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ABSTRACT

As life expectancy increases, understanding challenges related to the processes
of aging are more relevant than ever. Common age-related diseases progress
as consequences of accumulative protein damage and protein aggregates.
PA28af has previously demonstrated protective effects against proteinopathy
and is involved in removal of protein damage early in mammalian embryonic
development. In this thesis project, female and male mice overexpressing
PA28«f have been followed and analyzed throughout their lifespan to inves-
tigate the molecular function of PA28u«f and what physiological and behav-

ioral effects its overexpression induces.

Herein, the finding of a chaperone-like function of PA28uaf is demonstrated
by enhanced aggregation prevention in hippocampal extracts from mice over-
expressing PA28af. This function correlates to enhanced cognitive capacities
represented as improved learning and memory in young adults and as explora-
tory activity in aging mice, the latter a strong behavioral marker of aging.
Thus, we have found a previously unprecedented role of PA28«8 in neuronal
protein homeostasis, which improves cognitive behavior in mice, but with

altered behavioral outcomes in young and old mice.

The neuronal role of PA28af and its cognitive effects combined with
PA28u«f’s molecular mechanism of preventing protein aggregation, highlight a
therapeutical potential of PA28«fB in combating proteinopathies, especially

neurogenerative diseases.
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SAMMANFATTINING

Aldrande dr den biologiska process av fysiologiska forindringar som okar
risken att d6 med stigande dlder. Medellivslingden har 6kat dramatiskt i vitl-
den de senaste 50 dren och dldersrelaterade sjukdomar och komplikationer ér
nu mycket vanligt férekommande i befolkningen. Att férsta hur och varfér vi
dldras dr en nyckel for att pd bista sitt kunna bota eller lindra dessa sjukdo-

mar.

Aldrande sker pa alla nivaer i kroppen, frin molekyl-niva till organ-niva och
beteende-niva. Inne i celler kopplas dldrande till att proteinskador 6kar vilket
gOr att proteiner inte kan fungera som de ska i cellens olika processer, bl a for
att de kan klumpa ihop sig pa ett skadligt sitt. Det tidiga embryot har lika
héga nivier av dlders-relaterade proteinskador som den vuxna individen, men
nédgra dagar efter befruktningen, i samband med att cellerna specialiserar sig
for att bilda en ny individ, férsvinner de plotsligt. PA28af behovs for denna
embryonala process av skade-utrensning. PA28«f har ocksa bevisats minska
mingden skadliga proteinklumpar i sjukdom som uppstir pa grund av ska-
dade proteiner. I detta arbete har PA28af studerats for att underséka potenti-

ella skyddande effekter mot dldrande och aldersrelaterad proteinsjukdom.

For att kunna utforska funktionen av PA28afB under en hel livslingd har
genmodifierade moss med uppreglerat uttryck av PA28«f analyserats. Ef-
tersom 4ldrande paverkar kroppen pd mdnga olika sitt stricker sig studien

fran analyser pa molekylir niva till beteende-tester.

Denna avhandling visar att PA28«f har en ny, tidigare oupptickt, roll i hjir-
nans minnescenter hippocampus, dir PA28«f kan minska mingden protein-
klumpar genom att férhindra att de uppstir, en s k chaperon-funktion
(forklides-funktion). Dirmed dr den vilkdnda rollen av PA28a@ som protein-
skade-nedbrytare inte den enda funktionen PA28«f har, utan PA28af kan
ocksd samspela med andra proteiner pa ett sidant sitt att de inte bildar skad-
liga proteinklumpar. Denna molekylira funktion korrelerar med foérbittrad
inldrnings- och minnes-férmédga hos unga vuxna méss. De méss som har mer
PA28af uppritthiller ocksa ett utforskande beteende som generellt férsdimras
markant med 4ldrande.



Vi tror att PA28af:s tva skilda molekylira funktioner, som proteinskade-
nedbrytare och som chaperon, kan regleras och ger varierande nytta i olika
situationer. Att PA28uaf har en roll i hjirnans funktion har inte heller varit
kint sedan tidigare. Dessa upptickter gor PA28uaf intressant att studera fran
ett terapeutiskt perspektiv mot sjukdomar som innefattar proteiner som
klumpar ihop sig och paverkar kognitiva funktioner sisom bl a Alzheimers
och Parkinsons sjukdom.
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PRELUDE

For many, aging has predominately negative associations. But to age is a privilege.
Aging is a biological process which happens to those who are alive long enough and
is distinct from life expectancy which reflects the multifactorial probability to reach
a certain age. Before aging is further discussed, it must be acknowledged that by far
the best intervention to increase life expectancy is and has always been welfare,

including education in how to live well.

