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Abstract

Physical activity is associated with lower risks of developing dementia, Parkinson’s disease (PD) and depression.
Furthermore, being physically active prior to brain ischemia appears to help the recovery process. However, previous
studies do not differentiate between the two most common forms of dementia, Alzheimer’s disease (AD) and vascular
dementia (VaD), when it comes to the association between physical activity and dementia. Also, these studies do not
take into consideration the potential bias due to reverse causation when assessing these associations. Moreover, little is
known about how exercise affects neuroinflammation and other pathological hallmarks of brain ischemia and AD.

In this thesis, | investigate the potential of physical activity to act as a preventive strategy against common disorders
affecting the brain. With a focus on translational medicine, | combined an epidemiological approach with experimental
approaches. By using the Vasaloppet Registry together with the Swedish population and patient registries, we
investigated if physically active skiers (n= 197,685) had lower risks of AD, VaD, PD and depression compared to an age
and sex-matched general population (n=197,684) during an up to 21-year follow-up. Using experimental interventions, |
investigated how running affected neuroinflammation and other aspects of the molecular pathology in mouse models of
brain ischemia and AD.

| discovered that forced running in mice prior to global brain ischemia may induce a stress response, leading to increased
neuronal death in the hippocampus.

We observed a lower risk of depression among both sex in our skiers (hazard ratio (HR)=0.50 (0.46-0.53), p<0.001).
Among men, faster skiing was associated with an even lower risk compared to slower skiers (HR=0.65 (0.49-0.87),
p=0.004), whereas faster female skiers did not have any difference in risk compared to slower counterparts (HR=1.14
(0.77-1.70), p=0.51). The reasons behind these differences require further investigation.

Skiers also had a lower risk of developing PD compared to controls during the early follow-up period (HR=0.71 (0.55-
0.90), p=0.004), but this association became non-significant in sensitivity-analysis excluding persons diagnosed with PD
within the first 5 years after inclusion (HR=0.80 (0.62-1.03), p=0.09). With longer follow-up times, the skiers’ cumulative
PD incidence converged with that of the general population. These findings are in line with the motor reserve hypothesis,
wherein physically active individuals may develop a motor reserve, allowing them to sustain PD pathology longer before
symptoms appear.

Moreover, skiers had a lower risk of VaD (HR=0.54 (0.37-0.80), p=0.002), but not AD (HR=0.88 (0.66-1.18), p=0.40).
Experimentally, in the 5xFAD mouse model, 6 months of voluntary wheel running did not ameliorate their AD-like
pathology. These findings question the general view of exercise as being protective against AD.

Taken together, even though it is not equally effective against all disorders, a physically active lifestyle seems to be
associated with a lower risk of developing disorders affecting the brain. Furthermore, the exact mechanisms behind these
associations remain to be elucidated, and the optimal exercise settings need to be defined.
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Popular science summary

Every winter, skiers all around the world challenge themselves by participating in
Vasaloppet, the world’s largest long-distance ski race held in Sweden. Not only do they
display their athleticism, they also benefit in other ways: depression is only half as
common, the manifestation of Parkinson’s is delayed and they have lower risk of
vascular dementia, but not Alzheimer’s. We made these discoveries when comparing
almost 200 000 long-distance skiers with a matched general population during an up
to 21-year follow-up.

Globally, almost 300 million individuals are affected by depression (WHO 2019).
Among both sexes, fewer skiers developed depression. Faster racing was associated with
a further lowered risk of depression in skiing men.

Parkinson’s disease (PD) is a movement disorder affecting over 6 million people
worldwide (EBC). Skiers were diagnosed with PD less frequently compared to controls
during the first 15 years of the follow-up. Thereafter, the PD-levels among the skiers
approached that of the general population. Based on this, we believe that the physically
active skiers develop a motor reserve, allowing them to sustain brain pathology longer
before motor symptoms develop.

Alzheimer’s disease (AD) is the most common form of dementia, followed by vascular
dementia. Globally, dementia affects 50 million people (WHO 2019). Vascular
dementia was less common among our skiers. On the contrary, the risk of AD was not
affected even though other studies show the opposite. Next, we took a closer look at
how exercise affects molecular pathological hallmarks within the brain using mouse
models.

Neuroinflammation seems to contribute to many disorders affecting the brain.
Microglia are the main inflammatory cells in the brain. This cell type may become
activated and display different characteristics, either protecting or damaging neurons.
Galectin-3 is a carbohydrate-binding protein used by microglia for inflammatory
communication. We have demonstrated that galectin-3 contributes to neuronal
damage in our mouse model of global brain ischemia. We wondered whether exercise
might affect inflammation. Therefore, we subjected half of our mice to treadmill
running before inducing brain ischemia. Unfortunately, the forced running lead to
stress, and running mice displayed increased neuronal damage. Furthermore, treadmill
running did not affect the levels of microglia or galectin-3. On the contrary, the
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running intervention seemed to increase the levels of inflammatory cytokines. We were
obliged to look for another running paradigm for our mice.

Neuroinflammation also influences the development of AD in our AD mouse model.
Since other studies have shown that physical activity reduces the risk of AD, we wanted
to investigate if running could affect the molecular hallmarks of AD. Instead of forcing
mice to run, we allowed them to run voluntarily in running wheels. Despite this,
running did not ameliorate the AD pathology as measured by the levels of amyloid-
beta and their memory capabilities. Cytokine levels also remained unchanged. We
concluded that physical activity does not affect the development of AD, at least not the
type of AD we investigated.

Taken together, physical inactivity is a major risk factor for disorders affecting the
brain, such as dementia, stroke, and depression (WHO 2018). Despite this, 25 % of
all adults around the globe do not fulfill the recommendations given by WHO on
physical activity levels. In addition, the impact of the above-mentioned diseases
increases as the aging population grows. Increasing physical activity might be the key
in dealing with this challenge, even though it does not seem to help against all disorders
affecting the brain. Nevertheless, train your brain!
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Résumé

L’inactivité physique est un facteur de risque majeur pour les maladies cérébrales, telles
que la dépression et la démence. Malgré cela, un tiers des adultes européens n’atteint
pas les recommendations d’activité physique de TOMS (OMS 2015). Dans le méme
temps, le nombre de personnes touchées par ces maladies augmente (EBC). Une activité
physique plus importante pourrait étre la clé pour relever ces défis. Nous avons donc
besoin de connaissances approfondies de la maniére dont I'activité physique affecte ces
maladies. L’activité physique, prévient-elle vraiment toutes ces maladies du cerveau?

Aujourd’hui, la maladie de Parkinson affecte plus d’1 million d’Européens. La maladie
commence par la dégradation de la région cérébrale Substantia Nigra, entrainant un
manque de dopamine suivi de troubles du mouvement. Dans le cas de la maladie
d'Alzheimer des régions cérébrales sont également dégradées, mais cette fois-ci il s’agit
de Thippocampe, entrainant des difficultés de mémoire. Parmi les pathologies
démentielles, la maladie d’Alzheimer est la plus courante, suivie par la démence
vasculaire. En Europe, 10 millions de personnes souffrent de démence (OMS 2019).
La dépression est encore plus courante. Environ 40 millions d’européens souffrent de

dépression (OMS 2019).

Nous avons examiné comment l'activité physique peut jouer un rdle dans le risque de
développer ces maladies cérébrales. En suivant prés de 200 000 skieurs ayant participé
au Vasaloppet (une course de longue distance) en paralléle avec le méme nombre de
non-skieurs parmi la population pendant 20 ans, nous avons pu étudier comment les
niveaux d'activité affectent le risque de ces maladies.

Indépendamment du sexe, les skieurs développent moins souvent de dépression
comparé aux non-skieurs. Parmi les hommes, la vitesse influait aussi, plus elle est élevée,
plus le risque de dépression est faible. Pendant les 15 premieres années apres la course,
les skieurs ont également eu un risque réduit de développer la maladie de Parkinson.
Au-dela, ils ont rejoint les niveaux de la population générale. Nous pensons que les
skieurs, physiquement actifs, développent une réserve motrice, qui leur permet de
supporter davantage de pathologie cérébrale avant que les symptomes moteurs
apparaissent. Concernant les pathologies démentielles, la démence vasculaire était
également moins fréquente chez les skieurs. Cependant, le risque de maladie
d'Alzheimer ne semblait pas étre affecté, bien que d'autres études aient montré le
contraire. Nous avons ensuite examiné de plus pres l'impact de l'exercice sur des
processus pathologiques moléculaires dans le cerveau.

Les recherches montrent que I'inflammation cérébrale peut contribuer a la progression
de nombreuses maladies cérébrales. La microglie est la principale population de cellules
inflammatoires du cerveau. En étant activée de différentes manieres, la microglie peut
protéger ou endommager le cerveau en augmentant ou en réduisant I'inflammation. La
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galectine-3 est une molécule sécrétée par les cellules de la microglie pour qu’elles
puissent communiquer entre elles. Nous avons constaté que la galectine-3 joue un role
crucial dans les Iésions cérébrales dans notre modéle murin d'ischémie cérébrale globale
(une situation qui affecte le cerveau pendant d'arrét cardiaque). Nous avons fait courir
un groupe de souris comparé a un groupe témoin avant de couper temporairement le
flux sanguin vers le cerveau. Malheureusement, I'entrainement forcé sur les tapis
roulants a stressé les souris a tel point qu’elles ont développé des lésions cérébrales
majeures. En outre, l'entrainement n'a pas affecté la quantité de microglie ni la
galectine-3. En revanche, I'entrainement sur les tapis roulants semblait augmenter les
niveaux de cytokines, d'autres molécules de la signalisation inflammatoire. Néanmoins,

nous avons pu trouver un autre moyen d’entrainer des souris sans les stresser.

L’inflammation cérébrale affecte également la progression de la maladie chez nos souris
Alzheimer. Comme d'autres études ont montré que l'activité physique réduisait le
risque de maladie d'Alzheimer, nous voulions tester si I'exercice chez nos souris pouvait
affecter I'évolution de la pathologie au niveau moléculaire. Nous avons laissé les souris
s’entrainer librement dans des roues au lieu de les forcer. Malheureusement,
I'entrainement n'a pas amélioré leur mémoire. La quantité d'amyloide béta, un
marqueur d'Alzheimer, n'a pas été affectée. L'exercice n'a pas non plus modifié les
niveaux de cytokines. Notre conclusion est donc que activité physique n’affecte pas la
progression de la maladie d’Alzheimer, tout du moins pas dans le type d’Alzheimer que
nous avons étudié.
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Populirvetenskaplig sammanfattning

Halverad risk att drabbas av depression. Parkinsons sjukdom f6rdréjs. Risken minskar
for vaskulir demens, men inte fér Alzheimers sjukdom. Dessa fynd gjorde vi hos nistan
200 000 Vasalopps-dkare nir de jimf6érdes med ovriga befolkningen och f6ljdes mellan
1989-2010.

I Sverige diagnosticeras var femte person nigon ging under sitt liv med depression
(Folkhilsomyndigheten 2017). I var Vasalopps-studie drabbades bade manliga och
kvinnliga skidakare mer sillan av depression jaimfort med 6vriga befolkningen. Bland
de manliga skidikarna spelade 4ven hastigheten roll, ju snabbare skidikning desto ligre
risk for framtida depression.

Parkinsons sjukdom ir en rorelsesjukdom och drabbar idag 1 % av befolkningen 6ver
60 ar (1177.se). Vira skidakare drabbades i mindre utstrickning av Parkinsons de forsta
15 édren. Direfter nirmade de sig befolkningens nivéer. Vi tror dirfor att de fysiskt
aktiva skiddkarna utvecklar en motorisk reserv som gor att det tar lingre tid innan
sjukdomen ger symptom trots att nedbrytningen i hjirnan inte férhindras.

Alzheimers dr var vanligaste demenssjukdom, foljt av vaskulir demens. I Sverige
insjuknar runt 10% av befolkningen i demens i slutet av livet (Alzheimersfonden 2019).
Vasalopps-dkarna utvecklade vaskulidr demens mer sillan jimfort med de som inte akee.
Risken for Alzheimers verkade diremot inte paverkas, trots att andra studier visat
motsatsen. Vi tittade ndrmare pd hur trining paverkar molekylira sjukdomsprocesser i
hjirnan.

Inflammation i hjirnan, neuroinflammation, kan vara en bidragande faktor vid manga
hjirnsjukdomar. Mikroglia 4r hjirnans frimsta inflammatoriska cell. Genom att
aktiveras pa olika sitt kan mikroglia antingen skydda eller skada hjirnan. For att
kommunicera utsondrar mikroglia bland annat molekylen galektin-3. Vi har
konstaterat att galektin-3 bidrar till hjarnskadorna som uppstér i vir musmodell f6r
global ischemi i hjirnan (ett tillstind som drabbar hjirnan vid hjirtstopp). Vi tinkte
att traning skulle kunna paverka inflammationen i dessa moss. Dirfor lat vi hilften av
mossen springa pa 1opband innan blodflédet till hjirnan strops tillfillige. Dessvirre
stressade den pétvingade triningen mossen, de utvecklade storre hjirnskador.
Dessutom  péaverkade 16pningen inte mingden mikrogliaceller eller dess
inflammatoriska signalmolekyl, galektin-3. Tvirtom verkade I6ptriningen 6ka nivierna
av andra inflammatoriska signalmolekyler; cytokinerna. Som tur var kinde vi till ett
sdtt att [optrina mdss utan att de blev stressade.

Neuroinflammation péverkar dven sjukdomsutvecklingen i vara Alzheimers-mdss.
Eftersom andra studier har visat att fysisk aktivitet minskar risken for Alzheimers ville
vi undersbka om loptrining i vira mdss kunde péaverka det molekylira
sjukdomsférloppet. Vi lit méssen trina frite i [6phjul istillet for att tvinga dem. Trots
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detta forbittrade triningen inte méssens minne. Nivierna av Alzheimers-markéren
amyloid-beta paverkades inte heller. Cytokin-nivierna var ocksi oférindrade. Vir
slutsats dr att fysisk aktivitet inte paverkar sjukdomsutvecklingen vid Alzheimers
sjukdom, dtminstone inte i den typen av Alzheimer vi undersokte.

Fysisk inaktivitet ir en stor riskfaktor for hjirnsjukdomar sisom demens, stroke och
depression (WHO 2018). Trots detta uppfyller var tredje vuxen svensk inte WHOs
rekommendationer och antalet som lider av demens och depression okar. Fysisk
aktivitet kan vara nyckeln till en minskning, dven om det inte verkar ha effekt pé alla
hjirnsjukdomar. Trina Hjirna!
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Till alla barn

MIKROGLIA MIA BLIR ARG

20

Djupt inne i hjdrnans slingriga skogar
bor vara vanner Nervcellen Ellen och
Mikroglia Mia. Nar Nervcellen Ellen
skrapar ner brukar Mikroglia Mia

stada.

Nervcellen Ellen brukar vika pappers-
flygplan att flyga med ute i tradgarden.
Flygplanen kallas for A-beta. En dag
borjade Nervcellen Ellen vika
flygplanen fel och de gick inte att flyga
med langre.

Nervcellen Ellen kastade ut de trasiga
flygplanen i tradgarden. Mikroglia Mia
tyckte att flygplanen skrapade ner. Hon
kastade dem i papperskorgen.

pr N

Nervcellen Ellen fortsatte slanga ut
trasiga flygplan. Till slut hann Mikroglia
Mia inte stdda undan alla A-beta
blaste ut fran tradgarden och spreds i
hjarnans skogar.




Sluta slang ut
trasiga A-beta!

Da tappade Mikroglia Mia talamodet.
Hon blev arg pa Nervcellen Ellen.
Nervcellen Ellen lyssnade inte, utan
tog fram klister. A-beta klibbade fast i

KORTEX

Klumpar med A-beta skrapade ner i
hjarnans skogar. Alla dessa klumpar
med A-beta gor det svart att tanka nar
man blir gammal.

:
o

Mikroglia Mia blev &nnu argare och
hallde ut bensin for att elda upp
A-beta. Men det kom nya hela tiden.
Da blev mikroglia Mia sa arg att hon

hallde ut bensin 6verallt.

Brandkaren ryckte ut, men elden hade
redan spridit sig i hjarnans slingriga
skogar. Nu forsoker de slacka
branderna i gamla manniskors huvuden.
De vantar pa att forskarna ska ta reda
pa hur man slacker branderna.

| min forskning forsoker vi ta reda pa
om traning kan hjalpa Mikroglia Mia att

slacka branden i hjarnan, det ar det den
har boken handlar om.

Det bérjade brinna i huset dar Nervcellen
Ellen bodde. Nervcellen blev skadad.

i |
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Context of this thesis

I started my Ph.D. project in 2013 when my supervisor, Tomas Deierborg, received
funding for investigating the effect of exercise on disorders affecting the brain within a
translational setting in collaboration with Jan Lexell. By writing a critical review (not
included in this thesis), I wanted to elucidate how animal models of specific disorders
affecting the brain could be used to model exercise interventions using clinically
relevant settings. I summarized what was already known in this research field, focusing
on the effects of exercise on neuroinflammation, neurodegeneration, and behavior in
different disorders affecting the brain.

After identifying research questions that needed to be answered, the first experimental
step of my thesis work was initialized; I investigated the effect of treadmill running on
mice before subjecting them to global brain ischemia. Before studying the effect of
running in this model, I investigated how neuroinflammation contributes to the
damage and behavioral deficits in this mouse model (Paper I). Unfortunately, we
discovered that forcing mice to run induced a stress response that had detrimental
effects on brain recovery following ischemia (Paper II). Therefore, we decided to use a
voluntary wheel running setup for our next experimental study.

In parallel with my experimental work, we were looking for possibilities to make my
project more translational and did so, by including data from human studies. This
opportunity arose when my supervisor contacted Ulf Héllmarker and Stefan James,
researchers at Uppsala University responsible for the build-up of the Vasaloppet
database. This collaboration offered a great possibility to study how a physically active
lifestyle (in this case, being a Vasaloppet skier) could affect the risk of developing
different disorders affecting the brain later in life. Thus, during the latter half of my
Ph.D. time, I was responsible for compiling, interpreting and reporting our results from
this data in three different manuscripts; one investigating depression, one investigating
Parkinson’s Disease (PD) and one investigating dementia, distinguishing between
Alzheimer’s disease (AD) and vascular dementia (VaD). This was done in collaboration
with clinicians to assure that the results were reported in relevant ways and that
reasonable conclusions were drawn.

When investigating the association between Vasaloppet participation and incidence of
depression (Paper III), I obtained a clinician’s perspective and received consultation on
my work by collaborating with Lena Brundin, a psychiatrist and psychiatric researcher.
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In the study investigating Vasaloppet skiers and a later risk of PD (Paper 1IV), the
working hypothesis and the manuscript were prepared in collaboration with Tomas
Roos (né Olsson).

In my thesis, I had the great opportunity of combining epidemiological human data
from physically active persons with experimental, molecular insights from mouse
models on how AD pathology is affected by exercise. In the study looking at midlife
physical activity and dementia (Paper V), I shared the first authorship with Anna-Mirta
Gustavsson and Oskar Hansson. They are both clinicians with extensive knowledge
about dementia diagnoses. Anna-Mirta and Oskar were responsible for analyzing the
Malmé diet and cancer cohort included in this paper while my responsibility (together
with Tomas Deierborg) was analyzing the Vasaloppet cohort and conducting and
analyzing the results from the animal model reported in this paper.

In conjunction with the Vasaloppet and dementia study, I conducted the last
experimental study included in my thesis (Paper VI). By allowing transgenic AD mice
(5xFAD) to voluntary run in wheels, I investigated how exercise affects molecular
hallmarks of AD. The effects on soluble amyloid-beta, synaptic proteins, and cognitive
behavior were reported in the Vasaloppet dementia paper. Finally, I reported the effects
of exercise on neuroinflammation and non-cognitive behavior in 5xFAD mice in the
last experimental paper included in this thesis (Paper VI).

Taken together, my thesis should be viewed as an attempt to investigate the impact of
physical activity on disorders affecting the brain from two different perspectives; one
epidemiological and one experimental. The overall goal of this work is to encourage a
more translational view of this research area.
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Introduction

In this introduction, I will first define some of the most common disorders affecting
the brain which were also investigated in my research. Next, I will give a more detailed
description of the neuroinflammatory component of these disorders. Lastly, I will
describe the main focus of this thesis; the therapeutic potential of physical exercise with
main focuses on its neuroinflammatory effects and its potential as a preventive strategy
for the diseases affecting the brain.

Disorders affecting the brain

This section will briefly introduce the disorders affecting the brain that are investigated
in my research, namely global cerebral ischemia, vascular dementia (VaD), Alzheimer’s
disease (AD), Parkinson’s disease (PD) and depression. Before introducing each
disorder it is important to mention the complexity of comorbidity. Many patients do
not suffer from only one of these disorders. Hence, the overall picture is complex; the
determination of the exact pathological mechanisms behind each diagnosis is difficult
as these mechanisms are rarely isolated and suspected to affect each other. For instance,
almost 30 % of patients with AD also suffer from cerebrovascular lesions ', and several
reports suggest that cerebral ischemia impacts the development of AD *. Furthermore,
in some studies, depression is associated with an increased risk of developing AD and
PD and of having a stroke °. Not only are there patients affected by several of these
disorders, but also many of these disorders give rise to overlapping symptoms. For
example, patients with dementia are prone to getting depressive symptoms *°.
Depressive symptoms have even been suggested to be one of the signs of prodromal
AD, the stage before cognitive symptoms are noticed °. Reversely, patients with
psychiatric disorders tend to also have cognitive dysfunctions ’. Also, many patients
with PD develop dementia with time °. Depression is a common secondary
complication following a stroke, as post-stroke depression has been shown to manifest
in up to 70 % of all stroke survivors %. Thus, the below-described disorders affecting
the brain are indeed distinct but overlap in certain pathological processes.
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Cerebral ischemia

Globally, cerebral ischemia is estimated to affect almost 14 million people each year °.
Even though ischemic stroke dropped in rank as now the fifth leading cause of death
in men, it remains the third leading cause of death in women '°. Despite extensive
research, we are still lacking knowledge about the etiology of stroke and the pathological
processes involved. The main molecular events contributing to the pathology of
cerebral ischemia are described below and summarized in Figure 1.

Cerebral ischemia usually starts with an occlusion in one of the cerebral vessels, leading
to the deprivation of oxygen and nutrients as well as the accumulation of waste products
within the neurological tissue supplied by the affected vessel. This ultimately leads to
the death of the affected neurons within a few minutes unless the occlusion is resolved
and blood flow is re-established quickly. There are several molecular causes behind this
neuronal cell death, but the impact of each cause is not yet clear. The lack of energy
and oxygen supply immediately gives rise to a lack of adenosine triphosphate, the
ultimate mediator of energy for cells. Given the lack of oxygen, lactic acid will result
from anaerobic metabolism, causing a drop in pH. A lack of energy implies that cells
will be unable to maintain their ion balances as they are dependent on several energy-
consuming ion pumps for active transportation of ions across the cellular membranes.
One such example of an energy-consuming ion pump is the sodium-potassium pump
(Na* K* ATPase pump), which is required to maintain the membrane resting potential
of a neuron. Non-functional ion pumps lead to dysregulated depolarization with an
influx of Ca® ions. In presynaptic neurons, this will lead to the secretion of
neurotransmitters, such as excitatory glutamate, into the synaptic cleft. Once this state
is accomplished, it all turns into a self-propagating disaster on the molecular and
cellular levels. Notably, the released glutamate binds to excitatory receptors, such as
NMDA, leading to membrane depolarization and, subsequently, an even greater influx
of Ca* into the cells, a phenomenon referred to as excitotoxicity.

Increased intracellular Ca®levels induce a multitude of downstream intracellular
signaling pathways, affecting the activity of catabolic enzymes such as proteases and
lipases. Thus, cellular structures are broken down from the inside of the cell. Moreover,
mitochondria become dysfunctional as free radicals are produced and caspases involved
in programmed cell death are activated. All these factors likely contribute to the
apoptosis and necrosis occurring in the neuronal tissue during the hours and days
following the ischemic event. In addition, the immune response elicited by the ischemic
insult affects the molecular pathology following cerebral ischemia. The inflammatory
contribution to the pathology will be described in more detail at the end of the next
section (see 7he role of neuroinflammation in brain ischemia).

The affected brain area surrounding the site of occlusion can be divided into the
ischemic core and the penumbra, where the area affected evolve with time. The
ischemic core is the area in which neurons are irreversibly damaged and dying, whereas
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the penumbra is the area with dysfunctional but still living neurons. The latter is an
area where the fates of cells are thought to not yet be determined but rather to be
rescuable through therapeutic interventions. With time, some cells within the primary
penumbra will be found to be irreversibly damaged. Hence, these cells will die and
become a part of the expanding ischemic core, the definitive lesion. The remaining cells
within the primary penumbra will eventually recover, and this area will regain its
normal functions during the weeks following the ischemic event. This process is
thought to be highly influenced by the immune response.
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Figure 1. Molecular pathology in the brain following brain ischemia

Following vascular occlusion, the lack of vascularly supplied oxygen and glucose lead to a lack of energy within the
brain parenchyma (1). The resting membrane potential is lost since the Na+K+ATPase pump maintaining this potential
no longer works (2). This leads to an uncontrolled influx of Ca2+ into neurons through voltage-gated channels (3).
Vesicles with neurotransmitters, such as glutamate, are released into synaptic clefts (4) and bind to NMDA receptors
on postsynaptic neurons in an uncontrolled way, causing excitotoxicity (5) through excessive influx of Ca2+. This leads
to abnormal activation of enzymes degrading macromolecular structures inside the cell (6). Simultaneously,
mitochondrial dysfunction leads to the release of free radicals and the activation of caspases causing apoptosis (7).
Dysfunctional neurons fail to maintain microglia in their resting state, and molecules from damaged tissue leads to pro-
inflammatory activation of the microglia (M1) and secretion of harmful molecules (8). Peripheral immune cells infiltrate
the brain (9). In the later phase, alternatively activated microglia (M2) contribute to tissue healing and inflammatory
resolution (10).

The initial symptoms and long-term outcome of recovery differs widely between
patients. Not only are the symptoms determined by the site of brain ischemia but also
by the size of the injury. Initial symptoms range from paralysis and impairments of
speech and vision to unconsciousness and, in the worst case, death. Long-term outcome
following recovery is determined by the site of the lesion and the recovery rate of the
neurons within the penumbra.
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To improve the chances of a better outcome, it is essential to rapidly get the patient
under medical surveillance and to administer treatment in the very early phase. Today,
few established treatments exist. With thrombolytic treatment, the occlusion is resolved
through intravenous administration of tissue plasminogen activator, improving
functional outcome even for the milder cases ''. This treatment has to be induced
within a few hours of symptom onset '*'* and even if received within this time, less
than 50% achieve desirable effects *. Another treatment is thrombectomy, where the
occlusion is mechanically removed intravenously "°. However, since the vast majority
of patients (>70%)) do not seek medical care within the first hours after onset, these
treatments are limited '*'® and new treatments are needed. Many different treatment
strategies are promising in animal models but rather disappointing when translated into
human settings. The reasons for these failures remain largely unknown but might, in
part, be explained by differences between species and the fact that the animals used in
experimental settings are rather young ''*. The current lack of effective treatments
increases the importance of developing preventive strategies.

Recent studies have indicated the possibility to lower the mortality rate in stroke
patients by managing different lifestyle risk factors . Well-known risk factors related
to lifestyle are smoking, poor diet and physical inactivity . Hypertension, diabetes and
age are other risk factors. Certainly, the stroke mortality rate has decreased over the last
few years, due to risk factor control '”*°. Nevertheless, the research presented in this
thesis investigates the possibility of physical exercise as a preventive strategy. The
potential effects will be further introduced in section 3 of this introduction (see Exercise
as a preventive strategy for disorders affecting the brain).

Global cerebral ischemia

This thesis focuses on the effects of physical exercise on a specific type of ischemia:
global cerebral ischemia. This refers to an ischemic insult that affects large parts of the
brain, including, among others, the hippocampus and striatum. It can be caused by
either drowning or cardiac arrest, but our research focuses on the latter. Cardiac arrest
affects around 10000 people each year in Sweden. Out of the cases that occur outside
of a hospital setting, the mortality rate is as high as 90 %. Many of the molecular events
in global cerebral ischemia are similar to those of ischemic stroke, but in experimental
settings of global cerebral ischemia no delayed selective neuronal death or penumbra is
seen ',

Vascular dementia

Disturbances in the cerebrovasculature is thought to account for 10-20% of all
dementia cases, often referred to as vascular dementia (VaD) ****. Men are typically at
higher risk for this type of dementia compared to women *?*. VaD is divided into
several subtypes depending on the cause. For example, hypoperfusion, multiple cortical
infarcts, white matter lesions, or recurrent microbleeds may cause vascular dementia *°.
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Cognitive deficits are varied and depend on the brain region affected. For instance,
attention and executive function may be affected.

Factors that increase the risk of VaD are age, smoking, diabetes, hypertension, and
atherosclerosis. Interestingly, vascular risk factors also increase the risk of developing
AD *. Importantly, many dementia cases display a mixture of AD and vascular
dementia pathology '. Knowledge about the pathology of VaD, alone or in
combination with AD, is scarce. As there are still no effective treatments for vascular
dementia, preventive strategies are highly valued. Physical activity might be one such
strategy, and this will be further described and investigated in this thesis.

Neurodegenerative diseases

Due to increasing life expectancies but lack of effective treatments or preventive
strategies, the number of people affected by neurodegenerative diseases, such as AD and
PD, is suggested to increase. In 2015, dementia was estimated to cost societies around

the globe over 800 billion dollars (WHO, 2019).

Alzheimer’s disease

Today, 44 million people are estimated to suffer from dementia %, with the prevalence
of AD nearly two times higher among women compared to men *. Constituting 50-
80% of all dementia cases, AD represents a major cause of dementia *>*/, followed by
vascular dementia. AD is a neurodegenerative disorder, characterized by a sequential
increase and spread of intracellular hyperphosphorylated tau proteins and extracellular
aggregates of amyloid beta (AB) protein within the brain (see Figure 2). At the same
time, there is a progressive degeneration of neuronal tissue, specifically decreasing
hippocampal and cortical grey matter size and leading to enlargement of the ventricles.
The primary symptom, leading to diagnosis is cognitive impairment, such as executive
dysfunction, loss of memory and disorientation. Many patients also suffer from non-
cognitive symptoms, like mood dysregulation and sleep dysfunction **.

The late-onset sporadic form of AD constitutes the majority of AD cases *.. AD is a
multifactorial disorder, and the sporadic form arises from an interaction between
environmental and genetic risk factors . Aging is a major risk factor ***’. Other risk
factors are lifestyle-related, such as smoking, heavy alcohol consumption, poor diet and
a sedentary lifestyle **. On the contrary, having a high education level and high
socioeconomic status seem to be protective . Furthermore, having type 2 diabetes,
atherosclerosis, a cardiovascular disease or hypertension also increases the risk of AD .
This increased risk could, in part, be countered by the use of antihypertensive drugs
and statins "%, Even for the sporadic form, there are certain known genetic factors,
such as the E4 variant of the apolipoprotein E (ApoE), that increase the likelihood of
developing AD %. In addition, genetic variants that affect inflammation and
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endosomal-vesicle recycling pathways have been linked to the development of AD in
large genome-wide association studies *°.

The remaining AD cases, around 1 %, are caused by familial variants, which generally
causes an earlier onset of the disease, sometimes as early as 30 years of age **. These
cases are primarily due to an inherited autosomal dominant pathogenic variant in the
gene for either amyloid precursor protein (APP), presenilin-1 (PS1) or presenilin-2
(PS2). These genes encode the protein and enzymes involved in the generation of
amyloid beta (AB). Nevertheless, the accumulation of AP plaques represents a hallmark
of both sporadic and familial forms of AD. The normal, physiological function of A
is still unknown. AP is generated from the cleavage of APP by different enzymes, such
as [-secretase and y-secretase. Once generated, AP can be present in different states,
such as monomeric, oligomeric, or fibrillar. AR aggregates cause synaptic dysfunction
and neuronal cell death by harming the neuron, for example by forming ion channels,
thinning the cell membrane or overexciting NMDA receptors *. The most abundant
AR fragments are of the following amino acid lengths: AB38, AB40, and AB42, whereof
APB42 is the most prone to aggregate **.

Another hallmark of AD is the intraneuronal accumulation of hyperphosphorylated
tau, referred to as neurofibrillary tangles. In short, the normal physiological function of
microtubule-associated protein tau is to support the cytoskeleton within neurons *.
Hyperphosphorylation of tau (p-tau) reduces its ability to bind and function as a
microtubule-associated protein. Instead, it aggregates and forms neurofibrillary tangles,
contributing to neuronal dysfunction and cell death from inside of the cell. AB and p-
tau aggregation begin in specific brain areas, and the process spreads across the brain as
the disease progresses according to the model proposed by Braak et al . AP
accumulation starts in the frontal/temporal lobes, hippocampus and limbic areas,
thereafter, spreading into other cortical areas and lower brain structures, whereas tau
accumulation starts in the locus coeruleus in the lower brain region, thereafter,
spreading towards hippocampus and neocortex ***¢. Consequently, the spread of AB
across the brain can be measured with amyloid-PET, and the levels of secreted AB42
and p-tau can be measured from the cerebrospinal fluid (CSF) . Today, these
biomarkers are the basis for clinical diagnostic tools.
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Figure 2. Alzheimer’s disease pathology

In the healthy brain, APP is mainly cleaved in the non-amyloidogenic pathway, tau stabilizes microtubuli and microglia
are mainly resting. In Alzheimer’s disease, APP is cleaved in an amyloidogenic way, generating AB, which aggregates
to form neurotoxic fibrils and plaques. This activates microglia into different profiles (M1, M2), resulting in phagocytosis
of AB but also in inflammation and release of neurotoxic molecules. Amyloid pathology spreads from the temporal lobe
and limbic areas towards the other cortical structures and lower brain regions (pink arrow). Additionally, tau becomes
hyperphosphorylated and aggregates. Tau pathology starts in the lower brain structures and spreads towards the
hippocampus and cortex (blue arrow).

Even though much knowledge has been gained since AD was first discovered, there is
still no effective treatment. Additionally, it remains unknown what is inducing the
abnormal accumulation and aggregation of AP and tau. The main clinical trials test
treatments focused on reducing the amounts of aggregated proteins within the brain,
so far without any obvious success. The fact that the majority of AD cases are sporadic
also points out a need to investigate other contributors to the pathology in order to find
new therapeutic targets. Interventions aimed at preventing the onset of AD are also
highly important. The contribution of neuroinflammation to AD pathology represents
one such pathological aspect and promising target. This will be further introduced in
the following section. The potential of physical exercise as a preventive strategy for AD
represents a major focus of my research and will be further introduced in the last section
of this introduction.

Parkinson’s disease

Today, 1 % of people older than 60 years of age live with PD **, a disease affecting men
more often than women. The cardinal symptoms of PD are resting tremor,
bradykinesia, rigidity and postural instability. Symptoms arise due to the progressive
degeneration of dopaminergic neurons within the midbrain, particularly those with cell
bodies in the substantia nigra that project their axons into the striatum. These
dopaminergic neurons have been suggested to be especially vulnerable due to their
pacemaker-like properties causing recurrent calcium transients intracellularly . Even
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though the degeneration of dopaminergic neurons within the substantia nigra is the
major characteristic of PD, the dysfunction also affects other neurons, such as
serotonergic and noradrenergic neurons “. Likewise, even though motor symptoms
represent the cardinal symptoms, many PD patients also suffer from additional non-
motor symptoms, like dysregulated mood, cognitive deficits and sleep disturbances.

To confirm a PD case post-mortem, the affected brain regions also have to display
accumulated protein aggregates of misfolded o-synuclein (0-syn). Normally, o-syn is
involved in synaptic vesicle release within the axon terminals. In PD, oi-syn misfolds,
starts to aggregate and, eventually ends up near the cell soma as larger inclusions, called
Lewy bodies. Not only is aggregated ot-syn dysfunctional, but it also obtains neurotoxic
properties, first leading to dysfunctional neurons and ultimately to neuronal death.
Once o-syn starts to misfold, the pathology spreads across the brain as described by
Braak et al *!.

Despite extensive research, the knowledge is limited about what triggers ot-syn to
misfold and to aggregate in the first place. It has been proposed that o-syn pathology
might have different causes in different patients. PD is classified as either sporadic
(around 90-95% of cases) or genetic (remaining 5-10 % of cases) **. In the pure genetic
forms, the disease results from the familial inheritance of a known disease-causing gene
variant, such as a mutation in SNCA or LRRK2 %. In the sporadic forms, PD is
suggested to be caused by the interaction of genetic and environmental risk factors.
Mutations in the gene encoding B-glucocerebrosidase is the most common genetic risk
factor *. Head injury and pesticide exposure are environmental risk factors, whereas
smoking, anti-inflammatory medication and physical activity may be protective.

As dopaminergic neurons degenerate in the substantia nigra, dopamine secretion in the
striatum decreases, which explains the symptoms of resting tremor and bradykinesia.
Fortunately, L-dopa treatment can supply the dopamine-starved brain with
exogenously delivered dopamine, reducing the motor symptoms. However, L-dopa
does not prevent the underlying oi-syn-driven pathology from progressing. Eventually,
neurodegeneration will reach a degree at which L-dopa treatment is no longer helpful.
Additional treatment strategies have been tried, ranging from stem cell therapies to
deep-brain stimulation, all with substantial limitations. Therefore, finding strategies to
prevent or postpone the onset of the disease as well as to reduce the symptoms is of
great importance. The research behind this thesis investigates the potential of physical
activity as one such preventive strategy, which is further introduced in the third section
of this introduction.
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Depressive disorders

Current reports estimate that depression affects 350 million people worldwide *.
Around 10 % of the population are estimated to suffer from at least one depressive
episode during their lifetime. Importantly, being diagnosed with depression is around
2 times more common among women compared to men . Given that this also affects
people of younger ages, the total number of years lived with a disability caused by
depression is substantial “. Depression is even reported to be the leading cause of
disability “**’. Not only does this disorder cause individual suffering, but it also poses a
significant economic burden to society.

Depression is characterized by depressed mood, sleep dysregulation, decreased interest
in normally enjoyable activities and reduced energy, concentration, and self-esteem.
The pathophysiological reasons for depression remains largely unknown. The most
well-established explicatory model of depression is the monoamine hypothesis, due to
the discovery that depressed patients have alterations in neurotransmitter signaling of
monoamines, such as serotonin, dopamine, and noradrenaline . The most prevalent
anti-depressant drugs on the market today, selective serotonin reuptake inhibitors
(SSRI), target these pathways. Furthermore, depressed patients often have dysregulated
stress systems, for example a dysfunctional hypothalamic-pituitary-adrenal (HPA) axis
leading to elevated cortisol levels . This finding led to the stress hypothesis of
depression. Likewise, psychological stress and adverse life events are associated with an
increased risk of depression *. Moreover, increased neurogenesis has been showed to
reduce depressive symptoms and this discovery led to the neurogenesis hypothesis of
depression *. Similarly, signs of increased neuroinflammation in depressed patients *
led to the inflammatory hypothesis of depression, which will be further described in
the next section (see Neuroinflammation in disorders affecting the brain). Furthermore,
genome-wide association studies (GWAS) have linked a risk for developing depression
to specific gene variants %, leading to the genetic hypothesis of depression. However,
none of the above-mentioned hypotheses manage to fully explain the disorder and
account for all cases. Most researchers nowadays regard depression as a complex
disorder, possibly involving multiple alterations in the above-mentioned systems .
Many studies also indicate interactions between the abovementioned systems. For
instance, inflammatory cytokines affect the monoamines and the HPA axis signaling
systems . Further, molecules involved in the HPA axis also influence the rate of
neurogenesis ““. Specific risk gene variants may increase the sensitivity of an individual
to environmental events that would push these systems into dysregulated states .
Depression might even be regarded as a syndrome rather than a simple disorder that
could be explained by a single pathophysiological model.

The lack of one treatment for all patients with depression supports the view of
depression as being a rather complex disorder. Treatment options for depression have
been revolutionized during the last century with the development of anti-depressive
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drugs such as SSRIs, and the use of electroconvulsive therapy to treat drug-resistant
depression. However, the frequency of relapse among patients is still high *°, and the
number of patients not achieving desirable effects from these treatments is unacceptable
°132 Many patients also suffer from severe side-effects from the current treatments *.
This dilemma emphasizes the importance of finding alternative therapeutic strategies.
Physical activity represents a promising preventive strategy and is further described in
the last section of this introduction and investigated in this thesis (see Exercise as a
preventive strategy for brain disorders).

Neuroinflammation in disorders affecting the brain

The immune system

The immune system is an evolutionarily old part of multicellular organisms, protecting
them against potentially harmful invading species and substances. It is also involved in
development, remodeling, cleaning, tissue homeostasis and synapse pruning. Different
cell types and a large subset of sensing and effector molecules make this system complex.
It can be divided into two different parts, the innate and adaptive systems, which are
continuously complementing and interacting with each other. The innate immune
system is the evolutionarily oldest part and represents the first line of defense with its
quick response. However, the innate immune system is rather unspecific compared to
the evolutionarily younger but slower-acting adaptive immune system, which
recognizes the intruding pathogen in a more specific way. The adaptive part of the
immune system has an immune memory function, allowing the system to recognize a
pathogen faster if it returns. Interestingly, the innate immune system is required for the
adaptive immune system to function. The adaptive immune system is, indeed, too slow
to solely defend against intruders. Thus, highly evolved species cannot survive without
either of these two complementary systems.

The focus of this thesis is the role of the innate immune system in disorders affecting
the brain, such as in cerebral ischemia and AD, where microglial cells are the main
players of the neuroinflammatory response.

Microglia

As the main immune cell in the brain, microglia are the first line of innate defense.
They constitute around 5-12 % of all glial cells within the human and rodent brain,
depending on the brain region ***. Importantly, the density of microglia is much
higher in the hippocampus and substantia nigra compared to the cerebellum and
brainstem *>°°. Microglial density also differs between grey and white matter >*>.
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Furthermore, the morphology of microglial cells differs substantially between different
regions across the brain . Microglia are tissue-resident myeloid cells derived from
mesodermal/mesenchymal tissue >’. Originating from the yolk sac, they migrate into
the CNS during embryonic development before the establishment of the blood-brain-
barrier **”. Microglial cells are sustained by continuous slow self-renewal, with a
median rate of almost 30% per year . During the embryonic development of the
central nervous system, microglia contributes to neurogenesis and synaptic maturation
%, Even in the adult brain, microglia play an important role in maintaining homeostasis
and supporting synaptic pruning **. In the healthy brain, microglial cells are mainly in
a resting state characterized by a complex morphology including branched processes,
with which they scan the environment for potential threats **. There are two types of
microglial motility: movement of their processes during the resting state to sense the
environment and migration of the whole cell within the brain parenchyma after
activation to translocate towards a pathological site ®"%.

Under normal brain homeostasis, microglia are maintained in their resting state by a
regulatory ligand-receptor system, that involves the binding of CD200R and CX3CR1
on microglia to CD200 and CX3CLI1 on neurons, respectively % This direct cell-to-
cell communication is suggested to prevent microglia from becoming activated. The
microglial cell membrane also contains pathogen recognition receptors (PRR) that
recognize different extracellular soluble pathological signaling molecules **. These
signaling molecules can be ecither endogenously derived damage-associated molecular
patterns (DAMPs) released following, for example, tissue damage, or exogenously
derived pathogen-associated molecular patterns (PAMPs) from pathological organisms
invading the brain *®.

Microglial activation requires changes in two different regulatory systems **, referred to
as “on” and “off”. The “off” system has to be down-regulated or dysregulated to reduce
the repressive effect on microglial activation. This system includes the neuronal
suppression of microglial activation via CD200-CD200R signaling as previously
described ®. Additionally, the “on” system has to be stimulated to induce activation,
for example by the recognition of any soluble DAMP or PAMP by PRR on microglia
%. One specific example is the recognition of lipopolysaccharide (LPS, a well-known
bacteria-derived PAMP) by toll-like-receptor 4 (TLR4, a well-known subtype of PRR),
which leads to the activation of microglia ®. Probably, improper microglial activation
is the result of an imbalance between these two opposing regulatory systems. If the “on”
signaling is strong enough or the “off” signaling is weak enough, it results in microglial

activation ©.

Once activated, microglia change their morphology by retracting their processes to
become shorter and thicker, and by enlarging their cell body *®. In their activated form,
microglia can secrete a higher quantity of signaling and effector molecules. These
microglia-derived molecules have diverse functions. Some are prostaglandins and
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cytokines, such as prostaglandin E2 (PGE2) and interleukin-1f (IL-1B), immune
signaling molecules regulating the inflammatory status of the surrounding cells .
Other molecules include enzymes, like insulin-degrading enzyme (IDE-1), involved in
the degradation of extracellular debris ¢’. Further, activated microglia are capable of
secreting free radicals, such as reactive oxygen species .

To complicate the matter further, the population of microglial cells is not homogenous.
Rather, with increasing knowledge, researchers have come to view activated microglia
as a highly heterogeneous cell population % There is, however, a growing debate on
how to classify and divide the different activated phenotypes 7. The most common
classification is M1-M2 profiling ". This concept is derived from in vitro macrophage
research and has, to some extent, also been proven to be applicable to microglial cells
due to their close relationship with macrophages 7*°>. The M1 and M2 activated
phenotypes are induced by distinct factors, exert diverse functions and involve different
secreted factors, visualized in Figure 3 below.

RESTING MICROGLIA

PAMP
= DAMP
CLASSICAL ACTIVATION IL-13 wTERNATIVE ACTIVATION
Y] IL-4
" LPS
IFNy IL-10
M1 Neuron M2

IGF-1

/ NO
> —
\ iNOS Arg1
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IL-1B ! Phagocytosis
Pro-inflammatory Anti-inflammatory
cytokines cytokines

Figure 3. Microglial profiling

In the healthy brain, the majority of microglial cells are in a resting state, with a ramified morphology with long and thin
processes. When microglia are activated they start to proliferate. Stimulation with lipopolysaccharides (LPS) or
interferon-gamma (IFNy) leads to the classical activation of pro-inflammatory microglia (M1), which secrete pro-
inflammatory cytokines, iINOS and reactive oxygen species (ROS) that are neurotoxic. Opposingly, IL-4, IL-13, and IL-
10 may alternatively activate microglia into an anti-inflammatory phenotype (M2) that secretes neurotrophic factors,
arginase 1 (Arg1) and anti-inflammatory cytokines.
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The M1 profile represents the classical activation of microglia, induced by LPS and
IFNy 7. The M1 profile has neurotoxic properties, including the expression of iINOS
and the secretion of reactive oxygen species and pro-inflammatory cytokines, such as
TNFo, IL-1B, and IL-6 7. Opposingly, the M2 profile represents the alternatively
activated microglia, which are suggested to be anti-inflammatory and neuroprotective
7273 because of their secretion of neurotrophic factors, such as IGF-1, and anti-
inflammatory cytokines, such as IL-10 **’273. The M1 and M2 phenotypes also have
different metabolic profiles 7*. While M1 produce most of their energy from anaerobic
glycolysis, M2 depend on oxidative phosphorylation to produce energy. The M2
category has been further subdivided into M2a, M2b, and M2c *>7*7*7>, M2 microglia
are suggested to be induced by anti-inflammatory cytokines such as IL-4, IL-10, and
IL-13 7°. M2 are characterized by their expression of arginase 1, an enzyme that opposes
the effect of iNOS. They also have a higher capacity for phagocyting cellular debris 7.
Lately, it has been suggested that profiles of microglia are rather dynamic, allowing the
cells to respond to changes in the environment and to acquire new phenotypes at a later
timepoint "%, Because of this, most experts see the M1-M2 model as a simplified
description with limited, if any, applicability to reality °. Many scientists believe that
microglia phenotypes are not classifiable into isolated, distinct categories, such as M1
and M2, but rather are better described by a continuum where M1 and M2 are the two
%2, Others suggest that microglial profiling is multidimensional, including
characteristics that we are not yet aware of . This situation is for the future researchers
to clarify.

extremes

Taken together, microglia provide a promising area for future scientific discoveries that
answer questions regarding pathological processes and uncover potential targets for new
therapies against disorders affecting the brain.

Other immunological cellular players within the brain

Apart from microglia, neuroinflammation is also affected by other brain resident cells.
Besides supporting neuronal functions and homeostasis, astrocytes have inflammatory
properties *. For example, they are capable of secreting cytokines and promoting
immunosuppression *. Intriguingly, like microglial cells, astrocytes have also been
suggested to have different functional phenotypes in disease conditions ¥. Indeed, in a
study in Nature, Liddelow ez al. showed that activated microglia could be involved in
the induction of a specific neurotoxic phenotype of astrocytes . Neurons also play a
role in controlling the immune response 8_ Further, perivascular cells, such as pericytes
have inflammatory properties . Evidently, perivascular cells are plastic and possess
great migratory abilities, characteristics that are demonstrated when they leave the vessel

8  Moreover, even

wall and acquire a microglial phenotype following a stroke
oligodendrocytes have been shown to produce and respond to cytokines and cross-talk

with microglia ¥. In disease conditions when the blood-brain barrier is compromised,
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such as during brain ischemia, peripheral immune cells, such as monocytes,
neutrophils, T-cells and B-cells, demonstrate their neuroinflammatory impact as they
can infiltrate the brain *°. However, my focus on neuroinflammation in this thesis is on
the role of microglia.

