventilated place for an extended period of time.

0.1 M Borate buffer pH 8.5

0.62g boric acid + 75 mL H20

Adjust to pH 8.5 with 10 M NaOH, and then add H20 to a total volume of 100 mL.
Store at 2 - 8 °C.

Primary antibody (BrdU)
BrdU mouse monoclonal antibody, Invitrogen. 0.1 mg/mL. LOT # 2125239. Store at 2 -
8°C.

Secondary antibody (BrdU)
Goat Anti-Mouse IgG H&L Alexa Flour 488, abcam. 2 mg/mL. LOT # GR3225138-1.
Store at 2 - 8°C.

Primary antibody (NeuN)
NeuN rabbit monoclonal antibody, Abcam. 0.82 mg/mL. LOT # GR3275122-3.
Store at 2 - 8°C.

Secondary antibody (NeuN)

Goat pAb to rabbit IgG Alexa Fluor 594, Abcam. 2 mg/mL. LOT # GR3323881-1.
Store at 2 - 8°C.
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Goat serum
Normal goat serum, Invitrogen. LOT # 1115869A. Store at -20°C.

VECTASHIELD
Antifade mounting medium. Vector laboratories. LOT # ZF0612. Store at 2 - 8 °C.
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Appendix IIA

Validated primers for mRNA analyses

Table 1: Primer design and sequence overview

Primer name Sequence (5'>3")
rno - Stat3 F: AGGAGGGCAGTTTGAGTCGC
R: ACAGGCGGACAGAACATAGG
rno - Shh F: GCTCTGTGAAAGCAGAGAACTCC
R: GCGAAGAGTGGGCTCGGTC
rno - Fndc5 F: GTCTCCTCCGAAGCAAGATATGA
R: TTTCACACACAGCCTTCGGT
rno - Vegfa F: GAACGTACTTGCAGATGTGAC
R: GGTTAATCGGTCTTTCCGGTG
rno - Plau F: ACAGATTCCTGCTCGGGAGA
R: GGTGGACAGCACAAGCAAAG
rmo - Bdnf F: GTCGCACGGTCCCCATTG
R: ACCTGGTGGAACTCAGGGT
rmo - Egrl F: CAGCTGACCACAGAGTCCTTTT
R: GTTGGTCATGCTCACAAGGC
rmo - Tnf F: ATGGGCTCCCTCTCATCAGT
R: GCTTGGTGGTTTGCTACGAC
rno - Hprt F: ACAGGCCAGACTTTGTTGGAT
R: GGCCACAGGACTAGAACGTC
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Appendix IIB

cDNA synthesis cycling conditions

Table 2: Thermal cycling conditions for RT-gPCR, Thermo Scientific™ NanoDrop 2000 (Thermo Fisher)

Cycle Step Temperature (°C) | Time (min) | Number of Cycles (n)
Initial Denaturation 95.0 15.0 1
Denaturation 94.0 0.250 42
Annealing Extension 55.0 0.500 42
Elongation 71.0 0.500 42
Melt curve generation | 65.0 0.083 1
95.0 0.833 1
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