We all have a relationship to aging; we have seen it, experienced it and probably
imagined it all the way to the end of life as we know it. Philosophical thoughts on
life and death are inevitable, but also fundamental with regards to purpose and eth-
ics of research. Measutements of aging involves both lifespan and healthspan,
where healthy aging includes delaying the progression of age-related diseases and
importantly, upholding quality of life. Aging, or growing old, can also be regarded
as a journey towards something new for those who, like Jim Morrison, believe in “a
long, prolonged, derangement of the senses in order to obtain the unknown”. Im-
mortality and the dilemmas that come with it, are beyond the scope of this thesis

and left for a late hour discussion.
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PURPOSE AND DELIMITATIONS

This thesis project was initiated on the basis of the emerging protective effects of
proteasome activator PA28«f in protein homeostasis. Findings from the PhD pro-
ject of my supervisor Malin Hernebring includes the involvement of PA28«f in the
clearance of protein damage in mouse embryonic stem cells (Hernebring et al.
2013). Damage accumulates in cells as a consequence of living and is transferred
from germ cells to the early embryo. However, during mouse embryonic stem cell
differentiation, it seems that the damage is cleared in a rejuvenating process
(Hernebring et al. 2006). In understanding how cells from old individuals can form
young individuals, rejuvenation processes need to be further investigated. The de-
pendency of PA28af in damage clearance in embryonic stem cells, as well as its
demonstrated protective effects in several disease models, makes PA28af interest-
ing from an aging perspective, since one of the hallmarks of aging comprises accu-
mulation of protein damage. Thus, with the rationale that if PA28«f can decrease
the levels of protein damage, could an overexpression of PA28af serve as an ongo-
ing resistance against damage accumulation and in such a way decelerate the process

of aging?

The purpose of this thesis was to study the role of PA28«f in aging and disease.
Since the effect of aging is physiologically widespread and with the aspiration to
assess both lifespan and healthspan, this work stretches from molecular to behav-
ioral level, with PA28x overexpressing hybrid mice as research model. Besides be-
havioral studies to assess cognitive effects, the major focuses have been to
investigate the function of PA28xB overexpression during aging in i) the heart, to
follow up on previous studies, ii) hippocampus, to address behavioral findings and
iii) the lens, to study if PA28«f could have a protective effect in age-related protei-

nopathy using cataract as model disease.
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RESEARCH QUESTIONS

Does PA28af overexpression influence maximum lifespan, median
lifespan or healthspan of the PA28a overexpressing mouse model?

Does PA28uaf overexpression have an effect on the proteinopathy cataract
in the PA28a overexpressing mouse model?

What is the molecular mechanism of PA28af3?

DELIMITATIONS

In this work, mice have been used as a model organism and translatability
of findings to other organisms is unknown.

The study does not include a knock-out or a knock-down model as a
proof of concept to the additive biological functions of the knock-in
model.

At gene level, only the a-subunit of the PA28af complex is inserted and is
overexpressed, as confirmed by mRNA levels. At protein level, however,
both the a-subunit and the $-subunits are upregulated (as shown in Paper
I and III). The overexpression of both subunits, in addition to their affini-
ty when folded, makes the assembly of PA28afB heterodimer complexes
likely, although we cannot exclude that the subunits function alone or in
other formations.

The only proteinopathy investigated in this work is cataract and this work

does not cover PA28uf’s effects on any other proteinopathy or disease.

18
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AGING

As a general definition, aging is functional changes accompanied by decreasing fit-
ness and increasing mortality as time elapse. Aging cells lose the ability to repair
themselves and remain functional although paradoxically they have the capacity to
live forever written in their genetic code, as demonstrated by cancer cells and the
cellular reprogramming that happens when germ cells fuse. Thus, before how we

age is addressed, it is of importance to reflect upon why we age at all.

EVOLUTION OF AGING

Theories of the evolution of aging arose early and Alfred Wallace, co-discoverer of

natural selection wrote

“when one or more individuals have provided a sufficient number of successors, they them-
selves as consumers of nourishment in a constantly increasing degree, are an injury to those
successors. Natural selection therefore weeds them ont, and in many cases favors such races
that almost immediately die after they have their successors” (Wallace 1858).

In 1952, Medawar rephrased what Wallace had observed 200 years eatlier and stated
that natural selection favors traits that are advantageous early in life and concluded
that the force of natural selection decreases with age (Medawar 1952). This includes
selection of genes that are beneficial eatly in life and, for example, increase fecundi-
ty even if they are proven harmful at old age, as well as genes increasing longevity in
species whose offspring require parental aid for survival (Williams 2001, Bourke
2007).

TO DIE FOR YOUR CHILDREN

The well-known correlation between reproduction and aging can be explained by
two different theories, the antagonist pleiotrophy theory which is on population
level and the disposable soma theory on individual level. The antagonist pleiotropy
theory states that genes promoting eatly reproduction have the cost of decreased
longevity and vice versa that genes resulting in old age have negative effects on de-

velopment and fecundity. Genes promoting longevity and reproduction late in life

AGING 19



can be selected for by alterations in extrinsic mortality such as reduced environmen-
tal pressure. Over generations, these types of selection pressure can also impact the
rate of aging (Austad 1988, Williams 2001).

The disposable soma theory, on the other hand, claims that the soma — the body —
is a carrier of DNA and that limited amount of resources is either invested in re-
production or in maintenance and longevity (Kirkwood 1977). In accordance, Dro-
sophila females increase their lifespan if kept isolated from males or having their
ovaries removed (Maynard Smith 1958). The observed life extension due to re-
stricted caloric intake also indicates a shift in resources towards increased cellular
maintenance at the cost of for example lowered reproduction capacity and reduced
body size (Sohal et al. 1996).