Cytokines

Cytokines and other soluble signaling molecules are crucial for the communication
between microglial cells. To date, over 300 different cytokines have been discovered *'.
Cytokines are defined as small immunomodulatory signaling proteins with the ability
to work in an autocrine, paracrine and endocrine manner. When interacting with an
immune cell, cytokines bind to specific receptors, inducing different downstream
intracellular signaling cascades and molecular reactions within the target cell. Thus, the
effect on the target cell is not only determined by the type of cytokine but also by the
receptor type expressed on the target’s cell membrane. Due to the pleiotropic nature of
many cytokines, it has been challenging to classify cytokines based on their effects.
Adding to that, different brain regions may respond very differently to the same
cytokine *'. To complicate the matter further, the effect of a specific cytokine on a
specific target cell also depends on simultaneous signals from other contextual signaling
molecules. It is also not certain whether a cytokine with certain properties in the
periphery will display the same characteristics in the CNS. For example, IL-6
constitutes an excellent example of a cytokine previously described to have potent pro-
inflammatory effects which later turned out to also display anti-inflammatory
properties when studied in another context (See the section about Exercise as a
preventive strategy). Moreover, much of what is known about cytokines is derived from
animal studies, and the immunological functions sometimes differ between animals and

humans %92,

Still, many researchers classify cytokines as either pro-inflammatory or anti-
inflammatory. For instance, interleukin-13 (IL-1p), tumor necrosis factor o (TNF-o)
and interferon y (IFN-y) are often regarded as pro-inflammatory, whereas IL-4, IL-10,
and IL-13 are regarded as anti-inflammatory. Table 1 offers a simplified overview of
the classification of some of the most studied cytokines which are also investigated in
my scientific work. The work in this thesis includes cytokine analyses from several
different studies investigating different disorders affecting the brain. These cytokine
analyses can be seen as fingerprints that are unique to the specific models and
circumstances applied in my studies.
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Table 1. Cytokine characteristics

Characteristics of cytokines investigated in this thesis. Source refers to the phenotype of the microglia producing the
cytokine indicated; Unknown type of microglia (M), classically activated microglia (M1) or alternatively activated
microglia (M2). Classification as anti-inflammatory (-) or pro-inflammatory (+) is given if available. Note that cytokines
are produced not only by microglia but also by other cells in the brain.

Cytokine Source Classification Effect Reference

TNFa M1 + Activation of NFxB &
Induction of cell death pathways

IFNy M1 + Induce M1 and MCH I &

CXcL1 M1 + Chemoattraction of neurophils 93.94
Spinal cord development

IL-1B M1 + Induce COX-2 and metalloproteases 95
induce pro-inflammatory cytokine expression

IL-1ra M2 - Antagonizing IL-1p &

IL-2 M1 + Brain homeostasis 73,96

IL-4 M2 - Induce M2 73,97
Antagnoinzing IL-18

IL-5 M - Microglial activation 98-100

IL-6 M1 + Depend on context and induction source 101-104

Energy homeostasis
Neuroinflammation

IL-10 M2 - Induce M2 73,97,105
Reduce synthesis of pro-inflammatory cytokines
IL-12 M1 + Depends on stage of pathology, 97,108

Early: pro-inflammatory
Late; resolution, limiting pathology

Galectins

Another category of soluble inflammatory mediators is galectins. These molecules are
beta-galactoside-binding lectins, characterized by their affinity for poly-N-
acetyllactosamine-enriched glycoconjugates. Galectins have inflammatory properties
197119 and are involved in homeostatic functions, such as cell adhesion, myelination,
vesicle transport and proliferation '°”'"°. In the brain, the major galectins expressed are
galectin 1, 3, 4, 8 and 9 '"°. Galectin-3 is the only galectin investigated in my thesis
work.

Galectin-3 is expressed, ecither constitutively or by induction, in almost all
inflammatory cell types, including microglia '”’. In fact, microglia are the major source
of galectin-3 in the brain. However, the expression levels are rather low in a healthy
brain and induced in disease conditions. This molecule can either work extracellularly,
by binding to and activating receptors on the cell surface, or intracellularly, by
interacting with signaling molecules in the cytoplasm '”. Its effects demonstrates
further diversity because of its ability to oligomerize '/, thus creating additional
structural sites for interactions, for example, with extracellular matrix molecules.
Existing research demonstrates inconsistent properties of galectin-3 in neurological
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diseases with a neuroinflammatory component '*'°. Interestingly, depending on

which disease model is used, galectin-3 has been shown to both increase inflammation
and decrease neuronal death as well as to affect the remodeling capacity. These
discrepancies might be attributable to the effect of timing, since galectin-3 might affect
microglial cells and the surroundings differently, in different contexts and at different
time points of disease progression '''. Notably, galectin-3 is capable of inducing the
production of IL-1B and TNF-0, cytokines classified as pro-inflammatory '**.
Moreover, it promotes microglial proliferation '’ and migration ' and affects

phagocytic capacity .

Given the above-mentioned properties of galectin-3 and its possible effects on cytokine
production in microglia, it is a molecule of interest when looking at the effects of the
interventions studied in this thesis.

Intracellular inflammatory signaling pathways

Once bound to receptors on the microglial cell membrane, signaling molecules, such
as cytokines and galectins, activate intracellular inflammatory signaling pathways. This
leads to a change in the characteristics and the function of the cell. The exact details of
these downstream intracellular signaling pathways are beyond the main focus of this
thesis and will, therefore, only be briefly described. Nuclear factor kappa beta (NFxB)
is an important master regulator when it comes to the transcription of different
inflammatory proteins. Downstream effects of cell membrane receptor signaling often
involve this transcription factor complex. Once activated, NFxB translocates from the
cytosol into the nucleus, inducing expression of inflammatory genes. For example, the
expression levels of several cytokines and other inflammatory effector molecules are
regulated by NFxB. Another intracellular protein complex involved in the
inflammatory response is the nucleotide-binding leucine-rich repeat-containing family
pyrin domain containing 3 (NLRP3). NLRP3 is an inflammasome, a multi-protein
cytoplasmic complex which, upon stimulation, promotes the cleavage of caspases. This
ultimately leads to the processing and secretion of pro-inflammatory cytokines, such as
II-1B. Taken together, NFkB and NLRP3 are important intracellular inflammatory
effector molecules with potential roles as therapeutic targets in diseases with a
neuroinflammatory component.

Neuroinflammation as a contributor to disorders affecting the brain

Many studies have pointed out neuroinflammation as an important contributor to
different disorders affecting the brain. Below, I will describe the neuroinflammatory
component of each disorder included in this thesis.
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The role of neuroinflammation in brain ischemia

Within minutes to hours after the onset of ischemia, an inflammatory response is
induced though the activation of resident microglia and the recruitment of peripheral
immune cells. The ischemia-induced neuronal injury affects the neuronal ability to
maintain microglia in their resting state as previously described. Neuronal damage in
brain regions controlling the immune and sympathetic nervous systems may affect the
regulation of immune functions '°. Moreover, damaged neuronal tissue secretes
inflammatory mediators, such as cytokines, that recruit and activate a variety of
immune cells. For example, IL-1P has been shown to aggravate ischemic damage '*°.
Other cytokines, such as TNF-a seem to have both protective and harmful effects

1317 most likely dependent on the target cell and environmental

following ischemia
context. Recruited immune cells also contribute to the neuroinflammation following

brain ischemia, but this thesis focuses on the microglial contribution.

Even though inflammatory cells contribute to the expansion of neurological damage
following ischemia, it is important to emphasize their role in the recovery and healing
phase. Experimental studies clearly show that inhibition of inflammatory cells and

8 For instance,

mediators following ischemia might also worsen the outcome
microglia can also achieve the so-called M2 phenotype and promote the healing process
through phagocytosis of necrotic neurons and secretion of neurotrophic factors. Thus,
if we wish to interfere with the neuroinflammatory response following ischemia, we
need to increase our knowledge concerning the therapeutic time window and
environmental context for different inflammatory mediators. This thesis work is one

step towards this crucial characterization.

The role of neuroinflammation in neurodegenerative diseases

Numerous infectious agents have been suggested to increase the risk of
neurodegenerative diseases, such as AD . Due to its antimicrobial properties in
culture, AB may be produced in response to infectious agents as an evolutionary
immune response . Still, the causal link behind the association between infections
and the development of AD has to be clarified. Nevertheless, increased activation of
microglia has been confirmed in human AD brains in several post-mortem studies '*°,
indicating a neuroinflammatory role in the disease. Yet, rather than be cause by
infectious agents, increased microglial activation may be a consequence of the amyloid
pathology in AD ""'*2. Nevertheless, recent GWAS point towards microglial
involvement because of certain genetic risk factors '*'*. For instance, mutation in the
microglial gene TREM-2 increase the risk of developing AD and a variation of the
galectin-3 gene has also been linked to an increased risk '*'*. Thus,
neuroinflammation seems to be an early contributor to AD pathology.

Microglial contribution to AD appears diverse: initially, microglia appear to protect the
neurons from AP '. In contrast, in the later stages of the disease, the protective
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phagocytic capacity of microglia seems to be lost '**. Instead, microglia may be stuck in
a chronically activated state and contribute to neuronal damage through the production
of pro-inflammatory molecules '**. Interestingly, AP is capable of activating microglia
through TLR4 '%, an ability that might remain from its suggested evolutionary role as
a response to infections '". Further, inflammatory galectin-3 is upregulated in post-
mortem human AD brains and specifically expressed in microglia closest to A plaques
126, The factors that determine the balance between different microglial phenotypes
and, thus, the overall effect within the AD brain remains to be elucidated. Increased
knowledge about these processes might reveal novel therapeutic targets.

Similarly to brains from AD patients, post-mortem brains from PD patients show
clevated levels of reactive microglia '*°. Additionally, increased microglial activation has
been shown by positron emission tomography (PET) imaging of PD patients "*'. Like
AR, a-synuclein is also capable of inducing a microglial response '**, and, remarkably,
galectin-3 is involved in this response as well '**. Future studies that increase the
knowledge about the inflammatory component of PD may uncover future therapeutic
targets.

The role of neuroinflammation in depression

Depressed patients also have increased microglial activation, as measured with PET '%.
Interestingly, long-lasting and untreated depression were strong predictors of microglial
activation. Further, post-mortem brains from depressed patients reveal increased
cytokine levels *%. Modern biotechnology makes it easier to investigate the causality in
this association. For instance, polymorphisms in cytokine genes have been suggested to
affect the risk of depression '. Further, Dahl ¢t a/. showed that serum cytokine levels
were increased in depressed patients, but normalized to control levels in those
recovering 13, Moreover, interferon treatment in patients with other medical
conditions increased their risk of developing depression '¥. Thus, whether
inflammation is the cause or consequence of depression, it is suggested to contribute to
the pathology. To reduce inflammation might be a successful strategy for the
prevention and treatment of depression.

Exercise as a preventive strategy for brain disorders

Exercise is one part of an active and healthy lifestyle. Its effects on the body, including
the brain, have been subject to increasing interest in modern society and healthcare.
Physical activity is defined by Caspersen et al. as “any bodily movement produced by
skeletal muscles that results in energy expenditure”. Further, they define exercise as “a
subset of physical activity that is planned, structured, and repetitive and has as a final
or an intermediate objective the improvement or maintenance of physical fitness” '**.
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Adding to that, exercise also should result in a substantial increase in cardiac output.
Exercise affects a multitude of physiological systems within the body: neurotrophic
factors, neurotransmitters, the HPA axis, and the immune system are examples of
systems affected by physical activity. Questions that are of further interest include how
exercise affects specific pathological hallmarks involved in particular disorders affecting
the brain, such as brain ischemia, a neurodegenerative disorder, or depression.

My thesis focuses on the effect of exercise on the risk of developing disorders affecting
the brain, with a special focus on its effects on neuroinflammation and symptoms in
the context of specific pathological hallmarks for these disorders.

Exercise effects outside the brain

The effect of exercise outside the brain is beyond the scope of this thesis but needs to
be briefly described to illustrate the complexity of exercise-mediated effects on the body
as a whole.

Muscular effects of exercise

Since exercise implies muscle movement, it seems logical that it gives rise to molecular
changes within muscular tissue. Indeed, contracting muscles secrete molecules, referred
to as myokines . Some of these myokines are also known as cytokines, and these were
originally discovered to have immunological properties within the blood, as previously
described (see Neuroinflammation in disorders affecting the brain). After being secreted
from muscle cells in response to contraction, myokines act both autocrinally, within
the muscle, and endocrinally, on other tissues *°. Myokines secreted following exercise
seem to promote a more anti-inflammatory status within the body '*°. Thus, exercise-
induced myokines are considered to have a beneficial, immuno-dampening effect on
inflammartory diseases '*°. Myokines induced by exercise include, amongst others, IL-
6, IL-15, irisin and BDNF . Among these, muscle-derived IL-6 has caught great
interest. Previously seen as a pro-inflammatory cytokine, IL-6 has been observed to
possess anti-inflammatory properties when of muscular origin under exercise
conditions "“»'*>, Hence, IL-6 is a double-edged sword in the context of inflammation.
Its properties are determined not only by its concentrations and source but also by
simultaneous trans-signaling in the targeted tissue . Remarkably, exercise-mediated
muscle-derived IL-6 may also affect the inflammatory status inside the brain '*.
Moreover, through muscular expression of kynurenine—aminotransferases, exercise
seems to tilt the peripheral kynurenine metabolism, trapping metabolites of these
pathways in the periphery and, thereby, preventing potentially harmful metabolites
from arising in the brain "%, However, these exercise-mediated effects on plasma
kynurenine levels in patients are not long-lasting'#, and its long-term impact on the
brain has to be further investigated.
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Metabolic effects of exercise

Amongst the most well-known effects of exercise are the metabolic effects. Interestingly,
IL-6 has a direct effect on lipid and glucose metabolism **'* Exercise-mediated
increase of IL-6 is suggested to play a metabolic role and not a pro-inflammatory role
as previously thought . Similarly to muscles, adipose tissue secretes a collection of
molecules, in this context termed adipokines . A growing number of researchers claim
that adipocyte-derived inflammatory cytokines are responsible for the chronic low-
grade inflammation seen in inactive individuals with metabolic syndromes '°.
Subsequently, the metabolic effects of exercise might ameliorate this inflammatory
status by improving the composition of adipose tissue to include more brown adipose

tissue °.

Peripheral immunological effects of exercise

Exercise is well-known to affect the inflammatory status >

mechanisms must still be elucidated. Figure 4 shows how the effects of exercise on
various inflammatory mediators may interact at a systemic level. As mentioned

although the exact

previously, exercise affects the secretion of immunomodulatory molecules from muscle
and adipose tissue, and these effects likely affect the inflammatory status at a systemic
level. Notably, an acute bout of exercise leads to different effects on immune cells
compared to effects observed during regular exercise. The effect on immune cells also
differs based on whether the cells are of the innate or the adaptive immune system.
Generally, within hours, exercise induces increased levels of circulating innate immune
cells, like neutrophils, NK cells, monocytes and macrophages ""*'**. This might be
driven by the exercise-mediated increase in adrenaline and cortisol (see Exercise effects
on the HPA axis and adrenergic stress systems). Moreover, the expression of cellular
adhesion molecules (CAMs) is reduced '*?, indicating diminished migration of immune
cells from the blood to surrounding tissues. In contrast, acute exercise reduces the
number of circulating adaptive immune cells, such as T lymphocytes "*'. Remarkably,
long-term effects of regular exercise seem to be a normalization of innate immune cells
in circulation and a reduction of their inflammatory state "'.
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Figure 4 Anti-inflammatory effects of exercise

Exercise-induced expression of myokines, like IL-6, have systemic anti-inflammatory effects. IL-6 increases 100-fold in
the blood and induces the expression of anti-inflammatory cytokines. Additionally, PGC-1a is produced in contracting
muscle cells and leads to the expression of KAT, an enzyme catalyzing the conversion of KYN to KYNA, which traps
these potentially neurotoxic metabolites in the periphery by making them unable to cross the blood-brain barrier (BBB).
Further, cellular adhesion molecule (CAM) levels on the vessel wall are reduced, diminishing the extravasation of
immune cells. Exercise induces browning of adipose tissue, which is associated with less pro-inflammatory adipokines
and a phenotypic switch of adipose tissue-resident macrophages into more anti-inflammatory macrophages (M2).
Adrenaline is secreted from adrenal glands and may dampen the pro-inflammatory response of macrophages and
microglial cells. In the brain, exercise favors the anti-inflammatory microglial phenotype (M2), reduces microglial
activation and suppresses pro-inflammatory microglial (M1) iNOS expression.

On a molecular level, exercise-mediated changes have been observed with several
different immunological proteins, such as down-regulation of TLR-2 and TLR-4 %,
receptors involved in pro-inflammatory intracellular signaling. Furthermore, the levels
of pro-inflammatory C-reactive protein (CRP) are elevated immediately after exercise
12, but baseline levels are reduced with regular exercise "°>'"’. Acute exercise also gives
rise to increased levels of cytokines, such as IL-15, IL-6, IL-1ra, sTNFo-R, and IL-10
10158160 The most profound increase is seen in IL-6 levels, peaking within an hour
after an exercise session with up to a 100-fold increase of concentrations and,
thereafter, returning to baseline within 24-72 hours '*""'. In contrast, regular exercise
decreases baseline levels of IL-6 *>"*'% Importantly, an exercise-mediated increase of
IL-6 is not accompanied by increases in levels of typical pro-inflammatory cytokines
such as TNFa and IL-1B, which would happen in the case of infectious or
inflammatory conditions '*>'”. On the contrary, an exercise-mediated increase in
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circulating IL-6 seems to inhibit TNFo production *? and stimulate production of IL-
10 and IL-1ra, cytokines with anti-inflammatory properties '*!. IL-6 affects the levels
of downstream inflammatory mediators, possibly via epigenetic modifications on
inflaimmatory target genes '**. The exercise-mediated induction of IL-6 is followed by
changes in the methylation of genes implicated in immune functions '**. However,
exercise-mediated changes in systemic IL-6 levels are highly dynamic, and caution
needs to be taken regarding the timing of sample collection. Indeed, cytokines are
rapidly excreted into urine 160, Furthermore, other factors, like ethnicity, also affect the
degree of change in cytokine concentrations following exercise '®.

In summary, most studies point towards the potential of exercise to reduce systemic
inflammation.

Exercise effects inside the brain

Compared to the effect of exercise on other parts of the body, its effects on brain
function are far less investigated. This lack of knowledge serves as a starting point for a
new field of research, in which scientists have only taken the very first steps. With this
mentioned, we will go through what is known and hypothesized about the effects of
exercise on the brain as of today.

Exercise effects on neurotrophic factors and neurotransmitters

It is well-known that exercise affects neurotransmitters and neurotrophic factors in the
brain '”°. Brain-derived neurotrophic factor (BDNF) has emerged as a key player, and
tremendous efforts have been made to investigate its role in mediating the beneficial
effects of exercise on the brain. Indeed, BDNF levels have been shown by many studies
to increase in response to exercise '”'""7°. Contrarily, other studies show that the
beneficial effects of exercise are independent of BDNF 77, However, the lack of an
effect on BDNF following exercise might be explained by factors such as not reaching
the exercise duration threshold or not accounting gender, since the effect seems to be
less pronounced in women '7"'7%,

The noradrenergic, serotonergic, dopaminergic and endocannabinoid systems are
affected by exercise '7>"**'®! Interestingly, the beneficial effects of exercise in several
animal models seem to depend on the serotonergic 5-HT3 receptor '* and the
noradrenergic system '*. Additionally, exercise may enhance the affinity between
dopamine and its receptor '7° 170 and
noradrenaline ", The understanding of these effects is further complicated by the
impact of different exercise parameters such as intensity and duration. On top of that,
the effect of exercise also differs between different brain regions.

as well as increase the levels of serotonin
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Exercise effects on the stress systems

Exercise also affects central systems implicated in the stress response '®*. For example,
acute exercise increases the plasma levels of both cortisol and adrenaline "%, key
players within two different systems related to stress. Adrenaline and cortisol are
produced in the adrenal gland medulla and cortex, respectively. Adrenaline increases
immediately after exercise onset and acts on adrenergic receptors composing the
autonomous nervous system to regulate heartbeat and respiration in order to cope with
external demands during exercise. Also, in the brain, adrenergic signaling is affected
and regulates cerebral blood flow distribution "*"'*. The effect varies between different
brain regions '®. Interestingly, adrenaline appears to affect microglial expression of
cytokines and response to LPS via beta-2-adrenergic receptors (32-AR) '*'°. Indeed,
cell culture experiments show that 2-AR stimulation leads to the production of IL-
1ra, which can antagonize neurotoxic IL-1B *'. Thus, an exercise-mediated increase in
adrenergic signaling via B2-AR on microglia may be anti-inflammatory. Moreover,
exercise is suggested to affect macrophage polarization states in favor of the more anti-
inflammatory M2 phenotype via [2-AR '. Interestingly, beta-2-adrenergic
stimulation of microglia increases their capacity to take up Ap **'%.

It usually takes a few minutes from exercise onset to increase the levels of cortisol, as it
requires a step-wise activation of the hypothalamic-pituitary-adrenal (HPA) axis within
the brain. By inducing the release of corticotropin-releasing hormone from the
hypothalamus, which subsequently induces a release of adrenocorticotropic hormone
from the pituitary gland, exercise makes the adrenal glands within the kidneys produce
cortisol '**. Again, exercise parameters, like intensity and duration, affect the degree of
the HPA axis response 7, but more exercise is not necessarily more beneficial. For
instance, potential beneficial effects on the HPA axis might be lost in overtrained
individuals 7. Moderate quantities of exercise are suggested to train this system to
better cope with stress as revealed by a shorter-duration HPA axis response to a stressor
8199 and adaptation through reduced tissue sensitivity to glucocorticoids '”°. When
studying these effects in animal models, it is important to consider the difference
between forced and voluntary exercise, since forced exercise may also induce
psychological stress 2. Importantly, the effect of HPA responses on brain cells seems
to differ between stress and exercise conditions ** (see Stress as a confounding factor in
exercise research).

The effect of exercise on neuroinflammation

Neuroinflammation is suggested to contribute to our most prevalent disorders affecting
the brain. The knowledge of exercise-mediated effects on neuroinflammation is scarce,
mainly due to limitations in monitoring these mediators in the brain of living patients.
Measurement of cytokines in CSF offers an approximation giving insight into the
cytokine levels within the brain. However, this method does not reveal differences
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between brain regions. Therefore, the use of experimental animal models is of great
importance.

Previously described as the main immune cell in the brain (see Microglia), microglia are
interesting targets for exercise-mediated neuroinflammatory effects. Numerous studies
reveal that exercise may affect microglia in terms of activation, phenotypic profiling,
and distribution 2%, For instance, exercise may decrease the total number 27 of
microglia as well as dampen its activation ****'' and proliferation *'*. Exercise increases
CX3CL1/CX3CR1 ** and IGF-1 levels **, suggesting a phenotypic shift in favor of
the more anti-inflammatory and neuroprotective M2 phenotype **>*"°. Further, the
pro-inflammatory neurotoxic M1 phenotype is disfavored because of iNOS
suppression *'* and a reduction of CD86 and major histocompatibility complex 1I
(MCH II) *** in exercised mice. Phagocytic capacity is also affected ?'* as exercise can
stimulate microglial phagocytosis of harmful debris 24 Sdll, investigating these aspects
separately in different animal models does not give insight into the overall picture of
how exercise affects microglia and the results are inconsistent between studies. Contrary
to the above-mentioned effects, other studies show that exercise might increase
microglial activation >'>2'¢ 212 and cell numbers 2. The different effects
of exercise on microglial cells are summarized in Table 2.

, proliferation

Inflammatory intracellular pathways within microglial cells could be of particular
interest to increase our knowledge about the mechanisms behind the
neuroinflammatory effects of exercise. For instance, exercise may reduce the levels of
myeloid differentiation 88 (MyD88) '*****'% a downstream target-protein of pro-
inflammatory TLR-4-activation. Moreover, exercise reduces the phosphorylation of
NF«B **?'%, a transcriptional master regulator of inflammatory signaling molecules
(see Intracellular inflammatory signaling pathways). Depending on the site of exercise-
mediated reduced phosphorylation on NFkB, it will affect the expression of different
inflammartory target genes, such as cytokines *"’.
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Table 2. Effects of exercise on microglia.
Note that the table only list studies that reported effects. Several studies report no effects.

Microglial function Effect of exercise Exercise Reference
setting
Activation 1 activation Treadmill 205,208-211
T activation Treadmill, 215216
Wheel
Proliferation 4 number of microglia Treadmill, 206,207
Wheel
T microglial proliferation Wheel 212217
Phagocytosis T phagocytosis of debris Wheel 214
Profiling 4 INOS (M1) Treadmill 205,210,213
1 CD86 (M1) Treadmill 204,205,213
L MHC 11 (M1) Wheel 204
T MHC Il (M1) Wheel 204
TIGF-1 (M2) Treadmill, 205,208
Wheel
T CD206, Arg1 (M2) Treadmill 205,213

Cytokines are responsible for the extracellular inflammatory signaling between
microglial cells. Remarkably, exercise decreases the protein levels of pro-inflammatory
TNFo while increasing the levels of anti-inflammatory IL-10 in murine hypothalamus
9. Likewise, following exercise, TNFat and IFNY decrease in the prefrontal cortex **,
and IL-1B and TNFa decrease in the hippocampus ***. Like in the periphery after
exercise, IL-6 increases in the brain **?** and may even be crucial for the beneficial
effects '*". In human CSF, no changes have been detected in the levels of TNFol and
IL-6, following exercise *>** despite increased IL-6 in plasma. This might be due to
the timing of CSF sampling. Moreover, cytokine levels seem to depend on exercise
duration, intensity, and type as well as on the brain region, making cytokine levels
difficult to compare across studies. Altogether, most experimental studies indicate a
tendency for exercise to reduce central levels of pro-inflammatory cytokines and
increase levels of anti-inflammatory cytokines 2. The effects of exercise on
cytokines are summarized in Table 3.

Exercise also affects other extracellular inflammatory molecules. By increasing the
expression of cyclooxygenase-2 (COX-2), exercise may lead to increased production of
inflammartory lipid signaling molecules, like PGE2, a well-known prostaglandin %",
This effect appears to be dependent on NFkB and to become more pronounced with

>0, Interestingly, increased COX-2 expression in the brain
232

increasing exercise intensity
is correlated with increased IL-6 in plasma
COX-2 and PGE2 are time-dependent: the levels increase immediately after exercise
but return to baseline within a few days, and the long-term effect of exercise is decreased
levels of these molecules 3%,

. Moreover, the effects of exercise on
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Table 3. Effects of exercise on cytokines

The effect of exercise on cytokine production and secretion in the brain. Note that the table only displays studies that
report effects. Several studies report no effects. hip=hippocampus, cxt=cortex, hyp=hypothalamus, pvn=paraventricular
nucleus, str=striatum.

Cytokine Effect of exercise Exercise Reference
setting
TNFa l TNFa in whole brain Treadmill 229
1 TNFa in prefrontal ctx Swimming 21
1l TNFain hyp Treadmill 220
L TNFa in hip Wheel, 101,222,223
Treadmill
1l TNFoin pvn Treadmill 228
T TNFain ctx and str Treadmill 25
IFNy 1 IFNyin prefrontal ctx Swimming 221
IL-1B 4 IL-1B in hip Wheel 222
1 IL-1B in whole brain Treadmill, 229,236
Wheel
TIL-1B in whole brain Wheel 26
J IL-1B inpvn Treadmill 228
IL-6 T IL-6 in whole brain Wheel 2%
T IL-6in hip Treadmill, 101,223
Wheel
T IL-6in CSF Swimming 224
IL-10 T IL-10 in whole brain Treadmill, 229,236
Wheel
T IL-10in hyp Treadmill 220
T IL-10in pvn Treadmill 228

In conclusion, different modeling systems and exercise parameters and a lack of gender
considerations in previous studies make it difficult to draw general conclusions. Even
though studies show conflicting results, the majority of published research points
towards a beneficial, anti-inflammatory effect of exercise on the brain.

The effect of exercise on other cell types within the brain

Exercise-mediated effects on other cell types is beyond the scope of this thesis. Briefly,
exercise affects astrocyte morphology *7*%, proliferation **°, numbers **"**2, and
activation . Additionally, the capacity of astrocytes to provide neurons with fuel, such
as lactate, increases with exercise *“. The glymphatic function of astrocytes improves
with exercise due to increased expression and polarization of the aquaporin 4 channel
(AQP4), which is suggested to improve glymphatic clearance of AP from the brain
21 Further, exercise increases the proliferation and development of

# and improves the myelination status in animal
246248

tissue
oligodendrocyte progenitor cells
models of ischemia, Alzheimer’s disease and depression
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Exercise effects on the diseased brain

Using exercise as a preventive strategy to diminish the burden of different brain
disorders is of growing interest. Research databases offer a multitude of experimental
studies investigating the molecular exercise-mediated effects on specific pathological
hallmarks of the disorders included in this thesis.

The majority of studies investigating the preventive potential of exercise suffers from
one general limitation: the impact of a phenomenon called reverse causation is not
taken into account. Reverse causation implies that early disease symptoms may reduce
the ability to participate in physical activities even before diagnosis. For dementia
disorders like AD and VaD, cognitive impairments may prevent a person from
planning and executing structural exercise. Reduced motor function in the early,
undiagnosed phase of PD is another potential source of reverse causation. For
depression, reduced mood may prevent individuals from participating in physical
activities even before diagnosis. Both neurodegenerative diseases and depression often
have an early, sometimes quite long, phase with symptoms before getting the diagnosis.
This increases the risk of introducing bias due to reverse causation in studies analyzing
the effect of exercise on the development of these disorders. Study designs should
consider this phenomenon.

The effect of exercise on brain ischemia

Many studies reveal protective effects of exercise on the development of brain ischemic
attacks ', Both men and women are protected by exercise **>?%, although women

might require higher intensity exercise compared to men to achieve these protective

effects 2?
254

and one study showed no significant protection for physically active women
. Interestingly, exercise may be more beneficial in women in lower age groups **°.
The type of stroke might also matter; moderate exercise intensity may be optimal since
activities of very high intensity might even be detrimental for hemorrhagic stroke »*°.
Still, another study demonstrates that even highly active individuals are protected from
hemorrhagic stroke **°. The type of physical fitness also matters as a large study,
following over 1.5 million men for up to 42 years, revealed that the correlation between
higher fitness and lower risk of stroke was only significant for aerobic fitness and not
for muscle strength *°.

Individuals suffering from a stroke who had higher physical fitness before the insult
have better outcomes: a lower mortality, fewer post-stroke complications and decreased
stroke severity *7. These patients are also more likely to have a better recovery *’. The
American Heart Association recommends that post-stroke patients exercise for at least
20 minutes each day, three days a week **. Notably, exercise as a treatment improved
outcome and recovery when administrated following brain ischemia **?¢'. For
example, cognition was improved **.
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To recover from a stroke may require functional neurogenesis in specific brain regions.
Therefore, the ability of exercise to enhance levels of neurotrophic factors, such as
BDNF, might be one explanation behind its beneficial effects ****. In stroke patients,
exercise-related cognitive improvements correlated with exercise-mediated increases in
BDNF serum levels 2. In ischemic rats, exercise augments proliferation, migration,

and differentiation of neuronal progenitors in the penumbral area *%.

The evolution of the damage following brain ischemia is also affected by the
208264 and protects against
ischemia-induced neuroinflammation according to a systemic review including almost
50 studies *°. Furthermore, exercise reduced the accumulation of leukocytes during
reperfusion of the brain *°, probably, by reducing the levels of molecules such as
ICAM-1 and V-CAM1 **®*, which are involved in the extravasation of peripheral
immune cells from the blood into the brain. Moreover, exercise dampens the
overexpression of TLR4 82 a5 well as its downstream inflammatory signaling
molecules MyD88 and NFkB *'®. Pro-inflammatory cytokines, like TNFo. and IL-6,
are also reduced *®. Interestingly, exercise before the ischemic induction increased the
TNFo >, but following ischemia, the levels were not further elevated. Thus, exercise
may chronically elevate TNFat levels and prime the brain, preventing the same pathway
from responding to a later ischemic event.

inflammatory response. Exercise reduces microgliosis

In summary, exercise reduces the risk of ischemic stroke and improves the outcome if
affected. The optimal exercise parameters remain to be determined, and the most
important mechanisms involved in these effects need to be elucidated under clinical
settings.

The effect of exercise on dementia

Since there is no cure for treating dementia disorders like AD and VaD, the interest in
using physical activity as a preventive strategy is growing. Previous studies investigating
the effect of physical activity on the development of dementia display inconsistent
results **’!. Among those showing beneficial effects, the majority investigate the effect
of activity later in life and suffer from short-term follow-ups *"*”. Short-term follow-
ups increase the risk for bias due to reverse causation, and the potential for undiagnosed
dementia increases in participants studied later in life ***?. Thus, studies with longer
follow-ups are warranted. Importantly, the pathological mechanisms behind different
subtypes of dementia differ, as previously described (see Vascular dementia and
Alzheimer’s disease). Taking the distinct pathological mechanisms into consideration, it
is unlikely that physical activity will be equally beneficial for these dementia subtypes.
So far, only a limited amount of studies have differentiated between the effect of
physical activity on AD and VaD #’“. For instance, a physically active lifestyle or exercise
intervention did not affect the levels of AB as measured by PET and CSF analysis *>°.
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Experimental studies may further elucidate the pathological mechanisms affected by
exercise and may explain how exercise may be protective against different dementia
subtypes. Like patient studies */, rodent studies show promising results of exercise on
cognition 241278284 Hgwever, only a few studies have investigated the effects on VaD
pathology, probably due to the lack of robust animal models **. Those few studies
show beneficial effects of exercise on VaD 25627,

In contrast, the effects of exercise on AD have been investigated in numerous studies
778 whereof several reveal beneficial effects on pathological hallmarks, such as synaptic
protein levels and AP *"**. Interestingly, exercise may affect AP in several ways. First,

222279281285 hotentially by diminishing the activity of
1 243289

it may reduce soluble AP levels
beta-site amyloid precursor protein cleaving enzyme (BACE1) and PS
involved in the generation of AP. Second, exercise may decrease AP plaque deposition
3 possibly by affecting the production of AB42 **°, the subtype most prone to
aggregation. Third, the levels and activities of enzymes involved in the degradation and

clearance of AP from nervous tissue, such as IDE-1 and neprilysin, may be increased
243,290

, enzymes

Interestingly, exercise seems to promote microglial removal of AP species through
phagocytosis *'*. Extensive microgliosis **"**' and pro-inflammatory cytokines 22>
also reduced in AD models. Furthermore, it normalizes the levels of postsynaptic
density protein 95 (PSD-95) and synaptophysin **!, synaptic proteins that are usually
disturbed and are key features of neuronal dysfunction. Figure 5 shows an overview of
how exercise affects different molecular mechanisms in AD and Table 4 summarizes
the effects of exercise on different AD hallmarks. However, there are also experimental
studies that do not detect any exercise-related effects on microglia 23 AB*® or cognitive
function **. As described before, the lack of effects might be explained by the diversity
of study setups.

are
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Figure 5. Potential beneficial effects of exercise on AD pathology

The majority of mechanisms displayed above have, so far, only been investigated in animal models. Several studies
reveal ameliorated amyloid pathology at different levels following exercise: reduced amyloidogenic cleavage of APP in
favor of increased non-amyloidogenic cleavage through regulation of APP-cleaving enzymes; reduced plaque formation
and increased AP degradation via up-regulation of degrading enzymes and improved clearance through enhanced
function of the glymphatic system. Furthermore, exercise may induce a phenotypic switch in microglial cells, reducing
the levels of pro-inflammatory M1 in favor of the more beneficial M2 phenotype with increased phagocytosis of Af.
Moreover, exercise-induced expression of PGC-1a. leads to increased levels of irisin, which may inhibit AB-producing
enzymes and increase the levels of neurotrophic factors. Additionally, increased neurogenesis has been seen in the
hippocampus and synaptic function seems to improve as indicated by increased levels of synaptic proteins.
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Table 4. Effects of exercise on AD hallmarks

Note that the table only displays studies reporting effects. Several studies report no effects. For clinical studies, both
observational and intervention studies are included. T does not necessarily mean an absolute increase but primarily

indicates higher levels compared to the control group. ctx= cortex, hip= hippocampus

AD hallmark
In animal models
Tau

Amyloid B

Synaptic function

Neuroinflammation

Neurodegeneration

Cognition

In patients
Tau

Amyloid B

Inflammation
Neurodegenration
Cognition

Readout

Tau
phosphorylation

Production

Soluble levels

Plaque levels

Degradation

Clearance

Synaptic
proteins

Microglial
actyivation

Microglial
profiling

Cytokines

Working
memory

Object
recognition

Spatial memory

In CSF

In brain tissue
In CSF
Cytokines
Grey matter
Global

Executive

Effect of exercise
| p-tau in hip

T o-secretase clevage of APP
| BACE-1 and PS1

1 AB40 in ctx and hip

1 AB42

| plaque levels

! IDE

T degrading enzymes; neprilysin,
IDE, MMP9, LRP1 and HSP70

T AQP4
T PDS-95 and synaptophysin

1 microglial activation
T phagocytic microglia,
taking up Ap

T M1->M2 microglia
T IL-10 in hip and prefrontal ctx

L IL-1p and TNFa
 neuonal loss in hip

T hip volume

T spontaneous alternation
T object recognition

T spatial cognition

| p-Tau

1 Amyloid (PiB) PET

1T Ap42

! TNFa and IL-15

T Grey matter volume
T Neurocognition

T Executive function

AD model

APP/PS1,
hTau

APP/PS1
APP/PS1
Tg2576,

APP/PS1

APP/PS1,
Tg2576
APP/PS1

Tg2576

Thy1
3xTgAD,
Thy1

APP/PS1,
Thy1

APP23,
5xFAD

STZ rat

intracer inj
Ab-40

Tg2576

Tg4-42,
APP/PS1

Tg2576,
APP/PS1

5XFAD

intracer inj
Ab-40

APP/PS1

Genetic AD
APOE ¢4
Genetic AD
MCI

Risk group

MCI, AD,
Genetic AD

Risk group

Reference

289,293

288
243,289
222,283,290
280,283

243,294

243

290

241

241,291

241,281

214

213

282

222

295,296

294,296

175

282

281,295,297

298
299
298
174
300

174,298,301,302

303,304

Taken together, physical activity seems to have beneficial effects on cognition and to
reduce the risk of dementia, although the exact effect on different dementia subtypes
needs to be assessed in larger population-based studies with longer follow-up times.
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The effect of exercise on Parkinson’s disease

Much effort has been made to study the effect of physical activity on PD 3% and
most observational studies indicate that being physically active has a protective effect
and lowers the risk of developing PD ****%. Further, exercise interventions improve
walking capacity, muscle strength, balance, and other parkinsonian motor symptoms
in patients with PD %313 However, the mechanisms behind these protective effects
of exercise have not yet been elucidated. Exercise-studies in rodents offer a multitude
of explicatory mechanisms, ranging from an exercise-mediated reduction in o-
synuclein *'*" to the increased survival of dopaminergic neurons %37 and
increased neurogenesis >'>°". Likewise, synaptic plasticity, dopaminergic transport, and

o-synuclein clearance through autophagy seem to be improved 3431731933,

Interestingly, exercise reduces microgliosis *'®*** and pro-inflammatory protein levels,

including TNFou and IL-1P. The expression of TLR2 and its downstream signaling
mediators MyD88 and NF«B is also reduced ¢3!,

However, few of the above-mentioned exercise-mediated effects have been seen in PD
patients, apart from increased cytokines in plasma ***** and increased dopamine release
in habitual exercisers compared to sedentary patients **°. Remarkably, one study
revealed that physically active patients have diminished motor symptoms compared to
controls despite similar levels of dopamine **’. Hence, it is possible that exercise does
not protect the brain from the pathology but that it, rather, creates some kind of motor
reserve making it possible for the physically active to cope with brain pathology to a
certain degree. This would be equivalent to the cognitive reserve seen in well-educated
AD patients .

In conclusion, exercise seems to be beneficial against PD, but the mechanisms behind
these beneficial effects remain to be determined and may be due to the build-up of a
motor reserve in the physically active. However, although the idea of a motor reserve
in PD patients has been mentioned before **, it needs to be investigated in a larger
population-based study.

The effect of exercise on depression

Exercise may be used not only to prevent the development of depression in healthy
individuals ****', but also to treat patients who have already been diagnosed ***. Indeed,
a recent meta-analysis including over 250 000 participants around the world revealed
that exercise protected against the development of depression in people from different
geographical regions and across all ages **. As mentioned before, reverse causation
could be an issue in epidemiological studies since individuals already suffering from
reduced mood but lacking a diagnosis tend to be less engaged in physical activities 3.
This is unfortunate since physical fitness is associated with reduced depressive
symptoms in the general population **. Likewise, exercise may dampen already present

symptoms of depression 3%, Conversely, other studies report no additional effect on
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these depressive symptoms when compared to antidepressant medication alone %%,

In addition, the severity of the depression must be taken into account, since exercise
has only been proposed as a treatment strategy for those with mild to moderate
depression #3332, In more severe cases, the depressive symptoms increase the risk for
failure to adhere to an exercise program #3334,

&

Potential mechanisms behind the above-mentioned exercise-mediated beneficial effects
on depression are beyond the scope of this thesis. Briefly, exercise may reduce
34334 and restore the normal function of the HPA axis ****¥, two systems
134136.343.545 Neurogenesis is also suggested to be

, and exercise may improve this *°°'. Additionally,
146,147
b

inflammation
suggested to be altered in depression
dysregulated in depression
exercise affects tryptophan metabolism, including kynurenine metabolites
molecules known to be implicated in depression '*°. However, these effects are not long-

lasting and have to be further evaluated in patients .

Other factors that need to be considered when studying the effects of exercise on
depression are exercise parameters (see Exercise parameters matters) and the differences
between men and women. Importantly, depression is more common among women *,
but many large-scale studies are only investigating the impact of parameters like exercise
intensity and dose without taking different sex into account ****°. This is deplorable
since the effect of physical activity on depression may differ between men and women
36, Nevertheless, exercise appears to be protective against depression even though and
the impact of reverse causation and differences between men and women need to be

accounted for.

Exercise par ameters matters

The heterogeneity of study setups within the exercise research field makes analysis and
comparisons challenging. A multitude of parameters, such as frequency and duration
of training sessions as well as exercise timing and intensity, influence the effect of
exercise and must be taken into account. On top of that, endurance exercise and
resistance training are two fundamentally different forms of exercise. Still, having
different setups increases the possibility of finding interventions optimized for different
diseases and patient subgroups.

Type of exercise

My research focuses on the effects of acrobic endurance training, in line with the
majority of published studies in the field. Both aerobic endurance and resistance
training induce a substantial elevation of metabolism and heart rates, but other effects
seem to differ. For example, following resistance training, the effect on serum cytokines
occurs at a later time point and achieves lower magnitudes compared to endurance
exercise '”. Moreover, endurance, but not resistance training, leads to increased levels
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of kynurenic acid in the blood '¥. Further, when studying the effects of exercise
experimentally using animal models, it is important to consider the use of voluntary
versus forced exercise interventions (see Stress as a confounding factor in exercise research).

Exercise frequency

How often exercise is performed also matters. For instance, only intermittent running
facilitated the differentiation of newborn cells into granule cells in mice *’. The
American Heart Association recommends 20-60 minutes of exercise as often as 3-7
days per week for stroke survivors to reduce the risk of additional events **, but the
recommendations may differ for different disorders.

Exercise duration

The duration of each training session and the duration of the whole intervention
program should be considered. For example, longer durations lead to a higher increase
in BDNF "7>%%_ A longer duration is also required to reduce the resting levels of CRP
15 The increase in the levels of IL-6 also depends on exercise duration *'.

Exercise intensity

The exercise intensity level has a great impact, especially for the immunological effects
2035 but also on the effects on the HPA axis and BDNF 9335839, Both the DNA-
binding activity of NFkB and COX-2 expression increased with increasing exercise
intensity **°. Some exercise-mediated effects, like that on the B2-AR, even seem to
require a certain intensity **'. For IL-6, different impacts of exercise intensity have been
seen: in some studies, the response seems to be intensity-dependent '*"*** while others
do not detect any differences '®*. Following brain ischemia, low- to moderate-intensity
exercise has been suggested to be the most neuroprotective *** even though an
experimental study revealed that higher-intensity reduced the amount of activated

363, For stroke prevention,

microglia and pro-inflammatory cytokines the most
moderate-intensity has been advocated for since very intense training might adversely
ffect the devel fh hagi ke ¢, F hiatric disord 1
affect the development of hemorrhagic stroke **°. For psychiatric disorders, results are
inconsistent ¥*3°%%%; some suggest that higher intensities might be required or more
beneficial **** whereas others reveal no impact *>3%. Regarding dementia, more
studies discriminating between activities of different intensities are needed, but a dose-

response relationship with exercise intensity has been indicated **.

Exercise timing

The timing of an intervention with respect to disease-specific pathological events is
worth considering. For instance, administering an intervention too early may be
harmful in experimental brain ischemia 302, although other studies reveal beneficial
effects on neuroinflammation and cognition with early initiated exercise 2°®*%
Experimentally, regiments including stressors may be non-beneficial in the early phase
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after a brain injury *®. Thus, implementing voluntary instead of forced exercise may be
preferred following brain ischemia as it is less stressful 32 For more progressive diseases,
such as neurodegenerative diseases, the discussion has revolved more around whether it
will be too late to achieve beneficial effects of exercise if it is introduced too late in the
disease process. Furthermore, the timing of sample collection with respect to the
exercise execution matters. Many molecular effects of exercise have narrow windows of
increase or decrease following exercise.

Taken together, little is known about how the above-described parameters affect the
effect of exercise in different disorders affecting the brain. Careful consideration of
different exercise parameters when designing future studies offers a greater possibility
of discovering novel aspects of physical activity as an intervention.

Stress as a confounding factor in exercise research

Confounders may obscure the readout in exercise research. Stress could be a potent
confounder, both in experimental settings using animal models and in epidemiological
studies investigating high-performing subgroups.

While cortisol is the primary glucocorticoid involved in the stress response in humans,
corticosterone is the primary glucocorticoid implicated in the stress response in rodents.
In stressful contexts, elevated corticosterone may have undesired effects in the rodent
brain. Still, the effects of augmented glucocorticoid levels appear to differ between
exercise and stress conditions **. Previous stress may enhance the HPA axis response to
novel stress stimuli, whereas exercise buffers the responses to novel stress. The exact
mechanistic difference behind this remains unknown. Importantly, an exercise-
mediated increase in glucocorticoid signaling in the prefrontal cortex leads to increased
local levels of dopamine, which is essential for active coping. Opposingly, chronic stress
decreases dopamine levels in the medial prefrontal cortex despite augmented levels of
glucocorticoids **. Moreover, glucocorticoid receptors are downregulated following
chronic stress 3 along with glucocorticoid resistance 367 a process suggested to
ultimately lead to dysregulation of the whole HPA system. Further, stress increases the
levels of adrenergic receptors on circulating immune cells **®, which might affect
immune function (see Exercise effects inside the brain). In contrast, exercise does not
have the same effects **>*. This might be one explanation behind the different effects
of stress and exercise on neuroinflammation and other pathological hallmarks in the
brain.

The effect of stress on pathological hallmarks in the brain

Stress can affect the pathological hallmarks implicated in disorders affecting the brain.
For instance, chronic stress and corticosterone injections aggravate Af production and
accumulation in AD models 3**37°. Further, in a rat model of cerebral ischemia, stress
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preconditioning increased neuronal death in the hippocampus following ischemia *”'.

Moreover, dysregulation of the HPA system is suggested to contribute to depression .

The effect of stress on neuroinflammation

As microglia express glucocorticoid receptors, they are capable of responding to
* and this appears to lower the threshold for
microglia to proliferate and release pro-inflammatory cytokines . Increased microglial
activity and neuroinflammation may contribute to neuronal death following stress %',
and high corticosterone levels lower the threshold for microglia to release pro-
inflammatory cytokines *“. Interestingly, stress increases the expression of NLRP3,
leading to increased cleavage and secretion of pro-inflammatory IL-1f3 4.

differences in glucocorticoid levels *7

In conclusion, stress should be considered as a potent confounder, both in
epidemiological and experimental exercise studies. Caution has to be made when
designing studies.

60



Rationale

When the research projects behind this thesis were initiated in 2013, there was limited
knowledge about how exercise affects pathological development, especially concerning
neuroinflammation, following global brain ischemia.

As described in the introduction, it was known that a physically active lifestyle decreases
the risk of dementia, Parkinson’s disease (PD) and depression. However, little was
known about how physical activity affects the development of different dementia
subtypes as the majority of previous studies did not differentiate between the two most
common, but different types of dementia; Alzheimer’s disease (AD) and vascular
dementia (VaD).

Moreover, there was limited knowledge about how different levels of physical
performance may affect the risk of depression in regard to sex.

Furthermore, early manifestations of symptoms may reduce physical activity levels in
patients already several years before the diagnosis of dementia or PD, a phenomenon
called reverse causation. The majority of previous studies did not take into
consideration potential bias due to reverse causation when assessing the association
between physical activity and the risk of developing disorders that affects the brain.

By taking into account the points in the above-described areas, exercise-based
interventions could be improved in preventive healthcare to optimize its beneficial
effects.
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Aims

General aims

To investigate how physical activity affects:

neuroinflaimmation and behavioral deficits in mouse models of certain
disorders affecting the brain.

the risk of developing certain disorders affecting the brain in humans

Specific aims

To investigate how:
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microglial neuroinflammation contributes to the pathogenesis and behavioral
deficits following global brain ischemia in mice.

forced running affects brain pathology, including neuroinflammation and
behavioral deficits, following global brain ischemia in mice.

a physically active lifestyle affects the risk of developing depression.
a physically active lifestyle affects the risk of developing Parkinson’s disease.

a physically active lifestyle affects the risk of developing Alzheimer’s disease and
vascular dementia.

voluntary running affects Alzheimer’s disease pathology, particularly with
respect to neuroinflammation and behavioral deficits, in a transgenic mouse
model of Alzheimer’s disease.



Study overview

Figure 6 shows an overview of the scientific work presented in this thesis.

Rationale development
Narrative review:
Exercise, Behavior
& Neuroinflammation: \ PAPER |
Animal Models in T A .
Clinical Settings Spec|f|<_: A'm. EE
How microglia
contributes to
brain ischemia
pathology
in mice

—_—

1

PAPER II
Specific Aim 2:
How forced running
affects brain
pathology following
brain ischemia in mice.

The effect of exercise
on neuroinflammation

PAPER VI and behavior in mouse
PAPER IlI models

Specific Aim 3: Specific Aim 6:
How a physically How voluntary running

active lifestyle affects affects AIz_heimer’s
the risk of developing pathology, in 5xFAD

depression mice \
PA'_DI,ER I_V The effect of physical
Specm(:]Al.m ﬁ: activity on risk for PAPER V
(@1 & PRI brain disorders in .
active lifestyle affects humans Specific Aim 5:
the risk of developing H.OW a physically
Parkinson’s disease active lifestyle a ffects

the risk of developing

\/ dementia

Figure 6. Study overview of this thesis

Based on the aims, the papers presented in this thesis utilize either an experimental approach (general aim 1, indicated
in pink ) or an epidemiological approach (general aim 2, indicated in green) or a combination of both (indicated in grey).
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Methods

Detailed descriptions of the methods used in my thesis work are found in the methods
sections of each paper. The purpose of this section is to point out methodological
shortcomings and considerations and to explain the methodological decisions taken
during my research process.

Ethical considerations

The experimental studies included in this thesis were conducted in line with the ethical
permits (D.nr. M303-09, M425-12, and M427-12) approved by the animal ethics
committee in Lund and in adherence to the Directive of the European Parliament. We
simplified our experimental design as to contain as few treatment groups as possible
and only one sex per study in order to reduce the total number of animals used without
losing statistical power. We also used the Y-maze instead of Morris water maze to test
cognitive behavior, as the Y-maze test is less stressful for mice *”°.

The epidemiological studies were approved by the ethics board in Uppsala (D.nr. and
2010/305).

Experimental studies

Of mice and men - modeling disorders affecting the brain in mice

All molecular effects of exercise presented in this thesis are investigated in mouse
models. Animal models offer unique possibilities to investigate molecular effects, but
they always suffer from certain limitations and never fully mimic disorders effecting the
human brain. For instance, mice have a short life span, about 2 years, making it
problematic when studying aspects of the human aging processes that contribute to
brain pathology. In addition, laboratory mice are inbred, so the natural genetic
variation seen in a patient population is not reflected. Further, experimental animal
facilities are rather sterile environments, lacking the interaction of naturally occurring
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pathogens with inflammatory processes studied in my research. Nevertheless, mouse
models are still needed to elucidate molecular questions.

Experimental global cerebral ischemia

We used a mouse model of global cerebral ischemia in Paper I and II. Wild-type mice
of the C57bl/6 strain were bred in our facilities. By transiently occluding the two
common carotid arteries for 13 minutes, we tried to mimic cardiac arrest-induced
global ischemia in the brain. Since hypothermia has been suggested to reduce neuronal
damage in this context, we kept our mice on heating pads to keep their body
temperature at somewhere between 36.5-37.5°C (rectal measurements) during the
whole procedure. This model typically develops neuronal damage in the striacum,

376 377

hippocampus, and thalamus * and a microglial response to the insult

Galectin-3 knockout

In Paper I, half of the mice used were deficient in galectin-3 *®. This galectin-3
knockout strain originally came from Dr. K. Sivman (Gothenburg University) and is
maintained in our facilities on a C57BL/6 background. Under healthy conditions, this
model display no overt abnormalities **.

Familial Alzheimer’s disease

We used a mouse model of Alzheimer’s disease in Papers V and VI. 5xFAD mice bred
on the C57Bl/6*SJL genetic background were obtained from Jackson laboratories. The
5xFAD strain expresses 5 transgenes with mutations that cause familial AD in humans.
These mutations are the following; the Swedish (K670N/M671L), Florida (I716V),
and London (V717I) mutations in APP, and the M146L and L286V mutations in
PSENI. At 1.5 months, soluble AB42 levels are detectable, and plaques appear at
around 2 months of age *”. Synaptic function is also compromised, presynaptic
synaptophysin starts to decrease from 4 months of age and post-synaptic PSD95 starts
to decrease at 9 months of age *”°.

We chose this model since it recapitulates the neuroinflammatory aspects of the disease
early. Microgliosis begins around 2 months of age *”. Cognitive deficits can be
measured at 5 months of age *” and abnormal exploratory behavior is seen in the
elevated plus maze test at around 6 months of age **. Importantly, motor deficits do

%1 allowing several months to detect deficits in

not develop until 9 months of age
cognition and anxiety before motor impairments potentially bias the readouts of these

tests.
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Experimental exercise

My thesis only investigates endurance exercise. We made conscious decisions regarding
the exercise parameters discussed in the introduction, such as frequency, duration, and
intensity. Furthermore, we aimed for proper control conditions to reduce bias in our
setup. The perfect setup will never exist; there will always be methodological issues, but
the most severe pitfalls can be avoided.

Forced treadmill running

We used forced treadmill running for the first exercise study (Paper II) to control the
exercise intensity. With fixed speeds and a fixed duration, our aim was to expose the
running group to a homogenous exercise dose to keep the variance low. We put the
sedentary controls in the same environment, except that the treadmill was not moving.
Our running mice were introduced slowly to the running paradigm. Despite this, we
had severe problems with stress caused by forced running. The timing of the
intervention during the daylight hours may have influenced the outcomes, since mice
are nocturnal animals. These issues are discussed in Paper II.

Voluntary wheel running

Due to the problems with stress in the forced running protocol, we decided to use
voluntary wheel running in our next study (Papers V and VI). With running wheels,
mice could run at their preferred time of the day and for as much as they wanted.

The disadvantage with voluntary wheel running is that the amount and timing of the
exercise cannot be controlled to the same extent as with treadmills. It is possible to
reduce the variation in exercise dose by locking the wheel during certain hours or after
a pre-set distance. However, we offered unlimited access to smart wheels with
continuous wireless tracking of running, providing data regarding speed and distance
ran. Hence, we could assure that all mice were running at least a certain distance per
day. It is also possible to investigate dose-response relationships with this setup, but to
track how much each mouse ran, the mice would need to be caged individually.
Individual caging may lead to depression in mice which might interfere with the effects
of exercise **. Therefore, we caged our mice in pairs. We recorded their running
behavior with a video camera mounted above their cage during some nights.
Observation of these recordings confirmed that both mice in a cage ran approximately
equal amounts and that dominance behavior was not a problem.

Sex might matter

Both men and women were included in the Vasaloppet studies. As the risks of
developing some of the most common disorders affecting the brain differ between men
and women, sex is an important factor to consider. In the Vasaloppet studies, we
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performed stratified analyses based on sex. In my experimental studies, we decided to
focus on one sex at a time to keep the number of animals in each group high enough
to get statistical power to detect differences, and at the same time, keep the total number
of mice low for ethical considerations.

Male mice to model global brain ischemia

In Paper II, we wanted to investigate the effect of exercise on the outcome after global
brain ischemia. In humans, global brain ischemia is usually due to cardiac arrest. We
used male mice since men are more often affected by cardiac arrest **’. Male mice are
also better characterized. However, due to fighting and aggressive behavior, we had to
exclude some of the mice and the majority of the remaining mice displayed signs of
stress in behavioral tests.

Female mice to model Alzheimer’s disease

In Papers V and VI, we wanted to investigate the effect of exercise on the development
of AD pathology. Since AD is more common among women **, we used female mice
even though they are less well characterized. Another reason was problems with
aggressive behavior among male mice as experienced in my previous study.

Quantification of immunohistochemical stainings

Staining intensity measurements in Image J

Ideally, the number of microglial cells should be counted and their morphology
observed. For some of the brains, I had issues with low staining quality that made
quantification difficult. For some conditions and brain regions (e.g. the hippocampus
following brain ischemia), microglia are also too numerous to be quantified by counting
if the staining quality does not allow for higher magnification images. Therefore, the
total microglia population was measured as staining intensity in Image ] (NIH). This
is a blunt measure, but the best choice under these circumstances.

Statistical analysis

Data were analyzed in Microsoft Excel and SPSS (v. 22) as described in the original
papers. In short, the data from papers I and II followed a normal distribution, and
parametric tests were used (Student’s t-test, ANOVA and Pearson’s correlation
coefficient). In contrast, most of the data from paper V and VI did not follow a normal
distribution. Therefore, non-parametric tests were applied to this data (Mann-Whitney
U-test, Wilcoxon tests, and Friedman test).
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Epidemiological studies

Sensitivity analyses

Association between physical activity and lower risk of disorders effecting the brain
might be due to reverse causation, i.e. early symptoms prevent individuals from being
physically active already before diagnosis. We perform sensitivity analysis to control for
this. By excluding all cases diagnosed with the disorder of interest during the first 5
years after inclusion in our studies, we try to reduce this bias. For dementia and PD,
we justify the use of 5 years for this exclusion since previous studies indicate that this is

a relevant timeframe for these diagnoses 267,268,384

. Conversely, for depression, we lack
similar justifications but chose to adhere to a consistent setup for our analyses. We
could have presented different levels of sensitivity analyses, using for example 3, 5 and
10 years as cut-offs for exclusion. The main reason for not doing this was word count
restrictions. In addition, excluding all cases during the first 10 years would imply that
follow-up only last up to 11 years and lead to a significant reduction in the number of

events giving less robust data.

Stratification for effect modifiers

For all diagnoses investigated in this thesis, there is an unequal distribution in the
general population between men and women, indicating differences in the etiology of
these disorders. Men and women may make different lifestyle choices when it comes to
physical activity. Thus, sex might be an effect modifier on the association between
physical activity and disorders affecting the brain. In addition to analyzing both sexes
together, we stratified our analysis to analyze men and women separately.

Adjustment for confounders

The major limitation of our studies is that we could not adjust for factors indicated as
potential confounders in the directed acyclic graph (Figure 7) as we lacked data on these
variables. Previous self-reported questionnaires from these skiers and non-skiers
revealed that skiers tend to have a better diet and smoke less **>**. Nevertheless, as we
lacked data on diet and smoking for the majority of participants, we could not adjust
for this. We began with a crude unadjusted, cox model, since adjusting for confounders
is complex and may increase the risk of getting type I errors **”. As education level
differs between the populations and affects socioeconomic status, which is a potential
confounder (see Figure 7), we decided to adjust for education level. Thus, we present a
model adjusted for age, sex and education.
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Another limitation of our studies is that we could not adjust for the level of physical
activity in the control population (non-skiers). This likely led to an under-estimation
of the association between physical activity and the risks for the disorders investigated.
Still, previous self-reported questionnaires among these skiers and non-skiers revealed
that skiers spent more time exercising >*%.

7 "“\\D Minimal sufficient adjustment sets for
Genetics Q estimating the effect of Physical Activity on:
Smaking
Depression
P « Comorbidity (Charlsson Index),

Socioeconomic status Exercise motives, Genetics
/ Q pathways)

Y v 4
Comorbidity (Charlsson Index) 7} PD
Inflammation « Genetics, Smoking

« Genetics, Socioeconomic status

AD
A « Diet, Genetics, Smoking
= « Genetics, Socioeconomic status
Vascular health

VaD

Physical Activity - Diet, Genetics, Smoking

@ @ @ @ - Genetics, Socioeconomic status
VaD
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Figure 7. Pathways between physical activity and disorders affecting the brain.

Directed acyclic graph with suggestions for statistical adjustments for each outcome diagnosis investigated generated
using dagitty.net. The green node indicates the exposure, and outcomes are indicated with blue nodes (l). The remaining
blue nodes indicate ancestors of outcomes, and pink nodes are ancestors of both exposure and outcome. Causal paths
and biasing paths are indicated with green and pink arrows, respectively.
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Results

General aims

The effects of exercise on behavioral deficits in certain brain disorders

Main findings

Running intervention;
e does not improve cognition in mouse models of brain ischemia or AD.
e induces anxious behavior in mice that were forced to run.

e aggravates abnormal exploratory behavior in a mouse model of AD.

Running impaired spatial memory in AD mice

Running 5xFAD mice exhibited reduced curiosity for the new arm in the Y-maze test,
indicating impaired spatial memory compared to sedentary controls (Mann-Whitney,
p=0.03). In contrast, forced running did not affect cognitive behavior in wild type mice
following global brain ischemia. Moreover, voluntary running did not affect working
memory when assessed with the Y-maze spontaneous alternation test or object memory
when assessed with the novel object recognition test.

Running aggravated abnormal exploratory behavior in AD mice

Previous studies reveal that the 5xFAD model is characterized by abnormal exploratory
behavior in the elevated plus maze ******. Our running 5xFAD mice exhibited
increased exploratory behavior compared to sedentary controls.

Conclusion

Odur results reveal no beneficial effects of running on behavior linked to brain pathology
in these mouse models of brain ischemia and AD.

Impact

Future studies involving running intervention should consider the drawbacks of forced
versus voluntary running in the experimental design.
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Running does not ameliorate behavioral deficits in
mouse models of common brain disorders

Global brain ischemia Alzheimer’s disease
¢ Male WT mice (n=63) ¢ Female mice (n=30)
¢ Common carortid artery occlusion ¢ 5xFAD (transgenic AD model)
¢ Forced treadmill running (4 weeks) * Voluntary wheel running (6 months)

Running does not improve cognition

% time in new arm i .
(Y-maze) Cognitive function
n.s
. 1007 W Sedentary
45 x
R 40 x & ns Running
P 35 %
3 30 £ 60+
£ 25 (]
@ 2 2 401
E=E S «
S 1w § 201
8 - 0 e
Sedentary Forced - Working Object Spatial
running memory memory memory
Forced running does not improve congnition in mice Voluntary running does not improve working or object
following brain ischemia (left picture). Spatial memory was memory in 5XFAD mice. The running intervention
evaluated in Y-maze test (right picture). even aggravated spatial memeory deficits.

Running does not improve anxiety or abnormal exploratory behavior
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Forced running led to increased anxiety (left). Voluntary running aggravated abnormal exploratory behaviour,
Anxious behavior was measured as time spent earlier reported in the 5XFAD model, as measured in the Open field

close to the walls in the Open Field test box (upper — and Eleveated plus maze tests.
right). SMART software was used to objectively
measure behavior (lower right).



The effects of exercise on neuroinflammation in certain brain disorders

Main findings
Running intervention;
e does not affect the number of microglia in the hippocampus of AD mice.

e tends to reduce the number of microglia in the hippocampus of mice after
brain ischemia.

e has no significant effect on pro-inflammatory galectin-3 levels in the brain.

e up-regulates IFNY in the brain and IL-10 in blood after brain ischemia if mice
were forced to run.

® tends to increase pro-inflammatory iNOS in the brain after ischemia in mice
given the forced running intervention.

e tends to decrease the hippocampal levels of iINOS in AD mice given the
voluntary running intervention.

Forced and voluntary running may affect pro-inflammatory iNOS differently

Running did not have a statistically significant effect on iNOS levels in the brain, but
tendencies were revealed. Forced running tended to increase the levels of iNOS in the
brain (T-test, p=0.15) in wildtype males. In contrast, voluntary running tended to
decrease the levels of iNOS in the hippocampus of 5xFAD females (Mann-Whitney,
p=0.11).

Voluntary running did not affect cytokine levels in AD mice

We could not detect any effects on cytokine levels (INF-y, IL-1B, IL-12p70, IL-2, IL-
4, IL-5, IL-6 IL-10, CXCL1, TNF-0) in the hippocampus or blood of 5xFAD mice
after 6 months of voluntary wheel running.

Conclusion

Our results do not show any significant effects of running on neuroinflammation but
revealed opposing tendencies depending on the type of running (forced or voluntary).

Impact

Our findings reveal the importance of considering the type of running intervention in
the design of an experiment, particularly for future studies.
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Running does not improve neuroinflammation in mouse
models of common brain disorders

Global brain ischemia Alzheimer’s disease
¢ Male WT mice (n=63) * Female mice (n=30)
¢ Common carortid artery occlusion e S5xFAD (transgenic AD model)
¢ Forced treadmill running (4 weeks) ¢ Voluntary wheel running (6 months)

Running does not significantly affect microglia in hippocampus
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Forced running up-regulates the protein levels of some cytokines
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Physical activity and the risk of certain disorders affecting the brain

Main findings

Vasaloppet skiers have;
® 250 % lower risk for future depression diagnosis.
® a=30 % lower risk of Parkinson’s disease (PD) during early follow-up.
e a=50 % lower risk for future vascular dementia (VaD).

® 1o significant difference in the risk of Alzheimer’s disease (AD) compared to
matched general population.

The lower risk of brain disorders for skiers is unlikely due to reverse causation

Early symptoms might prevent people from being physically active even before
diagnosis. This phenomenon is known as reverse causation. We tried to reduce this
potential bias in our sensitivity analysis by excluding all cases diagnosed with the
disorder of interest during the first five years after study inclusion. Even with this
exclusion, the skiers still had a significantly lower risk of developing depression and
VaD compared to controls. This indicates that the associations between a physically
active lifestyle and a lower risk of these disorders are likely due to the positive lifestyle
effects rather than due to reverse causation.

The lower risk of brain disorders for skiers is not explained by higher education

The skiers in our study had a significantly higher level of education compared to the
non-skiers in our matched control group. Even when adjusting for age, sex and
education, skiers still had a significantly lower risk of developing PD (HR=0.73 (0.57—
0.93)), VaD (HR=0.49 (0.33-0.73)) and depression (HR=0.53 (0.49, 0.58)).

Not all brain disorders can be associated with a physically inactive lifestyle

Our study indicated that having a physically active lifestyle (being a skier) was not
associated with a lower risk of developing AD. These results were in line with those
observed in the Malmé diet and cancer study, wherein individuals that self-reported
high physical activity scores had a lower risk of VaD but not AD.

Conclusion

Our results show that a physically active lifestyle is associated with a lower risk of

developing depression, PD and VaD, but not AD.

Impact

Our findings support the view of physical activity as a promising preventive strategy to
reduce the burden of some of the most common disorders affecting the brain.
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Long distance ski racing is associated with lower
risk of several brain disorders

* 38 % Women
e Up to 21y of follow-up (1989-2010)

Study design

* Incidence (Patient registry)

* Vasaloppet skiers (n=197,685)

* General population (n=197,684)

* Matched on sex & age
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Specific aims

Microglial contribution to pathology after brain ischemia in mice

Main findings
e Galectin-3 acts as a microglial pro-inflammatory factor following brain
ischemia.

Galectin-3 deficiency leads to;
e areduced microglial response in the hippocampus.
e improved neuronal survival in the hippocampus.
e protection from significant memory deficits.

e reduced weight loss.

Galectin-3 induces a TLR-4 dependent inflammatory response in microglia

We tested whether adding galectin-3 to primary microglial cultures could elicit an
inflammatory response. Both soluble and immobilized forms of galectin-3 induced
release of several inflammatory cytokines (IL-1f, IL-5, TNFa,, IL-10, IL-12, and IL-4,
measured with ELISA) in primary microglia. Primary microglia deficient in TLR-4
released significantly lower levels of cytokines compared to wildtype microglia when
galectin-3 was added to the cell cultures.

Microglial galectin-3 has detrimental effects following brain ischemia

Mice lacking galectin-3 had reduced microgliosis and improved neuronal survival in
the hippocampus after global brain ischemia. Galectin-3 deficiency also protected the
mice from significant memory deficits following ischemia compared to control mice.

Conclusion

Our results show that galectin-3 is involved in microglial activation and contributes to
neuroinflammation and neuronal damage following brain ischemia.

Impact

Our study identifies microglial galectin-3 as a promising target for therapeutic
interventions for disorders affecting the brain.
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Microglia-secreted galectin-3 acts as a toll-like receptor-4
ligand and contributes to microglial activation

Experimental design
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The effect of forced running on pathology after brain ischemia in mice

Main findings
An intervention with forced running in mice results in;
e anxious behavior.

® increased neuronal damage that is not due to increased microgliosis in the
hippocampus following brain ischemia.

e clevated corticosterone levels that correlate with neuronal damage in the
hippocampus.

e Increased corticosterone and anxiety are not seen in mice given a voluntary
running intervention.

Unwilful running may induce stress

We observed stressful behavior from mice in the forced running group in their home
cages. The open field test revealed increased anxiety, and corticosterone levels were
elevated in feces from these mice. Increased anxiety and corticosterone levels were not
observed in an additional control group that had voluntary wheel running.

Stress-induced corticosterone may worsen neuroinflammation

Increased corticosterone levels in mice subjected to forced running correlated with
increased levels of NLRP3 inflammasome (Pearson R=0.48, p=0.046) and its
downstream proinflammatory IL-1f (Pearson R=0.61, p=0.006) in the brain. Likewise,
the brain levels of IFNYy were five times higher in the forced running group compared
to sedentary mice after ischemia (Fischer’s post hoc test, p=0.008).

Systemic IL-10 levels associated with running may reduce the microglial response

Running mice showed increased IL-10 levels in the blood and a tendency towards
increases levels in the brain (Fischer’s post hoc test, p=0.10). Higher systemic IL-10
levels correlated with lower levels of microglial Ibal in the hippocampus (Pearson R=-
0.54, p=0.02). Running mice also displayed a non-significant trend (T-test, p=0.07)
towards reduced hippocampal Ibal compared to sedentary mice following ischemia.
This indicates that the increased IL-10 levels induced by running may reduce the
microglial response.

Conclusion

Exercise pre-conditioning may not be beneficial if the mice are forced to run as it can
induce a detrimental stress response blunting the beneficial effects of exercise.

Impact

These findings are important for researchers when considering exercise paradigms for
mice in experimental designs.
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Forced treadmill exercise can induce stress and
increase neuronal damage in a mouse model of
global cerebral ischemia

Experimental design
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Physical activity and the risk of depression

Main findings
e Both male and female skiers had a 50 % lower risk of developing depression.

e For the male skiers, higher performance (faster finishing time) in the ski race
was associated with an even lower risk of developing depression.

e For female skiers, performance in the race did not significantly relate to the
risk of developing depression.

Physical performance affects the risk of depression differently for men and women

We used finishing times from the ski race as a proxy for physical performance and
fitness level. When analyzing both sex together, skiers that finished the race faster had
an even lower risk of depression compared to slower skiers (after adjusting for age, sex
and education, HR=0.78 (0.62, 0.99)). The same pattern was seen in fast skiing men
compared to slow skiing men (adjusted HR=0.65 (0.49, 0.87)). For skiing women, we
saw the opposite pattern ( adjusted HR=1.11 (0.74, 1.66)), although far from being
statistically significant (p=0.6). Nevertheless, the fastest skiing women had a lower risk
for developing depression compared to non-skiing women, but they did not receive any
additional benefits.

Conclusion

Our results indicate that a less physically active lifestyle predicts depression later in life,
but there may be differences between men and women regarding the association
between physical performance and risk of developing depression.

Impact

Our findings support the view of physical activity as a promising preventive strategy to
reduce the risk of developing depression.
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Long distance ski racing is associated with lower
long-term incidence of depression in a population
based, large-scale study

Study design
* Incident Depression (Patient registry)
* 3075 cases of depression
e Vasaloppet skiers (n=197,685)
* General population (n=197,684)
* 38 % Women
e Up to 21y of follow-up
* Matched on sex & age

Both male and female skiers have lower incidence
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Physical activity and the risk of Parkinson’s disease (PD)

Main findings
e In the early follow-up, skiers had a 30 % lower risk of developing PD.

e In the later follow-up, the incidence of PD in skiers converged with the
incidence level in the general population.

The lower risk of PD seen in skiers may partly be due to reverse causation

The significantly reduced risk of PD among the skiers became non-significant (p=0.08)
in sensitivity analysis excluding all PD cases diagnosed during the first five years after
study inclusion. This indicates that this association might be driven by reverse
causation. Yet, after the exclusion, this association is close to statistical significance, thus
reverse causation is not likely to be the only explanation.

Skiers may have a motor reserve delaying their onset of symptroms

Visual inspection of the cumulative incidence curves reveals a tendency towards
convergence of the skier and non-skier curves over time. Thus, skiers are more likely to
get a PD diagnosis at a later time during our follow-up compared to the non-skiers.
This is especially pronounced in older age groups and among those that we followed
for the longest time (included in the study 1991-2000). These observations support the
hypothesis that those who are physically active may have a motor reserve that delays the
onset of symptoms leading to diagnosis.

Female skiers’ cumulative incidence of PD shows a greater degree of convergence

Since PD incidence generally plateaus earlier in women, the motor reserve hypothesis
predicts a greater convergence of the cumulative incidence with the general population
among women. In our study, we observed this pattern, further supporting this

hypothesis.

Physical performance does not predict PD

We could not detect any association between race finishing time and risk of developing
PD, adjusting for age, sex and education (HR=0.98 (0.7, 1.5)).

Conclusion

Our results support the hypothesis that physically active individuals may develop a
motor reserve that postpone the onset of PD symptoms.

Impact

If physically active individuals develop a motor reserve, it may be possible for those
individuals to have a higher quality of life for a longer time despite the current lack of
treatments for PD.
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Delayed clinical manifestation
of Parkinson’s disease among physically active

Study design Skiers have lower incidence of PD
¢ Incident Parkinson’s disease (PD) Non-skiers
* 283 PD cases Skiers
e Vasaloppet skiers (n=197,685) 0049 HR:0.71(0.55, 0.90)
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e Up to 21y of follow-up 0.02 4
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Physical activity and the risk of dementia

Main findings
e Skiers had an almost 50% lower risk of developing vascular dementia (VaD)
compared to the matched general population.

o  The risk of Alzheimer’s disease (AD) did not differ between groups.

e The risk of developing VaD was even lower in high-performing skiers
compared to low performing skiers.

e Running did not improve synaptic proteins or soluble AP levels in transgenic

AD mice.

A physically active lifestyle affects the risks of developing VaD and AD differently

Skiers had a lower risk of developing all-cause dementia (adjusted HR= 0.63 (0.52—
0.75)) compared to non-skiers. Our results indicate that physical activity may have
different effects depending on the cause of dementia. Furthermore, our results from the
Vasaloppet cohort were in line with those observed in the Malmé diet and cancer study,
wherein individuals with higher self-reported physical activity scores had a lower risk

of VaD (adjusted HR=0.49 (0.33-0.73)) but not AD.

Low physical performance level is associated with the risk of developing VaD

Faster skiers had a further reduced risk of developing VaD. Skiers completing the race
with a finishing time faster than median had a 60 % lower risk of developing vascular
dementia compared to their slower counterparts (HR=0.38 (0.2-0.9) in the model
adjusted for age, sex and education).

Running does not ameliorate the molecular hallmarks of AD in mice

Running did not reduce soluble A levels in the cortex nor the hippocampus, when
measured by 6E10 immunoreactivity and AP40/AB42 ELISA in 5xFAD mice.
Moreover, levels of the synaptic proteins PSD95 and synaptophysin were not increased
by exercise. On the contrary, the levels of PSD-95 seemed to decrease due to running,
but the effect was not statistically significant (Mann-Whitney U-test, p=0.09).

Conclusion

Physical activity may not be equally effective against all disorders causing dementia.

Impact

Our finding that physical activity might not be associated with a lower risk of
developing AD is important as it goes against the general view. Our findings might
impact the setup of exercise and the investment in future studies in this field.
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Midlife physical activity is associated with lower incidence
of vascular dementia but not Alzheimer’s disease

Study design Experimental design
¢ Incidence in Patient Registry ¢ Amyloid-f & synaptic proteins
* 181 cases of Alzheimer’s disease (AD) ¢ female SXFAD mice (n=30)
e 112 cases of Vascular dementia (VaD) ¢ Voluntary wheel running (6 m)
¢ Vasaloppet skiers (n=197,685)
¢ General population (n=197,684) v\
* 38 % Women
* Up to 21 y of follow-up
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The effects of voluntary running on Alzheimer’s pathology in mice

Main findings
Voluntary running does NOT;
o affect the total amount of microglia.
o affect cytokine levels.
e reduce the levels of insoluble AP.
e improve motor learning in the rotarod performance test.

e Running mice developed hindlimb clasping earlier.

Running tended to augment the levels of insoluble A in the hippocampus

In the cortex, running did not affect the levels of insoluble A when measured using
Thioflavin S staining. Conversely, running led to a non-significant trend towards
increased insoluble A levels in the hippocampus (Mann-Whitney U-test, p=0.08).

Running led to faster progression of sensorimotor dysfunction

Hindleg clasping is a sign of sensorimotor dysfunction and is typically seen in the
5xFAD model. Our running mice developed this dysfunction earlier than their
sedentary counterparts.

Conclusion

Odur results indicate that exercise might not confer long-term protection against the
genetic form of Alzheimer’s disease.

Impact

Our findings question previous findings in the field and add to existing knowledge of
the long-term effects of exercise interventions in these models.
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Voluntary running does not improve neuroinflammation
and non-cognitive behavior in the 5xFAD mouse
model of Alzheimer’s disease

Experimental design
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Discussion

Experimental exercise

Neuroinflammation as a shared therapeutic target for brain disorders

As described in the introduction, increased neuroinflammation is associated with
several disorders affecting the brain, such as depression, PD, AD and brain ischemia
116.120.130.135 \Whether this inflammation is the cause or result of each disorder can be
debated. Our study on the role of microglial galectin-3 in brain ischemia demonstrates
that the inflammatory response contributes to brain injury under pathological
conditions. Regardless of its origin, chronic and uncontrolled inflammation in the brain
is considered to negatively affect brain health ***'. Consequently, a treatment to target
and control the inflammatory response in the brain could be useful for many disorders
affecting the brain. Exercise could be such a treatment strategy. Although my
experimental studies did not reveal any significant neuroinflammatory effects, many
other studies have 08235262263278:392:395 T¢ g difficult to detect the inflammatory effects
of exercise since many of these effects are transient, requiring sampling at specific time-
points. Hence, it is possible that our running interventions did affect
neuroinflammation and that this effect would have been detectable if samples had been
collected at other time points. Nonetheless, it is important to clarify whether the
inflammatory effects reported after exercise are clinically relevant from a long-term
perspective. In experimental settings, my studies indicate that exercise may have
different inflammatory effects depending on whether the running intervention is
voluntary or enforced. Thus, in future experimental studies, interventions should be
designed to prevent stress as this may interfere with the anti-inflammatory effects of
exercise. In addition, sampling should be done at different time-points in order to
observe the temporal dynamics of these effects.

Animal behavior as a predictor of clinical symptoms in brain disorders

Behavioral tests used in experimental research are rather poor analogies to the
manifestation of pathological symptoms in patients. As such, the clinical relevance of
effects seen through animal behavior can be questioned. Still, animal models are widely
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used, as no better alternatives exist today. In my studies, running interventions did not
ameliorate behavioral deficits. On the contrary, the mice displayed aggravated
behavioral deficits in some tests. Animal behavioral testing is very complex, and
potential confounders are numerous. In our animal facility, I have identified several
factors that could affect animal behavior during these tests. I believe that these are
common problems that can be found in most animal facilities. Large behavioral
variation within groups adds to the difficulty of finding statistically significant effects.
For these reasons, I think that animal behavioral readouts have a limited clinical
relevance, especially from studies wherein no differences between groups are seen. In
my treadmill intervention study, the forced running induced stress in the mice, and
this likely affected not only the outcome in anxiety tests but also in cognitive tests. The
lack of beneficial effects on our running AD mice might be because exercise does not
affect AD pathology or because we used an AD model with a highly aggressive
pathology. Thus, the results obtained from my experimental exercise studies do not
exclude the possibility of exercise to beneficially affect behavior in other models of

disorders affecting the brain, which has been observed by others
175,208,241,278,284,295,297,393,396,397

Stress as a confounding factor in experimental exercise settings

As described previously, our forced running intervention induced a detrimental stress
response in our mice, likely interfering with the potentially beneficial effects of the
exercise. However, in this study, it is also possible that fighting in home cages
contributed to the stress. Still, stress is a powerful confounding factor as it affects similar
pathways as exercise does but with different long-term effects *. Therefore, it is
important to consider this factor when designing experimental exercise interventions. I
suggest that all experimental exercise studies address this concern by monitoring stress
during and after exercise interventions. Nevertheless, it is indeed difficult to distinguish
the effects of psychological stress from physical responses to exercise. A combination of
behavioral tests, observation of home cage behavior and measurement of molecular
markers is needed. I advocate for the development of a standardized test battery,
including defined behavioral and molecular tests to control for stress induction.

Exercise epidemiology

Physical activity as a preventive strategy for brain disorders

I could not detect any beneficial effects from running interventions on brain pathology
in our mouse models of brain ischemia nor AD. This does not mean that running

89



interventions cannot exert beneficial molecular effects as many other studies
demonstrated promising results 35246:26>28398399 Eyrther, our epidemiological studies
revealed that physical activity is a promising strategy to alleviate the burden of the most
common disorders affecting the brain. Due to the diverse pathologies of the disorders
investigated in my thesis, it is unlikely that physical activity affects all of these disorders
in the same way. It is important to keep in mind that physical activity may be associated
with a lower risk of a disorder without necessarily reducing the pathology. As suggested
in paper IV, the association between physical activity and a lower incidence of PD
might be due to the build-up of a motor reserve, allowing physically active individuals
to sustain more PD pathology before the onset of symptoms. For multifactorial
disorders like depression, it is possible that physical activity prevents this condition in
individuals with a light tendency for depression, not necessarily through molecular
effects, but rather through psychological mechanisms, such as by distracting from
negative thoughts ***°. Additionally, a 2-sample Mendelian randomization study
suggests that physical activity prevents depression rather than the inverse “".

Importantly, we saw no association between physical activity and AD in our study.
Thus, physical activity should not be regarded as a universal treatment that is equally
effective against all disorders affecting the brain. Table 5 shows a qualitative evaluation
of the causality of physical activity on each disorder investigated in my thesis. Further,
even if physical activity causes a reduction in these disorders, there is no scientific
evidence that supports physical activity as the best or only treatment option. Patients
are not homogenous even though they have the same diagnosis. Many patients suffer
from not only one disorder, and the recommendation to add physical activity as an
additional preventive strategy needs to be evaluated for each patient. Exercise is not a
miracle solution, but the adverse effects of light physical exercise are few and rare.

Table 5. Evaluation of causality

Qualitative evaluation of causality of physical activity on each disorder affecting the brain as investigated in the
Vasaloppet Cohort in my thesis work according to Bradford Hill’s criteria of causality. The degree of fulfilment of each
criterion is indicated with a scale. The results included in my thesis serve as the basis of the evaluation and are
complemented by additional studies available through PubMed.

Bradford Hill’s criteria Depression PD AD VaD
Strength

Consistency
Specificity

Temporality

Biological gradient
Plausibility

Coherence
Experimental evidence
Analogy
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Physical activity vs. physical fitness as predictive factors

Few studies distinguish between the amount of physical activity and the level of
physical fitness as predictive factors for disorders and functional outcomes “**%,
Among those that do, some studies indicate that it is the fitness level that matters for
brain function and mortality “*%“, Physical activity and fitness are of course linked to
some extent as being physically active improves fitness level. Nonetheless, the amount
of activity required to achieve and maintain a certain fitness level differs between
individuals “>* (see Future perspectives).

In our epidemiological studies, we use participation in Vasaloppet as a proxy for a high
amount of everyday physical activity, which is supported by previous studies indicating
that this skiing population has higher physical activity levels compared to matched non-
skiers #*°%_ Additionally, we used the finishing time of the race as a proxy for fitness
level, as previous studies have shown that work output (W/kg) correlates with
performance in this ski race “*®. Physical activity but not physical performance predicted
later development of PD. However, both physical activity and performance had
significant associations to the risk of depression and VaD and could be used as
predictive factors. For VaD, the predictive values of physical activity (being a skier,
HR=0.49 (0.3-0.7)) and physical performance (skiing fast, HR=0.38 (0.2, 0.9)) were
in the same range, although physical activity gave a more precise predictive value
(narrower confidence interval). For depression, participation in the ski race (HR=0.53
(0.49, 0.58)) had a higher predictive value than the performance in the race (HR=0.78
(0.62, 0.99)). However, Aberg et al. showed that the predictive values of objectively
measured fitness on depression were in the same range as we see for physical activity **°.
Importantly, lower physical performance in Vasaloppet skiers predicted depression only
in men and not women in our study, but Aberg e 4l only investigated men. Taken
together, additional studies are warranted to determine whether physical activity or
fitness level offers the best predictive value for each disorder affecting the brain.

Ski performance affects the risk of depression differently

Among our skiers in the Vasaloppet cohort, skiing faster was associated with an even
lower risk for depression if the skier was a man (HR=0.65 (0.49, 0.87)). Even if the
association between fast skiing and depression in women was far from being significant
(p=0.6), it is important to note that they showed an opposite pattern (HR=1.11 (0.74,
1.66)). Thus, among skiers, the impact of physical performance on depression likely
differs between men and women. This is in line with other studies showing that men
may benefit from higher exercise intensities 3% On the other hand, studies suggest
either that exercise intensity might not matter for women ** or that women might
benefit more from lower intensity exercise **.
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Our study cannot explain the reasons behind these differences, but I believe that the
motives for exercising may influence this association since the impact of exercise reasons
on life quality seems to differ between men and women “”. Remarkably, women who
reported weight loss and body toning as reasons for exercising also reported lower life
quality, independent from the level of exercise *”’. The same pattern was not seen in
men, wherein the only predictor of perceived life quality was the level of exercise.
However, it is important to consider that the tendency for a man to seek medical care
for depression has maybe increased recently compared to the period 1989-2010 when
our study was conducted. Since our study relies on clinical diagnoses reported in the
patient registry, we likely underestimate the true incidence of depression, especially
among men, who have a lower tendency to seek care when depressed “'°. It has been
speculated that the lower incidence of depression in men may be attributed to a lower
tendency for men to seek medical care, which in turn, may explain their higher
tendency to commit suicide compared to women. Hence, the lower incidence of
depression in our high performing male skiers might be due to increased suicide rates
and not seeking care to get the proper diagnosis. However, previous data demonstrates
the opposite pattern: Swedish men with an objectively measured low fitness level have
a higher risk of suicide “'"*'2. Moreover, the awareness of mental unhealth has increased
over the last decade, and, if our Vasaloppet cohort was assembled today, the incidence
of depression among high-performing male skiers may have differed from what we
found in our study.
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General conclusions

Taken together, the results presented in my thesis suggest the following:

A physically active lifestyle is associated with a lower risk of common disorders
affecting the brain: depression, Parkinson’s disease, and vascular dementia.

Higher physical performance is associated with an even lower risk for vascular
dementia.

Physical performance level may impact the risk of later depression differently
between men and women.

Physically active individuals may develop a motor reserve allowing them to
sustain more pathology before PD symptoms appear, thus leading to a later
diagnosis.

The incidence of Alzheimer’s disease is not associated with a physically inactive
lifestyle.

Running does not reduce molecular or behavioral hallmarks of AD in 5xFAD
mice.

Running does not significantly affect the total amount of microglia in mice
following brain ischemia or AD.

Forced running might induce a detrimental stress response in mice, which
might interfere with the beneficial effects of exercise.
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Future perspectives

Our research emphasizes the potential of physical activity to be used as a preventive
strategy to reduce the overall burden of some of the most common disorders affecting
the brain. For an exercise intervention to reach its full preventive potential, more
knowledge is needed regarding optimal dose, duration, and intensity for a given medical
condition. Novel techniques offer great opportunities to uncover yet unknown effects
of physical activity on the brain. It is tempting to speculate about the next generation

of this research field.

New dimensions of microglial neuroinflammation

In my thesis, I have investigated the effects of running on microglial activation. The
existing one-dimensional view of microglial activation states, proinflammatory M1 and
anti-inflammatory M2, is already widely questioned 7%7"7>%. Technological
advancements will allow us to follow individual microglial cells in their natural
environment using proteomics and transcriptomics with a spatial and temporal
resolution never seen before. Novel markers linked to different functions will be
discovered, adding new dimensions to our interpretation of microglial phenotypes. In
fact, the previous one-dimensional phenotypic view has already started to expand into
additional dimensions *, and more are yet to come. To understand the true nature of
microglia and their neuroinflammatory role in disorders affecting the brain,
collaboration with experts in bioinformatics and statistics is needed. Nevertheless, a
multi-dimensional view of microglial phenotypes will only be a statistical simplification
to interpret endless amounts of data regarding the functional properties of each
microglial cell. Still, understanding how different settings of physical activity affect
these different microglial dimensions may be the key to optimizing exercise
interventions for different groups of patients. The voyage towards this knowledge has
just begun.

Future exercise research methods

Several novel technological tools offer promising opportunities to study different
aspects of physical activity in future studies. For example, relatively cheap and accurate
modern smartwatches offer new possibilities to objectively measure different aspects of
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physical activity, such as pulse, duration, distance moved and number of steps walked.
Unitil today, the majority of studies relied on subjective measurements, such as self-
reported physical activity. Some studies suggest a significant discrepancy between self-
reported physical activity and more subjective measurements, such as data registered by
accelerometers “>!°, Importantly, objective measurements may be better predictors
401405 Thus, research based on measurements from accelerometers in large populations
is warranted. The increased general use of portable technologies (e.g. smartwatches)
makes it possible to reliably analyze peoples’ exercise behavior over a long time period.
However, this technique is not without concerns ", and consensus on how to best use
these methods needs to be established.

Personalized interventions and individual-based research

Large variations within exercise intervention groups represent a major limitation to

45 In fact, the same exercise

statistically reveal medically relevant outcomes
intervention is likely to result in slightly different outcomes for each person . This is
likely due to variance due to interfering environmental and genetic factors that cannot
be standardized in the same way as in animal studies. Recent research revealed that
genetics account for up to 50 % of all differences in physical activity levels “"#!®4% and
fitness “>%° among people. Adding to that, twin studies suggest that the positive effects
on cognition and depression linked to exercise or fitness are explained by genetic
predisposition ">, However, the inverse association between exercise and use of anti-
depressants did not depend on genetics **, and low fitness still predicted depression
even after adjustments for depressed siblings in a study following over one million
Swedish men for up to 40 years **'.

The optimistic interpretation of the above-mentioned impact of the genetics on fitness
is that the remaining 50 % of the variation seems to be explained by other factors, such
as the environment, which people can influence *'***. To overcome the genetic issue,
personalized interventions and individual-based research certainly have something to
offer “°. Indeed, when a training program was adapted to the genetic predispositions
of the participants, better results were achieved *”. Performing more individual-based
exercise research will require more advanced statistical analysis. We are only at the
beginning of an era wherein highly sophisticated methods for analyzing individual
genomics, transcriptomics and proteomics are being developed.

Exercise in a pill

As more studies uncover the molecular effects of exercise, it is tempting to speculate
about the possibility of exercise mimetics, especially for those who are unable to lead a
physically active lifestyle. Excitingly, exercise-related increases in PPARS can be
induced pharmacologically 45 and this treatment doubled the time that mice were
capable of running, despite no previous training **. Additionally, compounds that
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activate AMPK improved cognition and increased the number of hippocampal neurons
in some mouse models “*°. However, the positive effects on the brain seem to be
transient, and in the long run, this treatment may induce neuroinflammation *”.
Moreover, lactate shows promising exercise-mimicking effects but fails to recapitulate
all the effects induced in the brain following exercise “*.
overexpressing PGC-1a tended to have reduced levels of circulating pro-inflammatory
cytokines but revealed no beneficial effects of PGC-1a on neurogenesis or neuronal
survival following stroke “***. Notwithstanding, pharmacological stimulation of
neurogenesis has beneficial effects on cognition but is not as beneficial as running '”°.
While there may be a future for exercise mimetics, this treatment would likely require

Furthermore, mice

a combination of several components, given the fact that exercise gives rise to numerous
molecular effects within the body.

Shared pathways between stress and exercise

I identified stress as an interfering factor in experimental exercise settings as I observed
harmful effects from forced running in mice. Furthermore, stress might be an
interfering factor also in other settings. Trying to find time for physical activity might
induce stress that might blunt some of the beneficial effects of exercise. Interestingly,
the pathways that are activated following acute stress and acute exercise overlap **. In
contrast, the long-term effects of stress and exercise are dissimilar **’. To optimally
benefit from using physical activity as a preventive strategy, we need to elucidate exactly
what differentiates exercise from stress, both from short- and long-term perspectives.
Completely avoid stress has never been possible. Thus, we need to understand how
stress can be used for our good in conjunction with physical activity.

Implementation of existing knowledge in society

Scientific knowledge achieves its full value when it is made implementable in society to
improve peoples’ everyday life. The step towards utilizing existing knowledge about
physical activity and brain health in society is not that far. We need to gain more
knowledge on how to optimize such interventions in the contexts of different disorders.
Additionally, I strongly believe adopting an interdisciplinary approach will be required.
The effect of physical activity on brain health is not just a matter of molecular effects.
Contrarily, our data on the differences between male and female skiers indicates that
factors such as gender and other psychological aspects might matter. Caution must be
taken, and this highlights the need to identify factors preventing certain people from
being physically active. Moreover, economic aspects need to be considered to develop
sustainable interventions that can not only be used during an interventional study but
adapted to everyday life and maintained. Politicians and others responsible for planning
and building our society and environments must collaborate with health researchers
regularly. There is money to save and suffering to alleviate. This should all be done in
a joint effort.
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SUMMARY

Inflammatory response induced by microglia plays
a critical role in the demise of neuronal populations
in neuroinflammatory diseases. Although the role of
toll-like receptor 4 (TLR4) in microglia’s inflammatory
response is fully acknowledged, little is known about
endogenous ligands that trigger TLR4 activation.
Here, we report that galectin-3 (Gal3) released by
microglia acts as an endogenous paracrine TLR4
ligand. Gal3-TLR4 interaction was further confirmed
in a murine neuroinflammatory model (intranigral
lipopolysaccharide [LPS] injection) and in human
stroke subjects. Depletion of Gal3 exerted neuro-
protective and anti-inflammatory effects following
global brain ischemia and in the neuroinflammatory
LPS model. These results suggest that Gal3-depen-
dent-TLR4 activation could contribute to sustained
microglia activation, prolonging the inflammatory
response in the brain.

INTRODUCTION

The inflammatory response driven by microglia is a key element
in brain ischemia (Lambertsen et al., 2012) and in neurodegener-
ative disorders (Burguillos et al., 2011; Saijo and Glass, 2011).
Toll-like receptors (TLRs), like other pattern recognition recep-
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tors (PRRs), are critical for the response to inflammatory agents
(Hennessy et al., 2010). Since its discovery in 1996, the TLR fam-
ily member TLR4 has attracted particular attention in several in-
flammatory diseases, including CNS pathologies (Buchanan
et al., 2010; Lemaitre et al., 1996). Pharmacological inhibition
of TLR4 and transgenic mice lacking the TLR4 gene exhibit neu-
roprotection in conditions of experimental stroke (Caso et al.,
2007; Hyakkoku et al., 2010; Suzuki et al., 2012). Despite exten-
sive research, only very few endogenous ligands for TLR4 have
been described so far (Chen and Nufez, 2010).

Galectins represent a protein family with at least 15 members
that have significant sequence similarity in their carbohydrate-
recognition domain (CRD) and bind to B-galactosides with vary-
ing affinities and specificities (Barondes et al., 1994; Leffler et al.,
2004). Galectins are classified into three subgroups (1) proto, (2)
chimera, and (3) tandem repeat based on their molecular archi-
tecture. The proto-type and tandem-repeat-type families
comprise proteins with one and two CRDs on a single polypep-
tide chain, respectively (Kasai and Hirabayashi, 1996).