In both theories above, aging is considered to be unprogrammed. That aging could
be programmed is feasible on group level since the fitness of populations is pro-
posedly greater with frequent death and growth cycles. But, natural selection which
pushes evolution occurs on an individual level and programmed aging would re-
quire an organismal altruism immensely difficult to scientifically prove. Semelparity
(dying after reproduction), displayed by for example salmon is not linked to aging
nor a sign of programmed aging but rather a reproduction strategy, maximized to
lethality, for species with low probability of reproducing more than once (Vijg et al.
2016).

SENESCENCE AND REJUVENATION

Aging is affected by intertwining processes; senescence, maintenance and rejuvena-
tion. Senescence is gradual deterioration leading to functional decay and is referred
to when aging is generally discussed. However, the process of aging is also affected
by counteracting effects, maintenance and rejuvenation, which includes mecha-
nisms of regeneration, protection and repair. Simplified, the sum of senescence,
maintenance and rejuvenation equals aging. Mechanisms and interventions to slow
down the rate of aging and prolong healthspan can therefore aim to decelerate se-
nescence, increase maintenance, enhance rejuvenation or a combination of these
three.

The genetic code sets a basic prerequisite of aging rate which is affected by envi-
ronmental and social conditions as well as lifestyle. For example, factors known to
accelerate aging include malnutrition, pollution, smoking, inaccessibility to health

care and excessive caloric intake. Maintenance and rejuvenating factors include ex-
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ercise, sleeping and healthy diet. As aging does not start at old age, initiation of lon-
gevity interventions and healthy aging are most advantageously introduced eatly in
life to stimulate processes to maintain youth-like properties of cells, tissues and

organs.

Interventions of aging can be measured by the maximum and/or median lifespan
and healthspan. Maximum lifespan extensions involve timewise lengthening of life,
median lifespan focuses on shifting a majority to live longer and extending health-
span is prolonging the time before the risk of getting diseases becomes high.

FOUNTAINS OF YOUTH AND FROZEN DEAD MILLIONAIRES

Scientific research aiming to understand and extend lifespan and healthspan are
advancing rapidly, but one-pill solutions, fountains of youth or reviving what is
already dead is still science fiction. Specific cellular pathways have been identified to
correlate with aging and targeting these by different means such as dietary interven-
tions has proven effective in animal studies. Reducing ad libitum (free-feeding) food
intake, long-term by 30-40% without malnutrition, is defined as dietary restriction
and caloric restriction for specifically reducing calories. Dietary restriction is well
documented to extend both maximum and median lifespan for both invertebrates
and vertebrates. Research spanning from budding yeast to mice has unraveled evo-
lutionaty conserved nuttient signaling pathways such as insulin/insulin-growth-like
factor signaling, amino acid sensing (TOR/AMPK) pathway and histone deacetyla-
tion by sirtuins (e.g. Mair et al. 2008, Kapahi et al. 2017). Administration of phar-
maceutical drugs for example resveratrol, rapamycin and metformin are known to
target these pathways, and retard aging and age-related diseases in animal models (as
reviewed in Mouchiroud et al. 2010). Studies on rhesus monkeys confirm the
lifespan effects in nonhuman primates and give translatable insights to how caloric
restriction would affect human longevity (Anderson et al. 2009, Fontana et al.
2010). As overeating is currently a major cause of health problems, introducing
long-term food deprivation as a preventative intervention against age-related disease
is most likely not appreciated or achievable. Fortunately, several interventions
found to stimulate the same mechanisms as dietary restriction have been confirmed
in research models and successfully applied to humans. For example intermittent
fasting, fasting mimicking diet and low protein intake, where food sources as well as
reduced caloric intake are regulated for periods of time (Brandhorst et al. 2015,
Mattison et al. 2017). In addition to dietary interventions, promising rejuvenating
strategies include transfer of blood factors as demonstrated by heterochronic para-

biosis studies where old mice, systemically connected with young mice, reverse their
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aging profile (Conboy et al. 2005). Elimination of senescent cells by senolytic drugs
or genetic ablation has also been proven to enhance rejuvenation in research mod-
els (Baar et al. 2017).

As aging affects the whole organismal body, anti-aging interventions are most suc-
cessful when they affect a wide range of biological functions. All processes of aging
are interconnected on different physiological levels but to widen the understanding
of what happens on a molecular level it is necessary to study cellular processes of
aging separately.

HALLMARKS OF AGING

As aging is known to affect cells in a myriad of ways, research to understand and
target these processes is often divided and referred to as hallmarks of aging. Divid-
ing aging into different processes is of course a simplification and understanding
how they are connected is as important as understanding them separately. With
aging, DNA loses integrity and stability which is reflected by genomic instability,
telomere attrition and epigenetic alterations. These processes, together with
cellular senescence and stem cell exhaustion are linked to impairment of cell
cycles and the two latter also result in declining tissue regeneration. Altered inter-
cellular communication and deregulated nutrient sensing involves age-related
cellular changes in response to signals such as inflaimmation or insulin. In addition,
and as will be further discussed in the following chapter, mitochondrial dysfunc-
tion and loss of proteostasis are also key components in the aging process
(Lopez-Otin et al. 2013, Kennedy et al. 2014).
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PROTEIN HOMEOSTASIS

Protein homeostasis — proteostasis — is the maintenance of proteome integtity with-
in cells. Loss of proteostasis is characterized by accumulating aggregates of non-
native proteins and is correlated to aging. The underlying causes leading to for-
mation of aggregates are impairments of protein quality control systems and an

increase in damaging factors such as reactive molecules.