Galectin-3 (Gal3) is the only known member of the chimera-
type family comprising a C-terminal CRD and N-terminal non-
CRD for carbohydrate binding and increased self-association,
respectively (Lepur et al., 2012). Gal3 is known to be involved
in the inflammatory response, and its expression is increased
in microglial cells upon various neuroinflammatory stimuli as,
for instance, the process of ischemic injury (Lalancette-Hébert
et al.,, 2012; Satoh et al., 2011a, b; Wesley et al., 2013). Gal3
can be found in the cytoplasm, nucleus, and membranes (Shi-
mura et al., 2004) and can be released into the extracellular
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space upon certain stimuli such as lipopolysaccharide (LPS) (Li
et al., 2008) and interferon y (IFN-y) (Jeon et al., 2010). The
different subcellular localizations of Gal3 together with its
possible posttranslational modifications are likely to affect the
function of Gal3 and explain why rather contradictory effects
have been reported, e.g., pro- versus anti-apoptotic (Nakahara
et al., 2005) and pro- versus anti-inflammatory (Jeon et al.,
2010; MacKinnon et al., 2008). As an example of this duality of
function, it has been reported that Gal3 deficiency aggravates
the neuronal damage in the adult mouse brain following transient
focal brain ischemia, due to a reduced signaling of insulin-like
growth factor receptor in microglia (Lalancette-Hébert et al.,
2012), whereas in a transgenic mouse model of amyotrophic
lateral sclerosis (ALS), the lack of Gal3 increases the inflamma-
tory response (Lerman et al., 2012). In contrast, in a model
of global brain ischemia, microglial Gal3 was suggested to
contribute to neuronal death in the CA1 subregion of the hippo-
campus (Satoh et al., 2011a, b) as well as contribute to the
inflammation and severity in experimental autoimmune enceph-
alitis (Jiang et al., 2009).

Previous studies have focused on the relationship between
Gal3 and members of the TLR family such as TLR2. For example,
in differentiated macrophages, Gal3 can form a complex with
TLR2 and thereby improves the inflammatory response against
C. Albicans (Jouault et al., 2006). In addition, it has been sug-
gested that Gal3 can act as co-receptor, presenting the Toxo-
plasma gondii glycosylphosphatidylinositols (GPIs) to TLR2
and TLR4 on macrophages (Debierre-Grockiego et al., 2010).
Furthermore, an interaction between Gal3 and LPS, a known
TLR4 ligand, has been reported as well (Li et al., 2008; Mey
et al., 1996). Gal3 and TLR4 are both considered to be indepen-
dent actors in the initiation and progression of the inflammatory
response after brain ischemia. In this study, we demonstrate
that Gal3 can act as an endogenous ligand for TLR4. We
show that Gal3 can induce, per se, a TLR4-dependent inflamma-
tory response as well as contribute to the full activation of this
receptor upon binding to other proinflammatory stimuli, such
as LPS.

RESULTS

Gal3 Affects Downstream TLR-Signaling Pathways in
Microglia

We first set out to determine the effect of Gal3 on the TLR-medi-
ated signaling pathways. To achieve this, we took advantage of
an array that monitors the expression of 84 genes involved in the
TLRs intracellular signaling pathways. BV2 microglia cells were
exposed to endotoxin-free (as confirmed by Limulus amebocyte
lysate assay) soluble Gal3 (referred henceforth as sGal3) for 6 hr.
In addition, because Gal3 can be rapidly internalized by cells and
thereby activate intracellular signaling pathways, we used a so-
called “immobilized form” of Gal3 (referred to as iGal3) that only
can interact with proteins on the cell surface (e.g., receptors).
Due to Gal3’s high hydrophobicity of its N terminus part, it can
bind to plastic, allowing the exposure of both domains: its CRD
and also its N-terminal site (Sorme et al., 2002). Cell culture wells
were coated overnight at 4°C with 100 ug/ml of Gal3 and washed
three times with PBS to remove unbound Gal3. BV2 microglial

cells were then seeded in these Gal3-coated plastic wells for
6 hr before harvesting them. Cells seeded on non-coated wells
for 6 hr were used as a negative control. LPS (1 pg/ml) added
to the cell culture medium for 6 hr was used as a positive control
for TLR4 activation.

Thus, BV2 microglia cells were treated with sGal3, iGal3, or
LPS and gene expression of the TLRs-signaling pathway inves-
tigated. As shown in Figure 1, sGal3 or iGal3 treatment results in
statistically significant changes in gene expression as compared
to untreated cells. Both induction and repression in gene expres-
sion can be observed after either of these treatments. Remark-
ably, there was significant overlap in microglial gene expression
related to TLR4 signaling in responses to either Gal3 or LPS (Fig-
ures S1A and S1B).

Gal3 Binds to TLR4 through Its CRD

Next, we explored the possibility of a direct physical interaction
between Gal3 and TLR4. Using confocal microscopy, Gal3 and
TLR4 were found to be colocalized in BV2 cells 1 hr after adding
sGal3 (Figure 2A). Under these conditions, TLR4 was immuno-
precipitated and Gal3 was found to be part of the resulting im-
mune complexes (Figure 2B).

Gal3 interaction with glycoproteins is complex, and the initial
binding of the CRD often triggers a subsequent self-association
of Gal3, sometimes resulting in crosslinking and precipitation
(Lepur et al., 2012). This self-association also involves the canon-
ical carbohydrate recognition site in the CRD but also the N-ter-
minal non-CRD domain of Gal3, which makes it much more effi-
cient, and is also required for most biological effects of Gal3.

The apparent affinity of the interaction between TLR4 and Gal3
was determined using microscale thermophoresis (MST). In
MST, the thermophoretic mobility of a fluorescently labeled
molecule in an infrared-laser-induced microscopic temperature
gradient is recorded, yielding a fluorescence time trace from
which a normalized fluorescence value (Fnom) is derived.
Changes in the thermophoretic mobility of the molecule upon
ligand binding manifest as shifts in the Fnom values and are
used to quantify the affinity of the interactions (Seidel et al.,
2013). Accordingly, binding of Gal3 to fluorophore-tagged
TLR4 (at a constant concentration of about 120 nM) produced
aclear shift in the recorded fluorescence time traces (Figure S2B)
with increased F,om values for the Gal3-TLR4 complex. The min-
imal and maximal Fom values for the unbound and fully bound
state of TLR4, respectively, were used to calculate the fraction
of TLR4 bound at each Gal3 concentration. The resulting satura-
tion binding curve (Figure 2C) shows that 50% of TLR4 is bound
at about 1.5 uM Gal3.

The presence of lactose, a competitive inhibitor of both Gal3
carbohydrate binding and self-association, completely abol-
ished the interaction (purple data points in Figure 2C). Further ev-
idence for the involvement of the Gal3 canonical carbohydrate-
binding site was the fact that a mutant, Gal3 R186S, showed
interaction with TLR4 at a much-higher concentration with
50% bound at about 45 uM. This mutant reduces affinity of
Gal3 for many glycoproteins and for the disaccharide LacNAc,
which is the most common minimal galectin-binding moiety in
glycoproteins (Lepur et al., 2012; Salomonsson et al., 2010a).
The Gal3 CRD, lacking the N-terminal domain, also bound
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TLR4 at about equal concentrations as intact Gal3 (red curve in
Figure 2C).

To gain further evidence for Gal3-TLR4 interaction, we used
fluorescence anisotropy as a separate independent technique.
In this technique, the interaction of Gal3 with a fluorescein-
tagged saccharide probe is inhibited by increasing concentra-
tions of TLR4 and quantitatively analyzed, as has been done
for many other inhibitors before (Lepur et al., 2012; Salomonsson
et al., 2010b). The data are presented in the form of percent Gal3
bound to TLR4 to make them more easily comparable to the pre-
vious experiment (Figure 2D). This again demonstrated that
TLR4 binds both Gal3 and Gal3 CRD, with 50% of Gal3 bound
by about 1 pM TLR4, and also shows that TLR4 competes for
the canonical carbohydrate-binding site of Gal3.

The data also provided insight into TLR4-induced self-associ-
ation of Gal3. The slope of the binding curve in Figure 2C, where
fixed TLR4 is titrated with a range of Gal3 concentrations, was
consistent with a Hill coefficient of above 2 for intact Gal3 but
was about 1 for the CRD. In Figure 2D, where fixed Gal3 is

(|
A (|
.

with Gal3 and LPS

Gene expression array analysis of mMRNA related
to TLR activation in BV2 microglial cells upon
S sGal3 (1 uM), iGal3 (100 pg/ml coated well), and
LPS (1 pg/ml) treatment for 6 hr. Data are repre-
sentative of three independent experiments and
expressed as mean (n = 3). *p < 0.05; **p < 0.01. %°
analysis revealed similar up- or downregulation
of Gal3 compared to LPS (*p < 0.05). See also
Figure S1.

titrated with a range of TLR4 concentra-
tions, the Hill coefficient for intact Gal3
was about 0.4, whereas for the CRD, it
was again about 1 (Table S1). This indi-
cates that intact Gal3 binds with apparent
positive cooperativity and/or in an event
with stoichiometry of greater than two
Gal3 per TLR4, whereas the CRD binds
in simple 1:1 interactions to one or more
independent sites on TLR4.

Addition of Gal3 concentration >~1 uM
to fluorescent TLR4 at 120 nM caused
precipitation, as measured by removal
of fluorescence by centrifugation of the
samples before loading into capillaries
that are used for the MST measurements
(Figure S2A). This observation probably
also explains the gradual fluorescence in-
crease in un-centrifuged samples (Fig-
ure S2A) and the wavy line shapes of
the fluorescence time traces recorded in
the MST experiment (Figure S2B). How-
ever, the aggregation did not prevent
obtaining highly reproducible binding
curves that could be used for quantitative
analysis of the interaction (Figure 2C).
The different methods, hence, demonstrate that Gal3 interacts
directly with TLR4 at physiologically relevant concentrations
and also at the Gal3 concentrations (1 M) used in the cell exper-
iment here.

All galectin family members have in common a canonical CRD
with high-sequence homology. Galectin-1 and galectin-4 were
chosen as examples of the proto and tandem repeat families,
respectively, and they also bind to TLR4 in MST experiments
but with lower apparent affinities of about 8 and 14 uM, respec-
tively, and Hill coefficients of about 1, indicating a lower cooper-
ativity (Figure S2F).

TLR4 Contributes to Gal3 Proinflammatory Response

Contradictory reports suggest that Gal3 can play both proinflam-
matory and anti-inflammatory roles. Gal3 has been shown to
elicit a proinflammatory (M1) response per se (Jeon et al,
2010) or amplify a pre-existent proinflammatory reaction (Devil-
lers et al., 2013) in macrophages. Similarly, we have recently
demonstrated that Gal3 is involved in the proinflammatory
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(B) Immunoblot showing the presence of Gal3 in
an immune complex formed after pull-down of
TLR4 in BV2 microglial cell line after being treated
with 1 uM of soluble Gal3 for 1 hr.
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(C) Microscale thermophoresis was used to
analyze the direct binding of TLR4 to Gal3, the
Gal3 CRD, Gal3 R186S, and Gal3 in the presence
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centration of fluorescently labeled TLR4 was kept
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pectively, were used to calculate percent TLR4
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(D) Fluorescence anisotropy was used to analyze
the potency of TLR4 (x axis) to inhibit binding of
Gal3 (0.2 pM) proteins to a fluorescent saccharide
probe (0.02 uM).

The measured values were used to calculate the
percent of Gal3 bound to TLR4 (y axis). The scale
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response triggered by a-synuclein in microglial cells (Boza-
Serrano et al., 2014). Other studies have, however, suggested
that Gal3 is involved in the alternative activation of macrophages
and microglia (Hoyos et al., 2014; MacKinnon et al., 2008). In or-
der to clarify the effect of Gal3 per se on microglial cells, BV2
cells were treated with sGal3 and several phenotypical markers
were analyzed, including the expression of inducible nitric oxide
synthase (iNOS) (M1 phenotype), CD206, TGF-B, Ym 1/2, argi-
nase-1 activity (M2 phenotype), and CD45 (phosphatase that
can inhibit the proinflammatory response; Starossom et al.,
2012). We observed that sGal3 treatment induced iINOS expres-
sion (Figures 3B and 3C) and an overall trend to decrease
the different M2 markers, although only arginase activity and
CD206 expression reached statistical significance (Figures S3A
and S3B). These data support the view that Gal3 stimulates a
proinflammatory M1 phenotype in microglia.

The similarities between the changes in gene expression
induced by Gal3 and LPS, which acts as a TLR4 ligand (Fig-
ure 1), and the physical interaction between Gal3 and TLR4
made us think that Gal3 could be inducing a TLR4-dependent
inflammatory response. To explore this possibility, the expres-
sion of TLR4 was silenced in BV2 microglial cells using small
interfering RNA (siRNA) (Figure 3A). Interestingly, silencing of
TLR4 in BV2 cells leads to a reduction in the iNOS protein
expression upon LPS, sGal3, and iGal3 treatments (Figures
3B-3E), suggesting that these stimuli share a common TLR4-
dependent signaling pathway. The silencing of MyD88, a down-
stream protein triggered by activation of TLR4, shows as well a

TLR4 (M)

ables and minimum (0%) and maximum (100%)
constrained; numerical results are given in Table
S1. Values are expressed as mean + SE. See also
Figure S2 and Table S1.

1 10 100

decrease in INOS expression upon sGal3 treatment in BV2 cells
(Figures S3C and S3D). To validate the TLR4 dependency of the
Gal3 response, the release of several cytokines (i.e., TNF-a and
interleukins [IL-1B, IL-4, IL-5, IL-10, and IL-12]) were investi-
gated in primary microglia cultures derived from wild-type and
TLR4 knockout mice upon sGal3 and iGal3 treatment. The
release of the above-mentioned cytokines was found to be
increased upon both types of Gal3 treatment in wild-type micro-
glia (Figures 3F-3K). In contrast, the increases in cytokines
released upon Gal3 treatments were abrogated in primary mi-
croglial cells originating from TLR4 knockout mice (Figures
3F-3K), demonstrating that TLR4 is essential for Gal3-induced
cytokine release. In the case of IL-10 and TNF-a, we observed
that their decrease is not complete in TLR4 knockout mice,
which suggests also that Gal3 may be interacting also with other
receptors other than TLR4 such as for example TLR2 (Jouault
et al., 2006).

Gal3 Promotes C -3/7 and C
the Absence of Cell Death

We recently uncovered that the orderly activation of caspase-8
and caspase-3/7 contributes to the activation of microglia by
several proinflammatory stimuli including LPS (Burguillos et al.,
2011; Venero et al., 2011). Because both Gal3 and LPS can act
as TLR4 ligands, we next examined whether Gal3 induces the
activation of these caspases. Indeed, both sGal3 (Figure 4A)
and iGal3 treatments (Figure 4B) induced DEVDase activity (cas-
pase-3/7 activation) and IETDase activity (caspase-8 activation)

-8 Activities in
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Figure 3. Gal3-Induced Inflammatory Response Is Dependent on TLR4

(A) TLR4 mRNA levels are downregulated after its knockdown.

(B-K) Knocking down TLR4 decreases iNOS expression after LPS, sGal3 (B and C), and iGal3 (D and E) treatment for 6 hr. Cytokine profile in wild-type (WT)
primary microglia versus TLR4 knockout (TLR4 KO) primary microglia cells after 24 hr treatment with sGal3 and iGal3 (F-K).

Data are expressed as mean + SD (A-E; n = 4) and mean = SEM (F-K; n = 4). *p < 0.05; **p < 0.01. See also Figure S3.
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Figure 4. Gal3 Treatment Induces Caspase-3/7 and Caspase-8 Ac-
tivities in a TLR4-Dependent Manner

(A and B) Analysis of caspase 3/7 (DEVDase) and caspase 8 (IETDase) activ-
ities at 1 hr and 6 hr treatment with 1 uM of sGal3, LPS (1 pg/ml; A), and iGal3
(B) in BV2 microglial cells. LPS treatment was used as a positive control for
caspase 3/7 and 8 activation under inflammatory conditions.

(C and D) The increase of DEVDase and IETDase activity after sGal3 and iGal3
treatment is abolished when TLR4 is knocked down.

Data are expressed as mean + SEM (n = 3). *p < 0.05; **p < 0.01. See also
Figure S4.

as early as 6 hr after sGal3 and 1 hr after iGal3 treatment. In
accordance with the TLR4 dependency of Gal3 response,
silencing of TLR4 expression using siRNA abrogated the in-
crease of both caspase-3/7 and casapase-8 activities after
either sGal3 (Figure 4C) or iGal3 (Figure 4D) treatment.

We previously demonstrated that the TLR4-dependent activa-
tion of these caspases during microglia activation did not lead to
cell death (Burguillos et al., 2011). We confirm here the absence
of apoptotic cell death upon Gal3 treatment using a panel of
methods (Figures S4A-S4D). Some reports indicated that Gal3
can affect the cell cycle (Lin et al., 2002). However, we did not
find any alteration in the cell cycle after Gal3 treatment (Figures
S4E and S4F).

Released Gal3 Is Essential for Full Microglial Response
upon LPS Stimulation

Several proinflammatory stimuli, including LPS, have been
shown to induce the release of Gal3 in macrophages and glial
cells (Jeon et al., 2010; Li et al., 2008). This urged us to investi-
gate whether endogenous Gal3 could play a paracrine role in
the response triggered by an inflammatory stimulus. In culture,
we observed a time- and dose-dependent release of Gal3 pro-
tein from BV2 microglia cells in response to LPS exposure (Fig-
ure S5A). After LPS treatment, Gal3 and TLR4 were also found
to colocalize in BV2 cells (Figure S5B). Furthermore, the amount
of Gal3 found to co-immunoprecipitate with TLR4 was directly
proportional to the dose of LPS used (Figure 5A).

To study the contribution of Gal3 in the response of microglia
cells to a LPS stimulus, we decided to inhibit it through two
different approaches: (1) Gal3 expression was suppressed using
siRNAs in BV2 cells (Figure S5C) and (2) a Gal3 blocking antibody
was used to neutralize the effects of released Gal3. We observed
that both methods prevented LPS-induced iNOS expression at
6 hr and 24 hr (Figures 5B-5D). To validate Gal3 effect over the
inflammatory response upon LPS stimulus, the release of several
proinflammatory cytokines were checked in wild-type and Gal3
knockout primary microglial cell cultures, confirming the BV2
cell data, with reduced inflammatory response in Gal3 knockout
microglia (Figure 5E).

We also analyzed the effect of Gal3 inhibition in terms of IET-
Dase and DEVDase activities in response to LPS treatment; the
Gal3 siRNA knockdown has an inhibitory effect on both activ-
ities, especially at 24 hr (Figures S5D and S5E). Collectively,
these results demonstrate that Gal3 indeed contributes to the
response of microglia cells to LPS stimulus.

In Vivo Interaction between Gal3 and TLR4 and Its
Contribution to the Inflammatory Response Induced

by LPS

At this point, we wanted to validate our in vitro observation in vivo
and explore whether Gal3-TLR4 interactions could be observed
in the brains of mice 24 hr after LPS injection into the substantia
nigra, an established model of neuroinflammation (Castafo
et al., 2002; Herrera et al., 2000). First, we established an in vivo
rat brain microdialysis approach to detect released Gal3 in the
ventral mesencephalon in response to intranigral LPS injection.
We discovered that Gal3 is released in the substantia nigra
24 hr after LPS injection (Figure 6A). We further used TLR4,
Iba-1, and Gal3 immunohistochemistry and observed colocali-
zation of the three markers in several cells in the same region af-
ter LPS injection in mice (Figure 6B). We confirmed colocalization
of Gal3 and TLR4 in microglial cells by using double heterozy-
gous Cx3cr1GFP/+Ccr2RFP/+ mice, where GFP is expressed
only in microglial cells and RFP in monocytes (Figure S6F). We
performed fluorescence resonance energy transfer (FRET) anal-
ysis, using TLR4-FITC as a donor and Gal3 Texas Red as an
acceptor, and an interaction between TLR4 and Gal3 proteins
was demonstrated at 24 hr following injection of LPS in the sub-
stantia nigra (Figure 6C). Our in vitro investigations suggest that
the absence of Gal3 is associated with reduced inflammation
upon LPS stimulus. We decided to compare the neuroinflamma-
tory response after intranigral LPS injection in wild-type and Gal3
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Data are expressed as mean + SEM (n = 4). *p < 0.05; **p < 0.01. See also Fi

knockout mice. We found a significant decrease in the expres-
sion of proinflammatory markers IL-13 and IL-6, (Figure 6D)
which is consistent with the reduced numbers of reactive micro-
glia/macrophages (Figures 6E and 6F) and proliferating microglia
(lba1 and BrdU double-positive cells; Figures S6A and S6B) in
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the Gal3 knockout mice as compared to wild-type mice after
LPS treatment. As a consequence of this ameliorated inflamma-
tory response in Gal3 knockout mice, there was a clear neuro-
protection of the dopaminergic system 7 days after LPS injection
(sham WT animals: 1,467 + 304, LPS WT animals: 711 + 128,
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(legend continued on next page)
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and LPS Gal3 KO: 1,213 + 130; Figures 6G and 6H), with a clear
decrease in the number (Figure S6C) and M1 polarization pheno-
type (measured as CD16/32 expression; Figures S6D and S6E)
of the microglial population.

Gal3 Contribution to the Inflammatory Response
Induced in Global Brain Ischemia Model

Our next step was to assess the importance of Gal3 in a mouse
model of global cerebral ischemia that mimics the brain damage
caused by cardiac arrest. For this reason, wild-type and Gal3
knockout mice were used, and we found an increase of the sur-
vival of the hippocampal neurons in the mice lacking Gal3 (3,100
NeuN-positive neurons in sham; 1,415 + 774 in wild-type and
1,868 + 658 in ischemia-treated animals; Figures 7A and 7B).
The increase in the neuronal survival in the Gal3 knockout mice
was linked to a lower inflammatory response in terms of hippo-
campal Iba1 protein expression (Figures 7C and 7D). Mice lack-
ing Gal3 showed a lower body weight reduction (Figure 7E)
following ischemia. Also, mice lacking Gal3 show a tendency
(although not statistically significant) of ameliorated memory def-
icits in the hippocampal-dependent Y-maze test 1 week after
ischemia (Figure 7F).

Gal3 Interacts with TLR4 in Human Brain Tissue

The expression of Gal3 and TLR4 was also investigated in
postmortem brain tissue from patients who had suffered and
died from cardiac arrest. High expression of both Gal3 and
TLR4 was observed in the ischemia-damaged brain tissue as
compared to age-matched controls (Figures S7A-S7D). Both
markers were found to be present, suggesting colocalization
(Figure S7D). Finally, FRET signal between Gal3 and TLR4 could
also be detected in cells in human stroke brain (Figures S7E-
S7G).

DISCUSSION

In this study, we show that, under conditions of acute brain
inflammation, there is release of endogenous Gal3, which subse-
quently binds to and stimulates microglial TLR4, thus eliciting
a proinflammatory M1 response in the brain. Furthermore,
released Gal3 appears necessary to elicit a full-blown activation
of microglia in response to proinflammatory stimuli such as LPS.

In ischemia/stroke, microglial cells are highly activated around
the site of a brain injury, where they typically express high levels
of Gal3 (Inacio et al., 2011; Lalancette-Hébert et al., 2012), a pro-
tein known to be a potent immunomodulator in neuroinflamma-
tory disorders. The inflammatory role of Gal3 in brain ischemia
appears to be diverse, conceivably depending on the specific
neuroinflammatory conditions. This is most likely due to several

factors such as the type of ischemic insult, its timing, and the
subcellular localization of Gal3, as well as the immunological
status of the individual. In neuroinflammatory models of ALS,
Gal3 can induce an anti-inflammatory response (Lerman et al.,
2012), whereas in experimental autoimmune encephalomyelitis,
Gal3 can exacerbate the disease by reinforcing the inflammatory
response (Jiang et al., 2009).

Other members of the galectin family of proteins, despite sig-
nificant sequence homologies and shared functional capabil-
ities, exert diverse and even sometimes opposite effects on
several biological processes. For instance, galectin-1 and galec-
tin-9 illustrate the variety of effects of the galectin family during
the inflammatory response. Indeed, galectin-1 can deactivate
“classically activated microglia” through binding to the CD45
phosphatase, increasing the microglial surface’s retention time
of this glycoprotein and increasing its inhibitory function over
the inflammatory response (Starossom et al., 2012). In contrast,
galectin-9, acting as a ligand for Tim-3, can trigger a proinflam-
matory response in naive resting immune cells (such as dendritic
cells) and synergizes with the TLR-signaling pathway (Anderson
et al., 2007). Here, we show that Gal3 acts as a ligand for TLR4
under the described conditions and at a given time of cellular
activation/differentiation. This is driven by CRD-mediated en-
gagement of Gal3 to TLR4-attached carbohydrates (Figure 2).
Our data indicate that the CRDs of the other galectin subclasses
are capable of binding to TLR4, albeit with lower apparent affin-
ities (Figure S2F; Table S1). The fine specificity that varies be-
tween different galectins has been already thoroughly discussed
(Carlsson et al., 2007; Salomonsson et al., 2010a; Stowell et al.,
2008). This paper focuses on the role of Gal3 in the TLR4-medi-
ated microglial activation. The biological effect of other galectins
as TLR4 ligands should be addressed in future studies.

TLR4 is considered to be a key player in the innate inflamma-
tory response, but most of the studies performed in the field of
TLR4 are based on LPS administration. Although great advances
have been achieved using LPS as TLR4 ligand, its physiological
relevance is more related to sepsis than to sterile inflammation
(Chen and Nuiez, 2010). To support this, we observe a quantita-
tive difference between LPS and Gal3 in the gene expression pro-
file, most likely because of the low LPS Kd value toward TLR4
(range of nM; Akashi et al., 2003) as compared with Gal3 (range
of uM). The results show not only a quantitative but also qualita-
tive difference in the gene expression response after LPS or Gal3
treatment (Figures 1 and S1), which suggests a different TLR4
downstream response depending on the stimulus. In the past
years, considerable efforts have been made to identify endoge-
nous ligands that can activate TLR4. As a result, some pro-
teins—i.e., heat shock protein (HSP)-70 and high mobility group
box 1 (HMGB1)—and glycosaminoglycans such as hyaluronan

(C) FRET of Gal3 and TLR4 after 24 hr treatment of LPS in substantia nigra.

(D) Comparison of IL-18 and IL-6 mRNA expression by qPCR between WT LPS-injected mice versus LPS-injected Gal3 knockout mice.
(E and F) Comparison of the levels of macrophages (i.e., Iba-1+ cells with amoeboid morphology) and reactive microglia (i.e., Iba-1+ cells with thick processes)

directly in the vicinity of the injection site in WT mice and in Gal3 knockout mice.

(G and H) Quantification of TH* dopaminergic neurons in the nigra 7 days after LPS injection in WT and Gal3 knockout mice.
Data are expressed as mean + SEM in (D; n = 4), mean + SD in (F; n = 4), and mean + SD in (H; n = 4). White arrows show colocalization of the three markers. The
percent of FRET is represented as a color bar besides the FRET picture. The scale bar for (B) and (E) represents 27 um. *p < 0.05. White arrows in (B) represent

colocalization of the three markers. See also Figure S6.
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have been shown to be TLR4 ligands, as reviewed in Chen and
Nufez (2010).

In summary, we demonstrate that (1) Gal3 can be actively
released into the extracellular compartment by activated micro-
glial cells, (2) Gal3 binds directly to TLR4 at physiological
concentrations, (3) Gal3 itself activates TLR4 and is capable of
activating surrounding microglia, (4) Gal3 amplifies the typical
TLR4-dependent proinflammatory response, including cas-
pase-mediated inflammation (Burguillos et al., 2011; Venero
et al., 2011), and (5) TLR4/Gal3 interaction occurs in the brain
of stroke patients as evidenced by FRET analysis. The discovery
that Gal3 can act as a TLR4 ligand brings further importance to
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Figure 7. Gal3 Deficiency Ameliorates Mi-
croglial Activity, Neuronal Cell Death, and
Memory Impairment following Global Brain
Ischemia in Mice

(A and B) Representative picture (A) and quantifi-
cation (B) of viable NeuN+ pyramidal neurons in
hippocampal CA1 (A) subregion in sham, Gal3
knockout, and WT mice 8 days following global
brain ischemia (B).

(C and D) Reduced inflammatory response in hip-
pocampus measured by Ibal immunoreactivity in
Gal3 knockout mice compared to WT mice.

(E and F) Body weight (E) and memory impairment
assessed by the Y-maze behavioral test (F) mea-
surements.

Values are expressed as mean + SEM (n = 4) in (B),
(D), (E), and (F). The scale bar for (A) represents
50 um and for (C) represents 372 um. See also
Figure S7.
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the elevated production and release of
Gal3 by microglia under ischemia/stroke
condition. These findings indicate that
Gal3 can play a decisive role in the expan-
sion and enforcement of the inflammatory
response and might potentially contribute
to the long-term inflammatory response.
New therapies specifically targeting Gal3
released from microglia could counteract
some of the deleterious effects resulting
from ischemia/stroke.

EXPERIMENTAL PROCEDURES

Cell Lines, Transfection, and Reagents
Murine microglial BV2 cell line was cultured
as described (Bocchini et al., 1992). Cells were
maintained in 10% FCS in DMEM and reduced to
2%-5% FCS while performing the experiments.
Transfection of BV2 cells was carried out using Lip-
ofectamine 2000 (Invitrogen) following the manu-
facturer’s recommendation. LPS (from Escherichia
coli, serotype 026:B6) and staurosporine were pur-
chased from Sigma-Aldrich. Recombinant Gal3
production and Gal3R186S mutant were prepared
as described (Salomonsson et al., 2010a). The pu-
rity of Gal3 and mutants proteins were determined
by the Limulus amebocyte lysate assay (Charles
River Laboratories), and only endotoxin-free pro-
teins were used. The recombinant proteins used for MST and fluorescence
anisotropy were obtained from R&D Systems, and the catalog numbers are
provided in the Supplemental Experimental Procedures. Non-targeting con-
trol, TLR4, and Gal3 siRNAs were obtained from Dharmacon. A complete list
of siRNA sequences, primers, and antibodies are provided in the Supple-
mental Experimental Procedures. In order to study the effect of the released
Gal3 over the sustained inflammatory response, cells were treated with
3 pg/ml of anti-Gal3 antibody or IgG as a negative control, together with
LPS for 24 hr, and the inflammatory response checked.

Animals and Surgery

Gal3-null mutant mice (Colnot et al., 1998; C57BL/6 background) were ob-
tained from Dr. K. Sdvman/Gothenburg University and housed and bred at
Lund University and the Center of Production and Animal Experimentation.
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The Gal3 —/— and +/+ genotyping was performed as described in Doverhag
etal. (2010).

Double heterozygous Cx3cr1GFP/+Ccr2RFP/+ mice were generated as
previously described in (Mizutani et al., 2012) from CX3CR1-GFP knockin
and CCR2-red fluorescent protein (RFP) knockin reporter mice (Jung et al.,
2000; Saederup et al., 2010).

Male albino rats weighing 270-320 g were used for Gal3 microdialysis after
LPS injection.

Animals had free access to food and water. Experiments were performed in
accordance with the Guidelines of the European Union Council (86/609/EU),
following Spanish and Swedish regulations and approved by the Ethical Com-
mittee for Animal Research (ethical permit numbers M303-09 and N248/13).

In order to model the brain damage following cardiac arrest with successful
cardiopulmonary resuscitation, global ischemia was induced in mice (Olsson
et al., 2003; Deierborg et al., 2008). In brief, mice were first anesthetized
with 5% isoflurane in oxygen. Thereafter, the anesthesia was maintained at
2% isoflurane (IsobaVet; Schering-Plough Animal Health). A small cut parallel
to the trachea was made. The common carotid arteries were isolated and en-
circled with a thin silk thread to allow occlusion with a micro-aneurysm clip.
Ischemia was induced for 13 min. The wound was then sealed with a few
absorbable stitches before the anesthesia was discontinued. During the sur-
gery, the body temperature was monitored and controlled by a heating pad
and infrared lamp to keep the mice normothermic. The body temperature of
the mouse was maintained around 37.5°C during the whole procedure. Mice
were housed in an incubator at 34°C overnight in order to maintain normo-
thermia. Sham mice were subjected to the same surgical protocol, except oc-
clusion to the common carotid arteries. The person performing the surgery
was blinded to the genotype of the animals.

Intranigral LPS injections (2 ng in 1 pl sterile saline) were made 1.2 mm pos-
terior, 1.2 mm lateral, and 5.0 mm ventral to the lambda.

Twenty-four hours later, mice were transcardially perfused under deep
anesthesia with 4% paraformaldehyde/PBS (pH 7.4). Brains were removed,
cryoprotected in sucrose, and frozen in isopentane at —15°C, and serial coro-
nal sections (25 pm sections) covering the substantia nigra were cut and
further processed for immunohistochemistry.

Statistical Analysis

The differences between control and experimental groups were evaluated with
one-way ANOVA with a Bonferroni’s post hoc analysis. %2 test was used to
analyze the up/downregulation of the genes presented in Figure 1. Mann-Whit-
ney test was used to analyze the NeuN-positive cells in Figure 7B. p < 0.05 was
considered as statistically significant.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,
seven figures, and one table and can be found with this article online at
http://dx.doi.org/10.1016/j.celrep.2015.02.012.
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Supplemental figures

Figure S1 related to Figure 1. Gene expression after LPS and galectin-3
treatment in BV2 cells.

Panel A represents the number of genes that change their expression after LPS or/and
galectin-3 treatment. Panel B represents the genes that change significantly with LPS
treatment only and their fold of increase/decrease respect to control (red, reduction; green

increase).

A B

| Total number of genes analyzed

List of genes only affected by LPS

28 genes

Genes repressed Genes repressed or
or induced by LPS induced by LPS and Gal3




Figure S2 related to Figure 2. Specific binding of galectin-3 to TLR-4 leads to
the formation of aggregates by MST and analysis of galectin-3 ligand
interaction by fluorescence anisotropy. Determination of the apparent affinity
of the interaction between TLR4 and galection-1 and galectin-4 was using MST.
Capillaries for MST were loaded with samples that were either centrifuged or not centrifuged
before loading. Fluorescence was determined using the MST instrument. Without
centrifugation, increased fluorescence intensities were observed at high galectin-3
concentrations. After centrifugation, a galectin-3 concentration dependent loss of
fluorescence was observed, possibly due to the precipitation of galectin-3/TLR4 aggregates
(A). Normalized raw fluorescence time traces from an MST experiment are exemplified for a
single dataset from 16 capillaries with labelled TLR4 and different concentrations of galectin-
3. The MST signal is due to several subsequent processes separated by their respective
timescales and dependence of the IR laser pulse and are described in detail in (Seidel et al.,
2013). An initial equilibrium phase produces a horizontal line at F,om = 1. After 5 s the IR
laser is turned on and a sharp drop in fluorescence is observed (called ‘T-jump’, lasts a few
100 ms), followed by the thermophoretic molecule motion (‘thermophoresis’, last for several
seconds). After 30 s laser-on time, the laser is switched off and an inverse T-jump is
observed, followed by back-diffusion of the molecules. The experimental F,.m, values used
for the galectin-3-TLR4 interaction were derived from analysis of both the temperature jump
and thermophoretic effects. The top curves are those from capillaries with the highest
galectin-3 concentrations. Their wavy and bumpy appearance may be due to formation of
galectin-3/TLR-4 aggregates, but did not prevent calculation of reproducible binding curves
(B). Structure of the fluorescein tagged TDG-amine probe used (C). Steady state
fluorescence anisotropy measured (Y-axis) when 20 nM probe was mixed with increasing
concentrations of full galectin-3 (black symbols) or galectin-3 CRD (red symbols) (D). Lines
show best fit model curves as described in (Salomonsson et al., 2010b). The anisotropy was

35 mA for the free of the TDG-amine probe, and 108 mA or 102 mA for the complex of probe



with galectin-3 or galectin-3 CRD, respectively, as estimated from binding curves. Steady
state anisotropy of a fixed concentration of galectin (0.2 uM) and probe (20 nM) (marked by
symbols X) with increasing concentration of TLR4 (round symbols) for full galectin-3 (black
symbols) or galectin-3 CRD (red symbols) (E). MicroScale Thermophoresis was also used to
analyse the direct binding of TLR4 to galectin-1 and galectin-4 (F). The measurements were
analyzed in the same way as previously described for the TLR4/galectin-3 binding curve

(Figure 2) that is shown for comparison.
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Table S1 related to Figure 2. Interaction of galectin-3 protein with TLR4 based

on the data in Figure 2C and D and Figure S2F. (SE represents standard error).

MST .
. . FA (Fig. 2
(Fig. 2C & Figure S2F) (Fig. 2d)

. EC50 Hill-coef. EC50 Hill-coef.
Galectin uM + SE + SE uM + SE + SE
Galectin-3 1.7 £ 0.1 23+03 | 0.3£0.06 0.4 +0.05
Galectin-3 CRD 13103 1404 | 09+03 11+04

Galectin-3 R186S 43.5+1.9 22+0.2

Galectin-1 8.0+3.0 1.1+03

Galectin-4 14.0 + 6.0 12104




Figure S3 related to Figure 3. Galectin-3 stimulates a pro-inflammatory M1
phenotype in microglia and dependent of MyD88. Galectin-3 stimulates a pro-

inflammatory M1 phenotype in microglia. Reduced arginase activity after sGal3 (1uM) and
LPS (1 pg/ml) treatment for 24 h (A). mRNA expression of several markers after 24 h
treatment with sGal3 (1uM) (B). Knockdown of MyD88 in BV2 (C) decreases iNOS
expression upon galectin-3 treatment after 6 hours. Data are expressed as Mean +/- SD

(n=3) for A,Band Cand n=4inD. * P <0.05* P <0.01*** P <0.0001
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Figure S4 related to Figure 4. The induction of caspase activity after galectin-3
treatment does not correspond to an increase in cell death. Quantification of
condensed nuclei (A), loss of the mitochondrial potential (B) and appearance of cleaved
PARP (C and D) after 24 h treatment with sGal3. LPS was used as a control for activation of
microglia and staurosporine (STS) as a positive control for cell death. Analysis of the cell
cycle 6 h later of sGal3 and LPS treatments (E and F). Data are expressed as Mean +/- SD

(n=4).* P <0.05
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Figure S5 related to Figure 5. Galectin-3 released from microglia affect
caspase 3/7 and 8 activity upon LPS treatment in BV2 cells.

Quantification of galectin-3 released upon LPS treatment (A). Immunofluorescence of TLR4
and galectin-3 showing co-localization after 24 h treatment with LPS 1 pg/ml (B).
Immunoblot with quantification showing successful galectin-3 knockdown in BV2 cells (C).
Comparison of DEVDase and IETDase activity after 6 and 24 h after LPS treatment in cells
treated with siRNA against galectin-3 vs siRNA negative control (D), and cells incubated with
neutralization antibody against galectin-3 or isotype negative control antibody (E). Data are

expressed as Mean +/- SD (n=4).
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Figure S6 related to Figure 6. Lack of galectin-3 the proliferation and reactivity
of microglial in mouse substantia nigra after LPS injections.

Quantification of proliferative (BrdU+, red) microglia (Iba1+, green) in the substantia
nigra 24 h after LPS injection in wild type and galectin-3 knockout mice (A and B).
lllustration of Iba-1 immunostaining 7 days after treatment (C). Confocal analysis and
quantification of Iba1/CD16-positive cells 7 days after LPS treatment (D and E).
Confocal analysis of galectin-3 and TLR-4 in double heterozygous
Cx3cr1GFP/+Ccr2RFP/+ mice (GFP is expressed only in microglia and RFP is
expressed only in monocytes) (F). Data are expressed as Mean +/- SD (n=4) in B and E.

Scale bar for panel C represents 30 um and for panel D 56 um.
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Figure S7 related to Figure 7. Galectin-3 interacts with TLR4 in human brain
tissue.

The expression of galectin-3 and TLR4 was also investigated in post-mortem brain
tissue from patients who had suffered and died from cardiac arrest. High expression
of both galectin-3 and TLR4 was observed in the ischemia-damaged brain tissue as
compared to age-matched controls (Panels A-D). Both markers were found to be
present, suggesting that they might be colocalized (D). Finally, FRET signal between
galectin-3 and TLR4 could also be detected in cells in human stroke brain (Panels E-

Q).
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Supplemental Experimental Procedures

Immunohistochemistry

Sections were incubated with the indicated primary antibodies. After three washes,
sections were incubated with biotinylated horse anti-mouse or goat anti-rabbit IgG
(Vector) followed by an incubation with ExtrAvidin-Peroxidase solution (Sigma) and
for immunofluorescence by a fluorescein isothiocyanate (FITC)-conjugated anti-
rabbit and Texas Red anti-mouse antibody (Vector). The peroxidase was visualized
with a standard diaminobenzidine/hydrogen reaction for 5min. For paraffin-
embedded human tissue material, sections (5um) were mounted on capillary glass
slides (DAKO). Sections were microwaved pre-treated in 10mM citrate buffer pH 6.0
for 10min at 800W for antigen retrieval. An automated immunostainer (TechMateTM
500 Plus, DAKO) was used for the staining procedure using DAKO ChemMate Kit
Peroxidase/3-3diaminobenzidine. The primary antibodies used are listed in the

supplementary antibody list.

Immunoprecipitation, Inmunoblot and RT-PCR analysis

Physical interaction between proteins was determined by immunoprecipitation
analysis of BV2 cells. 1.2 mg of protein per sample was immunoprecipitated. We
follow the method described in (Qiu et al., 2002) with slight modifications. Cells are
lysed after treatment, homogenized with one pulse of 30 s sonication, and pelleted
by centrifugation in buffer containing 20 mM Tris-HCI, pH 7.5, 140 mM NaCl, 1%
Triton X-100, 2 mM EDTA, 1 uM p-amidinophenylmethanesulfonyl fluoride
hydrochloride, 50 mM NaF, and 10% glycerol. The supernatants are pre-cleared with

protein G-sepharose (GE Healthcare) for 4 h at 4°C. Later on, the cleared



supernatants are incubated with 2.5 ug of anti-TLR4 (Santa Cruz Biotech.) antibody
and normal rabbit IgG (R&D systems) as a negative control overnight. The next day,
the lysates are incubated with protein G-sepharose for 4 h at 4°C. The
immunoprecipitates were washed four times with buffer containing 50 mM Tris-HCI,
pH 7.5, 0.1% SDS, 1% NP-40, and 62.5 mM NaCl and subsequently dissolved in
denaturing sample buffer.

All cell extracts were processed for immunoblotting with a SDS-polyacrylamide gel
electrophoresis as described previously (Joseph et al., 2002). Rabbit polyclonal
antibody directed against iINOS (Santa Cruz Biotech) mouse monoclonal antibody -
actin (Sigma Aldrich), rat polyclonal antibody directed against galectin-3 (from Dr.
Hakon Leffler), rabbit polyclonal antibody directed against TLR4 (Santa Cruz
Biotech) and rabbit polyclonal against Cleaved PARP (Cell Signalling) were
employed.

Mouse monoclonal antibody B-actin (Sigma Aldrich), was used to verify equal
loading of the gel. Secondary horseradish peroxidase-conjugated anti-rabbit and
anti-mouse antibodies were from Vector labs. Secondary horseradish peroxidase-
conjugated anti-rat was from GE Healthcare UK.

RT-PCR was performed to measure the gene expression of intracellular TLR4
signalling pathways. mRNA was extracted using the RNeasy Mini kit from Qiagen.
Using the Maxima™ First Strand cDNA Synthesis Kit for RT-PCR (Fermentas,

Sweden), 1 ug MRNA was transformed into cDNA.

Primary microglia cell culture and cytokine release measurement
Primary cortical microglial cells were obtained from TLR4 knockout, galectin-3

knockout and wild type postnatal P 1-3 mouse brain using a previously described



protocol(Giulian and Baker, 1986) of mixed glial culture. After treatment of the
primary microglia, the conditioned medium was collected and snap frozen until the
cytokine analysis. The Cytokine content of the conditioned medium was analysed
using the Mouse TH1/TH2 9-PlexTissue Culture Kit (Meso-scale Discovery) using

manufacturer’s instructions.

Gene expression array analysis.

Toll-like receptor signalling pathway was analysed using the Mouse Toll-like receptor
signalling pathway PCR array (SABiosciences). mRNA was obtained after 6 h
treatment with either, sGal3, iGal3 and LPS (as a TLR-4 agonist positive control).

We synthesized cDNA from 1 ng of mRNA using RT? First Strand Kit from Qiagen.

Y-maze spatial memory test

In order to examine any deficits in hippocampus-dependent spatial memory, a Y-
maze test was performed 5 days after ischemia. For this purpose we used a Y-maze
arena (21x4 cm/arm) with visual cues put in 5 groups of 2 cues each around the
maze. The mice were first trained for 2 trial sessions (one arm of the maze was
closed) of 5 minutes day 4 and day 5. The real probe test was performed 2 hours
after the last trial session in order to test the long-term memory to study how much
the third arm; “new arm” was explored. A mouse with intact memory will notice that
the two other arms has been explored before and will spend more time in the new
arm and enter this arm more frequently compared to the two other arms. The
movements of the mice was recorded with a camera and later analysed with SMART

software system (PanLab, Spain).



Immunohistochemistry data analysis

Stereological analysis of TH-immunopositive neurons in SN was performed using a
CAST Grid Stereology System (Olympus). Thus, a bounded region of the SN with a
length of 150 microns in the anterior-posterior axis centered at the point of injection
was used for analysis (3.5mm with respect to bregma). For each animal, three
sections (sampling fraction 1:3) were systematically sampled along the anterior-
posterior axis from a random starting point, following stereological -criteria
(Gundersen et al., 1988).

The number of TH-positive neurons in the SN was estimated using a fractionator
sampling design (Gundersen et al., 1988). Counts were made at regular
predetermined intervals (x =150 ym and y =200 um) within each section. An
unbiased counting frame of known area (40 x 25 pm = 1000 um?) was superimposed
on the tissue section image under a 100x oil immersion objective. Therefore, the
area sampling fraction was 1000/ (150 x 200) = 0.033. The entire z-dimension of
each section was sampled; hence, the section thickness sampling fraction was 1. In
all animals, 25-uym sections, each 100 um apart, were analyzed; thus, the fraction of
sections sampled was 20/100 = 0.20. The number of neurons in the SN was
estimated by multiplying the number of neurons counted by the reciprocals of the
area sampling fraction and the fraction of section sampled.

Hippocampal cell death analysis following global brain ischemia was performed in
the ischemia-sensitive hippocampal subregion Cornu Ammonis 1 (CA1). Viable
pyramidal neurons were identified by NeuN-positive cells with typical round
homogenous immunoreactivity. The quantitative analysis was made by performing a
double-blind manual assessment of viable neurons using x40 objective (Nikon

Eclipse 80i). 30 um thick coronal brain sections were quantified at three different



bregma levels (-1.46, -1.94 and -2.46), to give a total number of viable NeuN-positive
cells. The entire z-dimension of each section was used to estimate the total number

of cells. Each hippocampus contributed to one individual CA1 cell count value.

Human brain

Human brain tissue was obtained from patients who suffered and died from cardiac
arrest and from age-matched controls for this study. The regions investigated were
the central/periventricular white matter, within the border zones. The patients with
dissimilar duration of disease exhibited different degrees of severity of brain disease,
reflecting different stages of the ischemic-degenerative process. All sections were
stained with haematoxylin and eosin and with antibodies against galectin-3 and
TLR4. They were microscopically reviewed for verification of pathology. Before the
investigation, the entire collection of brain sections, were subjected to a
neuropathological whole-brain analysis for clinical diagnostic purposes, according to
routine procedures at the Department of Pathology, Division of Neuropathology,
Lund University Hospital. The project procedures involving human brain tissue were

approved by the Regional Ethical Review Board in Lund (Sweden), Dnr 196/2010).

Brain microdialysis

Microdialysis in the substantia nigra (SN) was performed with an I-shaped cannula
(Santiago and Westerink, 1990). The exposed tip of the dialysis membrane was
2mm. The dialysis tube (ID: 0.215 mm; OD: 0.315 mm) was prepared from
polyarylethersulfone/ polyvinylpyrrolidone (Theralite 2100, Gambro, Hechingen,
Germany). The probe was stereotaxically implanted into both SN with coordinates

from bregma and dura; 0.6 mm posterior, lateral 2.8 mm and ventral 6.0 mm.



The perfusion experiments were carried out 24 h after implantation of the probe. The
SN was perfused at a constant flow rate of 2.0 pl/min, using a microperfusion pump
(model 22, Harvard Apparatus, South Natick, MA, U.S.A.), with a Ringer's solution
containing NaCl, 140 mM; KCl, 4.0 mM; CaCl2, 1.2 mM; and MgCI2, 1.0mM. After 24
h of the LPS injection, the dialysate was collected for four hours and frozen for later
analysis of galectin-3. The value of galectin-3 release induced by LPS injection was

compared with saline injection for the same time point.