GENERATION OF AND RESPONSES TO PROTEIN
DAMAGE

Cells pay a high price for being aerobic. Although oxygen is linked to the efficient
energy production of respiration, it also requires major precaution strategies in re-
sisting the challenges associated with having oxygen molecules intracellularly. This
chapter begins with the threats to protein homeostasis and continues with how cells

counteract them.

MITOCHONDRIA AND ROS PRODUCTION

As cells and mitochondria age, the respiratory chain loses efficacy, leading to in-
creased electron leakage and reduced ATP production. Electrons leaking from the
electron transport chain and reacting with oxygen is the major source of reactive
oxygen species (ROS) such as superoxide anion (Oz™-) and hydrogen peroxide
(H205) (Brand 2016, Zhao et al. 2019). In cells, these highly reactive molecules can
oxidize DNA, lipids and proteins and create detrimental havoc (Sohal et al. 1996,
Finkel et al. 2000, Halliwell 2007).

Multiple diseases and physiological functions are associated with ROS. High levels
of ROS are linked to cancer, cardiovascular and neurodegenerative diseases and low
ROS levels, although less prevalent, are related to specific autoimmune diseases e.g.
chronic granulomatous disease (CGD) with patients suffering from immunodefi-
ciency, impaired thyroid and cognitive function (Brieger et al. 2012). Although ROS
is generally associated with causing harm, they also have intracellular signaling func-

tion which is highly important for cell function. More specifically, local and transi-
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ent increases of ROS has a positive effect on cell growth, development and differ-
entiation (Knoefler et al. 2014). High concentrations of ROS however, results in
oxidative damage and is referred to as oxidative stress and is known to correlate
with aging (Halliwell 2007, Rigoulet et al. 2010).

OXIDATIVE STRESS AND PROTEIN MODIFICATIONS

ROS can react with proteins in many ways, both reversibly and irreversibly. Re-
versible modifications are often involved in redox-regulated signaling pathways and
may act as a buffering antioxidant system whilst irreversible modifications may in-
terfere with structure and function of proteins (Dahl et al. 2015). Oxidation can
result in polypeptide backbone cleavage, cross-linking of amino acids or modifica-
tions on amino acids side chains such as advanced glycation end-products (AGEs).
Ne-carboxymethyllysine (CML) is a well characterized AGE formed on proteins by
several different pathways of glucose oxidation (glycoxidation). In addition, CML
can also be a product generated from oxidation of lipids (lipid peroxidation) which
is propetly termed advanced lipoxidation end-products (ALE; Fu et al. 1996). AG-
Es on proteins are partly a result of oxidative stress but they may also induce oxida-
tive stress themselves. AGEs are known to increase with age, especially in long
lived proteins such as crystallins or collagens. In addition to aging, accumulation of
AGE:s is associated with a high risk of developing diabetes, inflammation, neuro-
degeneration and cataract (as reviewed in Baynes 2001, Semba et al. 2010). Other
products of irreversible oxidation are carbonyl derivatives which are induced by a
metal-catalyzed oxidation (MCO) reaction, forming a highly reactive carbonyl group
composed of a carbon double bonded to oxygen on several amino acids (Stadtman
20006). Proteins with highly reactive carbonyl groups (ketones or aldehydes) often
have an impaired dysfunctional structure and are found in protein aggregate for-
mations if they escape degradation (Stadtman et al. 2003, Nystrom 2005). Carbonyl-
ation of proteins increases with age and has been found to play a role in many
pathogeneses such as Alzheimer’s disease, Parkinson’s disease, diabetes, chronic
lung disease and renal failure, cancer and cataract (Levine 2002, Dalle-Donne et al.
2003, Nystréom 2005, Stadtman 2000).

As a primary defense mechanism against ROS, the cell produces and relies upon
antioxidants. Antioxidants, a widely used term, has been defined as any substance
that can prevent or delay oxidation of other organic molecules (Halliwell et al.
1995). Antioxidants are however not enough to protect the cell from oxidative

stress which calls for the requirement of a complex multicomponent system.
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PROTEOSTASIS NETWORK

The three-dimensional structure of a protein is determined through the properties
of the amino-acid building blocks. Hydrophobic effects drives the process that re-
sults in the formation with the lowest energy — the native form of a protein (Kellis
Jr et al. 1989). Maintaining the integrity of proteins during normal and challenged
states, such as environmental stress and metabolic alterations, is key in proteostasis
and coordinated by the proteostasis network (PN). The PN consists of multidimen-
sional components which controls protein quality from formation to localization,
function and degradation. Under normal conditions the robust PN systems strive to
rapidly and dynamically avert any imbalance in proteostasis. Upon stress-induced
cellular changes, the adaptive PN systems may alter the point of proteostastic bal-
ance to ensure proteome functionality and solubility (Morimoto et al. 2014). If
stress becomes chronic, prolongation of this altered proteostasis eventually be-
comes proteotoxic (Powers et al. 2009, Hipp et al. 2014). Components of the PN
include molecular chaperones and co-chaperones, protein clearance mechanisms
such as the ubiquitin-proteasome system (UPS) and the autophagy system (Young
et al. 2004, Arndt et al. 2007). With age, PN activity declines resulting in lower ca-
pacity to buffer against cellular challenges and reduced protein homeostasis. Loss of
proteome fidelity contributes to the progression of aging and pathogenesis of age-
related, neurodegenerative diseases (Vilchez et al. 2014, Labbadia et al. 2015).

CHAPERONES

In native form, proteins contain hydrophobic regions buried in the core and since
these hydrophobic regions are adhesive, they are prone to form aggregates if ex-
posed. In the highly crowded cell, proteins require help to fold properly, acquire
and maintain their active state. Molecular chaperones assist in all steps of protein
processing, folding and trafficking, sequestering and disaggregation. Some chaper-
ones atre constitutively expressed and others expressed under stress conditions such
as heat and oxidative stress (Hartl 1996). Although many chaperones go under the
name heat shock proteins (Hsps), they are also induced by conditions other than
heat. Small Hsps do not require ATP and sequester proteins to avoid aggregation
(Haslbeck et al. 2015). Hsp70s are the most central chaperones in the cell and con-
sist of an ATP binding domain that locks substrates to a binding domain which
enables folding, refolding, degradation and sequestering of proteins. Hsp90 is pri-
marily involved in de novo protein folding and the family of Hsp40 act as co-
chaperones which bind proteins and recruit Hsp70. Chaperones can bind to many
different co-chaperones and form various complexes, resulting in a plethora of pro-

tective functions and assembly with other cellular components. For example, chap-

PROTEIN HOMEOSTASIS 25



erones are involved in all steps needed for protein degradation, substrate recogni-
tion, delivery and attachment to the proteolytic complex, the proteasome (Hartl et
al. 2011).

THE PROTEASOME

Dysfunctional, excessive, damaged or unfolded proteins can be substrates for tar-
geted degradation by attachment of ubiquitin (Arndt et al. 2007). The signal for
degradation is held by polymer chains of ubiquitin (poly-ubiquitination) formed by
lysine 48(K48)-linking by ubiquitin ligases. Once a substrate is poly-ubiquitinated, it
is targeted for degradation by the catalytic proteasome (Pickart et al. 2004). Alterna-
tives to ubiquitin are direct proteasome signals (DPSs) such as amino acid sequenc-
es, post-translational modifications and protein charge which can mediate protein

degradation signalling (Kudriaeva et al. 2019).

Proteasomes are complexes comprising of the proteasomal core (also referred to as
Core Particle and Multicatalytic protease) together with proteasome activators (also
referred to as regulatory particles) as demonstrated in figure 1. The constitutive
proteasome complex is the 26S which consists of the core 20S and the ATP-
dependent proteasome activator 19S (PA700) (Pickering et al. 2012). In eukaryotes,
20S is a 700 kDa barrel structure formed by two outer a-rings on the ends of the
barrel and two center B-rings which make up the proteolytic core (Murata et al.
2009). There are three B-subunits that have hydrolytic properties; 1 with caspase-

oos eo

B OO g O

20S hybrid PA28aB-20S
PA280B-20S-19S

26S
FIGURE 1. Schematic illustration of proteasome complexes. The 20S proteasome core, the pro-

teasome complex 26S; composed by 20S and two 19S. The hybrid PA28¢3-20S-19S and the PA280-
20S with two PA28¢/ on both sides of the 20S.
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like activity cleaves proteins after acidic residues (Glu and Asp), 32 with trypsin-like
activity cleaves after basic residues (Lys and Arg) and 35 with chymotrypsin-like
activity which cleaves after hydrophobic amino acids (Kisselev et al. 1999, Kisselev
et al. 2003, Heinemeyer et al. 2004). A gate can be formed by N-terminus protru-
sions of a-subunits which gives 20§ the capacity to ATP-independently degrade
nonubiquitinated substrates. The opened conformation of the catalytic core is initi-
ated by proteasome activators. Proteasome activator 19S is composed of two sub-
complexes; lid and base. The ATP-dependent base complex composed of 10 subu-
nits is attached close to the gate region on either both or one side of the 20S
(Glickman et al. 1998). The lid sub-complex is made up of 9 non-ATPases. One of
these (Rpnll) is located in proximity to the pore entry and has deubiquitinating
activity which implements the degradation of ubiquitinated substrates (Verma et al.
2002). In vitro analysis of purified 19S, demonstrates that the base has been found
to both prevent protein aggregation independently of ATP and to ATP-
dependently refold proteins which signifies chaperone-like functions of 19S, phys-

iological relevance of this mechanism is however unknown (Braun et al. 1999).

THE IMMUNOPROTEASOME

Pro-inflammatory cytokines stimulate the upregulation of an alternative proteolytic
core particle called the immunoproteasome (20Si). Upon discovery in the 1990,
the immunoproteasomes were found predominately expressed in antigen presenting
cells. Their substitute proteolytic B-subunits LMP2 (81i), MECL-1 (82i) and LMP7
(B5i) are incorporated in de novo synthesized core particles which also enables the
occasional formation of 20§ intermediates composed of both 20S and 20Si -
subunits (Griffin et al. 1998, Guillaume et al. 2010). The proteolytic subunits of the
immunoproteasome are known to cleave peptides for major histocompatibility
complex class I (MHC-I) antigen presentation (Ferrington et al. 2012). However,
recent studies demonstrate that in addition to inflammation, the immunopro-
teasome is upregulated by oxidative stress and may play a role in the degradation of
oxidatively damaged proteins. These findings suggest highly important alternative
functions of the immunoproteasome (Pickering et al. 2010, Jung et al. 2013,
Petersen et al. 20106).