Caspase activity assays

Changes in caspase activity in microglia were measured using a luciferase based
assay from Promega known as Caspase-GIo® (G890 for caspase 3/7 and G8201 for
Caspase 8). Equal volumes of cells and kit component were mixed and incubated for
1 h at room temperature. The plate was analysed using a Luminometer and the
value obtained was normalized with the number of cells used.

Quantification of condensed nuclei

After 24h and 48h of treatment with soluble galectin-3, the cells were fixed with 4%
paraformaldehyde for 10 min and stained with 0.1ug/ml Hoechst for 15 minutes and
washed 3 times with PBS. Cells were analysed by fluorescence microscopy. A

minimum of 400 cells were counted per treatment.

Determination of the apparent affinity between galectin-3 and TLR4

Protein interaction studies were performed using MicroScale Thermophoresis (MST).
(Duhr and Braun, 2006; Seidel et al., 2013; Wienken et al., 2010). For labeling, TLR4
(1478-TR; R&D systems, Minneapolis, USA) and the fluorescent dye NT-547-NHS

were mixed at concentrations of 7 uM and 20 uM, respectively, in a total volume of



200 uL and purified according to the supplied protocol of the Monolith NT Protein
Labeling Kit Green-NHS (NanoTemper Technologies, Munich, Germany). Before
filling into capillaries, samples were premixed to give volumes of 20 uL. The
unlabeled binding partners, galectin-3 and galectin-3 R186S , galectin-1 (1152-GF-
050/CF, R&D systems, Minneapolis, USA) and galectin-4 (1227-GA-050/CF, R&D
systems, Minneapolis, USA) were titrated in 1:1 dilutions using highest final
concentrations of 130, and 104, 109 and 109 uM, respectively. Labeled TLR4 was
added to give a final concentration of 120 nM.. For the lactose inhibition assay, the
highest final concentration of galectin-3 was 120 uM, lactose and labeled TLR4 were
added to give concentrations of 40 uM and 110 nM, respectively. All measurements
were performed in 50 mM Tris—HCI buffer, pH 7.6 containing 150 mM NaCl, 10 mM
MgCI2 and 0.05% Tween-20 (MST-buffer) using hydrophilic capillaries (NanoTemper
Technologies) in a Monolith NT.115 system (Nano-Temper Technologies) using 50%
LED. The galectin-1/TLR4 interaction was measured in MST-buffer supplemented
with 5 mM TCEP as reducing agent. The IR-laser power was set to 40 %, the laser
on and off times were set at 30 s and 5 s, respectively. The signal output of the
thermophoretic analysis is represented as normalized fluorescence values (Fnom)-
These values were used to calculate the fraction of TLR4 bound to the galectin
molecules-3 and plotted against the concentrations of galectin-3 on a logarithmic
scale. Binding curves were averaged from two measurements for the galectin-
3/TLR4/lactose, and galectin-3 CRD/TLR4 and galectin-4/TLR4 interactions, and
from three measurements for the galectin-3/TLR4, galectin-3 R186S/TLR4 and
galectin-1/TLR4 interactions, respectively. Assuming that the free concentration of
the ligand was not altered by complex formation, the binding data were fit using the

Hill equation in Prism (GraphPad, USA).



Fluorescence anisotropy

The interactions of TLR4 with galectin-3 proteins were also tested by analyzing its
potency to inhibit galectin binding to a fluorescein tagged saccharide probe (TDG-
amine (Salomonsson et al., 2010b), supplementary Figure 2c) using fluorescence
anisotropy, in the same way as we have used extensively before for both small
molecules and glycoprotein inhibitors (Lepur et al., 2012; Salomonsson et al., 2010a;
Salomonsson et al., 2010b). In brief, a fixed concentration of galectin-3 was mixed
with a fixed concentration of a fluorescein tagged saccharide probe and a range of
concentrations of TLR4. Steady state anisotropy was measured using a PheraStar
plate reader (BMG, Offenburg, Germany). This instrument uses excitation with plane
polarized light (at 485 nm in this case), splitting of the emission (in this case at 520
nm) and simultaneous detection of its two planes of polarization by two
photomultipliers. The instrument software (PHERAstar Mars version 2.10 R3) was
used for initial gaining and calibration, using fluorescein as a standard set to
anisotropy 23 mA. The anisotropy of the TDG-amine probe was 35 mA, and 108 mA
or 102 mA for the complex of probe with galectin-3 or galectin-3 CRD, respectively,
as estimated from binding curves of a fixed concentration of probe (0.02 yM) with
increasing concentrations of either protein (Figure S2D). Then the same
concentration of probe was mixed with a fixed concentration of galectin-3 (0.2 pM,
indicated by dotted vertical line in supplementary Figure 2E) and a range of
concentrations of TLR4. The measured values of anisotropy were used to calculate
concentrations of free and bound probe, which are linearly related to the anisotropy
value (Lakowicz, 2006). Since the total concentration of galectin, probe and TLR4
are known, the concentration of all components, bound and unbound, can be

calculated by solving the system of mass action equations given by the two binding



pairs galectin-probe and galectin-TLR4 as given in detail in (Salomonsson et al.,
2010b). There was no evidence for direct interaction between the probe and TLR4
when tested alone without galectin-3, and, hence, this interaction pair was ignored in
the calculations. All measurements were made in half-area plates (black, Costar) in a

total reaction volume of 40 pl.

Quantification of Mitochondrial Activity

The loss of mitochondrial transmembrane potential (AWn,) was quantified using
tetramethylrhodamine, ethyl ester (TMRE) staining (Invitrogen). Mitochondria with an
intact yn, are labelled with the potential-dependent dye TMRE (25 nM). Cells were
incubated with TMRE for 30 min at 37°C. The samples were passed through
FACSCalibur flow cytometer (Becton Dickinson) and the data obtained were

analyzed using Cell Quest software.

Cell cycle analysis

For the measurement of the different cell cycle phases in microglia, FITC BrdU Flow
Kit from BD Pharmingen (Cat no. 559619) was used. A BrdU pulse (final
concentration 10 uM) was given to the microglial cells during the last 15 minutes of
the treatment. Samples were prepared following the manufacturer's
recommendations, and analysed using a FACSCalibur flow cytometer (Becton

Dickinson) using the Cell Quest software.



Quantification of arginase activity

Arginase activity was measured at 24h after treatment with galectin-3 and used LPS
as a positive control. QuantiChrom™ Arginase Assay Kit (DARG-200) was used to
measure arginase activity, which was then normalized with the protein content of

each sample.

Measurement of galectin-3 release
The amount of galectin-3 released after LPS treatment in the media was analysed
using the galectin-3 kit from BG-Medicine. 10* BV2 cells were seeded per well in a

96 well plate for each treatment and time point.

Cell proliferation assay

Mice were injected twice with a BrdU solution (10 mg/ml) (12 hours after surgery and
then 1 hour before sacrifice) at a dose of 50 mg/kg. BrdU positive cells were
quantified by immunofluorescence using a BrdU antibody. Using a Zeiss LSM 7 Duo,
25 pictures at 40x were taken per each substantia nigra and then we quantified the

whole area for BrdU positive cells.

Quantification of microglial population in animal models

Macrophages and reactive microglial cells were counted in LPS-injected mice
detected by Ibal immunohistochemistry based on morphological features or
CD16/32 expression, a marker of M1-polarized microglia. In the former case, for
each animal, eight sections covering the entire antero-posterior ventral
mesencephalon were analyzed. For each section, eight photographs were taken at

20x magnification (four for each substantia nigra) and microglial cells were counted.



For quantification of M1 polarized microglia, five sections (sampling fraction 1:3)
were systematically sampled along the anterior-posterior axis from a starting point
coinciding with the injection point, following stereological criteria and photographs
were taken in the substantia nigra. The number of Iba1l (microglia) and double
Iba1/CD16/32 (M1 polarized microglia) were counted with the aid of a computer-

assisted software CAST-Grid de Olympus.

Acceptor photobleaching-Fluorescent resonance energy transfer (FRET)

Acceptor photobleaching Fluorescent resonance energy transfer (FRET)
measurements were performed on a Zeiss LSM 7 DUO TCS SP inverted confocal
scanning laser microscope using a Plan-Apochromat 40x/1.3 Qil DIC objective. A
detailed description of the FRET technique can be found elsewhere (Kenworthy,
2001; Wouters et al., 2001). To determine FRET, we quantified the quenching of
donor fluorescence (TLR4-FITC) by performing acceptor photobleaching (Galectin-3-
Texas Red) using a HeNe 2mW 594 nm laser. The sections were double stained
against TLR4 and galectin-3 and then labeled with FITC conjugated secondary goat
anti rabbit and also with Texas Red conjugated secondary goat anti rat antibodies
(Vector labs). Pictures were taken using 488 and 594 nm lasers and collected
separately. The acceptor, Texas Red, was then irreversibly photobleached in a
selected adequate region by continuous excitation with 2000 interactions of 594 nm
laser. Thereafter, the residual Texas Red and FITC image was obtained, and
identical regions, at the plasma membrane on individual cells, were outlined in the
photobleached area and processed with Imaged software using the plugin
AccPbFRET (Roszik et al., 2008). Ratios between FITC intensities of the plasma

membrane region, after and before photobleaching, were calculated to quantify



FRET. The FRET images presented here have been processed using a correction

factor set for donor bleaching that was established with the donor only (FITC).

Primers list including the sequence:

Name Forward sequence (5—3") Reverse sequence (5—»3")
TLR4 ATGGAAAAGCCTCGAATCCT CTCTCGGTCCATAGCAGAGC
G3PDH TGCACCACCAACTGCTTAGC GGCATGGAACTGTGGTCATGAG
CD206 CAAGGAAGGTTGGCATTTGT CCTTTCAGTCCTTTGCAAGC
TGF-B TGCGCTTGCAGAGATTAAAA CGTCAAAAGACAGCCACTCA
Ym1/2 CAGGGTAATGAGTGGGTTGG CAGGCACCTCCTAAATTGT
CD45 TCATGGCACACGATGTGAAGA AGCCCGAGTGCCTTCCT

Recombinant protein list including company name and catalogue number:

Recombinant protein

Human Galectin-3, carrier free 1154-GA-050/CF
Human Galectin-1, carrier free 1152-GA-050/CF
Human Galectin-4, carrier free 1127-GA-050/CF
Human TLR4, carrier free 1478-TR-50

Catalog number Company

R&D
R&D
R&D
R&D



Antibody list: including the company name, catalogue number and technique

where it was used.

Name (purpose) Company Catalog number
Mouse Anti 3-Actin (WB) Sigma-Aldrich A-3582
Rat Anti BrdU (IHC) AbD Serotec OBT 0030
Rabbit Anti Cleaved PARP (WB) Cell Signaling 9544
Mouse Anti CD16/32 (IHC) BD Pharmingen 553141
Mouse anti-Galectin 3 (Neutralization) BD Pharmingen 556904
Rat anti-Galectin 3 (IF and WB) Hakon Leffler’s lab

Goat anti-Galectin 3 (IHC) R & D Systems AF1197
Mouse IgG k1 isotype control (Neutralization) BD Pharmingen 556648
Mouse Anti-lba1 (IHC) Millipore MABN92
Rabbit Anti-lba1 (IHC) Wako 01919741
Rabbit IgG Control (IP) R&D AB-105-C
Rabbit Anti-MyD88 (WB) Cell Signaling 4283
Mouse Anti-NeuN (IHC) Chemicon MAB377
Mouse Anti-RFP (IHC) Abcam ab65856
Rabbit Anti-TH (IHC) Sigma-Aldrich T8700
Rabbit Anti-TLR4 (IP) Santa Cruz Biotech. sc-10741
Rabbit Anti-TLR4 (IHC) Abcam ab13556

Rabbit Anti-iINOS (WB) Santa Cruz Biotech. sc-650



SMART Pool Dharmacon siRNA sequences

Name Catalog number Sequence

siControl D-001810-01 UGGUUACAUGUCGACUAA
siTLR4(1) J-047487-05 GCAUAGAGGUAGUUCCUAA
siTLR4(2) J-047487-06 GAGUUCAGGUUAACAUAUA
siTLR4(3) J-047487-07 GGAAUUGUAUCGCCUUCUU
SiTLR4(4) J-047487-08 UGACGAACCUAGUACAUGU
siLGal3S3(1) J-041097-09 GAGAGAUACCCAUCGCUUU
siLGal3S3(2) J-041097-10 ACUUCAAGGUUGCGGUCAA
siLGal3S3(3) J-041097-11 ACAGUGAAACCCAACGCAA
siLGal3S3(4) J-041097-12 GGAUGAAGAACCUCCGGGA
siMyD88(1) J-063057-08 GUUAGACCGUGAGGAUAUA
siMyD88(2) J-063057-07 GCCUAUCGCUGUUCUUGAA
siMyD88(3) J-063057-06 UGCCAGAAAUACUUAGGUA

siMyD88(4) J-063057-05 CGACUGAUUCCUAUUAAAU
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Physical exercise is known to be a beneficial factor by increasing the cellular stress tolerance. In ischemic
stroke, physical exercise is suggested to both limit the brain injury and facilitate behavioral recovery. In
this study we investigated the effect of physical exercise on brain damage following global cerebral
ischemia in mice. We aimed to study the effects of 4.5 weeks of forced treadmill running prior to
ischemia on neuronal damage, neuroinflammation and its effect on general stress by measuring corti-
costerone in feces. We subjected C57bl/6 mice (n = 63) to either treadmill running or a sedentary
program prior to induction of global ischemia. Anxious, depressive, and cognitive behaviors were
analyzed. Stress levels were analyzed using a corticosterone ELISA. Inflammatory and neurological
outcomes were analyzed using immunohistochemistry, multiplex electrochemoluminescence ELISA and
Western blot. To our surprise, we found that forced treadmill running induced a stress response, with
increased anxiety in the Open Field test and increased levels of corticosterone. In accordance, mice
subjected to forced exercise prior to ischemia developed larger neuronal damage in the hippocampus
and showed higher cytokine levels in the brain and blood compared to non-exercised mice. The extent of
neuronal damage correlated with increased corticosterone levels. To compare forced treadmill with
voluntary wheel running, we used a different set of mice that exercised freely on running wheels. These
mice did not show any anxiety or increased corticosterone levels. Altogether, our results indicate that
exercise pre-conditioning may not be beneficial if the animals are forced to run as it can induce a

detrimental stress response.
© 2016 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

In the central nervous system (CNS), microglial cells are the
major source of pro-inflammatory cytokines (Kim and de Vellis,

Physical exercise is regarded as a promising treatment and
complement to pharmacological treatments in several different
neurological diseases (Svensson et al., 2014). Exercise can affect
both the adrenergic and corticosteroid systems involved in stress
response as well as the microglia function and other cells and
signaling molecules involved in inflammatory processes (Svensson
et al., 2014).
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2005; Carson et al., 2006). In response to neuronal injury, such as
stroke, resident microglia are immediately activated and start to
proliferate and produce pro-inflammatory cytokines (Banati et al.,
1993; Barone et al.,, 1997). It has been shown in both patients and
animal models that cerebral ischemia leads to an inflammatory
response, systemically as well as in the brain (Lambertsen et al.,
2012). Neuroinflammatory response can further aggravate the
neuronal damage and administration of the pro-inflammatory
cytokine IL-1f after induction of cerebral ischemia in animal
models can exacerbate the brain injury (Yamasaki et al., 1995).
Microglial cells or their inflammatory mediator molecules may
therefore be suitable targets for treating or preventing deleterious
neuroinflammation following brain ischemia (Yenari et al., 2010).
Several studies have shown that the levels of pro-inflammatory

2352-2895/© 2016 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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cytokines decrease, and the levels of anti-inflammatory cytokines
increase following physical exercise (Mota et al., 2012; Piao et al.,
2013). Indeed, treadmill running in animals has been shown to
reduce the microgliosis and inhibit the release of pro-inflammatory
cytokines, as well as reducing lesion size and cell death in the
hippocampus and prevent short-term memory disturbances
following cerebral ischemia (Austin et al., 2014; Lovatel et al., 2014;
Sim et al, 2004, 2005).

Out-of-hospital cardiac arrest is a severe complication that can
lead to global cerebral ischemia with pronounced neuronal dam-
age. The survival rate is very low, below 10%, and patients that
survive are often affected by severe neurological injury and life-
long cognitive and motor disabilities (Sasson et al.,, 2010). In an
experimental setting, global cerebral ischemia can be modeled in
mice by transient occlusion of the common carotid arteries (Olsson
etal., 2003). Global cerebral ischemia results in neuronal cell death
in vulnerable brain regions such as hippocampus (Kirino and Sano,
1984; Back et al., 2004) evolving during the first week after the
ischemic insult (Bottiger et al., 1998). By altering detrimental neu-
roinflammatory reactions, physical exercises could make the brain
more resistant to ischemic injuries.

On the negative side, exercise can also induce a chronic stress
response, which may result in detrimental effects in the event of a
brain injury. For example, forced running exercise in rodents can
lead to anxiety and increase the levels of the stress hormone
corticosterone in serum (Leasure and Jones, 2008; Brown et al.,
2007). It has been shown that stress can evoke a pro-
inflammatory response in the brain, with increased expression of
NLRP3 inflammasome involved in the cleavage and secretion of
pro-inflammatory IL-1f (Gadek-Michalska et al., 2013; Frank et al.,
2014). Therefore, the overall positive effect of physical exercise in
experimental models could potentially be masked by the stress
response.

To the best of our knowledge, the effects of treadmill exercise
pre-conditioning on stress and neuroinflammatory responses
following global cerebral ischemia have not previously been stud-
ied in mice. Therefore, the aim of this study was to investigate the
effect of pre-conditioning forced treadmill running on stress
response, neuroinflammation, neuronal damage and behavioral
alterations following global cerebral ischemia. An additional aim
was to compare the stress response after forced running with the
response after voluntary running.

2. Material and methods
2.1. Animals

All proceedings and animal treatment were in accordance with
the guidelines and requirements of the government committee on
animal experimentation at Lund University. We used 63 male
C57BI/6 mice, aged 8—10 weeks, weighing 22—27 g that were ob-
tained from Charles River. The mice were housed in standard lab-
oratory cages (3—7 animals per cage), with sawdust bedding and
free access to water and food. They were allowed to acclimatize for
at least 5 days before testing. The holding room had a 12:12 h light-
dark cycle. The mice were weighed at the day of exercise intro-
duction, and thereafter once every second week until the induction
of global cerebral ischemia. Thereafter the mice were weighed 3—4
days as well as 10—12 days after ischemia. When the experiment
was initiated, the mice were assigned to different groups ensuring
an even distribution in body weight and age.

2.2. Experimental outline

An overview of the experimental outline can be seen in Fig. 1.

Briefly, some of the animals were subjected to treadmill running
exercise for 4.5 weeks. During the third week of exercise their
anxious and motor behavior was assessed once with an Open Field
test. After 4.5 weeks of exercise, some of the animals were sub-
jected to ischemia. Behavioral tests were then conducted 5—15 days
after ischemia, after which, the animals were sacrificed and sam-
ples were collected (15—16 days after ischemia).

2.3. Running exercise

2.3.1. Treadmill running exercise

Originally, the mice were divided into two different treatment
groups, one subjected to exercise and one that was not subjected to
any exercise (sedentary). Exercise consisted of 30 min treadmill
running at a speed of 25 cm/s with no inclination of the treadmill
(5-lane treadmill, Harvard Apparatus, Panlab). The mice were
exercised 3 days/week for 4.5 weeks of which the first week was an
introduction week with a lower speed and duration of the exercise.
On the first day of the introduction, the mice were subjected to
10 min of walking/running at a speed increasing from 5 to 18 cm/s.
The second day of the introduction consisted of 20 min of running
with speeds up to 25 cm/s. During the third and last day of the
introduction, the duration was increased to 30 min, with a speed of
25 cm/s. To motivate the mice to run the researcher pushed them
with a small stick if needed. If the mouse refused to run it could be
motivated by a transient and light electric stimulation from the grid
at the beginning of the treadmill platform. After this, if the mouse
persisted in its refusal to run, it was removed from the treadmill
and re-introduced to it at a later time point. In this study, all mice
without exceptions had to be motivated at least some times by
pushing them with the small stick at each day of exercise. Four of
our best running mice even had to be motivated with a light electric
stimulation at up to three different days. Despite this, several mice
refused to run after repeated trials. These mice were excluded from
the exercise procedure, and referred to as “bad runners”. Exercise
took place in a room separated from the housing room to which all
mice were transferred and kept during the exercise procedures in
order to minimize environmental confounders among the mice not
subjected to the exercise protocol.

2.3.2. Voluntary wheel running

To investigate the effect on stress response resulting from the
enforcement to run compared to voluntary running exercise, our
main study was complemented with mice subjected to voluntary
wheel running. For this, 10 male C57BI/6 mice at an age of 12 month
were used. These mice had the same housing conditions as the mice
in the main study, except that they were single caged. Six of these
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Fig. 1. Experimental Design. Mice in the exercise groups were introduced to treadmill
running for a week and thereafter subjected to 3.5 weeks of exercise. During this time
an Open Field test was conducted. After 3.5 weeks of exercise some of the exercised
and non-exercised mice were subjected to global brain ischemia. The mice were
allowed to recover for 3—4 days before Y-maze test was conducted. Then, a new Open
Field test was performed followed by a sucrose preference test the night before the
mice were sacrificed.
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mice had access to low-profile wireless running wheel for mouse
(med associates) in their home cages during 6.5 weeks. The running
wheels had a wireless connection to a software measuring the
distance each mouse ran every day, assuring that all mice with
access to running wheels actually run. The remaining four mice
were sedentary controls with no access to running wheels in their
homecage. After 6.5 weeks of this running intervention, an Open
Field test was performed (as described in 2.5.1) and feces samples
were collected (as described in 2.6) in order to compare anxiety and
corticosterone levels with the sedentary control group.

2.4. Induction of global cerebral ischemia

In order to model cardiac arrest patients with successful car-
diopulmonary resuscitation, global ischemia was induced to the
mice as previously described (Olsson et al., 2003; Burguillos et al.,
2015; Lambertsen et al., 2011; Deierborg et al., 2008). Briefly, the
mice were first anesthetized with 5% isofluorane in oxygen.
Thereafter, the anesthesia was maintained using 2% isofluorane. A
small cut parallel to the trachea was made. The common carotid
arteries were then isolated and encircled with a thin silk thread to
allow bilateral occlusion using a micro aneurysm clip. Ischemia was
induced for 13 min. The wound was then sealed with absorbable
stitches before the anesthesia was discontinued. During the sur-
gery, the body temperature was monitored and controlled using a
heating pad and an infrared lamp to keep the mice normothermic.
The body temperature was maintained around 37.5 °C during the
whole procedure. Mice with body temperatures below 35.5 °C a
few hours after the intervention were put in an incubator at 34 °C
overnight in order to recover. Mice in the sham groups were sub-
jected to the same surgical protocol, except that no occlusion to the
common carotid arteries was made. The person performing the
surgery was blinded to the animals exercise regimen.

2.5. Behavioral tests

2.5.1. Open Field test

In order to evaluate the locomotion and anxiety levels of the mice
subjected to forced treadmill exercise, an Open Field test was con-
ducted before and after induction of ischemia. The test before the
induction of ischemia was performed during the third week of ex-
ercise. The test was then repeated 12—13 days after the induction of
ischemia. The mice were put in an Open Filed arena (Panlab, Bar-
celona, Spain, 45 cm by 45 cm) and allowed to freely explore it for
10 min. An automated SMART system (Panlab, Barcelona, Spain) was
used to measure the velocity of movements, distance moved and
time spent in the center and periphery of the box. Spending more
time in the periphery was regarded as a sign of anxiety. The box was
cleaned first with ethanol and then with water before each mouse
was introduced to the Open Field arena. Furthermore, anxious
behavior in the Open Field test of mice subjected to voluntary wheel
running with age-matched sedentary controls were also analyzed to
test if voluntary running results in anxious behavior.

2.5.2. Y-maze spatial memory test

In order to examine any defects in hippocampus-dependent
spatial memory, a Y-maze test was performed 5—7 days after in-
duction of ischemia. This test did not show any significant differ-
ences between groups. The setup of the test is further described in
Supplementary material 1.

2.5.3. Sucrose preference test

Anhedonic behavior of the mice was assessed using a sucrose
preference test during the night between day14—15 or 15—16. This
test did not show any significant differences between groups. The

setup of the test is further described in Supplementary material 1.
2.6. Fecal corticosterone levels

Fecal samples were collected from the Open Field box after
conducting the Open Field test performed 12—13 days following
induction of ischemia in order to measure the stress levels of the
mice. Since anxiety in itself can increase the frequency of defeca-
tion, fecal samples from mice that did not defecated during the
Open Field test were collected by putting those mice in individual
cages until they had defecated. This was done to prevent potential
bias that could arise if only the corticosterone levels from those
mice that indeed defecated during the test would have been
analyzed. Corticosterone levels measured in feces is likely to reflect
the level of corticosterone that was found in serum several hours
earlier (Kalliokoski et al., 2010). To compare the effect of forced
running on the corticosterone levels without ischemic insult as a
confounding factor, mice only subjected to sham surgery were used
for this test. The feces were stored at —80 °C until analysis. Corti-
costerone was then extracted and analyzed using a corticosterone
ELISA kit (Enzo Life Sciences) as described by Touma et al. (Touma
et al,, 2003), except that feces was homogenized in 1 ml of 80%
Methanol per 100 mg sample. Feces samples from mice subjected
to voluntary wheel running with age-matched sedentary controls
were also analyzed to investigate if running exercise per see results
in corticosterone increase.

2.7. Euthanization and sample collection

The mice were first anesthetized with isofluorane 15—16 days
after ischemia. Thereafter, the mice were euthanized and blood
samples were collected through cardiac puncture. Blood samples
were kept in room temperature for 25 min and then stored on ice a
few hours until the samples were centrifuged at 1300 g in 4 °C for
10 min and the serum supernatants were collected and stored
at —80 °C until analysis. The brains were dissected out and snap
frozen in crushed dry ice and stored at —80 °C until analysis.

2.8. Immunohistochemistry

The brains where sectioned with a Leica CM3050 S Cryostat
(Leica Microsystems Nussloch GmbH, Germany). The hippocampus
was extracted from —1.20 to —2.20 (according to K. Franklin, G.
Paxinos, ‘The Mouse Brain: in Stereotaxic Coordinates’, Academic
Press, USA). The brain sections were 30 pm thick and collected into
6 series, with 3 series mounted onto microscope slides and 3 series
stored in tubes for preparations of brain homogenates. All sliced
samples were stored at —80 °C until used. Sections used for
immunohistochemical stainings were fixated with 4% of PFA for
10 min prior to staining procedure.

Viable neurons were stained on hippocampal sections using
Mouse-anti-NeuN antibody (1:200, Anti-NeuN, MAB377, ©EMD
Millipore Corporation, Billerica, MA, USA). 4',6-diamidino-2-
phenylindole (DAPI) (1:1000, Sigma Aldrich) was used to stain
cell nuclei. The number of NeuN positive cells with viable cell
morphology was counted in the hippocampal subregions CA1, CA2
and CA3 of each hemisphere from two coronal subsequential sec-
tions (bregma —1.2 and 1.4) from each mouse using an epifluor-
escence microscope (Nikon Eclipse 80i microscope, Europe).

Inflammation and microglial activation was visualized using
polyclonal rabbit-anti-Ibal (1:500, Wako, Japan) and monoclonal
rat-anti-galectin-3 (M3/38, 1:300 made in-house, provided by
Professor Hakon Leffler) antibodies. To evaluate the overall number
and activity of microglia in the hippocampus pictures were
captured of the 3 subsequential sections of hippocampus (bregma-



M. Svensson et al. / Neurobiology of Stress 5 (2016) 8—18 n

1.2 mm, bregma-1.4 mm and bregma-1.6 mm) from each mouse,
using the epifluorescence microscope. The extent and intensity of
the Ibal staining was evaluated using Image]. The number of
galectin-3 positive cells in the hippocampus was counted in the
same sections using the epifluorescence microscope.

2.9. Cytokine levels in brain tissue

2.9.1. Brain homogenization protocol

Eight brain slices at the level of the hippocampus from each
mouse were homogenized in 100 pl complete lysis buffer (Meso-
scale Discovery, Rockville, USA) containing protease inhibitor. The
tissue was mechanically dissociated using a syringe plunger. The
homogenates were then incubated 20 min on ice and tip-sonicated
with 5 pulses for 2—3 s. Samples were thereafter centrifuged at
10,000 g in 4 °C for 20 min before the supernatants were collected.
Protein concentrations were determined using the Bradford
method and samples were stored at —80 °C until use.

2.9.2. Multiplex cytokine ELISA

The concentrations of different cytokines in the collected serum
and homogenized brain samples (25 pl/sample) were measured in
the MSD Mouse Proinflammatory V-Plex Plus Kit (IFNy, IL-1p, IL-2,
IL-4, IL-5, IL-6, IL-10, IL-12p70, CXCL1, TNFa; K15012C, Mesoscale)
using a SECTOR Imager 6000 (Mesoscale Discovery, Rockville, USA)
Plate Reader according to the manufacturer's instructions. The
recorded data was analyzed using MSD Discovery Workbench
software. For the brain homogenate samples the concentrations
were normalized to the different protein concentrations measured
in the Bradford assay of each homogenized sample.

2.10. Western blot

Eight brain slices at the level of hippocampus from each mouse
were homogenized in 160 pl of RIPA buffer (R0278, Sigma-Aldrich)
containing protease inhibitor (1% protease inhibitor cocktail,
P8340, Sigma-Aldrich) Samples were sonicated twice for 3 s before
they were centrifuged at 8000 g for 10 min and the supernatants
were collected. Briefly, proteins were loaded on 4—20% Mini-Protean
TGX Precast Gels (Bio-Rad) then transferred to Nitrocellulose
membranes (Bio-Rad) using Trans-Blot Turbo System (Bio-Rad). The
membranes were then blocked with 10% Casein (Sigma-Aldrich)
diluted in PBS (tablets, Sigma-Aldrich). After blocking, the mem-
branes were incubated with primary antibodies against NLRP3 (mAb,
Adipogen 1:4000) and galectin-3 (M3/38, made in-house, provided
by Professor Hakon Leffler, 1:500) at 4 °C over night. The membranes
were then incubated with peroxidase secondary antibody (Vector
Labs) and the blots were developed using Clarity Western ECL Sub-
strate (Bio-Rad). Protein levels were normalized to beta-actin.

2.11. Exclusions and protocol violations

Unfortunately, the forced treadmill exercise induced stress in
the animals to such an extent that severe fighting behavior was
induced in their home cages. Therefore, several mice (n = 16) had to
be sacrificed during this exercise paradigm, which explains the
uneven distribution of mice in the different groups. During the
ischemic surgery, several mice (n = 7) also died, as expected. The
number of mice in each group during the behavioral tests also
decreased due to the expected mortality caused by evolution of
secondary neuronal damage during the two weeks following in-
duction of global cerebral ischemia. Furthermore, for the analysis of
cytokines, all samples with lack of signal in the SECTOR Imager
6000 plate reader were excluded. This altogether explains why the
number of samples in each group varies for each experiment. Thus,

the variations in number of samples between the experiments are
not due to exclusion of outliers or conscious selection of subgroups.

2.12. Statistical analyses

All statistical analyses were performed in SPSS version 22.0.
ANOVA were performed followed by Fisher's post hoc test for all
comparisons between groups regarding the immunohistochemical
evaluations, Western Blots, behavioral tests and cytokine levels.
Two-tailed T-tests were used to compare the levels of corticoste-
rone and anxiety in the two different groups (exercising and non-
exercising) during the exercise program. For cytokines IFNy, IL-6
and IL-10, as well as for galectin-3 and NLRP3, the levels were
converted to a logarithmic scale before analysis. The correlations
between immunohistochemical data, behavioral data and cytokine
and corticosterone levels were analyzed using Pearson's correlation
coefficients (r). R-values above 0.7 were regarded as very strong
relationships and R-values between 0.4 and 0.69 were regarded as
moderate to strong relationships. For survival analysis following
ischemic surgery, Kaplan-Meier curves and subsequent log rank
tests were performed in order to compare groups. Survival during
the ischemic surgery procedure for the exercised and non-
exercised groups was evaluated by Fisher's exact test. P-values
below 0.05 were considered as statistical significant.

3. Results
3.1. Mice subjected to forced treadmill exercise are more anxious

The results from the Open Field tests conducted before the in-
duction of cerebral ischemia can be seen in Fig. 2. At baseline, there
were no significant differences in distance moved between mice
subjected to exercise and those that were not (Fig. 2a,
3902 + 962 cm and 3496 + 502 cm respectively, T-test, p = 0.067).
However, exercised mice spent more time close to the walls (Fig. 2b,
81.3 + 9.6% of time and 69.0 + 13.6% of time respectively, T-test,
p = 0.002) of the Open Field box compared to those who were not
subjected to any exercise. This suggests that treadmill exercise by
itself could have an impact on anxious behavior. After ischemia,
there was no difference between the group subjected to exercise
and the group that had not been exercising (data not shown).
However, there was a difference between the sham group and the
groups subjected to ischemia in the behavior in the Open Field test
(see Fig. 1S in Supplementary material 2).

3.2. Treadmill exercise prior to ischemia aggravates the neuronal
damage in hippocampus

Our model of global brain ischemia is known to be dependent on
the patency and lack of posterior communicating artery (Zhen and
Dore, 2007; Murakami et al.,, 1998). Due to heterogeneity in the
anatomy of the cerebral vascularization among the mice the
experimental induction of ischemia might cause neuronal damage
in one or both hemispheres, and the respective hemispheres can
therefore be analyzed separately (Olsson et al., 2003; Burguillos
et al.,, 2015). The global brain ischemia caused neuronal damage
in the hippocampus both in the left and right hemispheres (Fig. 3a,b
1232 + 209 and 1210 + 220 viable-appearing neurons in sham
compared to 652 + 487 and 795 + 297 living neurons in ischemic
mice, ANOVA p = 0.015 and p = 0.001 respectively, Fisher's post hoc
test, p = 0.036 and p = 0.03, respectively). Following ischemia,
fewer NeuN positive neurons were detected in the right hippo-
campus of exercised mice compared to those who did not exercise
(Fig. 3, Fisher's post hoc test, 411 + 263 and 795 + 297 living neu-
rons respectively, p = 0.039). No difference in NeuN positive cells
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Fig. 2. Locomotor and anxious behavior in the Open Field test during the exercise
program. The distance moved (a) and the anxious behavior (b), measured by time
spent close to the walls, in the Open Field test during the exercise program. Bars
represent the mean values for each group with error bars indicating the SD. * repre-
sents p < 0.05 and ** p < 0.01 in T-test. For non-exercised mice n = 17 and for exercised
mice n = 12.

could be found in the left hemispheres between the experimental
groups. The mortality during the surgical procedure did not differ
between exercising or sedentary mice (Fisher's exact test, p = 0.13,
in the ischemic groups 4/12 mice died in the exercising group and
1/17 mice died in the sedentary group). Furthermore, the mortality
after ischemia did not differ between exercising or sedentary mice
(Log Rank test, p = 0.103, in the sham group, no mice died, and in
the ischemic groups 2/8 mice died in the exercising group and 7/16
mice died in the sedentary group).

3.3. The increased neuronal damage in the hippocampus cannot be
explained by increased microglial activity in the same region

We found no differences in microglial activity between the
exercising and non-exercising mice in Ibal (optical density were
13.7 + 8.4 and 14.8 + 8.6 for exercising and non-exercising mice
respectively, p = 0.81) or galectin-3 (87 + 74 and 42 + 35 positive
cells for exercising and non-exercising mice respectively, p = 0.13)
immunohistochemical stainings following ischemia that could
explain the differences in neuronal survival in the hippocampus.

3.4. Forced treadmill exercise and ischemia induces a stress
response that correlates with the degree of neuronal damage in
hippocampus

Our behavioral data (Fig. 2) suggest that the mice in the

treadmill training groups might be stressed due to the forced ex-
ercise. We therefore measured the levels of corticosterone in the
feces, which is an established method to measure the stress levels
in mice (Kalliokoski et al., 2010; Siswanto et al., 2008). The corti-
costerone levels in feces collected during the Open Field test are
shown in Fig. 4. To compare the effect of forced running on the
corticosterone levels without ischemic insult as a confounding
factor, mice only subjected to sham surgery are presented in this
figure. In these sham groups, corticosterone levels were elevated in
mice subjected to forced treadmill running with 61% compared to
mice which had not been subjected to any exercise (Fig. 4a,
394 + 107 pg/ml and 244 + 73 pg/ml respectively, T-test, p = 0.016).
These data suggest that the mice that were exposed to forced
treadmill training were profoundly stressed the weeks before the
ischemic insult, which can be related to the increased brain damage
seen in this group. Indeed, by correlating the corticosterone levels
to the number of viable neurons in the hippocampus we found a
negative correlation (Fig. 4b, Pearson's R = —0.567, p = 0.004).
During the exercise program, there was no significant difference in
corticosterone levels between mice shown to be the most unwilling
to run and mice that were more willing to run (520 + 208 pg/ml and
365 + 147 pg/ml respectively, T-test, p = 0.08, for the mice most
unwilling to run n = 6 and for the mice more willing to run n = 12).
There was no difference in the levels of corticosterone in feces
between those that had been exercising and those that had not
been exercising in the group subjected to ischemia (data not
shown). However, both groups subjected to ischemia displayed
high corticosterone levels, which is most probably due to the effect
of global ischemia that has been previously shown (de la Tremblaye
et al,, 2014).

3.5. Ischemia leads to increased levels of NLRP3 and galectin-3 in
the brain

The levels of galectin-3 and NLRP3 in the brain of the different
groups were analyzed with Western blots, and can be seen in
Figs. 5a and 6a respectively. The levels of NLRP3 and galectin-3 did
not significantly differ between exercised and non-exercised mice
following ischemia. For galectin-3, no differences were detected in
the ANOVA (p = 0.054). However, a difference in galectin-3 was
found in Fisher's post hoc test comparing non-exercised ischemic
mice to sham (p = 0.038, Fig. 5a). The number of galectin-3 posi-
tively stained microglia also correlated negatively with the number
of viable NeuN positive neurons in hippocampus (Fig. 5b, Pearson's
R = —0.721, p = 0.001). Ischemia induced an increase in NLRP3
(Fig. 6a and b, ANOVA p = 0.027, Fisher's post hoc test p = 0.048) in
non-exercised mice compared to sham. The levels of NLRP3
correlated with the levels of corticosterone found in feces (Fig. 6¢,
Pearson's R = 0.475, p = 0.046) following ischemia. Collectively,
this data support our microglial Ibal immunohistochemistry data,
showing increased levels of inflammatory proteins after ischemia,
but no significant effect of treadmill exercise prior to ischemia.

3.6. Global cerebral ischemia induces a cytokine response that is
more pronounced in mice subjected to forced exercise for several
cytokines

We measured several pro- and anti-inflammatory cytokines in
the blood and the brain after global ischemia. The levels of four of
the cytokines for which significant differences could be observed
between different groups are presented in Fig. 7. The levels of the
other cytokines measured in the collected serum and brain tissue
from the different groups can be seen in Supplementary material 2,
Tables 1 and 2, respectively. Ischemic mice had elevated IL-1f levels
in the brain compared to sham (Fig. 7a, 0.040 + 0.023 and
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Fig. 3. Neuronal damage in hippocampus following global ischemia. The number of NeuN positive neurons in the left and right hippocampus for exercised and non-exercised
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0.014 + 0.002 pg/mg protein respectively, ANOVA p = 0.045,
Fisher's post hoc test, p = 0.002). No significant difference between
non-exercised and exercised mice following ischemia was seen for
this specific cytokine.

Strikingly, mice that had been subjected to exercise prior to
ischemia showed much higher levels of IFNYy in the brain compared
to non-exercised mice with ischemia (Fig. 7c, 8.93*10 3 + 8.1*10 3
and 1.64*1073+ 0.71*103 pg/mg protein respectively, Fisher's post
hoc test, p = 0.008). For the IL-10 levels in the brain, no significant
difference was seen between exercised and non-exercised mice
after ischemia (Fig. 7b, 0.39 + 0.10 and 0.31 + 0.09 pg/mg protein
respectively, p = 0.10). No difference was seen in the ANOVA
(p = 0.084) for the serum levels of IL-10. However, higher levels of
IL-10 were observed in serum from exercised mice compared to
non-exercised mice following ischemia in Fisher's post hoc test
(Fig. 7d, 5.68 + 0.55 and 4.68 + 1.08 pg/ml respectively, p = 0.042).

The concentration of IL-10 in serum correlated negatively with
the immunoreactivity of the Ibal staining in the hippocampus
(Fig. 8a, Pearson R = —0.535, p = 0.022). The amount of surviving
NeuN positive cells in the hippocampus showed a negative corre-
lation with the levels of several different pro-inflammatory cyto-
kines such as IL-1p (Fig. 8b, Pearson R = —0.641, p = 0.006) in the
brain. The corticosterone levels also correlated with the levels of IL-
1B (Fig. 8c, Pearson R = 0.61, p = 0.006) and IL-10 (Fig. 8d, Pearson
R =0.594, p = 0.007) in the brain. In summary, our data suggest an
expected, negative association between pro-inflammatory cyto-
kines and neuronal survival (Fig. 8b) and also a positive correlation
between cytokine levels in the brain and corticosterone levels in

feces indicating that the stress caused by the forced exercise affects
the neuroinflammation in the injured brain.

3.7. Global ischemia does not induce cognitive dysfunctions or
anhedonic behavior

There were no differences between the different groups in the Y-
maze test and the sucrose preference test (See Supplementary
Material 2, Table 3).

3.8. Voluntary wheel running does not induce a stress response

Mice subjected to voluntary wheel running did not display
increased anxious behavior compared to their age-matched
sedentary controls (Fig. 9a, 74.2 + 12.8% of time and 72.6 + 12.0%
of time respectively, T-test, p = 0.86). As can be seen in Fig. 9b, the
corticosterone levels in feces from wheel running mice did not
differ from their age-matched sedentary controls. Taken together,
we found that running exercise per se does not cause a stress
response with increased anxiety and corticosterone levels.

4. Discussion

In the present study, we investigated the potential preventive
effect of physical exercise prior to global cerebral ischemia in mice
by subjecting one group of mice to a four-week long treadmill
running program prior to induction of global cerebral ischemia. Our
main findings show that forced treadmill exercise induced a stress
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response that can counteract the anti-inflammatory effects of ex-
ercise, and lead to increased neuronal damage in a mouse model of
global cerebral ischemia. In the Open Field test during the exercise
period prior to ischemic onset, we observed that exercised mice
were significantly more anxious, spending more time close to the
walls of the Open Field arena, compared to the non-exercised
group. These results confirm our observations during the running
procedure, where the mice gave the impression of being anxious
and stressed during and after the training. Indeed, we lost several
mice (n = 16) during the training period due to fighting between
the mice that were housed together. Also, many of the mice showed
an increasing unwillingness to run and were therefore excluded
from the exercise group. Mice that were most unwilling to run also
seemed to have higher levels of the stress hormone corticosterone
in feces collected during the Open Field test conducted during this
exercise period, even though this difference was not statistically
significant (data not shown). Importantly, we found that the forced
running itself significantly increased the corticosterone levels.
These stress levels represent the status of the mice the weeks
before they were subjected to ischemia, suggesting that stress prior
to an ischemic insult is detrimental. Indeed, the potential of stress
hormones such as corticosterone to potentiate the neuronal dam-
age in hippocampus following global cerebral ischemia was shown
already in the 1980s (Sapolsky and Pulsinelli, 1985). Examination of
the brain samples from our mice also showed that exercised mice
had fewer surviving neurons in the hippocampus compared to non-
exercised mice following ischemia. Furthermore, higher cortico-
sterone levels correlated with fewer surviving neurons, indicating
that the reduced neuronal survival in the exercised mice may be
due to the increased stress caused by the enforcement to run. This
conclusion was further strengthened by the fact that this increase

in corticosterone levels where not observed in mice subjected to
voluntary wheel running when compared to age-matched seden-
tary littermate controls.

When it comes to the effect of exercise on the level of inflam-
mation following ischemia, our results demonstrate the complexity
of the immune response following exercise and cerebral ischemia.
Galectin-3 is a pro-inflammatory immunomodulator expressed by
activated microglia. It has been suggested to sustain microglial
activation through binding and activating the toll-like receptor 4
(Burguillos et al., 2015). Interestingly, we found a strong negative
correlation between galectin-3 positive cells in the hippocampus
and the number of viable hippocampal neurons (NeuN), suggesting
that the presence of galectin-3 positive microglia is associated with
increased neuronal cell death.

Previous studies in rats have shown that running exercise can
reduce microgliosis if the rats are exercised after ischemic induc-
tion (Lovatel et al.,, 2014). However, no microglial effect of exercise
prior to ischemic induction was observed. In our study, following
ischemia, exercised mice had a subtle increase in the levels of the
anti-inflammatory cytokine IL-10 in serum compared to non-
exercised mice. Increased levels of IL-10 is a well-known anti-in-
flammatory effect of exercise (Pedersen and Febbraio, 2008) and
can provide neuroprotection after cerebral ischemia (Ooboshi et al.,
2005). Though, we did not find an altered level of IL-10 in the brain.

However, ischemic exercised mice had a 5 times elevation of the
pro-inflammatory IFNy in the brain compared to non-exercised
counterparts. As IFNy is a canonical cytokine known to induce a
pro-inflammatory phenotype in microglia (Prajeeth et al., 2014;
Papageorgiou et al., 2016), it is tempting to speculate that this
could in part explain the increased neuronal damage seen in the
exercised mice compared to the corresponding non-exercised mice
following ischemic insult. The effect of exercise on the levels of IFNy
has not yet been elucidated, several studies have shown that ex-
ercise can decrease as well as increases the levels of IFNy (Tuon
et al., 2015; Nichol et al., 2008). However, in mice, IFNy has been
shown to increase in response to stress (Fuertig et al., 2015). This
suggests the possibility that the elevated levels of IFNy observed in
our mice may be caused by the stress associated with the exercise
rather than the exercise per se.

Our data confirm the complex relationship between different
cytokines, where functions are dependent on the inflammatory
context and possible interplay between the different cytokines, and
where the effect of pro-inflammatory cytokines can be counter-
balanced by high levels of anti-inflammatory cytokines. It is also
possible that exercise and stress can alter the inflammatory inter-
play between CNS and the periphery. The connection between the
various cytokines involved in neuroinflammation and their
importance in the context of physical exercise remains to be
elucidated. A limitation of this study is that we measured the cy-
tokines fairly late, and only at one time-point in the process, which
made it impossible to determine their temporal dynamics.

We further show that high levels of pro-inflammatory cytokines,
such as IL-1, in the brain is correlated with significantly lower
number surviving neurons in hippocampus following ischemia,
suggesting that these cytokines are related to a negative impact on
neuronal survival. This negative impact of pro-inflammatory cyto-
kines on neuronal survival has been shown in ischemic rats pre-
viously (Li et al, 2014). In our study, mice with high levels of
corticosterone also had higher levels of cytokines, such as IL-1p and
IL-10, in the brain. These results are in accordance with other
studies where it has been shown that stress can evoke a pro-
inflammatory response in the brain, with increased expression of
NLRP3 inflammasome involved in the cleavage and secretion of
pro-inflammatory IL-1f (Gadek-Michalska et al., 2013; Frank et al.,
2014). Recently, it has been shown that a stress-induced increase in
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corticosterone levels lowers the threshold for microglia to release regions such as hippocampus (Espinosa-Oliva et al., 2011), sub-
pro-inflammatory cytokines (Dey et al., 2014). Increased stress has stantia nigra (de Pablos et al., 2014) and prefrontal cortex (de Pablos
even been suggested to exacerbate neuronal cell death by et al,, 2006). Furthermore, the same studies also showed that these
increasing neuroinflammation, which in turn is neurotoxic (de effects of stress were dependent on glucocorticoid receptor
Pablos et al.,, 2014). Indeed, several studies have shown that stress signaling. In our study we did not detect any differences between
increase the vulnerability to inflammation resulting in increased exercised and non-exercised mice in the levels of IL-18 and NLRP3
microglial activation and neuronal damage in different brain in the brain, suggesting that the link between stress and the
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inflammatory response may also involve other mechanisms.
However, one possible confounding factor is that the corticosterone
samples were collected more than a week prior to collecting the
samples used for measuring cytokine levels, NLRP3 and assessing
brain damage.