PROTEASOME ACTIVATORS

Combinations of core structures (20S and 20Si) and vatious proteasome activators

enable formation of several subtypes of proteasomes with variations of catalytic
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properties and substrate preferences under different cellular conditions (Murata et
al. 2009). Alternative and ATP-independent proteasome activators are PA200,
PA28y and PA28uf (Chen et al. 2007, Schmidt et al. 2014). PA200 is known to
target transcription factors regulating the ribosomal protein gene Sfp1 and to main-
tain homeostasis in the mitochondria (Dange et al. 2011). PA28y is a homoheptam-
er found in the nucleus which assists in the degradation of small proteins such as
p53, p21, SRC-3 (Ma et al. 1992, Li et al. 2007). Studies in knock-out mice demon-
strates that reduction of PA28y expression decreases body size, alters the cell cycle
and causes male infertility due to impaired spermatogenesis (Murata et al. 1999,
Huang et al. 2016). The third ATP-independent proteasome activator — PA28uf —

will be further discussed in the following sections.

MEASURING PROTEASOME ACTIVITY

Proteasome capacity can be analyzed by measuring levels of fluorogenic peptides
such as AMC (7-amino-4-methylcoumarin) cleaved by the proteolytic sites incorpo-
rated into the 20S core. Depending on the substrate, one of three enzymatic pepti-
dases catalyzes the cleavage; 81 for caspase-like activity, B2 for trypsin-like activity
and B5 for chymotrypsin-like activity. For example, Suc-LLVY (succinyl-Leu-Leu-
Val-Tyr) is a succinyl bound peptide which can be covalently linked to AMC. When
Suc-LLVY-AMC is cleaved by B5, the chymotrypsin-like activity of the proteasome
in cell lysate can be measured by the levels of AMC. Proteasome independent deg-
radation can be analyzed by adding inhibitors such as epoxomicin which blocks
proteolytic sites of the 20S. To perform the assay, cells are extracted in lysis buffers.
This however, changes the conditions in which the proteasome is embedded. Com-
position of the buffer is important for extracting the different complexes since puri-
fied proteasome complexes (20S with regulator) have been found to differ in their
stability and concentrations of salt and detergent affect the proteasome assembly
(Rivett et al. 2002). In the literature, some protocols use a standard salt concentra-
tion to assay all proteasome activity (Basaiawmoit 2010, Bonet-Costa et al. 2019). In
this work however, different concentrations of salt (NaCl), ATP and detergents
have been used in lysis and assay buffers to separate the complexes and individually
assess 20S, PA28u3-20S and 208 activity (Paper I and IV). Depending on lysis buff-
er(s), comparison between different studies on proteasome activity can be difficult.
However, as demonstrated in figure 3 (from Paper IV), we found that 385 peptidase
activity in 26S but not PA28xf3-20S increased with age in heart highlighting im-

portance of measuring the activities separately.
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PA28af3 IN PROTEOSTASIS

Proteasome activator PA28of (also referred to as 11S and REG) is a regulatory
particle to the 20S and 20Si core proteasomes. PA28«f is composed of 4 o and 3 §3-
subunits of 28 kDa in a heteroheptamer which can either assemble into a PA28a«3-
20S-PA28uB (homo-PA28uf-20S) proteasome, a hybrid PA28xf3-20S-19S complex
or a less stable and active heptamer of PA28« solely to 20S (Johnston et al. 1997,
Tanahashi et al. 2000, Huber et al. 2017). Formations of the complexes are mediat-
ed by PA28af C-terminus docking into a-subunits binding pockets of the core par-
ticle. Opening of the core particle gate is enabled by internal activation loops of
PA28a and PA28B which access a-subunits of the 20S and induces conformational
alterations (Zhang et al. 1998, Whitby et al. 2000, Forster et al. 2005). In high-
throughput screens, sites for post-translational modification (specifically: phosphot-
ylation, methylation, ubiquitination, succinylation and lysine acetylation) have been
found for both the a-subunit and the 3-subunit, but the functions of these sites are
unknown (as found at Phosphosite under PSME1 and, PSME2 (24/3/2020)). The
hybrid complex may enhance 26S-like proteasomal functions, as it reportedly could
increase the proteolytic activity for specific substrates and also yielded distinct pep-
tide products (Tanahashi et al. 2000). In contrast, the PA28x3-20S complex has not
been found to degrade ubiquitinated substrates (Cascio et al. 2002). In vitro, charge
mediated DPS was shown to be most efficiently degraded independently of ATP by
proteasome complexes composed of PA28a or PA28y together with 20S
(Kudtiaeva et al. 2019).