The forced treadmill running clearly induced a stress response
that could explain the negative effects on the brains of the mice in
our study. The reason why many studies, including ours, are based
on forced treadmill running as a method for studying the effects of
exercise is that this method can be standardized compared to, for
example, voluntary wheel running. With treadmills, the intensity,
duration and timing of the exercise can be standardized so that all
mice in the same exercise group are subjected to exactly the same
amount of exercise. This is not possible when using voluntary
wheel running as the wheel is placed in the home cages, allowing
the mice to run as much, fast and often as they want. However, one
advantage of using voluntary wheel running is that it does not
include the stressful element of forced exercise, and that the mice
can choose to run during the night, which in itself is less stressful as
they are nocturnal animals. However, for the voluntary wheel
running, we choose to cage the mice separately in order to better
control the distance run by each mouse. It has been shown in other
study that social isolation per see could be very stressful to the
mice, as it is used in standardized stress protocols (de Pablos et al.,
2014; Espinosa-Oliva et al., 2011). However, our single caged mice
did not display any signs of anxiety in the Open Field test compared
to the behavior we use to observe in our mice. Our treadmill study
is not alone in demonstrating that forced exercise can have negative

effects due to stress. Indeed, other studies have shown that forced
treadmill running causes anxiety and stress in form of increased
levels of corticosterone, effects that were not observed in animals
subjected to voluntary wheel running (Leasure and Jones, 2008; Ke
et al, 2011; Griesbach et al., 2012). Interestingly, another study
showed that it might not be the enforcement to run per se that
induces stress, but rather the fact that being pushed if not running
(Greenwood et al., 2013). In this study, there were no differences in
stress induction between voluntary wheel running and motorized,
forced wheel running. However, the animals subjected to forced
treadmill running, being pushed by foot shocks when not running,
were more stressed. In fact, forced treadmill running is also used as
a model to induce and study stress responses in mice (Hong et al.,
2015). Furthermore, Zheng and coauthors showed that following
experimental stroke in rats, forced treadmill running leads to
reduced motor recovery compared to rats subjected to voluntary
wheel running (Ke et al.,, 2011). It has also been shown that forced
and voluntary exercise can have different effects on inflammatory
response, where forced exercise increases and voluntary exercise
decreases levels of pro-inflammatory cytokines after injury in mice
(Cook et al., 2013). Moreover, it has been shown that voluntary
running leads to higher levels of BDNF compared to forced running
(Uysal et al., 2015; Griesbach et al., 2014). However, there are also
studies comparing the effect of forced versus voluntary running
showing that both regimens can be of equal beneficial effect when
it comes to improving cognition, neuronal survival and BDNF levels
in different models of brain injury (Lin et al., 2015a, 2015b).

Furthermore, it has been shown that forced exercise can activate
a stress response similar to restraint stress, reducing the ability to
cope with an oxidative challenge. For example, forced running has
been shown to increase the cardiac infarct size in rats (Mancardi
et al, 2009), and failed to improve recovery after experimental
stroke in rats (Auriat et al., 2006). However, several studies have
shown beneficial effects of forced exercise on the recovery from
cerebral hypoperfusion (Cechetti et al., 2012) as well as experi-
mental stroke (Park et al., 2012).

5. Conclusions

This study shows that forced treadmill running induces stress,
which can cause increased neuronal damage following global ce-
rebral ischemia in mice. We detected 5-fold increased IFNYy levels in
ischemic mice that had been subjected to treadmill running, even
though we found a small increase in serum IL-10 levels. This stress
response with increased anxiety and corticosterone levels were not
seen in mice exposed to voluntary wheel running. It is therefore
tempting to conclude that running exercise can have beneficial
neuroinflammatory effects, but that the stress induced by the
enforcement to run is disadvantageous and exceeds the beneficial
effects. Our study highlights the importance of taking into account
the stress that the enforcement of running exercise can induce,
which can counteract the otherwise positive effects of physical
exercise. Hence, it is important to monitor chronic stress in
experimental animals to be able to infer the right conclusions about
the effects of physical exercise.
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Supplementary Method descriptions

2.5.2 Y-maze spatial memory test

In order to examine any defects in hippocampus-dependent spatial memory, a Y-maze
test was performed 5-7 days after induction of ischemia. For this purpose, a Y-maze
arena (21 cm*4 cm/arm) in the shape of a Y was used[1]. Some bedding material
from the home cage of the mouse was put in the arms of the maze for the mouse to
feel more relaxed and thus increase the likelihood of it to explore the maze. The
bedding material was removed and the maze was cleaned with ethanol followed by
water before the next mouse was introduced to the maze to prevent odor bias. Five
groups of 2 visual cues were added around the maze. The mice were first trained for 2
trial sessions of 5 minutes each. For the trial sessions, one arm of the maze was closed
so that the mouse could only explore 2 arms, the “home arm” and the “familiar arm”.
At the start of each session, the mouse was put into the home arm facing the walls and
then left alone to freely explore the two arms. The first trial session was performed on
the afternoon of day 5 or 6 after ischemia and the second trial was performed on day 6
or 7. The real probe test was performed 2 hours after the second and last trial session
in order to test the long-term memory. During this probe test, the mouse was put in
the home arm facing the walls, as performed during the trial session. During the probe
test, the third arm, called “new arm” was open to explore. A mouse with intact
memory will notice that the two other arms had been explored previously, and will
spend more time in the new arm and enter this arm more frequently compared to the
two other arms. However, if a mouse has memory deficits it may not notice that it has
explored the two other arms before and will therefore not spend more time in the new
arm compared to the other two arms. The movements of the mice were monitored

with a camera and later analyzed using the SMART software system to detect the



number of entrances into and time spent in each arm.

2.5.3 Sucrose preference test
Anhedonic behavior of the mice was assessed using a sucrose preference test during
the night between day14-15 or 15-16. In this test, the mice were introduced to a
sucrose solution in their home cages one night before the actual test. A bottle
containing 2% sucrose solution was put in the place of the regular water bottle. The
regular water bottle was put in the opposite corner of the cage, allowing the mice a
choice of water or sucrose. The day before the test, the mice were deprived of
drinking solutions for 5 hours prior to starting the test. In the evening, the mice were
individually caged with access to nesting material and food. Each mouse also had a
bottle of tap water and one bottle of sucrose solution to choose from during the night.
The bottles were weighed before and after the test and the volume consumed was
calculated. A sucrose preference index was calculated using the following formula:
Sucrose preference index=weight of consumed sucrose/total weight consumed of both
solutions
1. Albani, S.H., D.G. McHail, and T.C. Dumas, Developmental studies of the
hippocampus and hippocampal-dependent behaviors: insights from

interdisciplinary studies and tips for new investigators. Neurosci Biobehav
Rev, 2014. 43: p. 183-90.



Supplementary Data- cytokine levels and non-significant behavioral data
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Figure 1S. Locomotor and anxious behavior in the Open Field test after ischemia.
The distance moved (a) and the anxious behavior (b), measured by the time spent close
to the walls, in the Open Field test after induction of ischemia. Bars represent the mean
values for each group with error bars indicating SD. * represents p<0.05 and *** p<0.001
in Fishers post-hoc test.



Table 1 - Cytokine concentrations in serum

Cytokine Sham No exercise+ Exercise+ T-test T-test No
Mean Ischemia Ischemia Sham vs. exercise+
concentration Mean Mean No Ischemia vs.
(pg/ml) £ SD  concentration concentration exercise+  exercise+

(pg/ml) +SD  (pg/ml) +SD Ischemia Ischemia

Serum IL-1 8 0.09+0.02 0.09+0.04 0.11+0.04

Serum IL-2 0.07+0.05 0.11+0.06 0.09+0.06

Serum IL-4 Below Below Below
detection detection detection

Serum IL-5 1.84+0.44 1.95+0.35 1.30£0.12 p<0.001

Serum IL-6 0.65+0.47 5.21+4.46 8.29+6.17 p=0.003

Serum IL-10 4.68+0.44 4.68+1.08 5.68+0.55 p=0.042

serum IL-12p70  Below Below Below
detection detection detection

Serum [FNy 0.25+0.14 0.21+0.08 0.20+0.02

Serum KC/GRO  40.5+6.4 41.4£9.2 46.4£6.9

Serum TNFa 4.3+0.27 4.47+0.89 4.73+0.28

Table 1. The mean concentrationz SD for all the cytokines in each group for
serum samples. p values are shown for those cytokines and groups that were
analyzed with Fisher’s post hoc test



Table 2 - Cytokine concentrations in the brain

Cytokine Sham No exercise+ Exercise+ T-test T-test No
Mean Ischemia Ischemia Sham vs. exercise+
concentration Mean Mean No Ischemia vs.
(pg/mg of concentration concentration exercise+  exercise+
protein) + SD  (pg/mg of (pg/mg of Ischemia Ischemia

protein) + SD  protein) + SD

Brain IL-1 8 0.014+0.002  0.040+0.023  0.041+0.017 p=0.002

Brain IL-2 0.029+0.007  0.036+0.007  0.042+0.021

Brain IL-4 Below Below Below
detection detection detection

Brain IL-5 0.007£0.007  0.009+0.007  0.019+0.017

Brain IL-6 0.57+0.1 1.86+1.4 2.24+1.2 p=0.003

Brain IL-10 0.22+0.06 0.31+0.09 0.39+0.10 p=0.10

Brain IL-12p70  2.11+0.69 1.92+0.28 2.53+0.88

Brain IFNy 1.56*10-3+ 1.64*10-3+ 8.93*10-3 + p=0.008
0.59%10-3 0.71*10-3 8.1%10-3

Brain KC/GRO 0.68+0.2 1.37+0.7 1.61+0.6

Brain TNFa 0.041+0.009  0.091+0.039 0.101+0.041 p=0.015

Table 2. The mean concentrationz SD for all the cytokines in each group for
brain samples. p values are shown for those cytokines and groups that were
analyzed with Fisher’s post hoc test.



Table 3 - Results from Y-maze and sucrose preference behavioural tests

Behavioral Sham No Exercise+ T-test T-test No
test Mean value  exercise+ Ischemia Sham vs. exercise+
+SD Ischemia Mean value No Ischemia
Mean value £+ +SD exercise+ Vs.
SD Ischemia exercise+
Ischemia
Y-maze (time in 28.6+4.8 30.2+13.0 32.1+x11.3  p=0.73 p=0.77
new arm in s)
Sucrose 61+6 6214 66x6 p=0.56 p=31
preference test
(sucrose
preference

index in %)

Table 3. The non-significant results of the Y-maze and sucrose preference
behavioural tests for the different groups. For Y-maze, the readout is presented
as time spent in seconds in the new arm of the maze. For sucrose preference test,
the readout is presented as the sucrose preference index in %. p values for the
tests and groups analyzed with Fisher’s post hoc test.
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ARTICLE INFO ABSTRACT

Physical activity has been proposed to be beneficial for prevention of depression, although the importance of
exercise intensity, sex-specific mechanisms, and duration of the effects need to be clarified. Using an observa-
tional study design, following 395,369 individuals up to 21 years we studied whether participation in an ul-
tralong-distance cross-country ski race was associated with lower risk of developing depression. Skiers (parti-
cipants in the race) and matched non-skiers from the general population (non-participants in the race) were
studied after participation (same year for non-participation) in the race using the Swedish population and patient
registries. The risk of depression in skiers (n = 197,685, median age 36 years, 38% women) was significantly
lower, to nearly half of that in non-skiers (adjusted hazard ratio, HR 0.53) over the follow-up period. Further, a
higher fitness level (measured as the finishing time to complete the race, a proxy for higher exercise dose) was
associated with lower incidence of depression in men (adjusted HR 0.65), but not in women. Our results support
the recommendations of engaging in physical activity as a preventive strategy decreasing the risk for depression
in both men and women. Furthermore, the exercise could reduce risk for depression in a dose-dependent matter,

Keywords:

Exercise
Psychiatric disorder
Mental health
Women

Men

Long-term effect

in particular in males.

1. Introduction

Depressive disorders are highly prevalent in most societies all
around the world. Globally, depression constitutes one of the largest
burdens of disability (Collaborators, 2016). The lifetime prevalence
depression is estimated to be 5-10% (Kessler et al., 2009) and together
with other mental disorders accounting for 21-32% of the total years
lived with disability (Vigo et al., 2016). Even though several pharma-
cological treatment strategies targeting depression, including selective
serotonin reuptake inhibitors, have become available over the past
century, many patients still suffer from side-effects such as sexual
dysfunction and gastrointestinal problems (Wang et al., 2018;
Souery et al., 2007) or lack of effects (Rush, 2007). Numerous studies
have pointed out physical activity as a promising strategy to reduce the
burden of depressive disorders (Schuch et al., 2018; Pedersen and
Saltin, 2015). Interestingly, interventional studies have shown that

* Corresponding authors.

exercise can reduce symptoms of depression (Hennings et al., 2013;
Wegner et al.,, 2014; Khanzada et al., 2015; Stanton et al., 2016).
However, there are also studies, showing no additional effect of ex-
ercise compared to antidepressant medication alone (Danielsson et al.,
2013; Kvam et al., 2016) or cognitive behavioral therapy alone
(Bernard et al., 2018).

Furthermore, several studies have proposed exercise to have pro-
tective effects when it comes to development of depression (Sui et al.,
2009; Jonsdottir et al., 2010; Aberg et al., 2012; Mammen and
Faulkner, 2013; McPhie and Rawana, 2015; Schuch et al., 2018). A
recent meta-analysis of prospective cohort studies, demonstrated that
physical activity was protective against development of depression
across all ages and also across different geographical regions
(Schuch et al., 2018). Conversely, it has been pointed out that the as-
sociation between higher level of physical activity and subsequent
lower incidence of depression might be due to the fact of reverse
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causation. Individuals already having undiagnosed depression tend to
be less engaged in physical activities as a consequence of symptoms
such as reduced mood (Vancampfort et al., 2015; Busch et al., 2016).
Indeed, exercise has to the large part been proposed as a treatment for
individuals suffering from mild to moderate depression and not for
more severe cases, where failure of adherence to exercise programs due
to depressive symptoms might be an important limitation
(Vancampfort et al., 2015; Firth et al., 2016).

To date, many studies investigating the effects of physical activity
are conducted on small study populations and only have a few years of
follow-up time (Khanzada et al., 2015; Schuch et al., 2018). This might
increase the risk of biased results if several participants reporting low
physical activity at baseline, due to yet undiagnosed depression, indeed
get diagnosed within the next few years. Therefore, studies taking these
potential barriers to engage in exercise in the initial phase of a yet
undiagnosed depressive disorder into account are of great importance.

Further, the impact of fitness level or exercise dose on risk of de-
pression has not been thoroughly investigated and existing studies so
far show inconsistent results (Noh et al., 2015; Balchin et al., 2016;
Harvey et al., 2018; Helgadottir et al., 2017). Some studies show that
only exercise above a certain intensity have beneficial effects
(Noh et al., 2015; Balchin et al., 2016), whereas others reveal no impact
of intensity levels (Harvey et al., 2018). There are even studies in which
the most beneficial effects are seen in exercise of lower intensities
(Helgadottir et al., 2017). However, none of these studies analyze the
impact of exercise intensity on incident depression in both men and
women separately. Depression affects women more and it has been
shown that the effect of physical activity on mental disorders might
differ between men and women (Mikkelsen et al., 2010). Hence, in-
vestigating also the effects of physical activity also in women in a large-
scale study with long-term follow up is needed.

To minimize the impact of any possible symptoms of undiagnosed
mental illnesses on study results, it is important to follow a large
number of subjects over a long time after initial exposure. Increasing
the time of follow-up and excluding those who develop mental dis-
orders within the first years after baseline are two ways of decreasing
the risk for this type of bias. The aim of this study was to investigate the
association between ultralong-distance ski racing and subsequent di-
agnosis of depression in a large scale, population-based cohort, in a
long-term perspective. In addition, we also aimed to investigate the
impact of fitness level as a measurement of exercise dosage on de-
pression in men and women separately. As our treated cases, we used
participants in the world's largest long-distance cross-country ski race
(Vasaloppet). We matched the participants in the ski race with non-
skiers from the general population, to include a total of 395,369 sub-
jects in the study. Anderson et al. revealed that 93% of 5000 endurance
skiers answering an online questionnaire reported freedom of depres-
sion (Anderson et al., 2017). To the best of our knowledge, no pro-
spective studies have investigated the effect of skiing on development of
depression. We hypothesized that there would be a lower risk of de-
veloping depression in the participants of the ski race compared to the
general population that would also manifest long-term after participa-
tion.

2. Methods
2.1. Study design

This observational study was approved by the Ethical Review Board
in Uppsala, Sweden, Dnr 2010/305. The cases in the study population
comprise all Swedes who took part in the world's largest long-distance
(30 to 90 km), cross-country ski race (Vasaloppet) between 1989 and
2010 (n = 197,685), together with frequency-matched, individuals
from the general population (n = 197,684) (Supplementary Materials,
Fig. 1). Frequency matching was done by Statistics Sweden to draw
non-skier controls from the population registry according to age group
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(five-year intervals), sex, region of residency, and year of participation
in ski race as previously described (Hallmarker et al., 2018). Individuals
participating in Vasaloppet were considered physically active and were
denominated skiers. According to previous studies, on average, Vasa-
loppet skiers smoke less, have a healthier diet, and lower mortality than
the general Swedish population (Farahmand et al., 2003; Carlsson et al.,
2007). The majority of Vasaloppet skiers exercise for at least 4 h a week
(Carlsson et al., 2007) and on average they have higher leisure time
physical activity than the general Swedish population (Farahmand
et al., 2003). In general, Vasaloppet skiers have higher fitness levels,
with VO2max 45-80 ml/kg per minute, compared to around 35 ml/kg
per minute in the general population (Hallmarker et al., 2016). To re-
duce bias due to inability to participate in the race because of poor
physical health, all individuals (skiers and non-skiers) with severe
disease were excluded as previously described (e.g cancer, chronic
neurologic  disease, dementia, heart- and lung disease)
(Hallmarker et al., 2016). Participants with dementia (all cause, Alz-
heimer’s disease (AD), vascular dementia (VaD), Parkinson’s disease
dementia, Lewy body dementia, senile dementia), Parkinson’s disease,
meningitis/encephalitis, epilepsy, psychiatric disorders (depressive
episode, schizophrenia, bipolar disorder, anxiety disorders and mental
disorders due to the use of alcohol) were additionally excluded from the
study (see Supplementary Material Table 1). If skiers participated in
several races, the first race was the only one considered and set as
baseline. If a non-skier participated in the ski race after baseline it
contributed with data for the skiers population from the time of parti-
cipation in the ski race until the end of follow-up period.

The participants were monitored for participation as well as fin-
ishing time in the race in three categories with finishing time of
100-150, 150-200 and above 200% of the winning finishing time for
each sex respectively as previously described (Hallmarker et al., 2015).
The finishing time analysis was used as a measurement of physical
fitness and a proxy for the more extreme doses of exercise during their
preparation before the race, as previously explained (Andersen et al.,
2013). Information on date of birth, sex, and education level were de-
rived from Swedish registries (Swedish National Patient Registry for
diagnoses and Statistics Sweden for socio-economic data)
(Hallmarker et al., 2018). The total study cohort (n = 395,369) was
followed in the Swedish National Patient Registry (described below)
throughout 2010.

2.2. The Swedish national patient registry

Data on psychiatric and somatic diagnoses were retrieved from the
Swedish National Patient Registry. Since 1987 it provides information
on all primary and secondary diagnoses in patients attending hospital-
based care in Sweden. The register covers 99% of all hospital-based
diagnoses, both somatic and psychiatric. Primary care diagnoses are not
included in the registry, but they are imported into the patient registry
as soon as the patient becomes an inpatient. Since 2001, this registry
also covers out-hospital diagnoses made in hospital clinics closely re-
lated to primary care. Depressive disorders were defined according to
the International Classification of Diseases (ICD), tenth revision (ICD10,
Socialstyrelsen) or ninth revision (ICD9, Socialstyrelsen). Diagnoses
included are depressive episode (F32, F33, F34, F38, F399/296B, 296X,
29620, 29800).

2.3. Statistical analyses

We used R statistical software package for analyses. P-values <0.05
were considered statistically significant. Demographic data are pre-
sented as median and interquartile range (IQR) or numbers (n) and
percent (%). Numeric group differences were estimated with Mann-
Whitney U test and categorical with Pearson's ? test. Cox regression
models were used to compare risk of depression for Vasaloppet skiers vs
non-skiers. Risk of depressive disorders are presented as hazard ratios
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Fig. 1. The risk of developing depressive episodes in Vasaloppet skiers compared to non-skiers (a) and the risk of developing depressive episodes more than 5 years
after completing the ski race (b). HR represents hazard ratios from an unadjusted cox regression.

(HR) with 95% confidence intervals (CI). Numbers at risk were derived
from survival tables specifying number of individuals entering each
five-year interval, as presented in the graph. The time variable was
calculated as years between participation in the ski race (and the same
year for the matched non-skier) and event or censoring. The event was
defined as date of first registered depression diagnosis in the Patient
Registry. Censoring appeared when subjects died or at time of register
outtake/end of follow-up. Information on date of death for deceased
study individuals was available through the Causes of Death Register
(CDR), held at the National Board of Health and Welfare. Schoenfeld
residuals were modeled graphically to assess the proportionality as-
sumption. Sex was suggested to be a possible effect modifier, therefore
men and women were also analyzed separately. The impact of finishing
time (fitness level) was assessed by trichotomizing the finishing time to
100-150%, 150-200% and above 200% of the winning finishing time
for men and women separately. Adjustments were done for age, sex and
education in the adjusted cox model. In sensitivity analyses, all in-
dividuals who developed depression within five years of inclusion were
excluded.

3. Results
3.1. Ski race participation is associated with lower incidence of depression

Demographic data comparing the Vasaloppet skiers and non-skiers
are presented in Table 1. A total of 395,369 individuals were followed
over 3975,881 person years. After a median follow-up of 10 (IQR 5-15)
years, a total of 3075 individuals were newly diagnosed with depres-
sion. The occurrence of comorbidity with other psychiatric disorders
did not differ between Vasaloppet skiers and non-skiers (Supplementary
Table 2). Participation in the long-distance ski race was associated with
a lower risk of developing depression in the follow-up compared to non-
skiers (unadjusted HR 0.50, 95% CI 0.46-0.53, Table 2, Fig. 1a). Skiers

Table 2
Association between physical activity and incident mental disorders, based on
participation in a long-distance ski race (skiers) compared to non-skiers.

Depressive episode Unadjusted model Adjusted model

Physical activity HR (95% CI) HR (95% CI)

Nr events 3075 3040

Non-skiers (Reference) 1 1

Skiers 0.50 (0.46-0.53) 0.53 (0.49-0.58)
luding psychiatric di <5
years

Nr events 2029 2003

Non-skiers (Reference) 1 1

Skiers 0.52 (0.48-0.57) 0.56 (0.51-0.62)

HR: hazard ratio, CI: confidence interval.
Cox regression models showing HR for risk of depressive disorders.
* Model adjusted for age, sex, and education.

had higher education than non-skiers (Table 1), but adjustments for
age, sex and education, did not alter the results (adjusted cox model,
Table 2). The effect remained even when individuals that developed
depression within five years of the ski race (baseline) were excluded
(unadjusted HR 0.52, 95% CI 0.48-0.57, Table 2, Fig. 1b). Taken to-
gether, ski race participation was associated with a relative risk re-
duction of 50% for developing depression.

3.2. Both male and female Vasaloppet skiers have lower incidence of
depression

The association between ski race participation and lower incidence
of depression was seen in both men and women (unadjusted HR 0.52,
95% CI, 0.47-0.57 for men and unadjusted HR 0.47, 95% CI, 0.42-0.53
for women, Fig. 2a-b).

Skiers Non-skiers

Table 1

Characteristics of the study population, presented for the whole cohort and by skiers and non-skiers separately.
All
n = 395,369

n = 197,685 n = 197,684

Characteristics 1989-2010

Age at baseline, y

Women

Education:

Primary/elementary school (<8 y)
Secondary school/high school (9-12 y) 17,6571 (45)
Higher education/university (=13 y) 16,6133 (42)
Depression at follow-up 3075

Median (IQR) or n (%)
36.0 (29.0-46.0)
149,796 (38)

49,344 (13)

Median (IQR) or n (%)
36.0 (29.0-46.0)

Median (IQR) or n (%)
36.0 (29.0-46.0)

74,897 (38) 74,899 (38)
14,538 (7.4) 34,806 (18)
76,635 (39) 99,936 (51)
10,6147 (54) 59,986 (31)
1030 2045

IQR: interquartile range, y: years, n: numbers.

*+ p < 0.001. Group difference between skiers and non-skiers, estimated with Wilcoxon test (numeric variables) and Pearson's %> test (categorical variables). Only

significant differences are noted in the table.
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Fig. 2. The risk of developing depressive episodes in Vasaloppet skiers compared to non-skiers in men (a) and women separately (b). HR represents hazard ratios

from an unadjusted cox regression.

3.3. The impact of exercise dose on incident depression is sex-specific

Men completing the race with shortest finishing time (a proxy for
the effect of extreme exercise) had an even lower incidence of depres-
sion compared to slower Vasaloppet skiers (unadjusted HR 0.65, 95%
CI, 0.49-0.87, Table 3, Fig. 3a). This was not the case among women,
where the finishing time did not have any significant impact (un-
adjusted HR 1.14, 95% CI, 0.77-1.70, Table 3, Fig. 3b). Adjustments for
age, sex and education, did not alter the results (adjusted Cox model,
Table 3). These associations remained even when excluding cases that
developed depression within the first five years (unadjusted HR 0.61,
95% CI, 0.44-0.86 for men, Table 3, Fig. 3c-d).

4. Discussion

In a large, population-based study on nearly 400,000 individuals,
followed over nearly 4 million person years, we found that higher
baseline participation in physical exercise was associated with a sig-
nificant lower risk of the development of depression, one of the most
prevalent psychiatric disorders. Our results were highly significant and
showed relative risk reductions of around 50% for depression. Of high
importance, our results were the same even when we excluded all cases
of depression that occurred during the first five years after the baseline
event. This minimizes the risk that our results were due to a selection
bias towards more psychiatrically healthy individuals at baseline in the

Table 3

group participating in the ski race. Furthermore, our analysis of ski race
finishing time (a proxy for the level of fitness) revealed a sex-specific
impact of the dose of exercise on incident depression, where we found
fast male Vasaloppet skiers to have lower risk of depression compared
to slow male skiers.

Our study setup offered a unique possibility to study the effect of a
physical active life-style on the development of depression in a very
large study population over a long period of time.

We used the unique national patient registries available in Sweden,
which is one of the largest in the world covering diagnoses set on the
entire population since 1964.

By use of this registry, we were able to exclude all subjects (skiers
and non-skiers) that had psychiatric diseases or somatic disorder that
could impact physical activity prior to the baseline participation in the
long-distance ski race (Hallmarker et al., 2016) (See supplementary
material, Table 1). We carefully matched the Vasaloppet skiers with
non-skiers based on sex, age and geographic location. Psychiatric di-
agnoses set after baseline for participation in the world’s largest ski race
were extracted. This enabled us to follow the participants up to 21 years
after participation. As such, this is the largest population wide epide-
miological study to date including both men and women, confirming an
effect of physical exercise on the later development of depression seen
in previous studies (Aberg et al., 2012; Mammen and Faulkner, 2013;
Khanzada et al., 2015; Schuch et al., 2018). In addition to these studies,
our study takes into consideration the impact of exercise dose and

Association between ski race finishing time and incident mental disorders in men and women.

Depressive episode

Men Women

Finishing time (% of winning time)
Unadjusted model
+200% (Reference)
150-200%
100-150%
Adjusted model*
+200% (Reference)
150-200%
100-150%

ric di. <5 years

psy
Unadjusted model
+200% (Reference)
150-200%
100-150%
Adjusted model*
+200% (Reference)
150-200%
100-150%

HR (95% CI) HR (95% CI)

1 1

0.94 (0.78, 1.14) 0.84 (0.67, 1.05)
0.65 (0.49, 0.87) 1.14 (0.77, 1.70)

1 1
0.91 (0.75, 1.09) 0.83 (0.66, 1.04)
0.65 (0.49, 0.87) 1.11 (0.74, 1.66)

1 1
0.94 (0.75, 1.17) 0.83(0.62, 1.11
0.61 (0.44, 0.86) 1.12 (0.69, 1.82)

1 1
0.89 (0.71, 1.11) 0.84 (0.63, 1.12)
0.60 (0.43, 0.84) 1.13 (0.69, 1.86)

HR: hazard ratio, CI: confidence interval.

Cox regression models showing HR for risk of depressive disorders in men and women respectively.

* Model adjusted for age and education.
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Fig. 3. The impact of ski race finishing time on the risk of developing depressive episodes in skiers in men (a) and women separately (b). The impact of ski race
finishing time on the risk of developing depressive episodes more than 5 years after completing the ski race in men (c) and women (d). HR represents hazard ratios
from an unadjusted cox regression for the fastest (100-150% of winning finishing time) group, using +200% as the reference group.

differences between men and women.

Our study is important because it provides new information about
the effect of physical activity on development of depressive disorders in
both men and women, in addition to the discoveries made by Aberg
et al. Indeed, in their study, following over 1 million men in the
Swedish population for a period of up to 40 years, physical fitness was
associated with a lower incidence of depression (Aberg et al., 2012).
However, their study did not assess the effects of physical activity on
development of depression in women. This additional analysis included
in our study is of great importance, since the incidence/prevalence is
significantly higher in women. Furthermore, the effect of physical ac-
tivity on mental disorders may differ between men and women
(Mikkelsen et al., 2010). Importantly, we found an association of phy-
sical activity on incidence of mental disorders in both men and women.
Our study revealed that the impact of physical activity on the risk for
depression lasts over long time, and remained even when we excluded
cases during the first 5 years following inclusion in the study (Table 2).
This is in line with a recent study by Choi et al., which investigated the
relationship between physical activity and depression (Choi et al.,
2019). They demonstrated additional evidence for objectively mea-
sured physical activity to be protective against later risk for depression.

Our study demonstrates an impact of the dose of exercise on the
incidence of depression. Interestingly, this effect differed between men
and women. Notably, men with higher dose of exercise had even lower
incidence of depression, whereas no such tendency could be seen for
women in our study. This emphasizes the importance of evaluating the
effect of physical exercise in men and women separately. Our findings
on the impact of exercise dose on depression are in line with other
studies investigating the effect on depressive symptoms (Asztalos et al.,
2010; Balchin et al., 2016; Craft et al., 2014; Helgadottir et al., 2017;
Meyer et al., 2016). Indeed, higher intensities of exercise has been

shown to specifically reduce depression in men (Balchin et al., 2016),
whereas the intensities did not matter for women (Meyer et al., 2016).
In a randomized controlled trial demonstrating that the most beneficial
effects on depression was seen in the group with the lightest form of
exercise, 74% of the participants where women (Helgadottir et al.,
2017). The reasons for these discrepancies between men and women
were not possible to investigate in our study. However, it has been
shown that the reasons for having high levels of physical activity among
women might be a better predictor of mental well-being than the ex-
ercise per se (Craft et al., 2014). Notably, women reporting aims such as
weight loss and body toning as reasons for exercising tended to have
lower quality of life compared to those reporting such as improving
health as reasons (Craft et al., 2014). Interestingly, the same pattern
was not detected in men. In addition, only self-reported level of phy-
sical activity and not objectively measured fitness level was shown to be
related to depressive symptoms (Lindwall et al., 2012). Hence, it is
tempting to speculate that psychological reasons behind the exercise
results might be a confounding factor and explain at least some of these
differences, although we lack this kind of data in our study. To that
adds also a need of gaining more knowledge in the potential mechan-
isms behind the beneficial effects of exercise and how these might differ
between men and women.

Even though this epidemiological study did not attempt to assess the
mechanisms by which exercise may exert protective effects on the de-
velopment of depression, many experimental studies have done so in
the past. A large wealth of studies indicate that inflammation is in-
volved in the pathogenesis of neuropsychiatric disorders
(Hallberg et al., 2010; Shelton et al., 2011; Dahl et al., 2014; Wang and
Miller, 2018). Thus, a main proposed mechanisms by which exercise
might be protective might be by reducing the amount of inflammation
in the body (Hallberg et al., 2010), and ultimately in the brain. Other
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studies indicate that beneficial effects of exercise might be mediated by
increased levels of neurotrophic factors (Callaghan et al., 2017). Ex-
ercise may also affect the regulation of the hypothalamic pituitary
adrenal (HPA) axis (Svensson et al., 2015; Phillips, 2017), known to be
altered in depression (Lopez-Duran et al., 2009). Further, exercise is
also known to induce endorphins, proven to contribute to the percep-
tion of well-being (Mikkelsen et al., 2017). However, long-term effects
of exercise on molecular mechanisms involved in depression still need
to be elucidated (Millischer et al., 2017). To further address these
questions, animal models are of great importance in the first phase. In
addition to the above-mentioned molecular effects, exercise also have
significant psychological and psychosocial effects as previously dis-
cussed by Nieman et al. (Nieman, 2002). Importantly, Nieman mention
how exercise might facilitate distraction from negative thoughts and
also how it contributes to the persons increased perceived self-sig-
nificance as being physically active is regarded as doing something
good according to the society.

Limitations of the study include that we do not have any detailed
information about the physical activity in the cohort. The information
we use as a proxy of physical activity is the baseline participation in the
long-distance ski race (30-90 km). The race is physically demanding
and requires arduous preparation, assuring that the participants in the
race had led an active life-style with preparatory exercise long-term
prior to the race. It is likely that the reference group of non-skiers
thereby to some extent include physically active as well and this may
attenuate the true association. However, the exercise habits of the
participants in this classical ski race have been characterized and de-
scribed as more physically active compared to the general population in
(Farahmand et al., 2003; Carlsson et al., 2007). Furthermore, as with
many other sports, the ski racers spend a substantial amount of time
outdoors, being exposed to natural light, a factor associated with re-
duced risk of depression. A synergistic effect of being outdoor and ex-
ercising has been proposed in alleviating depression (Lahart et al.,
2019). Natural environment has been shown to improve coping with
psycho-physiological stress (Berto, 2014; Ulrich et al., 1991). However,
a systematic review revealed that physical activity had a more im-
portant effect than light therapy, suggesting that the activity per se is of
substantial importance (Cooney et al., 2013). Skiing is a winter activity
and individuals with seasonal mood disorders might have difficult to
participate. To this adds the possible limitation for those with asthma to
participate in skiing. However, recent report indicate that a substantial
amount of Vasaloppet skiers manage to participate in the ski race de-
spite having asthma (Nasman et al., 2018). Further, a meta-analysis of
prospective studies indicates that it was more likely that having de-
pression predicted subsequent development of asthma than vice versa
(Gao et al., 2015). We tried to reduce the impact of the above men-
tioned potential bias by excluding all individuals diagnosed with de-
pression prior to baseline, and also within the first five years from
baseline.

Moreover, our study is based on diagnoses found in the Swedish
Patient Registry, which does not cover all diagnoses. Due to the long
follow-up time we assume that many diagnoses set in primary care
would have been imported to this registry. Another limitation is that
our study does not isolate physical activity as a truly independent
factor. For instance, it has been shown before that Vasaloppet skiers
may have a healthier lifestyle including less smoking and better diet,
than a control population of non-skiers (Farahmand et al., 2003;
Carlsson et al., 2007). We cannot adjust for smoking, weight or alcohol
consumption since that information is not available in the Swedish
Patient Registry. However, when we adjust for age, sex and education
in our statistical models, the results were not altered. Additionally, we
demonstrate that faster Vasaloppet skiers had lower incidence of de-
pression, implicating that the association between physical activity and
lower incidence of depression can be attributable to the physical fitness
level per se. We used finishing time as a proxy for fitness level/dose of
exercise as previously described (Hallmarker et al., 2015). Further, it
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has been shown that physical performance level (work output measured
in W/kg) before participation in Vasaloppet predicts the finishing time
of the skier (Mygind et al., 2015). However, it should be mentioned that
also other factors, such as race experience and pacing strategy affects
the finishing time (Carlsson et al., 2016; Nikolaidis et al., 2018).

Last, but not least, if these findings should be implemented in
healthcare, one also has to take into account the reasons preventing
patients with depression from engaging in physical activity. Most re-
searchers agree that physical activity is beneficial for this group of
patients, but in order to find strategies for motivating patients in en-
gaging in more physical activities, factors preventing them from doing
so must be determined more in detail. In our study, we take this factor
into account by excluding patients with psychiatric disorders prior to
baseline and also cases newly diagnosed within the first five years after
baseline. Nevertheless, this is important for reducing potential bias also
when designing future studies.

In conclusion, our study on 395,369 individuals in the Swedish
population indicates that participating in this long distance ski race is
associated with a substantially lower risk of developing depression. The
effect was of similar size in men and women, and persisted even when
removing the first five years after baseline from the analysis. In addi-
tion, we detected an impact of exercise dose on incidence of subsequent
depression that differed between men and women. Our results indicate
that the effects of physical activity may be greater than previously es-
timated and warrants additional experimental studies characterizing
the neurobiological mechanisms by which exercise impacts mental
health.
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1. Extended Method description

Exclusion criteria and matching procedure

In the Vasaloppet study, individuals with severe disease were excluded since such diseases are likely to hinder
participation in a demanding long-distance race. A flow diagram describing numbers excluded due to severe
disease can be seen in Supplementary Figure S1. The exact diagnoses have been stated previously(1). We
additionally excluded participants with diagnoses listed in Table S1.

In the first matching process, a control individual from the general population was assigned for every ski race, so
that skiers participating in Vasaloppet several times got several controls. We performed a re-matching procedure
to get equally many skiers as non-skiers. Since we only used the index race for each skier, the non-skiers would
have been older as a group if we had included one control for every time a skier participated in the race.



2. Supplementary Figure

Vasaloppet Study population

1989-2010
Swedish Vasaloppet Cohort

Skiers n=203,810
Non-skiers n=504,812

Study population

Non-depressed skiers and controls free
of other severe diseases

Skiers n=197,685
Non-skiers n=197,684

Excluded; participants already
diagnosed with severe diseases

Skiers n=5,744
Non-skiers n=48,376

Excluded in rematch process

Skiers n= 381
Non-skiers n=258,752

Depressive episode

Skiers n=1030
Non-skiers n=2045

Supplementary Figure S1. Flow diagram describing the Vasaloppet Study population.




3. Supplementary Tables

Supplementary Table 1. Additional exclusion criteria

Diagnosis ICD-9 ICD-10
Alzheimer’s disease 331A/3310, 29010 F00, G30
vascular dementia 290E, 2904, 2930 FO1

all-cause dementia 290, F070, 294C, 294B, 331A, 310A, | F00, FO1, F02, F03, G30

G318A
Lewy body dementia 331X, G318A, 33182 F028
dementia in Parkinson disease | 294B, 332A F023
Parkinson disease 332A, 3420 G20

meningitis/encephalitis 3200, 320A, 320B, 320C, 320D, 320W | G00, GO1, G03, G04, GO5
320X, 321A, 321B, 321C, 321D, 321E,

321X, 322A, 322B, 322C, 320X, 323,

3230
epilepsy 345, 3450 G40
depressive episode F399, 296B, 296X, 29620, 29800 F32, F33, F34, F38
anxiety disorders 3004, 300B, 300C, 300D, 300D, 3000, | F40, F41, F42

3001, 3002, 3003

bipolar disorder

296A, 29610 ,296C, 296D, 296E,
29600, 29610, 29620, 29630, 29688,
29699

F30, F29, F310, F311, F312,
F313, F314 ,F315, F316, F317,
F318, F319

schizophrenia

295,297, 2970, 2979, 29999

F20, F21, F22, F23, F24, F25,
F28, F29

mental disorders due to the
use of alcohol

291, 2910, 2919

F10

Supplementary Table 2. Psychiatric disorder comorbidities

Diagnosed with depression Skiers n (%) Non-skiers n (%)
Total nr of depression (n) 1030 2045
Schizophrenia prior to 17 (1.65) 42 (2.05)
Schizophrenia at the same time 5 (0.49) 18 (0.88)
Schizophrenia after 23 (2.23) 42 (2.05)
Anxiety prior to 43 (4.17) 112 (5.48)
Anxiety at the same time 45 (4.37) 96 (4.69)
Anxiety after 57 (5.53) 148 (724
Bipolar disorder prior to 14 (1.36) 26 (1.27)
Bipolar disorder at the same time 8 (0.78) 11 (0.54)
Bipolar disorder after 50 (4.85) 98 (4.79)

The absolute numbers (n) and percentage of psychiatric comorbidities among those diagnosed with depression

displayed for skiers and non-skiers separately. The occurrence of comorbidity did not differ between skiers and

non-skiers for any of the psychiatric disorders, as estimated with Pearson’s y? test.
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Abstract.

Background: Physical activity is associated with reduced risk of Parkinson’s disease (PD). The explanations for this associ-
ation are not completely elucidated. We use long-term PD-incidence data from long-distance skiers to study the relationship
between exercise and PD.

Objective: We aimed to investigate if physical activity is associated with long-term lower risk of PD and if this association
could be explained by physically active people being able to sustain more PD neuropathology before clinical symptoms, a
motor reserve.

Methods: Using a prospective observational design, we studied whether long-distance skiers of the Swedish Vasaloppet
(n=197,685), exhibited reduced incidence of PD compared to matched individuals from the general population (n=197,684)
during 21 years of follow-up (median 10, interquartile range (IQR) 5-15 years).

Results: Vasaloppet skiers (median age 36.0 years [IQR 29.0-46.0], 38% women) had lower incidence of PD (HR: 0.71; 95
% CI 0.56-0.90) compared to non-skiers. When reducing risk for reverse causation by excluding PD cases within the first
five years from race participation, there was still a trend for lower risk of PD (HR: 0.80; 95 % CI 0.62-1.03). Further, the
PD prevalence converged between skiers and non-skiers after 15 years of follow-up, which is more consistent with a motor
reserve in the physically active rather than neuroprotection.

Conclusions: A physical active lifestyle is associated with reduced risk for PD. This association weakens with time and
might be explained by a motor reserve among the physically active.

Keywords: Physical activity, exercise, Parkinson’s disease, motor reserve

'These authors contribured equally to this work. 8212; E-mail: tomas.deierborg@med.lu.se and Tomas T. Ols-

*Correspondence to: Tomas Deierborg, Department of Exper- son, Department of Experimental Medical Science, Experimental

imental Medical Science, Experimental Neuroinflammation Dementia Research Unit, Lund University, Lund, Sweden. Tel.:
Laboratory, Lund University, Lund, Sweden. Tel.: +46 70 970 +46 722005266; E-mail: tomas.olsson@med.lu.se.

ISSN 1877-7171/20/$35.00 © 2020 — IOS Press and the authors. All rights reserved
This article is published online with Open Access and distributed under the terms of the Creative Commons Attribution Non-Commercial License (CC BY-NC 4.0).



268 T.T. Olsson et al. / Do Physically Active Have a Motor Reserve?

INTRODUCTION

Parkinson’s disease (PD) is the most common neu-
rodegenerative movement disorder and with an aging
population more people will be afflicted [1]. The risk
of PD is determined by an interaction of environ-
mental and genetic factors [2]. Physical activity is
known to be associated with lower risk of PD [3,
4] with several possible explanations. First, it could
be reverse-causation, i.e., people with prodromal PD
reduce their activity level. However, the protective
effect of physical activity remains even if you exclude
people who develop PD within 8 years, as reported
by Yang and colleagues in a comprehensive study
[3]. Second, it could be misdiagnosis, for example
exercise could protect against vascular parkinsonism
which is often misdiagnosed as PD. Only 80-90%
of patients with clinical PD have the diagnosis con-
firmed post-mortem [5, 6]. Third, it could of course
be a real protective effect on dopaminergic neurons,
we could call this “brain resilience” [7]. In con-
trast to resilience exercise could confer a greater
reserve against PD, henceforth termed motor reserve.
A patient with a high motor reserve would be able to
sustain a higher amount of PD brain pathology before
the onset of overt symptoms. Thus, the diagnosis of
PD could be delayed in those with high motor reserves
(Fig. 1A).

In this report we study the risk of PD among
participants in Vasaloppet, an up to 90km annual
cross-country ski race compared to age matched non-
skiers. We use participation in Vasaloppet as a proxy
for physical activity similar to previous studies [8].
First, we investigate whether physical activity is asso-
ciated with lower risk of PD and if it can be explained
by reverse causation. We then investigate whether

this association is more likely to be mediated by
inhibiting brain pathology (brain resilience, Fig. 1B)
or by a greater motor reserve.

MATERIALS AND METHODS

Swedish national patient registry

Data on PD diagnoses were retrieved from the
Swedish National Patient Registry, which since 1987
provides information on all primary and secondary
diagnoses in patients attending hospital-based care
in Sweden. The register covers 99% of all hospital-
based diagnoses, both somatic and psychiatric, and
includes hospital-based outpatient visits since 2001.
Primary care diagnoses are not included in the reg-
istry. PD was defined according to the International
Classification of Diseases, tenth revision (ICD10)
or ninth revision (ICD9). Diagnoses included are
Parkinson’s disease (G20, 332A, 3420).

Vasaloppet cohort

The Vasaloppet study population comprises all
Swedish participators in the world’s largest long
distance (30, 45, or 90km) cross-country ski race
(Vasaloppet) between 1989 and 2010 (n=197,685),
together with frequency-matched individuals from
the general population (n=197,684). Although Vasa-
loppet started already in 1922 it was not until 1989
that the personal number of the participants was
registered which made the present study possible.
Frequency matching was done from the population
registry according to age group (five-year intervals),
sex, region of residency, and year of participation
in ski race as previously described [9]. On average,

A High reserve B High resilience
200+ 200+ .
Low reserve Low resilience
150+ <+— Onset of neuropathology 150 Delayed onset of
neuropathology
100+ 1004
50. ......................................... 50- ................ sosvecesasese o JSARARRXEEEL]
Clinical diagnosis Clinical diagnosis
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N\ L) O N\ > Q)
N Y N M A A MY
4@ 4@ 4@ 4@ 4@ .\z" 4@ 4@ K 4@ 4@ -Le"b

Fig. 1. Two possible mechanisms of protection. A) High cognitive/motor reserve where the brain can sustain more neuropathological damage
before the onset of overt clinical symptoms. B) High brain resilience may delay onset of neuropathology and then slow the rate of decline.



T.T. Olsson et al. / Do Physically Active Have a Motor Reserve? 269

Vasaloppet skiers have higher leisure time physical
activity, smoke less, have a healthier diet, and lower
mortality than the general Swedish population [10].
To reduce bias due to inability to participate in the
race because of poor health, individuals with severe
disease (e.g., cardiovascular and respiratory diseases)
were excluded as previously described [11] (for
more information, see the Supplementary Material
including Supplementary Figure 1 and Supplemen-
tary Table 1). Information on date of birth, sex, and
education level were derived from Swedish registries
[9] The total study cohort (n =395,369) was followed
in the Swedish National Patient Registry throughout
2010. The Ethical Review Board in Uppsala, Sweden,
approved the Vasaloppet study.

Statistical analyses

We used R statistical software package for anal-
yses. Two-tailed p-values <0.05 were considered
statistically significant. Demographic data are pre-
sented as median and interquartile range (IQR)
or numbers (n) and percent (%). Numeric and
categorical group differences were estimated with
Mann-Whitney U test and Pearson’s X2 test, respec-
tively. Cox regression models were used to compare
risk of PD for skiers vs. non-skiers. For the cox
regression models, the time variable was calculated
as years between participation in Vasaloppet (and the
same year for the matched non-skier) and event or
censoring. The event was PD. Censoring appeared
when subjects died or at time of register outtake.
Information on date of death for deceased study indi-
viduals was available through the Causes of Death
Register, held at the National Board of Health and
Welfare. Risk of PD is presented as hazard ratio

(HR) with 95% confidence intervals (CI). We present
both a crude model and an age-, sex-, and education-
adjusted model. Education was categorized as noted
in Table 1. We modeled Schoenfeld residuals graph-
ically to confirm the proportionality assumption.
Figure data were constructed using Kaplan Meier
curves. The same time and event variables were
used as in the Cox regressions, and the hazards
are presented for skiers vs. non-skiers. Numbers
at risk were derived from survival tables specify-
ing number of individuals entering each five-year
interval, as presented in the graph (Fig. 2). Since
there is evidence suggesting that patients may have
motor symptoms 5 years before the diagnosis of PD
[12], we decided to set five years as a cut-off for
sensitivity analyses.

RESULTS

Vasaloppet skiers have a lower cumulative
incidence of PD

Demographic data for the Vasaloppet cohort is
presented in Table 1. After a median follow-up of
10 years (IQR 5-15 years), 283 PD diagnoses were
identified. The overall risk of developing PD was
significantly lower among those who had partici-
pated in Vasaloppet compared to those who had not
(Fig. 2A, Hazard ratio (HR) 0.71, confidence interval
(CI) 0.56-0.9). When excluding individuals diag-
nosed with PD within the first five years from baseline
HR rose to 0.8 (Fig. 2B, HR 0.80, CI 0.62-1.03).
Adjusting for age, sex and education level did not
alter the results (see Table 2).