PA28uf can be induced by IFN-y signaling upon intensified immune response to-
gether with 20Si and the Bi-subunits have been shown to generate peptides for
MHC-I (Major histocompatibility complex class I) more efficiently than the 20S
(Sijts et al. 2002, Schroder et al. 2004, Shanley et al. 2020). Antigens presented on
MHC-I originates from cytosolic peptides and are important for the immune sys-
tem to recognize virus infected and tumor cells (Janeway 1992, Hewitt 2003). No
additive effect in antigen presentation has been found upon cooperation between
the 20Si and PA28«B, but studies show that the complex generated smaller and
more hydrophobic epitopes which resulted in more heterogeneous array of antigens
(Strehl et al. 2005, de Graaf et al. 2011, Raule et al. 2014). Nonetheless, it has been
elucidated that PA28«f3 is associated to the endoplasmic reticulum (ER) membrane
indicating a peptide delivery chaperone function with PA28uf physically linking the
proteasome and cleaving peptides to the ER for MHC-1 loading (Yamano et al.
2002).
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PA28uf IS UPREGULATED BY OXIDATIVE STRESS

PA28af has been found present in a variety of tissues and organs including immune
privileged sites which never evoke an immune response upon infection which indi-
cates additional functions unrelated to antigen processing (Noda et al. 2000,
Kapphahn et al. 2007). PA28af was also found upregulated by oxidative stress
though Nrf2 signal transduction pathway. This upregulation of PA28uf was linked
to reduced oxidative damage and inhibition of protein aggregation, demonstrating a
protective role of PA28uafB during oxidative stress (Pickering et al. 2012). In addi-
tion, during embryonic stem cell differentiation, increased expression of PA28of
and 208Si together with enhanced proteasomal activity, coincided with clearance and
reduction of damaged protein levels (Hernebring et al. 2006). Conversely, inhibition
of PA28a expression by miRNA increased protein damage highlighting the im-
portance of PA28« in rejuvenating the early embryo (Hernebring et al. 2013).

PA28xf IN PROTEINOPATHIES

Proteasome dysfunction is observed in proteinopathies. In experimental model of
cardiac myopathy, cultured neonatal rat cardiomyocytes overexpressing PA28x3
enhanced the proteasomal degradation of misfolded proteins (Li et al. 2011a). In
this study, degradation efficiency was measured by fusing GFP to degron CL1
(GFPdgn). Degron is a misfolded substrate which requires unfolding by chaperones
followed by proteasomal proteolytic activity for degradation (Bence et al. 2001).
Since the degron measurement of degradation efficiency is dependent on both
chaperone function and the proteasome, it is a proteasome unspecific method to
assess proteolytic activity. The enhanced degradation efficiency by PA28u«f overex-
pression could therefore be induced by improved unfolding of degron, enhanced

proteasome activity or a combination of both.

Furthermore, PA28uf have been overexpressed in cultured neonatal rat cardiomyo-
cytes treated with H»O; to induce oxidative stress. In these conditions, PA28«f
overexpression reduced the accumulation of endogenously damaged proteins
caused by the oxidative stress. (Li et al. 2011a). In accordance with these results,
knocking down PA28a in cultured mice cardiomyocytes resulted in the accumula-
tion of protein aggregates (Li et al. 2011b). Together, these findings demonstrate
that PA28af3 protects against oxidative damage in cultured cells. The protective
effects of PA28«f have also been investigated in a cardiac proteinopathy mouse
model with ischemia/reperfusion injury. In this in vivo model, PA28a overexpres-
sion limited the infarct size and the reperfusion injury, and prolonged the lifespan

of the mice. In accordance with findings in cultured cells, heart extracts from mice
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overexpressing PA28a were found to have reduced protein aggregate formations
(Li et al. 2011b).

ADDITIONAL FUNCTIONS OF PA28uf3

Once an aggregate is formed it can be reduced by degradation or disaggregation.
But, in addition to degradation, different mechanisms can inhibit damaged proteins
to aggregate, such as maintenance of protein stuctures or hindering proteins to ag-
gregate. Chaperones are essential for protein degradation as they can destabilize
protein structures to make them more accessible for proteasomal degradation. In
addition, chaperones can refold proteins back to their innate structures and also
prevent aggregates from forming by preventing disturbing interactions that could
lead to aggregation. Previous studies highlight that overexpression of PA28af in-
hibited aggregate formation. But since the degron approach for measuring degrada-
tion is dependent on chaperones, it is unclear if PA28uf actually enhances
degradation directly or if it enhances the possibility of proteins to be degraded. In
line with this, PA28a«f has been found to be essential in Hsp90 mediated refolding
of denatured luciferase, together with Hsc70 and Hsp40 (Minami et al. 2000). This
finding demonstrates the possibility of a chaperone-like function of PA28uaf and an
alternative mechanism as to how overexpression of PA28ua protects against oxida-

tive stress and proteinopathies.