Table 1
Characteristics of the Vasaloppet study population
All Skiers Non-skiers

n=395 369 n=197 685 n=197 684

Characteristics 1989-2010 Median (IQR) Median (IQR) Median (IQR)
or n (%) or n (%) or n (%)

Age at baseline, y 36.0 (29.0-46.0) 36.0 (29.0-46.0) 36.0 (29.0-46.0)
Women 149796 (38) 74897 (38) 74899 (38)
Education:
Primary/elementary school (<8 y) 49344 (13) 14538 (7.4) 34806 (18)***
Secondary school/high school (9-12 y) 176571 (45) 76635 (39) 99936 (51)
Higher education/university (>13y) 166133 (42) 106147 (54) 59986 (31)
Diagnoses at follow-up N events

Parkinson’s Disease 283 119 164

Characteristics of the Vasaloppet study population presented for the whole cohort and by skiers and non-skiers
separately. ***p <0.001. Group difference between skiers and non-skiers, estimated with Mann-Whitney U test
(numeric variables) and Pearson’s x> test (categorical variables). Only significant differences are noted in the table.
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Fig. 2. Cumulative incidence of PD among skiers and non-skiers. A) Cumulative incidence of PD among all skiers and non-skiers. B) Cumu-
lative incidence of PD among all Vasaloppet participants with exclusion of diagnoses set within the first five years after baseline. HR

represents hazard ratios from an unadjusted cox regression.

Table 2
Association between physical activity and incident dementia in the
Vasaloppet cohort

PD incidence

Physical activity HR (95% CI) P
Unadjusted model 283 events

Non-skiers (Reference) 1

Skiers 0.71 (0.56-0.90) 0.005
Adjusted model 275 events

Non-skiers (Reference) 1

Skiers 0.73 (0.57-0.93) 0.01
Excluding PD cases <5 years

Unadjusted model 246 events

Non-skiers (Reference) 1

Skiers 0.80 (0.62-1.03) 0.087
Adjusted model 239 events

Non-skiers (Reference) 1

Skiers 0.80 (0.62-1.04) 0.099

Association between physical activity and PD incidence in the
Vasaloppet cohort, based on participation in a long-distance ski
race (skiers) compared to non-skiers. Cox regression models show-
ing hazard ratio (HR) with 95% confidence interval (CI) for risk
of PD. Adjusted model for age, sex, and education.

The differential of cumulative PD-incidence
between participants and non-participants
decrease with time

The motor reserve hypothesis predicts that the
cumulative incidences would converge between
skiers and non-skiers in the older age groups. We
therefore broke the results down by age of subject at
participation in Vasaloppet (Fig. 3). In the age group
18-39 there was barely any incidence of PD (data
not shown). In age group 3949, the incidence of PD
was significantly lower among the skiers (Fig. 3A,
HR 0.50, CI 0.29-0.84). Given the up to 20-year
follow-up the oldest participants here could be 69 at
the end of follow-up (Fig. 3A). In age-group 49-59
years, we observed no difference in PD prevalence

between skiers and non-skiers (Fig. 3B, HR 0.84, CI
0.57-1.24). In age group 5969 the prevalence of PD
was lower at early follow-up period but converged at
later follow-ups (Fig. 3C, HR 0.69, CI 0.45-1.05). In
the oldest age group, 69—100, we observed the same
pattern, with a lower PD prevalence among skiers to
begin with but convergence at the end (Fig. 3D, HR
0.46, CI1 0.20-1.05).

To further look at this convergence of PD-
prevalence with time we specifically looked at the
group with longest follow-up times, participating in
the skirace 1991-2000. In this group we see a conver-
gence in prevalence after 15+ years (Fig. 4). It should
also be noted that 90 % of all events (PD-cases) come
from this group.

The differential of cumulative incidence of PD
between participants and non-participants in
men and women separately

The incidence of PD plateaus at an earlier age
among women than men [13]. The motor reserve
hypothesis thus predicts a greater convergence of
cumulative incidence among female skiers than male
skiers. We therefore performed a subgroup analysis
for men and women separately to test this aspect of
the hypothesis. We observed a greater convergence
in cumulative incidence towards the end of follow-
up between skiers and non-skiers in women (Fig. 5B,
HR 0.54, CI 0.30-0.98) compared to men (Fig. 5A,
HR 0.75, C1 0.58-0.97).

DISCUSSION

In the current study, we aimed to investigate if
physical exercise is correlated to the risk of PD and if
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Fig.4. Kaplan Meier plot of Parkinson’s disease prevalence among
those with the longest follow-up time. HR represents hazard ratios
from an unadjusted cox regression.

this correlation could be explained by a motor reserve
built up over years of physical activity.

We found that physical activity, as measured by
participation in a long-distance ski race, was asso-
ciated with lower incidence of PD. This effect was
weakened when we excluded those who were diag-
nosed within 5 years after inclusion, indicating some
degree of reverse-causation due to people with pre-
morbid PD exercising less. The association between
physical activity and lower incidence of PD in our

study are in concordance with earlier studies showing
a protective effect of exercise against PD [3, 4].
There are principally three possible protective
mechanisms of physical activity against PD: 1)
greater resilience of the neurons against the neu-
ropathology of PD; 2) less neuropathology; and 3)
a greater motor reserve, so that the brain can sustain
more damage before symptoms become apparent, a
phenomenon analogous to the cognitive reserve con-
cept in Alzheimer’s disease [14]. It has been shown
that the negative correlation between Alzheimer’s
disease and education is more consistent with a
greater cognitive reserve rather than greater resilience
or less neuropathology [15]. In this study, we have
no possibility of distinguishing between mechanisms
1 and 2, but the concept of motor reserve makes
some predictions that can be examined in our mate-
rial. If the sole reason for the negative correlation
between PD and exercise was direct protection from
neuropathology, then you would expect a lower inci-
dence of PD at all ages and time-points. This is not
what we observed. If it were instead a motor reserve
protecting against PD you would expect converging
cumulative incidence with longer follow-up time and
older age. That is what we observed. In both the
59-69 and 69-100 age group we see an initial lower
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cumulative incidence of PD, but at the end of the
more than 20 years of follow-up the cumulative inci-
dence of PD converged (Fig. 3C, D). Among those
who had the longest follow-up times (ski race par-
ticipation between 1991-2000), we also observe a
convergence of PD prevalence with time (Fig. 4).
This convergence somewhat depends on the rela-
tion between PD-incidence and age. If PD-incidence
always increased with age, the cumulative incidence
of PD would converge between those with a low and
high motor reserve as long as the incidence to preva-
lence ratio was declining, but the convergence would
not be complete. If the incidence of PD declines after
a certain age we would move towards complete con-
vergence between the high and low motor reserve
groups. The data on PD-incidence among those over
80 is not as robust as for lower ages but there seems to
be an incidence decline after 79 [16]. Interestingly the
incidence decline in PD with age is significantly more
pronounced among women [13]. Thus, the motor
reserve hypothesis also predicts a greater conver-
gence of cumulative PD-incidence among women
skiers than male skiers, which is what we observe
(Fig. 5B).

Though outside the scope of our study the
motor reserve hypothesis also predicts milder motor
symptoms for every given level of neuropathol-
ogy/neuronal death in those with a high motor
reserve. It should thus be noted that PD patients with a
higher premorbid exercise activity have better motor
scores relative to their dopamine levels compared to
sedentary peers [17]. Further, PD is often unilateral at
onset with persistent asymmetries. It has been shown
that patients with PD on their dominant side have
better motor scores than those affected on their non-
dominant side, possibly due to a greater motor reserve
in the dominant hemisphere [18].

Interestingly, our cohort has previously shown that
the level of physical activity can affect the risk for
amyotrophic lateral sclerosis (ALS) [8], specifically
a four-fold risk-increase among elite-skiers and a
moderate risk-decrease in recreational skiers. In that
study, the motor reserve did not seem to have the same
compensatory effect in ALS. ALS is a very aggres-
sive disease affecting upper and lower motor neurons.
The primary cause of death is respiratory failure due
to degeneration of respiratory muscles [19] and the
median survival may be as low as 2 years [20]. Thus
any motor reserve in ALS would delay the disease
by months rather than years which would make it
difficult to detect. This makes it more likely that the
associations seen between ALS and exercise are more
directly related to the neuropathology.

Our study includes limitations such as the lack
of data on physical activity among the non-skiers.
Thereby, the non-skier group also includes physically
active individuals to some extent and this may atten-
uate the true association. Skiers were assumed to be
physically active since it is necessary to prepare for
such a demanding ski race with regular physical train-
ing, as demonstrated by a previous study [10]. We
excluded individuals with severe diseases to reduce
bias due to inability to participate in the ski race.
However, bias due to inability to participate due to
poor health is not completely eliminated since it is
not possible to exclude all diagnoses that might indi-
rectly affect participation (type I error). Furthermore,
other lifestyle factors, such as diet, smoking and edu-
cation differs between the skiers and non-skiers [10].
However, adjusting for education did not significantly
alter our results. It is both a strength and a weakness
that we do not adjust for additional confounders. It is
a weakness as other factors such as smoking habits
(smoking is more prevalent among non-skiers) and
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diet could independently of exercise affect the risk
of PD. However, smoking has been associated with
lower incidence of PD [4] and could thus contribute
to an underestimation of the true association between
physical activity and PD (type II error). In addition,
we did not compensate for possible immortal time
bias. This skiing population has been shown to live
longer than the control population [10], which should
increase their risk of getting PD (type II error). How-
ever, adjusting for confounders can also increase the
risk of type I errors, particularly when the measure-
ment of the confounder is not exact, diet for example
is difficult to retrospectively measure [21]. By not
adjusting for confounders, we therefore decrease the
risk of type I error at the expense of less certainty
in what exact factor among the Vasaloppet skiers
that decreases the risk of PD. Nevertheless the most
salient differential characteristic among the skiers is
their higher level of exercise [10]. Our skiing popu-
lation has been characterized before and it is known
that the majority exercise for at least 4 hours a week,
which was not the case for the general population
[10, 22]. Our data thus points to a protective effect of
physical activity against PD.

Conclusion

In summary we observe a lower incidence of PD
among skiers, likely mediated by physical activity.
This association dissipates with time and is consistent
with a greater motor reserve among the well-trained.
Thus, skiers may suffer as much brain pathology
but take longer to develop clinical PD than non-
skiers. However, studies confirming these findings in
other contexts as well as elucidating the mechanisms
behind it are needed in order to draw more general
conclusions.
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Supplementary Material

Delayed Clinical Manifestation of Parkinson’s Disease Among Physically Active:
Do Participants in a Long-Distance Ski Race Have a Motor Reserve?

Extended Method Description

Exclusion criteria and matching procedure

In the Vasaloppet study, individuals with severe disease were excluded since such
diseases are likely to hinder participation in a demanding long-distance race. A flow
diagram describing numbers excluded due to severe disease can be seen in
Supplementary Figure 1. The exact diagnoses have been stated previously [11]. We
additionally excluded participants with diagnoses listed in Table 1.

In the first matching process, a control individual from the general population was
assigned for every ski race, so that skiers participating in Vasaloppet several times got
several controls. We performed a re-matching procedure to get equally many skiers as
non-skiers. Since we only used the index race for each skier, the non-skiers would
have been older as a group if we had included one control for every time a skier

participated in the race.



Vasaloppet Study population

1989-2010
Swedish Vasaloppet Cohort

Skiers n=203,810
Non-skiers n=504,812

Excluded; participants already
diagnosed with severe diseases

Skiers n=5,744
Non-skiers n=48,376

Excluded in rematch process

Skiers n= 381
Non-skiers n=258,752

Study population

Skiers and controls free of PD and other
severe diseases

Skiers n=197,685
Non-skiers n=197,684

PD

Skiers n=119
Non-skiers n=164

Supplementary Figure 1. Flow diagram describing the Vasaloppet Study population.



Supplementary Table 1. Additional exclusion criteria

Diagnosis I1CD-9 ICD-10
Alzheimer’s disease 331A/3310, 29010 F00, G30
vascular dementia 290E, 2904, 2930 FO1

all-cause dementia

290, F070, 294C, 294B, 331A, 310A,
G318A

F00, FO1, F02, F03, G30

Lewy body dementia 331X, G318A, 33182 F028
dementia in Parkinson disease | 294B, 332A F023
Parkinson disease 332A, 3420 G20

meningitis/encephalitis

3200, 320A, 320B, 320C, 320D, 320W
320X, 321A, 321B, 321C, 321D, 321E,
321X, 322A, 322B, 322C, 320X, 323,
3230

G00, G01, G03, G04, G0O5

epilepsy 345, 3450 G40
depressive episode F399, 296B, 296X, 29620, 29800 F32, F33, F34, F38
anxiety disorders 3004, 300B, 300C, 300D, 300D, 3000, | F40, F41, F42

3001, 3002, 3003

bipolar disorder

296A, 29610 ,296C, 296D, 296E,
29600, 29610, 29620, 29630, 29688,
29699

F30, F29, F310, F311, F312,
F313, F314, F315, F316, F317,
F318, F319

schizophrenia

295,297, 2970, 2979, 29999

F20, F21, F22, F23, F24, F25,
F28, F29

mental disorders due to the
use of alcohol

291, 2910, 2919

F10
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Abstract

Background: Physical activity might reduce the risk of developing dementia. However, it is still unclear whether
the protective effect differs depending on the subtype of dementia. We aimed to investigate if midlife physical
activity affects the development of vascular dementia (VaD) and Alzheimer’s disease (AD) differently in two large
study populations with different designs.

Methods: Using a prospective observational design, we studied whether long-distance skiers of the Swedish
Vasaloppet (n = 197,685) exhibited reduced incidence of VaD or AD compared to matched individuals from the general
population (n=197,684) during 21 years of follow-up (median 10, interquartile range (IQR) 5-15 years). Next, we
studied the association between self-reported physical activity, stated twice 5 years apart, and incident VaD and AD in
20,639 participants in the Swedish population-based Malmo Diet and Cancer Study during 18 years of follow-up
(median 15, IQR 14-17 years). Finally, we used a mouse model of AD and studied brain levels of amyloid-B3, synaptic
proteins, and cognitive function following 6 months of voluntary wheel running.

Results: Vasaloppet skiers (median age 36.0 years [IOR 29.0-46.0], 38% women) had lower incidence of all-cause
dementia (adjusted hazard ratio (HR) 0.63, 95% Cl 0.52-0.75) and VaD (adjusted HR 049, 95% Cl 0.33-0.73), but not AD,
compared to non-skiers. Further, faster skiers exhibited a reduced incidence of VaD (adjusted HR 0.38, 95% Cl 0.16-0.95),
but not AD or all-cause dementia compared to slower skiers. In the Malmo Diet and Cancer Study (median age 57.5 years
[IQR 51.0-63.8], 60% women), higher physical activity was associated with reduced incidence of VaD (adjusted HR 0.65,
95% Cl 049-0.87), but not AD nor all-cause dementia. These findings were also independent of APOE-e4 genotype. In AD
mice, voluntary running did not improve memory, amyloid-{3, or synaptic proteins.

Conclusions: Our results indicate that physical activity in midlife is associated with lower incidence of VaD. Using three
different study designs, we found no significant association between physical activity and subsequent development of
AD.
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Background

Alzheimer’s diseases (AD) followed by vascular dementia
(VaD) are the most common types of dementia. Risk factor
control is an important strategy to postpone dementia onset,
and physical inactivity is regarded as one of the main modifi-
able risk factors that can be targeted [1, 2]. However, recent
intervention trials involving physical activity report mixed re-
sults, thereby highlighting the lack of consistency within the
field [3-5]. A systematic review showed that physical activity
interventions improved cognition in demented persons [6],
but revealed that most trials do not distinguish between pure
AD and pure VaD patients. Published trials are often multi-
domain interventions, making it difficult to draw any conclu-
sions regarding the effect of only physical activity. Among
trials with physical activity as the only intervention, improved
cognition was reported in patients with mild AD after 16
weeks of exercise 7], whereas no cognitive effects were seen
in demented patients after 12 months [8]. An ongoing trial
with a 2-year exercise intervention will provide further infor-
mation if physical exercise can be beneficial in preventing de-
mentia [9]. As summarized in reviews and meta-analyses,
findings from previous prospective cohort studies differ but
pooled results indicate protective effects [10-14]. Neverthe-
less, there are important concerns within the prevailing lit-
erature, such as possible publication bias and follow-up
effects [11].

Beneficial effects are mainly found in late-life assess-
ments with short-term follow-up [10, 13, 15, 16] and
tend to become non-significant after longer follow-up
[11, 15, 16]. These discrepancies may be attributable to
reverse causation where cognitive dysfunction may lead
to reduced physical activity. A recent population-based
study on physical activity and dementia (n = 10,308) pro-
vide repeated physical activity assessments and reports
that physical activity begins to decline up to 9 years be-
fore diagnosis of dementia [17], thus emphasizing the
possible impact of reverse causation in studies with
shorter follow-up. In this study, no association between
midlife physical activity and dementia was found during
27 years of follow-up [17].

Further, the different diseases causing cognitive im-
pairment are associated with very different underlying
disease mechanisms, such as gradual accumulation of
amyloid-p (AP) and tau in AD and arteriosclerosis
and ischemia in VaD. Therefore, it is unlikely that
the same preventive strategies are equally effective
against different pathological mechanisms causing de-
mentia. Literature reports variable effects of physical
activity on incident VaD [12, 18] and AD [15, 18-21].
Furthermore, it is unclear whether individuals carry-
ing the genetic risk factor APOE-g4 [22] might benefit
specifically from physical exercise [16, 23, 24]. Work-
ing in transgenic animal models makes it easier to
study the mechanistic effects of physical activity on
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different molecular hallmarks of AD, such as AP and
synaptic proteins, as well as cognitive symptoms.
Indeed, several studies have been conducted to inves-
tigate the effect of physical activity on AD pathology
[25]. For example, exercise resulted in improved cog-
nition [25] as well as reduction of both A soluble
and insoluble AP species in a dose-dependent manner
[26]. However, the effects are inconsistent between
studies [25], since other studies show lack of effects
[25, 27]. The majority of studies also investigate the
effect of physical activity in a relatively short period
of time [25]. Thus, additional experimental studies are
needed to investigate the long-term effects of physical
activity, starting in the pre-manifest stage, on AD
hallmarks.

As mentioned, the setup and quality of published stud-
ies in the field are limited [11, 13]. Long follow-up periods
are needed to reduce the effect of reverse causation, and
large study populations are necessary to study differences
between dementia subtypes. To address these limitations,
we investigated if physical activity in midlife affects the
development of VaD and AD in two separate large study
populations with different study designs and long follow-
up. Further, to study the long-term effect on AD path-
ology such as AP and synaptic proteins, we exposed
transgenic AD mice to voluntary wheel running.

Materials and methods

Dementia diagnoses

Dementia diagnoses were made by physicians in clinical
routine and retrieved from the Swedish National Patient
Register (NPR). It started in 1964, and since 1987, it
provides information on all primary and secondary diag-
noses, covering 99% of all hospital-based diagnoses. Pri-
mary care diagnoses are not included. Dementia was
defined as any dementia diagnosis according to the Inter-
national Classification of Diseases, tenth revision or ninth
revision. Diagnoses included are AD (F00, G30, 331A/
3310, 29010), VaD (F01, 290E/2904), or other forms in-
cluded among all-cause dementia (2900, 2901, F023,
2941/294B, 3320/332A, F028, G318A, 331/331X, 33182/
331H, F020, G310, 3311/331B, F03, F070, 290, or 2942/
294C). Based on this classification, AD cases include atyp-
ical and mixed cases (F002), thus also covering AD with a
vascular component. In the Vasaloppet cohort, the differ-
entiation between AD and VaD was done by the diagnos-
ing physician in line with the available clinical diagnostic
criteria and no further information on the diagnostic rou-
tine was available. In the Malmo Diet and Cancer study
(MDCS), we reviewed and verified all register diagnoses in
medical records as part of the research protocol. Among
MDCS dementia cases (n =1375), electronic charts pro-
vided history regarding cognitive symptoms in 92%, cogni-
tive test results in 92%, and neuroimaging (mainly CT) in
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connection to diagnosis in 99.6%, which were all reviewed
by us in depth to determine the type of dementia diagnosis
(see below). Further, 82% were assessed at a tertiary unit
specializing in memory disorders, where CSF analyses of
AD biomarkers were often part of the diagnostic work-up.

Vasaloppet cohort

Physical activity

The Vasaloppet study population comprises non-demented
participators of the world’s largest long-distance (30 to 90
km) cross-country ski race (Vasaloppet) between 1989 and
2010 (n =197,685), together with frequency-matched, non-
demented individuals from the general population (n =197,
684). Frequency matching was done from the population
register according to age group (5-year intervals), sex, re-
gion of residency, and year of participation in ski race as
previously described [28]. In the first matching process, a
control individual from the general population was assigned
for every ski race, so that skiers participating in Vasaloppet
several times got several controls. We performed a re-
matching procedure to get equally many skiers as non-
skiers. Since we only used the index race for each skier, the
non-skiers would have been older as a group if we had in-
cluded one control for every time a skier participated in the
race. The total study cohort (# = 395,369) was prospectively
followed in the Swedish NPR throughout 2010. Skiers are
considered to be physically active since it is necessary to
undergo regular physical training in order to complete such
a demanding long-distance race. For example, the majority
of skiers exercise for at least 4h a week [29]. On average,
Vasaloppet skiers have higher leisure time physical activity
than the general Swedish population [30]. Regarding fitness,
the oxygen consumption (Voonmax) has been shown to be
45-80 ml/kg/min in skiers, compared to around 35 ml/kg/
min in the general population [31].

Covariates

Information on date of birth, sex, and education level was
derived from Swedish registries [28]. We categorized edu-
cation as primary/elementary school (< 8 years), secondary
school/high school (9-12years), or higher education/uni-
versity (= 13 years). No further data were available in this
cohort.

Attrition

In addition to having higher physical activity, the average
Vasaloppet skier also smokes less and has a healthier
diet and lower mortality than the general Swedish popu-
lation [30]. To avoid bias due to inability to participate
in the race because of poor health, individuals with se-
vere disease were excluded as previously described [31].
We additionally excluded participants with Parkinson’s
disease (G20, 332A, 3420), meningitis/encephalitis (GO0,
G01, G03, G04, GO5, 3200, 320A, 320B, 320C, 320D,
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320 W 320X, 321A, 321B, 321C, 321D, 321E, 321X,
322A, 322B, 322C, 320X, 323, 3230), epilepsy (G40, 345,
3450), depressive episode (F32, F33, F34, F38, F399,
296B, 296X, 29620, 29800), manic episode (F30, F29,
296A, 29610), bipolar disorder (F310, F311, F312, F313,
F314, F315, F316, F317, F318, F319, 296C, 296D, 296E,
29600, 29610, 29620, 29630, 29688, 29699), anxiety dis-
orders (F40, F41, F42, 300A, 300B, 300C, 300D, 300D,
3000, 3001, 3002, 3003), and mental disorders due to the
use of alcohol (F10, 291, 2910, 2919). A flow diagram
describing numbers excluded can be seen in Fig. 1a.

Malmo Diet and Cancer study (MDCS) cohort

The MDCS population is part of a large prospective
population-based study, where baseline investigations
were performed between 1991 and 1996. At baseline,
participants responded to questionnaires and underwent
a basic clinical examination. Research nurses draw blood
samples and measured height, weight, and blood pres-
sure [32]. Five years later, between 1997 and 2001, par-
ticipants were invited to respond to the questionnaire
again as part of a reexamination. The present study
cohort (1 =20,639) consists of all participants who were
non-demented at the reinvestigation and provided data
on physical activity at both baseline and reinvestigation
(Fig. 1b).

Physical activity assessment

Information on physical activity during leisure time was
stated in both questionnaires as the form of physical ac-
tivity (e.g., walking, gardening, and running) and minutes
per week the activity was performed at every season
(spring, summer, autumn, winter). The activity was
multiplied with an activity-specific factor, where heavier
activities were graded with a higher factor [33]. This
generated a total physical activity score calculated as the
sum of minutes per week for all four seasons multiplied
with the activity-specific factor, for every activity stated.
We calculated the combined physical activity score as
the sum of the scores from the two time points.

Review of dementia diagnoses

The MDCS cohort was followed in the Swedish NPR
throughout 2014, when all registered dementia diagnoses
were extracted. A diagnostic evaluation was performed by
medical doctors at the Memory Clinic at Skane University
Hospital. All register diagnoses were reviewed in medical
records and evaluated based on symptom presentation, test
results, and brain imaging in accordance with DSM-5 (The
Diagnostic and Statistical Manual of Mental Disorder, Fifth
Edition) [34]. One thousand four hundred forty-six demen-
tia diagnoses were first identified in the register. Based on
the diagnostic review process, 54 out of 1446 individuals
(3.7%) did not meet criteria for dementia (e.g., reversible
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1989-2010
Swedish Vasaloppet Cohort

Skiers n=203 810
Non-skiers n= 504 812

Excluded:
participants already
diagnosed with
severe diseases

Skiers n= 5 744
Non-skiers n= 48 376

Excluded in rematch process:

Study population Skiers n= 381
Non-skiers n=258 752
Non-demented skiers and controls

free of other severe diseases

Skiers n= 197 685
Non-skiers n= 197 684

All-cause dementia

Skiers n=223
Non-skiers n=319

Alzheimer’s disease
dementia

Vascular
dementia

Skiers n= 40
Non-skiers n=72

Skiers n= 86
Non-skiers n= 95

Fig. 1 Vasaloppet and MDCS study populations. Flow diagram describing the Vasaloppet Study population (a) and MDCS population (b)

1991-1996

Malmo Diet and Cancer Study

(MDCS)

n= 30 446
Excluded:
Participants diagnosed with
dementia within
time of 5 year re-exam
n=17

1997-2001

MDCS 5 year re-examination

n=22 369

Study population
Participants with data on
physical activity at baseline
and at 5 year re-examination

n= 20639

Dementia all-cause

n=1375
Vascular Alzheimer’s disease
dementia dementia
n=300 n=834

disorientation, major depression, or mild cognitive impair-
ment) and were instead regarded as non-demented partici-
pants. Further, 17 out of 1446 individuals (1.2%) received
their dementia diagnosis within the time of the reinvestiga-
tion and were excluded (Fig. 1b). Among the 20,639 partici-
pants in the final study population, 1375 individuals (6.7%)
fulfilled the criteria for dementia. The diagnosis was refined
in 322 of 1446 cases (22%), mainly from unspecified de-
mentia to AD with concomitant vascular disease. One
hundred three participants (7%) remained classified as un-
specified dementia since available medical records did not
provide enough information to diagnose with further accur-
acy. In 172 individuals, no e-chart was available (mainly
due to emigration or death before conversion to the current
e-chart system) and then the last diagnosis in the register
was used.

Covariates
Covariates were selected based on previous literature
and availability [35]. Information on education, smoking,

alcohol consumption, medication use, and work-related
physical activity was self-reported and derived from the
baseline questionnaire. We categorized education as pri-
mary/elementary school (<8years), secondary school/
high school (9-12 years), or higher education/university
(2 13 years). Smoking was categorized as ever smoker
(current or former) or never smoker. Alcohol consump-
tion was entered numerically as grams of alcohol per
day, computed from the units of beer, wine, and liquor
participants stated to have consumed during the last
month. Drugs were classified according to the inter-
national Anatomical Therapeutic Chemical Classification
(ATC). Blood pressure-lowering medication was defined
as any drug with blood pressure-lowering effect regard-
less of indication and consisted of diuretics (ATC group
C03), beta-blocking agents (ATC group C07), calcium
channel blockers (ATC group C08), or agents acting on
the renin-angiotensin system (ATC group C09). Lipid-
lowering medication was defined as any drug with serum
lipid-reducing effect (ATC group C10). Work activity
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was stated as “what degree of physical activity is usually
demanded in your work” with options (1) very light, (2)
light or medium heavy, (3) heavy, or (4) very heavy. We
categorized heavy or very heavy as physically heavy
work. Baseline information on the prevalence of diabetes
mellitus (type 1 or 2) was derived from the Swedish Na-
tional Diabetes Register and the NPR. Cardiovascular
disease was defined as ischemic or hemorrhagic stroke
or ischemic heart disease and originates from the NPR
and the Stroke register of Malmo.

Attrition

In the MDCS database, there are data on 30,446 individ-
uals. When comparing baseline data for participants
included in the present study (n=20,639) and the
remaining original cohort (n=9807), included partici-
pants were younger (mean age [SD] 57.8 [7.5] years vs
58.5 [7.8] years, p <0.001) and had a higher physical ac-
tivity score at baseline (mean score 8292 [6746] vs 7532
[6344], p <0.0001). Further, included participants were
higher educated and generally healthier (e.g., had lower
blood pressure, less cardiovascular disease, and less dia-
betes) than non-included individuals (p <0.0001). Fur-
ther, the incidence rate per 1000 person-years (based on
time from baseline till event or end of study) differs be-
tween included participants (3.5 for any dementia, 0.8
for VaD, and 2.1 for AD) and non-participants (4.7 for
any dementia, 1.5 for VaD, and 2.4 for AD). There were
no differences in sex or APOE-g4 carrier status. Further
information on recruitment bias has been described in
previous publications [36].

5xFAD mouse model

The 5xFAD strain is a mouse model co-expressing five
mutations associated with familial form of AD, resulting
in increased production of AB42. These mice have a fast
development of AD pathology, showing accumulation of
AP plaques as early as 2—-3 months of age, cognitive dys-
functions already at 5 months of age, and neuronal and
synaptic losses at 9 months of age [37-39]. Taken to-
gether, this makes the 5xFAD a suitable mouse model to
study the effects of exercise on the development of Af
plaque load, as well as cognitive dysfunctions seen in
AD patients.

We used female 5xFAD mice (# = 30), aged 9-12 weeks,
from Jackson Laboratories, weighing 14-20 g when start-
ing the experiment. Mice were housed two animals/cage
in standard laboratory cages with sawdust bedding and
free access to water and food. They acclimatized for at
least 5 days before starting the experiment. The holding
room had a 12:12 h light-dark cycle. There were no differ-
ences in body weight, age, and general motor function be-
tween the groups when the experiment was initiated.
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Voluntary running wheel exercise

Mice were randomly assigned to sedentary (n=14) or
exercising (n = 16) group. At 9—12 weeks of age, mice in
the running group were provided with low-profile wire-
less running wheels for mouse (ENV-047; med-associ-
ates.com) in their home cage, allowing the mice to run
as much as and whenever they wanted, during 24 weeks,
until the end of the study.

Cognitive tests

Y-maze spontaneous alternation test was performed to
examine any defects in working-memory after 18 weeks
of running as previously described [40]. For this purpose,
a Y-maze arena (21 x4 cm/arm) was used. Mice with
less than five arm entries were excluded from the ana-
lysis. Y-maze spatial memory test was performed to
examine any defects in hippocampus-dependent spatial
memory after 21 weeks of running as described previ-
ously [41]. To examine hippocampus-independent object
memory, the mice were subjected to a novel object rec-
ognition test after 19-20 weeks of running. This test was
conducted in an open field arena (30 cm x30cm) as
described previously [42]. Both training and trial session
duration was 5min. Mice that did not explore both
objects at least one time during the trial session were
excluded.

Collection of samples

After 24 weeks of running, samples were collected. The
mice were anesthetized with isofluorane and perfused
with saline solution before the brains were dissected out.
The right hemisphere was fixed in 4% paraformaldehyde
in phosphate buffer for 24 h before they were stored in
30% sucrose solution at 4 °C until analysis. From the left
hemisphere, the hippocampus and cortex were dissected,
snap frozen on dry ice, and stored at —80°C until
analysis.

Western blot

The hippocampus was homogenized as previously de-
scribed [43] with some modifications. Briefly, we used
120 pl of TBS buffer (20 mM Tris-HCl, 137 mM NaCl,
pH 7.6) containing protease and phosphatase inhibitors
and 1% Triton-X100 in a dounce homogenizer. After
30-min incubation on ice, it was centrifuged at 14000g
at 4°C for 30 min. The supernatant was collected. Pro-
tein concentrations were determined (Pierce microplate
BCA Protein Assay kit, thermofisher.com). Western blot
was used as previously described [44]. The levels of the
synaptic proteins PSD-95 (1:3000, MAB1596, Millipore)
and synaptophysin (1:1000, Ab14692, Abcam,) were
measured and normalized to beta-actin.
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Immunohistochemistry

Immunohistochemistry was performed as previously de-
scribed [44] with some modifications. Briefly, 30-pm sagittal
sections were stained with 6E10 (1:500; BioLegend, San
Diego, USA) and secondary antibody labeled with Alexa
Fluor® 594 (1:500; Invitrogen, Carlsbad, CA, USA). Three
sections per brain (lateral 0.84-1.2mm) were analyzed
using an epifluorescence microscope (Nikon Eclipse 80i
microscope, Europe). The 6E10-positive AB were analyzed
in dentate gyrus/CA4 in the hippocampus and cortical layer
4 and 5 in the neocortex area above/dorsally of the lateral
ventricle. The immunofluorescence intensity was measured
in 0.25 mm? within regions of interest using Image].

ELISA

The concentration of AP species (AP40 and AP42) in
the homogenized hippocampus was measured as previ-
ously described [44], with the MSD MULTI-SPOT Hu-
man (4G8) AP Assay (K15199G-1, Mesoscale) using
QuickPlex SQ120 (Mesoscale Discovery, Rockville, USA)
Plate Reader according to the manufacturer’s instruc-
tions. The recorded data was analyzed using MSD Dis-
covery Workbench software. AP concentrations were
normalized to total protein concentrations measured in
the BCA or Bradford assay.

Statistical analyses

We used R statistical software and SPSS statistical soft-
ware (v.22, Windows). Two-tailed p values <0.05 were
considered statistically significant. Demographic data are
presented as median and interquartile range (IQR) or
numbers () and percent (%). Numeric and categorical
group differences were estimated with Mann-Whitney U

Table 1 Characteristics of the Vasaloppet study population
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test and Pearson’s x* test, respectively. Based on tertiles,
participants in the MDCS were divided into three groups
according to their reported physical activity in leisure
time, referred to as high, intermediate, and low. Cox re-
gression models were used to compare risk of dementia
for skiers vs non-skiers in the Vasaloppet cohort and per
SD increase in physical activity score (continuous vari-
able converted to z-score) and per physical activity
group (categorical variable) in the MDCS cohort. Time
of event was defined as the date of first registered de-
mentia diagnosis in the NPR. Censoring appeared when
subjects died or at the time of register outtake/end of
follow-up. In the Vasaloppet cohort, the time variable
was calculated as years between participation in the ski
race and event/censoring. In the MDCS cohort, the time
variable was calculated as years between the reinvestiga-
tion and event/censoring since individuals who were di-
agnosed with dementia before the reinvestigation were
excluded (i.e., no events occurred between baseline and
reinvestigation based on the study design). Information
on the date of death for deceased study individuals was
available through Statistics Sweden and the Causes of
Death Register, held at the National Board of Health and
Welfare. In the MDCS, we also performed analyses
treating death as a competing risk event, using the
cmprsk (competing risk) package in R.

Risk of all-cause dementia, VaD and AD are presented
as hazard ratios (HR) with 95% confidence intervals (CI).
In the Vasaloppet cohort, we present both a crude
model and an age-, sex-, and education-adjusted model
(model 1). Education is categorized as noted in Table 1.
In the MDCS cohort, adjustments were performed in a
stepwise manner, where model 1 is adjusted for age, sex,

All Skiers Non-skiers
n=395369 n=197,685 n=197,684
Characteristics 1989-2010 Median (IQR) or n (%) Median (IQR) or n (%) Median (IQR) or n (%)
Age at baseline, years 36.0 (29.0-46.0) 36.0 (29.0-46.0) 36.0 (29.0-46.0)
Women 149,796 (38) 74,897 (38) 74,899 (38)
Education
Primary/elementary school (< 8 years) 49,344 (13) 14,538 (7.4) 34,806 (18)***
Secondary school/high school (9-12 years) 176,571 (45) 76,635 (39) 99,936 (51)
Higher education/university (= 13 years) 166,133 (42) 106,147 (54) 59,986 (31)
Dementia diagnoses at follow-up N events (incidence rate/1000 person-years)
All-cause dementia 542 (0.14) 223(0.11) 319 (0.16)
Vascular dementia 112 (0.03) 40 (0.02) 72 (0.04)***
Alzheimer's disease dementia 181 (0.05) 86 (0.04) 95 (0.05)

Characteristics of the Vasaloppet study population presented for the whole cohort and by skiers and non-skiers separately
**% < 0.001. Group difference between skiers and non-skiers, estimated with Mann-Whitney U test (numeric variables) and Pearson’s x* test (categorical variables).

Only significant differences are noted in the table
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and education and model 2 is further adjusted for smok-
ing, systolic blood pressure, body mass index, alcohol
consumption, diabetes, cardiovascular disease, blood
pressure-lowering medication, lipid-lowering medication,
and physically heavy work.

Overall, we performed complete case analyses, ren-
dering fewer individuals in adjusted models. We mod-
eled Schoenfeld residuals graphically to confirm the
proportionality assumption. Figure data were con-
structed using Kaplan-Meier curves. The same time
and event variables were used as in the Cox regres-
sions, and the hazards are presented for skiers vs
non-skiers. Numbers at risk were derived from sur-
vival tables specifying the number of individuals en-
tering each 5-year interval, as presented in the graph
(Fig. 2).

Since physical activity has been shown to be reduced
up to 9years before diagnosis [17] and beneficial effects
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of physical activity on dementia was shown to disappear
after 4 years [15], we decided to set 5years as a cut-off
for sensitivity analyses. All individuals who developed
dementia within 5 years of participation in the Vasalop-
pet ski race and within 5years of the second physical
activity assessment in the MDCS were excluded. In the
MDCS, we performed further sensitivity analyses where
we used pure AD and AD with cerebrovascular disease
as separate event variables. We also added APOE-¢4 as a
covariate in the subpopulation with available data and
stratified this subpopulation on APOE-¢4 carrier status.
Interaction statistics for APOE-g4 was applied by simul-
taneously entering physical activity score and APOE-g4
together with a variable consisting of their product in
Cox regression models. In order to account for attrition
bias, we also investigated if the physical activity at base-
line (only one assessment) was associated with the differ-
ent event variables (all-cause dementia, VaD, and AD).
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Fig. 2 The effects of physical activity on the incidence of dementia, VaD, and AD in the Vasaloppet. The risk of developing all-cause dementia (a),
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Results

Vasaloppet skiers had a reduced risk of developing
vascular dementia but not Alzheimer’s dementia
Demographic data for the Vasaloppet cohort is pre-
sented in Table 1. The total number of deaths was less
than 2%. After a median follow-up of 10 years (IQR 5-
15 years), 542 dementia diagnoses were identified in the
NPR. Out of these, 112 (21%) were diagnosed with VaD
and 181 individuals (33%) with AD. Participation in the
Vasaloppet ski race was associated with a lower risk of
developing all-cause dementia and VaD, but there was
no significant difference between skiers and non-skiers
for AD (Table 2, Fig. 2a—c). Skiers had higher education
than non-skiers (Table 1), but adjustments for age, gen-
der, and education did not alter the results (model 1,
Table 2). When we excluded cases that developed de-
mentia within 5 years of the ski race (baseline), results
were not altered (Table 2, Fig. 2d—f). Furthermore, faster
skiers (accomplishing Vasaloppet with a finishing time
below median) had a lower incidence of VaD (adjusted
hazard ratio (HR) 0.38, 95% CI 0.16—0.95), but not all-
cause dementia (HR 0.80, 95% CI 0.59-1.09) or AD (HR
1.17, 95% CI 0.73-1.88), compared to slower skiers
(Fig. 2g—1, unadjusted HR).

Higher physical activity was associated with reduced risk
of vascular dementia but not Alzheimer’s dementia in the
MDCS

Demographics for all participants can be seen in
Table 3. Participants were followed for a median of
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20years (IQR 19-22) from baseline and 15 years
(IQR 14-17 years) from the reinvestigation. Based on
the diagnostic review process, 1375 individuals were
diagnosed with dementia during the follow-up
period. Out of these, 300 (22%) were classified as
VaD and 834 (61%) were classified as AD, out of
which 436 were classified as pure AD and 398 as
AD with concomitant cerebrovascular disease. In
age-, sex-, and education-adjusted Cox regression
models (model 1), higher physical activity score,
modeled linearly, reduced the risk of developing VaD
(HR 0.81 per SD increase, 95% CI 0.72-0.93), but
not all-cause dementia (HR 0.96 per SD increase,
95% CI 0.91-1.02) nor AD (HR 1.03 per SD in-
crease, 95% CI 0.97-1.09). In the fully adjusted
model (model 2), the results were robust for VaD
(HR 0.83 per SD increase, 95% CI 0.73-0.95). There
was still no significant association between physical
activity score and incident all-cause dementia (HR
0.97 per SD increase, 95% CI 0.92-1.02) or AD (HR
1.03 per SD increase, 95% CI 0.97-1.10) after full
adjustments (model 2). When the population was
categorized based on tertiles, high physical activity
decreased the risk of developing VaD, even when we
adjusted for multiple confounders (Table 4). We
found no significant associations between physical
activity categories and incident all-cause dementia or
AD (Table 4). These results were not altered when
cases who developed dementia within the first 5
years of the reinvestigation were excluded (Table 4).

Table 2 Association between physical activity and incident dementia in the Vasaloppet cohort

All-cause dementia p Vascular dementia D Alzheimer's dementia D
HR (95% CI) HR (95% Cl) HR (95% Cl)
Physical activity
Unadjusted model 542 events 112 events 181 events
Non-skiers (reference) 1 1 1
Skiers 0.68 (0.58-0.81) <0.001 0.54 (0.37-0.80) 0.002 0.88 (0.66-1.18) 040
Model 1 533 events 112 events 177 events
Non-skiers (reference) 1 1 1
Skiers 0.63 (0.52-0.75) <0.001 049 (0.33-0.73) <0.001 0.74 (0.55-1.00) 0.052
Excluding dementia cases
< 5years
Unadjusted model 483 events 104 events 169 events
Non-skiers (reference) 1 1 1
Skiers 0.78 (0.65-0.93) 0.005 061 (041-091) 0.014 0.94 (0.69-1.27) 0.68
Model 1 477 events 104 events 166 events
Non-skiers (reference) 1 1 1
Skiers 0.68 (0.57-0.82) <0.001 0.54 (0.36-0.80) 0.002 0.78 (0.57-1.07) 0.12

Association between physical activity and incident dementia in the Vasaloppet cohort, based on participation in a long-distance ski race (skiers) compared to non-

skiers. Cox regression models showing hazard ratio (HR) with 95% confidence interval (Cl) for risk of all-cause dementia, vascular dementia, or Alzheimer's

dementia, respectively. Model 1 adjusted for age, sex, and education
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Table 3 Characteristics of the MDCS population at baseline investigation (1991-1996)

All Low physical activity Intermediate physical activity High physical activity
group group group
n=20639 n=6882 n=6882 n=6875
Characteristics at baseline z\Ae)d‘\an (IQR) or n Median (IQR) or n (%) Median (IQR) or n (%) Median (IQR) or n (%)
%
Age at baseline, years 575 (51.0-63.8) 57.0 (50.9-63.7) 57.1 (50.8-634) 583 (51.6-64.2)**
Women 12,460 (60) 4205 (61) 4335 (63)* 3920 (57)***
Education
Primary/elementary school (< 8years) 8159 (40) 3041 (44) 2515 (37)*** 2603 (38)***
Secondary school/high school (9-12 7449 (36) 2387 (35) 2568 (37) 2494 (36)
years)
Higher education/university (=13 5001 (24) 1443 (21) 1793 (26) 1765 (26)
years)
Smoking, ever 12,573 (61) 40,239 (62) 4151 (60) 4183 (61)
Systolic blood pressure, mmHg 140 (126-152) 140 (128-152) 140 (126-150)** 140 (126-152)
Diastolic blood pressure, mmHg 85 (80-90) 85 (80-90) 85 (80-90)** 85 (80-90)**
Body mass index, kg/mZ 252 (229-27.7) 256 (23.2-283) 250 (22.8-27.5)* 250 (22.9-27 4)x**
Alcohol, g/day 76 (1.9-15.6) 6.8 (1.3-153) 7.8 (2.3-15.7)*** 8.1 (23-15.9)***
Physically heavy work 7659 (38) 2613 (39) 2444 (36)** 2602 (38)
Physical activity score combined 12,3)00 (8460-19, 6720 (4589-8460) 13,304 (11602-15,076)*** 23,320 (19790-29,050)***
785,
Cardiovascular disease 543 (2.6) 205 (3.0) 166 (2.4)* 172 (2.5)
Diabetes mellitus 790 (3.8) 305 (44) 235 (34)** 250 (3.6)*
Blood pressure-lowering medication 3568 (17) 1323 (19) 177 (17)** 1068 (16)***
Lipid-lowering medication 629 (3.0) 207 (3.0) 205 (3.0) 217 (3.2)
APOE-¢4 carriers’ 3306 (30) 1146 (31) 1055 (30) 1105 (30)
Dementia diagnoses at follow-up N events (incidence rate/1000 person-years)
All-cause dementia 1375 (4.7) 455 (4.8) 460 (4.7) 460 (4.7)
Vascular dementia 300 (1.0) 112(1.2) 101 (1.0) 87 (0.9)
Alzheimer's dementia 834 (2.9) 266 (2.8) 271 (2.8) 297 3.0)

Age at dementia diagnosis 80.0 (75.7-83.7)

79.7 (75.8-83.2)

80.2 (75.7-84.1) 80.3 (75.8-84.1)

Characteristics of the MDCS population at baseline investigation (1991-1996) for the total cohort, and by physical activity tertiles. Blood pressure and body mass
index were measured at the baseline investigation in the Malmo Diet and Cancer Study. Cardiovascular disease (coronary disease or stroke) and diabetes mellitus
(type 1 or 2) were derived from hospital registries at baseline. Dementia diagnoses were derived from registries and validated in e-charts. All other data was self-
reported, derived from the baseline questionnaire. Group differences between participants in the lowest physical activity group compared to intermediate and
high respectively were estimated with Mann-Whitney U test (numeric variables) and Pearson’s x* test (categorical variables). Only significant differences are noted

in the table
**¥p <0.001, **p <0.01, *p <0.05
“Data on 10,971 participants (53% of the study cohort)

Further, we found no significant association between
physical activity and pure AD (HR 1.06 per SD in-
crease, 95% CI 0.98-1.14) nor between physical ac-
tivity and AD with concomitant cerebrovascular
disease (HR 1.04 per SD increase, 95% CI 0.92-1.17)
in fully adjusted models (model 2).

Data on APOE genotype was available in a subpart of
the MDCS cohort (rn=10,971), and 3306 participants
(30%) were hetero- or homozygote APOE-g4 carriers.
Three hundred five APOE-¢4 carriers (9.1%) were diag-
nosed with AD during the study period, compared to
2.6% among non-carriers and 4.6% in the total cohort

(with available APOE data). When APOE-¢4 status was
entered as a dichotomous covariate in the Cox regres-
sion models, the results per SD increase in physical ac-
tivity score were not affected for any of the outcome
variables (all-cause dementia, VaD, or AD) (data not
shown). There was no significant interaction between
APOE-¢4 and physical activity for any of the dependent
variables (p =0.68 for AD, p=0.40 for vascular demen-
tia, and p=0.32 for all-cause dementia). When the
population was stratified based on APOE-g4 carrier sta-
tus, physical activity did not affect the risk of developing
AD among APOE-€4 carriers (HR 1.00 per SD increase,
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Table 4 Association between midlife physical activity and incident dementia in the MDCS cohort

All-cause dementia D Vascular dementia p Alzheimer's dementia p
HR (95% Cl) HR (95% CI) HR (95% Cl)
Physical activity
Model 1 1373 events 300 events 832 events
Low (reference) 1 1 1
Intermediate 0.99 (0.87-1.12) 0.84 0.87 (0.66-1.14) 0.30 1.01 (0.85-1.19) 0.95
High 0.90 (0.79-1.02) 0.11 0.63 (0.48-0.84) 0.002 1.04 (0.88-1.23) 0.64
Model 2 1341 events 293 events 815 events
Low (reference) 1 1 1
Intermediate 097 (0.85-1.11) 068 0.88 (0.67-1.16) 0.36 0.98 (0.82-1.16) 0.79
High 0.90 (0.79-1.03) 0.11 0.65 (0.49-0.87) 0.003 1.03 (0.87-1.22) 0.75
Excluding dementia cases < 5 years
Model 1 1204 events 270 events 714 events
Low (reference) 1 1 1
Intermediate 1.02 (0.89-1.18) 0.75 0.92 (0.69-1.22) 0.55 1.06 (0.88-1.28) 0.54
High 0.95 (0.83-1.09) 047 0.65 (0.48-0.88) 0.005 1.14 (0.95-1.37) 0.16
Model 2 1172 events 263 events 697 events
Low (reference) 1 1 1
Intermediate 1.01 (0.88-1.17) 0.85 093 (0.70-1.24) 0.63 1.04 (0.86-1.25) 071
High 0.96 (0.83-1.10) 053 0.66 (0.49-0.90) 0.008 1.14 (0.95-1.37) 0.16

Association between midlife physical activity and incident dementia in the MDCS cohort, based on self-reported physical activity at two different occasions in
midlife categorized as low, intermediate, or high activity group. Cox regression models showing hazard ratio (HR) with 95% confidence interval (Cl) per physical
activity group for risk of all-cause dementia, vascular dementia, or Alzheimer’s dementia, respectively. Number of events per model is presented for transparency,
since we used complete case analyses. Model 1 adjusted for age, sex, and education. Model 2 adjusted for age, sex, education, smoking, systolic blood pressure,
body mass index, alcohol consumption, diabetes, cardiovascular disease, blood pressure-lowering medication, lipid-lowering medication, and physically

heavy work

95% CI 0.89-1.13), nor among non-carriers (HR 1.04
per SD increase, 95% CI 0.92-1.16) in fully adjusted
models (model 2).

By the end of the follow-up, 5220 individuals (25%) in
the MDCS cohort were deceased, and among individuals
without a dementia diagnosis, this number was 23%. In
analyses treating death as a competing risk event, the as-
sociation between physical activity and VaD was attenu-
ated (fully adjusted HR 0.88 per SD increase, 95% CI
0.74-1.04 and HR 0.74 for the highest vs lowest physical
activity group, 95% CI 0.56—0.98). There was still no as-
sociation between physical activity and all-cause demen-
tia (fully adjusted HR 1.00 per SD increase, 95% CI
0.95-1.05), but higher physical activity indicated a bor-
derline increased risk of AD (fully adjusted HR 1.05 per
SD increase, 95% CI 1.00-1.10), though not significant
when modeled categorically (fully adjusted HR 1.13 for
the highest vs lowest physical activity group, 95% CI
0.95-1.33).

Finally, to address attrition bias, we also performed
analyses including all individuals who provided data on
physical activity at baseline (7 = 28,360), thus only asses-
sing physical activity once in midlife. Still, no association

was found between physical activity and incident all-
cause dementia nor AD in either model 1 or 2 (all p>
0.20 per SD increase in physical activity score, data not
shown). There was a significant association between
physical activity at baseline and incident VaD in model 1
(HR per SD increase 0.87, 95% CI 0.78-0.96) and in
model 2 (HR per SD increase 0.89, 95% CI 0.80-0.99).

Physical activity does not protect against Alzheimer
pathology in Alzheimer’s disease mice

Running did not affect the object memory (p=0.21) or
working memory (p = 0.38) (Fig. 3a). However, running mice
had reduced spatial memory as they entered the new arm of
the maze less frequently compared to sedentary mice
(p=0.03) (Fig. 3a). The levels of the synaptic proteins PSD-
95 (p =0.09) and synaptophysin (p =0.79) in the hippocam-
pus were not affected by running (Fig. 3b). Furthermore, the
levels of amyloid-p did not differ between the running and
sedentary mice, neither as measured by immunohistochemis-
try in the hippocampus (p = 0.77) or cortex (p = 0.40) (Fig. 3c
and Additional file 1: Figure S1), nor as measured by ELISA
in the hippocampus (p =046 and p =044 for AP40 and
APA42 respectively, Fig. 3d).
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Fig. 3 The effect of running on AD pathology in the 5xFAD mouse model. The effect on cognitive function (a), synaptic proteins (b) in the
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Discussion

Our study setup offered a unique possibility to study the
effect of midlife physical activity on the development of
different forms of dementia in very large study popula-
tions over long time periods. We found physical activity
to be associated with lower incidence of VaD, but not
AD, in both our epidemiological study populations. In
addition, individuals carrying APOE-g4, did not exhibit
any specific beneficial protection from physical activity
on the development of AD. The lack of protective effect
of physical activity on the development of AD was also
seen in an experimental setup subjecting AD transgenic
mouse to voluntary wheel running.

The effect of physical activity on all-cause dementia
differed in our study cohorts, in line with inconsistent
results from previous studies [15, 17, 19, 20]. This
might be due to the fact that all-cause dementia consti-
tutes different underlying pathologies, identifying the
need to differentiate between dementia subtypes. In-
deed, for VaD and AD, our results were consistent in
both cohorts. In line with a meta-analysis [12], we
found physical activity to be associated with a lower in-
cidence of VaD, presumably resulting from improved
cerebral perfusion and reduction of cerebrovascular
pathology [45]. In an attempt to use a more objective
measure of physical activity, we stratified skiers based
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on the speed of race accomplishment. Interestingly,
physically well-trained skiers had a lower incidence of
VaD compared to less well-trained skiers, which further
strengthen our results. Many previous studies suggest a
beneficial effect of physical activity on the incidence of
AD specifically [10, 19, 20, 46], but this was not con-
firmed in our study together with others [15, 18, 47].
Reasons for discrepancies between these studies may be
that physical activity reduces cerebrovascular comor-
bidity in individuals with AD and thereby delays the
onset of cognitive symptoms, rather than affecting AD
pathology per se. Joint pathologies (generally concur-
rent cerebrovascular disease) are common in individ-
uals diagnosed with AD [48]. Hence, studies that do
report significant associations between physical activity
and AD may represent effects that lower the cerebro-
vascular burden and thus postpone the onset of cogni-
tive symptoms due to AD rather than affecting the
specifc AD pathology per se. Studies using AD bio-
markers and MRI as an outcome, rather than clinical
dementia diagnoses, may help elucidate the specific
effects. In recently published clinical studies, physical
activity did not affect amyloid-f levels in the cerebro-
spinal fluid [49], but still resulted in improved cogni-
tion [7]. Further, physical inactivity was not associated
with amyloid-p deposition measured with PET [50].
Another possible explanation to the beneficial effects of
physical activity on dementia incidence shown in previ-
ous studies is the study setup. Lack of exclusion of par-
ticipants developing dementia soon after physical
activity assessment may increase the risk that some of
them are affected by reverse causation, where reduced
physical activity may be caused by cognitive decline and
preclinical dementia symptoms [15, 17]. Indeed, when
studies with follow-up time > 10years were assessed
separately in a meta-analysis, the impact of physical ac-
tivity on dementia was more conservative [11]. Consist-
ently, physical activity was associated with reduced risk
for dementia with cerebrovascular disease, but not AD,
in a recent study following 800 women over 44 years
[51]. In the present study, we tried to limit reverse
causation by excluding individuals who developed de-
mentia within 5 years of the ski race or the physical ac-
tivity assessment. Further, publication bias may have
influenced the prevailing literature, since a large num-
ber of smaller studies showed larger-than-average ef-
fects [11].

Lately, intervention trials have been carried out to test
if physical activity may reduce cognitive decline and de-
mentia. The overall effects seem limited [3, 4], but one
study with a multi-domain intervention found beneficial
effects on cognitive performance [5]. In the study with
the longest follow-up (mean 6.7 years), the risk of devel-
oping non-AD dementia was significantly reduced, with
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a trend towards protection against VaD specifically [3].
Moreover, when assessing the intervention effects of
physical activity on cognitive performance in APOE-¢4
carriers and non-carriers separately, there was no effect
difference depending on the genetic risk [52], which
agrees with the present study.

In experimental settings, we have not been able to find
any data on the effect of physical activity on pathological
processes in animal models of VaD. However, the effects
of exercise on AD pathology have been thoroughly studied
in mice [25]. Many studies report the ability of exercise to
improve cognition in aged wild-type mice as well as trans-
genic AD mice [25]. Nevertheless, some studies show no
effect of exercise on cognition in transgenic AD models
[27, 33] and some experimental studies can be biased by
chronic stress, as reported by us [41]. In the present study,
voluntary physical activity did not improve cognition in
transgenic 5xFAD mice. Furthermore, physical activity did
not reduce the levels of amyloid-B or formation of pla-
ques, which is congruent with some previous studies [25,
27]. Important parameters to consider for the discrepan-
cies between studies are the duration and timing of the ex-
ercise interventions and sample collection. As noted by
Ryan et al., longer durations of exercise interventions are
needed to investigate the long-term effects of an active
lifestyle [25]. Many published studies have limitations in
the timings and durations in order to study the effect of a
long-term active lifestyle from middle age and onwards
[25]. We initiate the exercise at an age of 2 months, just
before the onset of AP pathology. Further, our interven-
tion lasts for as long as 6 months, until the mice are 8
months old, an age with fully developed pathology. Given
the genetically driven pathology in most transgenic AD
models, the effects of exercise investigated might not be
fully transferable to late-onset AD.

Limitations of the study include that physical activ-
ity was self-reported in the MDCS cohort, which in-
troduces subjectivity into the estimation. We tried to
compensate this with the use of a validated physical
activity score [33] and by using data from two separate
time points (5 years apart), thereby estimating the de-
gree of physical activity over an extended time period
in midlife. Further, we assume there is a healthy selec-
tion bias considering that individuals included in
MDCS were generally healthier and more physically
active at baseline than those excluded due to lack of
data (see “Attrition” in the MDCS methods section).
This may underestimate any true associations, but this
was partly accounted for in sensitivity analyses where
we included all individuals with baseline data on phys-
ical activity (only one assessment), thus minimizing
attrition during follow-up. Still, no significant associ-
ation was found for all-cause dementia nor AD. The
association between physical activity and vascular



Hansson et al. Alzheimer's Research & Therapy (2019) 11:87

dementia was weaker in the analyses with one physical
activity assessment (see results for MDCS). This may
be due to the possibility that the potential effects of
physical activity require an active lifestyle during a
prolonged period, better reflected when physical activ-
ity was reported twice. In the Vasaloppet cohort, we
lack data on physical activity among non-skiers and
thereby include physically active individuals in the ref-
erence category as well, which may attenuate the true
association. Skiers were considered physically active
based on the assumption that it is necessary to
undergo regular physical training in order to complete
such a demanding long-distance race, and previous
studies have indeed showed that this is the case [30].
This may induce bias dependent on other con-
founders, such as diet, BMI, and smoking habits. Since
this information cannot be found in the Swedish regis-
tries, we could not adjust for these potential con-
founders. Still, the results of the association between
physical activity and incidence of VaD and AD were in
accordance with those from the fully adjusted model
in the MDCS cohort. Nevertheless, we were able to
adjust for age, sex, and education in the statistical
models in the Vasaloppet. In addition, we clearly dem-
onstrated that faster skiers had reduced incidence of
VaD but not AD, implicating that the associations
seen can be attributable to physical fitness level per se.
In the MDCS, the study protocol provided data on
several possible confounders that were included in the
analyses. Lastly, the use of register-based diagnoses
can be considered a limitation. All dementia diagnoses
were derived from hospital registries, which most
likely underestimates the true incidence. However, the
Swedish National Patient Register covers 99% of all
hospital-based diagnoses, and both primary and sec-
ondary diagnoses are represented. Another explan-
ation to the relatively low incidence of dementia
within the Vasaloppet cohort is that the study design
excluded individuals that were already diagnosed with
a severe disease that could prevent them from being
active at baseline. This was necessary in order to re-
duce the potential bias due to inability to participate
in the ski race. Hence, this design is likely to result in
a lower incidence number due to elimination of co-
morbidity. In Sweden as a whole, the incident rate of
dementia is 2 cases per 1000 person-years (2017, Sta-
tistics Sweden). The incident rate in MDCS is around
this number, mainly due to participants being older
(around 58 years). In the Vasaloppet cohort, the inci-
dent rates are below this, mainly due to the exclusion
of comorbidities and a low age at baseline (around 36
years). Finally, since we aimed to study differences
between dementia subtypes, possible diagnostic mis-
classification needs to be acknowledged. Clinically
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derived diagnoses may be insufficiently characterized,
and concordance between clinical and neuropatho-
logical diagnoses does vary [53]. Nevertheless, in the
MDCS, over 80% of individuals with dementia
attended specialized Memory Clinics, and all medical
records and brain imaging were retrospectively
reviewed to determine the type of dementia diagnosis.

Taken together, we used two very different study de-
signs, one in which physical activity was measured in a
more objective way (participation in long-distance ski
race), and the other where it was subjectively measured
(by a self-reported questionnaire). Still, both these study
setups revealed concurrent results where physical activ-
ity was associated with a lower incidence of VaD but not
AD, despite differences in strengths and limitations
within the separate cohorts. This consistency likely re-
duces the risk that the found associations are driven by
confounding factors.

Conclusion

In conclusion, higher physical activity in midlife was as-
sociated with a lower incidence of VaD. No association
between physical activity and AD was found, neither
among individuals predisposed to develop AD by carry-
ing the APOE-€4 risk allele. Altogether, physical activity
could be an important strategy to prevent the develop-
ment of VaD, especially considering the lack of available
treatments for this disease.
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Voluntary running does not reduce
neuroinflammation or improve
non-cognitive behavior in the
5xFAD mouse model of Alzheimer’s
disease

Martina Svensson®, Emelie Andersson, Oscar Manouchehrian, YiyiYang & Tomas Deierborg”

Physical exercise has been suggested to reduce the risk of developing Alzheimer’s disease (AD) as well
as ameliorate the progression of the disease. However, we recently published results from two large
epidemiological studies showing no such beneficial effects on the development of AD. In addition,
long-term, voluntary running in the 5xFAD mouse model of AD did not affect levels of soluble amyloid
beta (AB), synaptic proteins or cognitive function. In this follow-up study, we investigate whether
running could impact other pathological aspects of the disease, such as insoluble A3 levels, the
neuroinflammatory response and non-cognitive behavioral impairments. We investigated the effects
of 24 weeks of voluntary wheel running in female 5xFAD mice (n = 30) starting at 2-3 months of age,
before substantial extracellular plaque formation. Running mice developed hindlimb clasping earlier
(p=10.009) compared to sedentary controls. Further, running exacerbated the exploratory behavior
in Elevated plus maze (p=0.001) and anxiety in Open field (p = 0.024) tests. Additionally, microglia,
cytokines and insoluble A3 levels were not affected. Taken together, our findings suggest that voluntary
wheel running is not a beneficial intervention to halt disease progression in 5xFAD mice.

Alzheimer’s disease (AD) is the most common form of dementia, affecting around 30 million people worldwide
(WHO 2016). Even though cognitive dysfunction is a hallmark of AD, a majority of AD patients also suffer from
other, non-cognitive symptoms such as depression and anxiety. AD is characterized by accumulation of extra-
cellular amyloid-beta (AB) plaques and progressive neurodegeneration. Further, the inflammatory response is also
altered in the AD brain®. Postmortem studies using AD brains have revealed than pro-inflammatory cytokines,
such as IL-10 and IL-6, accumulate around AJ plaques**. In addition, microglial activation is increased® and
correlates with the A3 deposition”®. Recently, a genome-wide association study revealed that genetics variants
related to increased risk of developing AD are specifically enriched in enhancers of myeloid cells’. Interestingly,
microglia are capable of phagocytosing A(3 aggregates and, thereby, facilitate A(3 clearance!’. Contrastingly, neu-
ronal A3 production can induce cytokines in microglia and this can up-regulate the expression and enzymatic
activity of B-secretase, thereby enhancing AB production'!. Thus, it is likely that the microglial response in the AD
brain contribute with both protective and harmful effects. Hence, future therapeutic interventions may focus on
modulating different aspects of these responses.

Several studies suggest that physical exercise is beneficial by reducing the risk of AD and slowing the progres-
sion of the pathology'*"'*. Exercise intervention may improve cognition'>'® and ameliorate A8 levels in patients'”.
Moreover, exercise was associated with larger gray matter volumes in cortex and hippocampus and improved
cortical connectivity of cognitive networks in patients with mild cognitive impairment'®!°. However, many stud-
ies show no beneficial effects of exercise on AD*****. We recently investigated how physical activity affects the
risk of developing AD in two large study populations (>410 000 participants in total) over an extended period
(>20 years) under different conditions®. Physical activity did not significantly affect the risk of developing AD in
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Figure 1. Exploratory behavior in Elevated Plus Maze and Open Field tests. Exploratory behavior is presented
as the percentage of time spent in the open arms of the Elevated Plus Maze (A) or in the center zone in the
Open Field (B) tests conducted during weeks 20-22. Box plots represent the median values for each group
with interquartile ranges and error bars indicating the minimum and maximum. **Represents p < 0.01 and
*represents p < 0.05 (Mann Whitney U-test). For sedentary mice n= 14 and for running mice n=14.

any of our study populations. Hence, we questioned the effect of physical exercise on AD incidence and disease
progression.

Several transgenic mouse strains have been developed to model different aspects of AD?. The 5xFAD strain
is a mouse model with a fast development of AD pathology, showing accumulation of extracellular AB plaques
and signs of neuroinflammation as early as 2-3 month of age?*~?. Studies investigating the effects of exercise in
other AD models have shown inconsistent results'®, for example with regard to the effects on Aj3 levels'*>>%,
We have recently shown that 6 months of voluntary running in 5xFAD mice did not result in any beneficial
effects on soluble AB-levels, synaptic protein levels or cognitive behavior?. Interestingly, prior studies in other
AD models suggest that exercise may reduce neuroinflammation by reducing microglial activation and levels of
pro-inflammatory cytokines®*2. Because of its features, we view the 5xFAD model as suitable for studying the
effects of exercise on neuroinflammatory and non-cognitive behavioral features of AD. We recently reported on
the appearance of neuroinflammation in this model before extracellular amyloid deposition?® and the important
role of pro-inflammatory microglial galectin-3 in development of pathology and behavioral deficits*. In light of
the pathological importance of myeloid cells in AD, the aim of this study was to further investigate the effects of
6 months of voluntary wheel running on neuroinflammation and non-cognitive behavior in the 5xFAD model.

Results

Voluntary wheel running does not induce a corticosterone stress response. Body weights did not
differ between groups at the beginning or end of the study (Supplementary Table 1). Since we previously reported
that forced running induces a harmful corticosterone stress response in mice*, we controlled for stress induction
by the voluntary running intervention used in this study. The fecal corticosterone levels did not significantly
differ between sedentary and running mice at baseline or after 19 weeks of exercise intervention (Supplementary
Table 2). Both groups displayed decreased levels of corticosterone at the end of the study compared to the baseline
levels (Supplementary Table 2, median (IQR) concentrations were 2617 (1699-4455) and 1523 (1331-2205) pg/
ml for the sedentary group, Wilcoxon test p=0.001 and 2167 (1644-4053) and 1506 (1237-1722) pg/ml for the
running group, Wilcoxon test p=0.02).

Voluntary wheel running affects exploratory and anxious behavior. In the Elevated plus maze,
running mice spent significantly more time exploring the open arms compared to their sedentary counterparts
(Fig. 1A, median (IQR) 15.2 (3.1-30.9) % and 46.1 (29.2-60.7) % of time respectively, Mann-Whitney U-test
p=0.001). In the open field, running mice spent significantly less time exploring the center compared to sed-
entary controls (Fig. 1B, median (IQR) 6.3 (5.3-13.0) % and 3.2 (2.3-5.0) % of time, Mann-Whitney U-test
p=0.024). General motor function did not differ between groups as they traveled the same distance both in the
Elevated plus maze and Open field (Supplementary Table 3). There was no significant difference in sucrose pref-
erence between sedentary and running mice (Supplementary Table 4).

Voluntary wheel running does not improve motor learning. The sedentary mice significantly
improved their rotarod performance over time (Fig. 2, median (IQR) 27.8 (1.7-48.0) seconds and 44.3 (12.0-
65.0) seconds on day 1 and 3 respectively Friedman test, p=0.008). In contrast, running mice did not signifi-
cantly improve over the same amount of time (Fig. 2, median (IQR) 17.2 (4.3-39.3) seconds and 31.5 (13.5-56.5)
seconds on day 1 and 3 respectively Friedman test, p = 0.47). However, running mice did not spend significantly
less time on the rotarod compared to sedentary littermates on any of the three test occasions. Taken together,
these results suggest that voluntary wheel running does not improve motor learning in 5xFAD mice.

SCIENTIFICREPORTS |

(2020) 10:1346 | https://doi.org/10.1038/s41598-020-58309-8



www.nature.com/scientificreports/

Motor learning

M

Day 1 Day 2 Day 3

1759

140

=)
&
1

~
r=}
1

Latency to fall (s)

)
a
1

o
L

M Sedentary Running

Figure 2. Motor learning in Rotarod test. The latency to fall off the rotarod at different days of training.

Box plots represent the median values for each group with interquartile ranges and error bars indicating the
minimum and maximum. *Rrepresents p < 0.05 (Wilcoxon test). For sedentary mice n =14 and for running
micen=14.
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Figure 3. Hindlimb clasping at different time points. The hindlimb clasping scores at different time points.
Box plots represent the median values for each group with interquartile ranges and error bars indicating the
minimum and maximum. *Represents p < 0.05 (Mann Whitney U-test used for each given time-point). For
sedentary mice n = 14, and for running mice n = 14.

Exercised mice developed hindleg clasping earlier. To measure the development of sensorimotor
dysfunctions in the 5xFAD model, we performed hindlimb clasping tests during experimental weeks 1,3,15,19,
23 and 26 (Fig. 3). There were significant changes in clasping scores in both groups from the beginning to the
end of the study (Friedman tests, p<0.001 for both sedentary and running groups). Up to week 15, there was no
significant difference in hindleg clasping between sedentary and running mice (week 15, median clasping scores
(IQR) were 1 (0-1) and 0.5 (0-1) respectively, Mann-Whitney U-test, p=0.64). Thereafter, running mice devel-
oped hindlimb clasping earlier than sedentary controls (week 19, median clasping scores (IQR)were 1 (0-1) and
2 (1-2) for sedentary and running mice, respectively, Mann-Whitney U-test, p=0.009. Week 23, median clasp-
ing scores (IQR) were 1 (0-2) and 2 (1-2) for sedentary and running mice, respectively, Mann-Whitney U-test,
p=0.029). Nonetheless, at the end of the study, hindlimb clasping scores did not differ significantly between the
groups (week 26, median clasping scores (IQR) were 2 (1-2) and 2 (2-3) for sedentary and running mice, respec-
tively, Mann-Whitney U-test, p=0.20).

Voluntary wheel running does not ameliorate levels of insoluble A3.  The levels of different insol-
uble AB species in hippocampus and soluble AB species in CSF did not differ between the running and sedentary
mice groups (Supplementary Table 5). Further, the number of ThioflavinS-positive amyloid plaques in hippocam-
pus and cortex did not differ significantly between groups (Fig. 4, median plaque numbers (IQR) in hippocampus
were 35.2 (29.3-39.7) and 40 (35.7-49.7) for sedentary and running groups respectively, Mann-Whitney U-test,
p=0.077. Median plaque numbers (IQR) in cortex were 60.7 (52.3-65.3) and 55.8 (52.0-63.0) for sedentary and
running groups respectively, Mann-Whitney U-test, p=0.54).

Voluntary wheel running does not significantly reduce neuroinflammation.  The total amount of
microglia in hippocampus was measured by Ibal immunohistochemistry. Intensity levels of Ibal did not differ
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Figure 4. A plaques in hippocampus and cortex. Thioflavin-S-positive AB3 plaques in hippocampus and
cortex. Box plots represent the median values for each group with interquartile ranges and error bars indicating
the minimum and maximum (A). Representative images at 10x, with scale bar representing 100 um (B). p-value
from Mann Whitney U-test. For sedentary mice n = 14, and for running mice n = 14.

between running and sedentary mice (Fig. 5A). Further, the levels of galectin-3 was not affected by running, as
measured using Western blot (Supplementary Table 6) and immunohistochemistry (Fig. 5A). There were no
differences in cytokine levels between the groups for any of the cytokines analyzed in serum or hippocampus
(Supplementary Table 7). Likewise, the protein levels of NLRP3 (Supplementary Table 6) as well as the levels of
iNOS (Fig. 5B, median (IQR) were 94.9 (82.3-116.1) % and 63.2 (57.2-65.4) % for sedentary and running groups,
respectively, Mann-Whitney U-test, p=0.109) in hippocampus did not significantly differ between groups.

Discussion

In the present study, we investigated the effects of voluntary wheel running on the development of neuroin-
flammation, insoluble A8 load and non-cognitive behavioral deficits in the 5XFAD mouse model of AD. Our
main findings show that 6 months of voluntary wheel running does not ameliorate these pathological events in
5xFAD mice. On the contrary, running may even aggravate the pathology as our running mice showed increased
exploratory behavior and developed sensorimotor hindleg clasping earlier. Furthermore, the running interven-
tion did not reduce insoluble AB levels, the total amount of microglia, as measured by Ibal staining intensity, or
pro-inflammatory inflammatory cytokine levels.

Running led to increased exploratory behavior in the Elevated plus maze test and increased anxiety in the
Open field test. This may reflect the typical phenotypical differences that this AD model displays compared to
wild-type mice in these two tests in sedentary control settings®>*. At 8 months of age, 5xFAD mice typically
develop increased exploratory behavior in the Elevated plus maze, which correlates with the deposition of A3 in
the brain®*-*’. This increased exploratory behavior has been suggested to reflect disinhibitory tendencies, similar
to what is seen in AD patients®. Thus, the increased exploratory behavior seen in our running mice might be
interpreted as an aggravation of the behavioral dysfunction in this model. However, in this study, we had no direct
comparison to wildtype mice. Hence, we cannot know if the behavior we observe in our 5xFAD really deviates
from wildtype in our settings, even though existing literature strongly indicate this.

Concurrently, under sedentary conditions, 5XxFAD mice have been shown to develop reduced exploratory
behavior in Open field as the disease develops*®. Hence, the increased anxious behavior seen in the Open field in
our running mice can also be interpreted as an aggravation of the behavioral dysfunction. Still, we do not have
any direct comparison with wildtype mice in our study to conclude this. In addition, we have previously shown
that anxious behavior in Open Field is associated with increased corticosterone levels in feces collected during
this test®. Since the corticosterone levels in feces collected during the Open Field test performed at 8 months of
age in our study did not differ, it is possible that the readout of this test does not really reflect the anxiety levels
during that day. Therefore, we should be careful with conclusions drawn from this test.

Hindlimb clasping and motor deficits normally develops at 9-12 months in the 5XFAD model and are sug-
gested to reflect the AB accumulation and damage in spinal cord motor neurons®**. In our study, running mice
developed clasping earlier and motor performance and learning in the rotarod was not improved by the running
intervention. Therefore, it is tempting to speculate that the increased clasping behavior in the running mice
reflects a faster development of the pathology in the central nervous system. However, we do not control for
development hindlimb clasping in wildtype mice since there is already robust evidence that wildtype mice do not
develop this abnormal clasping behavior. Importantly, the distance traveled in the Open field and Elevated plus
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Figure 5. Neuroinflammation in hippocampus. Representative images of the Ibal (labeling all microglia) and
gal-3 (labeling activated microglia) staining in hippocampus at 10x with scale bar representing 200 pm (A)
and box plots representing the median values of Ibal and gal-3 intensities (n = 10 + 10). The level of iNOS
(n=6+6) in hippocampus normalized to actin (B). Box plots represent the median values for each group
with interquartile ranges and error bars indicating the minimum and maximum. p-value from Mann Whitney
U-test. For sedentary mice n =6, and for running mice n=6.

maze tests did not differ between the groups, indicating that the motor deficits in the clasping test did not bias the
outcome of these anxiety tests.

Although many experimental studies demonstrate reduced AB levels in the brain after exercise®, we could
not detect any statistically significant changes on the levels of soluble AB3** and insoluble AB. Interestingly, we
observed a nonsignificant trend towards increased A8 plaques in the hippocampus (p = 0.08) of running mice,
in line with the effects of running found in a model of cerebral amyloid angiopathy*. In addition, other studies
showed no effects of exercise on AB levels in mouse models of AD*"*2. Further, a patient study with exercise
intervention found no effects on A8 levels in CSF*, similar to what we observed in CSF from our 5xFAD mice.
Hence, the clinical benefits regarding the effect of exercise on AB pathology in AD indicated in other experimen-
tal studies can be questioned.

Our group has previously showed that the 5XxFAD model displays increased levels of inflammatory cytokines
and neuroinflammation as early as 2-3 months of age, the same time period when the first A3 plaques can be
observed?®. Further, manipulating cytokine and galectin-3 levels has been shown to affect AB pathology in the
5xFAD model***. Since exercise is known to affect the levels of several cytokines?*>**, these studies led us to
introduce the running intervention early in our study. However, running did not affect brain or blood cytokine
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levels or total microglia, as measured by Ibal staining intensity, in our mice. Further, we could not detect any
significant effects on other inflammatory markers, such as galectin-3, iNOS and NLRP3. Even though running
tended to reduce iNOS levels, the effect was not statistically significant. The failure of our running intervention to
affect the inflammatory reaction in the brains of our mice may be one explanation as to why the intervention did
not influence AB accumulation or behavioral outcome, although it is interesting to note that exercise ameliorated
pathology and cognitive dysfunction in other AD models without affecting cytokine levels®.

Taken together, running exercise did not ameliorate any pathological hallmarks in our study. We do not com-
pare with wildtype mice in our study. Still, our results indicate that a running intervention may aggravate the
disease phenotype, such as increasing exploratory behavior in the Elevated plus maze, shown to be an abnormal
behavior compared to wildtype in other studies. Similarly, our previous publication revealed that the intervention
also aggravated cognition in the 5xFAD model*!. Nevertheless, numerous studies have demonstrated beneficial
results of exercise on AD pathology in other mouse models of the disease!**. These differences may be due to
several factors. First, the 5XFAD model is an aggressive model with a fast progression and a genetically driven
pathology whereas most AD mouse models have a slower progression®. Thus, the aggressive pathology in 5xFAD
mice might be more difficult to impede compared to the slower development of AD-like pathology in other
models. Second, discrepancies between studies may be explained by the duration and timing of the intervention
and sample collection. Many studies, compared to this study, investigate the effects of exercise over a shorter time
period, making it difficult to draw conclusions about the effects of a long-term, active lifestyle initiated before
pathology develops. In our study, the running intervention is started at two months of age, when AD pathology
begins to develop in 5xFAD mice. In addition, our mice exercised for six months, until eight months of age,
when this model has fully developed the pathology. Moreover, the mice in many exercise intervention studies are
socially isolated, which some researchers suggest, may influence the results*’. Importantly, this was not an issue
in our study as our mice were housed in pairs.

Nevertheless, Choi et al. recently reported that running was beneficial in this model and reduced AB levels
and improved cognition*. We have previously observed that forced running paradigms may induce stress in
mice, which can aggravate the pathology*. Therefore, we compared corticosterone levels from running mice with
the sedentary controls both before and after the running intervention. We did not find any signs of stress in our
running mice as the corticosterone levels did not differ between groups. Interestingly, the corticosterone levels
even decreased significantly in both running and sedentary groups at the end of our study. Moreover, our study
followed the mice until 8 months of age, whereas the study by Choi et al. followed the mice until 6 months of age.
Hence, it is possible that exercise may have beneficial effects in this model when measured at an earlier timepoint
but cannot counteract the pathology at more advanced stages. Additionally, Choi ef al. do not investigate effects
on neuroinflammation or anxiety in their study, so it is impossible to know how these aspects were affected.
Unlike their beneficial effects, we continuously monitored hindlimb clasping in our study and observed that
running accelerated the development of this pathological behavior. The reasons for the discrepancies between our
study and the study presented by Choi ef al. are not likely to be explained by the genetic background as they use
the same background strain as the 5XFAD mice used in our study. Discrepancies between our studies are more
likely to be attributable to differences in the running protocol. Our running mice had ad libitum access to running
wheels in their home cage, whereas the mice in Choi et al. study were only allowed 3 hours of running per day
when they were transferred to another cage for their exercise intervention. In addition, while we house our mice
in pairs, their mice also seem to be singly housed, which may induce depression and, in turn, affect behavior of
mice®. Thus, it is possible that running counteracts some of the negative effects caused by single-housing in that
study.

To the best of our knowledge, the ability of exercise to aggravate AD pathology has not been reported before.
Rather, a handful of studies, using other AD models, show no effects of exercise on cognition®. This may be due
to publication bias since it is less likely for a study reporting primarily negative data to be accepted in respected
scientific journals.

In addition to the above-mentioned limitations, our study includes other obstacles regarding the translation
of our results to the clinic. First, animal models do not fully recapitulate all hallmarks of AD. Second, the 5xFAD
model has a genetically driven, aggressive form of the pathology, whereas the majority of human AD cases are
sporadic®®®!. Hence, we cannot exclude the possibility of exercise to be protective for development of the sporadic
forms of the disease in AD mice with a slower progression, modelling most of the cases seen in the clinic.

Conclusions
Our study shows that running exercise may not only lack protective effects on the development of the AD pheno-
type in 5XFAD mice but may also accelerate and aggravate it.

Methods
Animals. Animal experiments were approved by the Malmé/Lund animal ethics committee (2012, Dnr: M427-12)
and performed in accordance with the Directive of the European Parliament. The setup of this study has been
described before?. As single housing can affect behavior*, we housed our mice in pairs. Since housing male mice
together may induce aggressive behavior influencing the outcome as described previously*, we only used females.
Briefly, we used 30 female 5xFAD mice on a C57Bl/6*S]JL background, obtained from Jackson laboratories,
aged 9-12 weeks at the beginning of the study. Mice were housed in pairs, and each pair was randomly assigned
to one of two groups: mice with access to a running wheel (“running mice”) or mice without access to a running
wheel (“sedentary mice”). There was no significant difference in body weights between groups at the beginning
and end of the study (Supplementary Table 1). The experimental outline can be seen in Fig. 6.
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Figure 6. Experimental design. Mice had access to running wheels during experimental weeks 2-25. Before
the introduction of exercise intervention, during week 1, Open Field test (OF) and Clasping test (C) were
conducted. Clasping tests were then repeated in weeks 3, 15, 19, 23 and 26. During week 20 Elevated Plus maze
tests (EPM) were conducted. During weeks 21-22, Open Filed tests were performed. During weeks 25-26
Rotarod tests (R) were conducted. During the last week, week 26, a sucrose Preference test (SPT) was performed
before the mice were sacrificed (+) to collect brain, blood and CSF samples.

Voluntary wheel running exercise. At 9-12 weeks of age, mice were caged with (n=16) or with-
out (n= 14) running wheels for 24 weeks, until the end of the study. Running mice had ad libitum access to
low-profile wireless running wheels (med-associates) in their home cage. The running distance was measured
telemetrically to control that mice were running (Supplementary Fig. S1). Visual observation during the active
period confirmed that running mice were significantly more active than sedentary mice in their home cages.

Behavioral tests. Open field test. In order to evaluate the locomotion and anxiety levels of the mice, the
Open field test was conducted as described previously*!. The test was performed one week prior to introducing
the running wheels as well as after 19 weeks of voluntary wheel running. The mice were placed in an empty
white box (45 x 45 cm) and allowed to freely explore it for 10 minutes. An automated behavioral system (SMART,
Panlab, Barcelona, Spain) was used to measure the velocity of the movements, the distance traveled and the time
spent in the center and periphery of the box. More time spent away from the center zone was regarded as a sign
of anxiety. The box was cleaned with ethanol followed by water before each mouse was introduced to the Open
field arena.

Clasping scoring.  Throughout the study, hindlimb clasping behavior, a pathological motor reflex, was assessed
regularly at six different time points (experimental weeks 1, 3, 15, 19, 23 and 26). The mice were held near the base
of their tail and allowed to hang free for 30 seconds, during which the clasping behavior was recorded and scored.
Clasping was scored using a scale between 0 and 3, where 0 represented no clasping (normal), 1 represented
initial signs of clasping or only clasping of one hindleg for at least 50% of the time, 2 represented clasping of both
hindlegs for at least 50% of the time, and 3 represented clasping of both hindlegs for nearly 100% of the time as
described previously®.

Elevated plus maze test. 'To examine exploratory and anxiety-like behavior, the mice were subjected to elevated
plus maze test after 18 weeks of running. The elevated plus maze apparatus consisted of two open arms and two
closed arms (29 x 6 cm). The entire maze was elevated about 40 cm from the floor. Each mouse was placed in the
center of the maze with their head facing towards the open arm. During a 5-min test, the time spent in the open
arms and the total distance traveled were recorded from above using the SMART system. A healthy mouse is
curious and spend more time exploring the open arms, while a mouse with anxiety spends most of its time in the
closed arms®>>4.

Rotarod test. 'To examine motor coordination and balance, mice were subjected to the rotarod test after 23 weeks
of running. The rotarod apparatus (8200 model, Letica Scientific Instruments, LE, US) consists of a rotating spin-
dle (3 cm diameter, 15 cm long base) with five individual, 3 cm-wide, compartments allowing for up to five mice
to be tested simultaneously. Mice were placed on the rotating rod and tested by increasing the rotating speed from
4 to 40 rpm over 300 seconds. The mean time that a mouse remained on the rotarod was recorded and calculated
from three trials. The mice were allowed to rest in their home cage for at least 45 min between trials. The mice
were subjected to the rotarod test for three days in order to examine their motor learning abilities.

Sucrose preference test. 'The Sucrose preference test is described in Supplementary Methods.
Fecal corticosterone levels. Corticosterone measurements are described in Supplementary Methods.

Collection of samples.  After 24 weeks of voluntary wheel running, mice were sacrificed to collect samples.
The mice were anesthetized with isoflurane and CSF was collected from cisterna magna using a transparent glass
capillary checking for no contamination of blood when mice were under deep anesthesia. CSF samples were
snap-frozen immediately in dry ice and stored at —80 °C until analysis. Afterwards, the mice were euthanized
and blood samples were collected through cardiac puncture. Blood samples were kept at room temperature for
25min and then stored on ice for a few hours until the samples were centrifuged at 1300 g at 4 °C for 10 min. The
serum supernatants were collected and stored at —80 °C until analysis. Mice were perfused with saline solution
before the brains were removed. The right hemisphere was fixed in 4% paraformaldehyde in phosphate buffer for
24hours before being stored in 30% sucrose solution at 4 °C until analysis. From the left hemisphere, the cerebel-
lum, hippocampus and cortex were dissected, snap-frozen in dry ice and stored at —80 °C until analysis.
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Immunohistochemistry. Sagittal brain sections (30 um) were prepared from the right hemisphere as pre-
viously described®.

AP plaques in cortex and hippocampus.  Amyloid plaques were labeled with 0.5% Thioflavin S. Briefly, Thioflavin
S was dissolved in ddH,O and filtered through a 0.22 pm syringe filter. Sections were incubated during 5 min,
rinsed for 3*10 min in PBS and mounted in aqueous mounting media. Three sections per brain (lateral 0.84-
1.2mm) were analyzed using an epifluorescence (Nikon Eclipse 80i microscope, Europe) microscope. The
thioflavinS-positive plaques were counted in a 0.25 mm? area within regions of interest; dentate gyrus/CA4 in
hippocampus and cortical layer 4 and 5 in the neocortex area above the lateral ventricle.

Microglia in hippocampus.  Microglia were labeled with primary antibodies against Ibal (rabbit, Wako, product
nr 27981192, 1:750) and galectin-3 (goat, R&D, product nr AF1197, 1:1000) and secondary Alexa Fluor anti-
bodies against rabbit (647 nm, Invitrogen, product nr A32795, 1:500) and goat (488 nm, Invitrogen, product nr
A-11055, 1:500). Three sections per brain (lateral 0.84-1.2 mm) were imaged using an epifluorescence microscope
(Nikon Eclipse 80i microscope, Europe). The immunofluorescence intensity was analyzed using ImageJ from 10x
pictures of the dentate gyrus/CA4 in hippocampus.

Homogenization of brain tissue. The hippocampus was homogenized to extract proteins in three dif-
ferent fractions. The first fraction containing soluble proteins was extracted by grinding the tissue 20 times
with a dounce homogenizer in 120 pl of TBS buffer (20 mM Tris-HCI, 137 mM NaCl, pH 7.6) containing pro-
tease and phosphatase inhibitors. The homogenate was incubated 30 min on ice before it was centrifuged at 14
000 g at 4 °C for 30 min after which the supernatant was collected. To obtain the second fraction containing the
membrane-bound proteins, the remaining pellet was re-suspended in 120 pl of TBS with protease and phos-
phatase inhibitors and 1% Triton-X100. The suspension was incubated for 30 min on ice before it was centrifuged
at 14 000 g at 4 °C for 30 min and the supernatant was collected. The third fraction containing insoluble protein
aggregates, such as AP plaques, was obtained by re-suspending the remaining pellet in 120 ul of 70% formic
acid. The suspension was then sonicated at an amplitude of 60% with repeating 10-second pulses followed by
10-second pause for a total of 2 minutes before it was centrifuged at 14 000 g at 4 °C for 30 min. The supernatant
was neutralized 1:20 in 1 M Tris. Protein concentrations were determined (Pierce microplate BCA Protein Assay
kit for the first and second fraction and the Pierce Coommassie Plus Assay kit for the third fraction). Samples
were stored at —80°C until use.

Multiplex ELISA.  Cytokine and AB ELISA are described in Supplementary Methods.

Western blotting. Protein levels of iNOS, galectin-3 and NLRP3 in the second fraction of homogenized
hippocampus were measured by Western blot. Briefly, samples were loaded into 4-20% Mini-Protean TGX pre-
cast pels (Bio-Rad), then transferred to nitrocellulose membranes (Bio-Rad) using the Trans-Blot Turbo System
(Bio-Rad). The membranes were then blocked with 3% casein (Sigma-Aldrich) diluted in PBS. After blocking, the
membranes were incubated with primary antibodies against galectin-3 (1:3000, AF1197, R&D Systems), iNOS
(1:500, SC650, Santa Cruz) and NLRP3 (1:1000, AG-20B-0014-C100, Adipogen) at 4°C over night. The mem-
branes were then incubated with peroxidase-conjugated secondary antibodies (1:5000, Vector Labs) and the blots
were developed using Clarity Western ECL Substrate (Bio-Rad). Protein levels were normalized to beta-actin
(1:10000, A3854, Sigma).

Statistical analyses. All statistical analyses were performed using SPSS version 22.0. Body weight and
cytokine data was considered normally distributed and analyzed with student’s T-tests. Data obtained from brain
tissue stains and western blots were analyzed with Mann-Whitney U-tests. To compare the behavioral perfor-
mance data between the sedentary and running groups, Mann-Whitney U-tests were used. To compare evolution
of Rotarod and Clasping behavior over time within groups Friedman tests were used. For specific time-points of
these tests, groups were compared with Mann-Whitney U-tests. To compare pre- and post-intervention of corti-
costerone levels Wilcoxon tests were used. P-values below 0.05 were considered statistically significant.
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Supplementary Data

Supplementary Table 1- Body weights

Sedentary Running T-test (unpaired)
(Mean£SD) (Mean£SD) Sedentary vs.
Exercised
Start Weight (g) | 16.8+1.1 16.1+1.3 P=0.14
Final Weight (g) | 23.4£1.3 22.6+3.0 P=0.35
Weight gain (%) | 40+11 40+16 P=0.98

Supplementary Table 2- Corticosterone levels in feces (ELISA)

Sedentary Running Mann Whitney
Median (IQR) Median (IQR) U-test
Sedentary vs.
Running
Baseline levels 2617 (1699-4455) | 2167 (1644-4053) | P=0.66
(pg/ml)
After 19 weeks 1523 (1331-2205) | 1506 (1237-1722) | P=0.85
(pg/ml)
Wilcoxon test P=0.001 P=0.02
Baseline vs.
After 19 weeks




Supplementary Table 3- distance traveled in EPM and OF

Sedentary Running Mann Whitney
Median (IQR) Median (IQR) U-test
Sedentary vs.
Running
Distance moved 1048 (741-1357) 1278 (964-1616) P=0.23
Elevated plus
maze
Distance moved 4569 (3115-5561) | 4017 (3746-5568) | P=0.93
Open field
Supplementary Table 4- Sucrose Preference
Sedentary Running Mann Whitney
Median (IQR) Median (IQR) U-test
P-value

Sucrose
Preference (%)

79.6 (76.4-86.1)

79.7(73.2-884) | 1.0

Supplementary Table 5- A levels (ELISA)

Different | Sedentary Running Mann
AP species | concentration concentration (ng | Whitney U-
(ng AP /mg AP /mg protein) test
protein) Median (IQR) p-values
Median (IQR) prior to
Bonferroni
correction
Insoluble AB-38 164.5 (131.5- 255.3 (147.8- 0.57
fraction in 322.4) 303.4)
hippocampus | Ap-40 1048 (712.4- 1194 (989.7-1526) | 0.35
1286)
AB-42 8007 (5909- 9612 (4285- 0.78
10173) 11546)
CSF (n=7+7) | AB-38 0.59 (0.54-0.88) | 0.44 (0.19-0.54) 0.21
AB-40 3.87(2.17-4.92) |2.28(0.76-3.23) 0.32
AB-42 1.81 (1.18-2.46) | 1.25(0.35-1.68) 0.32




Supplementary Table 6- Iba1 and gal-3 in hippocampus

(immunohistochemistry)

Sedentary Running Mann Whitney
Median (IQR) Median (IQR) U-test
Fold to actin % Fold to actin % P-value
Galectin-3 116 (84-125) 114 (102-127) 0.94
(n=6+6)
NLRP3 22 (18-33) 17 (16-20) 0.63
(n=3+4)
Supplementary Table 7- Cytokine levels (ELISA)
Cytokine Sedentary Running T-test
Mean Mean P-values prior
concentration concentration to Bonferroni
(pg/ml) = SD (pg/ml) £ SD correction
Hippocampus | IL-1 B 1.29+0.7 1.34+0.8 0.85
1L-2 0.022 +£0.01 0.029+0.02 0.26
1L-4 0.045 +0.02 0.052+£0.04 0.58
IL-5 0.008 + 0.003 0.010 + 0.005 0.26
IL-6 045+0.3 0.68 +0.7 0.27
IL-10 0.15+0.09 0.15+0.07 0.99
IL-12p70 1.57+0.8 1.78£0.9 0.52
IFNy Below Below
detection detection
TNFa 0.067 £0.02 0.082 +0.06 0.40
KC/GRO 275+1.9 294+2.6 0.82
Serum IL-18 0.27+0.2 0.20+0.2 0.37
IL-2 0.12+0.1 0.13+0.1 0.84
IL-4 Below Below
detection detection
IL-5 148+1.3 1.68+1.0 0.64
IL-6 3.25+2.6 3.59+4.2 0.80
IL-10 7.14+3.9 6.14+3.6 0.48
IL-12p70 Below Below
detection detection
IFNy 0.33+0.1 0.20+0.1 0.06
TNFa 3.66x1.0 417+1.8 0.38
KC/GRO 34.14+£29.8 23.52+£10.2 0.22




Supplementary Figure S1- Distance in running wheels

Weekly running activity

——=Mouse 1,2 =E@~Mouse5,6 -~-Mouse 9,10 =Mouse 13,14

=#=Mouse 17,18 -0-Mouse 21,22 Mouse 25,26 Mouse 29,30
4000

3500

Mean revolutions/h

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 18 19 20 21 22 23 24
Weeks

Figure S1. Running activity displayed as mean revolution per hour for each week and each
couple sharing a running wheel in their home cage. Each revolution corresponds to a running
distance of around 42 cm. ANOVA repeated measurements showed a change in the amount
of running over time (p<0.001) and a paired T-test comparing the running during the first
week with that of the last week of intervention revealed a trend towards decreased running
over time (means+SD were 2039+549 revolutions/h during the first week compared to
12884578 revolutions/h during the last week, paired T-test, p=0.07).

Supplementary Methods

Sucrose preference test

To assess anhedonic behavior, a Sucrose preference test was performed during the
night before sacrifice. Mice were introduced to a sucrose solution in their home cages
one night before the test. A bottle containing 2% sucrose solution was put in the place
where the regular bottle with tap water used to be during the night. The regular bottle
with tap water was placed in the other corner of the cage, allowing the mice to
choose. The day before the test, mice were deprived from drinking five hours prior to
the test. Later, mice were individually caged with access to nesting material, food

pellet, as well as two bottles, one tap water and one sucrose solution as described



before !. Bottles were weighed before and after the test and the volume consumed was
calculated. A sucrose preference index was calculated using the following formula:
Sucrose preference index=weight of consumed sucrose/total weight consumed of both

solutions

Multiplex ELISA

Cytokine ELISA

The concentrations of different cytokines in serum as well as in the pooled first and
second fraction of homogenized hippocampus (25 pl/sample) were measured with the
MSD Mouse Proinflammatory V-Plex Plus Kit (IFNy, IL-18, IL-2, IL-4, IL-5, IL-6,
IL-10, IL-12p70, CXCL1, TNFa; K15012C, Mesoscale) using a QuickPlex SQ120
(Mesoscale Discovery, Rockville, USA) Plate Reader according to the manufacturer’s
instructions. The recorded data was analyzed using MSD Discovery Workbench
software. For the brain homogenate samples, the cytokine concentrations were
normalized to the total protein concentrations measured in the BCA or Bradford

assay.

Ap ELISA

The concentration of different A species in the insoluble fraction of homogenized
hippocampus as well as in the CSF were measured with the MSD MULTI-SPOT
Human (4G8) A Triplex Assay (AB38, AB40 and AP42; K15199G-1, Mesoscale)
using QuickPlex SQ120 (Mesoscale Discovery, Rockville, USA) Plate Reader
according to the manufacturer’s instructions. The recorded data was analyzed using
MSD Discovery Workbench software. For the brain homogenate samples, A
concentrations were normalized to total protein concentrations measured in the BCA

or Bradford assay.



Fecal corticosterone levels

Fecal samples were collected from the Open field arena after conducting the Open
field test in order to measure the stress levels of the mice. The feces were stored at -
80°C until use. Corticosterone was then extracted and analyzed with a corticosterone
ELISA kit (Enzo Life Sciences) described by Touma et al.? except that feces was

homogenized in 1 ml of 80% Methanol per 100 mg sample, as we have done before’.
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