EFFECT OF PA28u IN HEART AND HIPPOCAMPUS

In this work, the effects of PA28uaf overexpression have been analyzed in heart and
hippocampus from young/ mature adult, middle-age and old female and male mice.
The heart was selected because of previous work demonstrating PA28uxf protective
effects against cardiomyopathy, oxidatively induced damage and protein aggregation
in the heart/ cardiomyocytes (Li et al. 2011a, Li et al. 2011b). The hippocampus
was selected for its importance in relation to behaviors enabling the linkage of mo-
lecular function to healthy aging through biochemical and phenotypic assay. The
PA28xOFE mice have the constitutive promotor CAG driving the expression of a
murine PA28a gene inserted into the Rosa26 locus (Paper I and on page 54 in
Methodology). Overexpression was stable with age and no sex differences in PA28ux
levels were detected (Figure 2, from Paper IV)). The ratio of PA28u protein levels
in PA28OE compared to WT mice was 7-fold higher in heart and 5-fold higher in

hippocampus. Since the levels are relative, differences in overexpression between
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FIGURE 2. Expression of PA28a in heart and hippocampus of PA28¢OE and WT mice. In hippocam-
pus levels of PA28a in females increased over time in PA28«¢OE and WT. WT females and males
differed in expression with age. Relative protein levels were obtained by western blotting of tissue
extracts from female and male C57BL/6N x BALB/c F2 hybrid mice, except 4 months hippocampal
extracts which are from C57BL/6N mice. (Paper IV; Modified Fig. 2a).

tissues could either originate from inequivalent innate levels or overexpression, or
protein stability in cells. Regarding innate PA28u levels in the hippocampus of fe-
male and male WT mice, the expression demonstrated opposite directions with age
for the sexes and there was an increase in PA28a levels from 7 to 22 months of age
in female mice, but not male mice. Interestingly, a similar trend of age-related in-
crease of PA28u expression was found in PA28¢OE females. As PA28u«f is closely
linked to proteasomal degradation and known as an alternative activator to the 20S
core, peptidase activity for the 20S, 26S and PA28x3-20S complexes were measured
separately to assess the effect of overexpressing PA28ax on proteasomal activity
(Figure 3, from Paper IV). To verify that the method measured PA28ax§3-20S activi-
ty, cell lysate from IFN-y treated MEF was used as positive control (Paper I, Supp.
Fig. 11). Surprisingly, the PA28xB-20S activity in both heart and hippocampus was
lower in PA280¢OE as compared with WT mice. Also interestingly, PA28x3-20S
capacity increased with age in heart but not hippocampus, an increase which did
not correlate with the levels of PA28a expression. The proteolytic capacity of 26S
and 20S proteasomes were the same in extracts from PA28¢OFE and WT mice and

did not significantly decline with age.

PA28af has previously been found to be strongly associated with degradation of
protein damage. Therefore, we analyzed the levels of two different irreversible
damage induced modifications; carbonylated proteins (Figure 4a, from Paper IV)
and CML, an advanced glycation end-product (Figure 4b, from Paper IV). PA28«
overexpression did not reduce the levels of protein damage in heart or hippocam-
pus as no differences were observed between PA28¢OE and WT mice. Protein
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damage is known to increase with age and the levels of both protein carbonyls and
CML accordingly increased from 7 to 22 months of age in the heart. However, the
protein damage load of hippocampal extracts did unexpectedly not increase upon

aging.
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FIGURE 3. Proteasome activity in heart and hippocampus of PA28«¢OE and WT mice. No sex effects
were obtained and therefore the female and male data was pooled (Paper 1V; Supp. Fig. 2). Activity
in heart were analysed from 7-, 15- and 22-month-old animals, and in the hippocampus from 15- and
22-month-old animals A) Peptidase activity in P428ap-20S decreased in PA28aOE mice in both
heart and hippocampus. In heart, PA28aOE expression increased for both PA28¢OE and WT mice
with age. There were no differences between PA28¢OE and WT animals in peptidase activity in B)
26S or C) 20S. (Paper IV; Fig. 2b,c,d).
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Aggregate formation can be avoided by proteasomal degradation of damaged pro-
teins or by inhibiting proteins from aggregating through for example chaperone
functions like unfolding/trefolding or sequesteting. Under conditions of oxidative
stress, PA28af3 overexpression has been shown to protect against protein damage in
models of disease. Results from the proteasome activities in this study however,
indicate that the protective effects of PA28a@ may be independent of proteolytic
capacity since overexpression did not enhance proteasome activity. Therefore, it
was of interest to investigate if PA28x overexpressing mice had an alternative func-
tion, similar to chaperone function, which could impact protein aggregation and
proteostasis. Aggregation prevention was assayed by measuring aggregation of lu-
ciferase in hippocampal extracts. The assay could not be performed in heart ex-
tracts however, likely due to coagulation factors present in protein extracts
counteracting their ability to prevent luciferase aggregation. As shown in Figure 5
(from Paper 1V), aggregation prevention was enhanced and maintained with age in
PA28xOE females but not in males when compared to WT littermates.
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FIGURE 4. Protein damage in heart and hippocampus of PA28aOE and WT mice. The sexes were
pooled because no differences between females and males were found (Paper 1V; Supp. Fig. 3). The
levels of A) carbonylated proteins and B) CML was the same in extracts of heart and hippocampus
from PA28a¢OE and WT mice (Paper IV; Fig. 3). In heart, both protein carbonylation and CML
increased with age, in the hippocampus however, no age-related effect was detected. PA28¢OE mice
had, in the heart, higher levels of protein carbonylation at 7 months and lower levels of CML at 15
months, as compared to WT mice. All extracts were taken from hybrid mice, except 4 months hippo-
campal extracts which were from C57BL/6N mice. (Paper VI; Fig. 3).
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FIGURE 5. Aggregation prevention in female and male PA28«OE and WT mice analyzed by turbidi-
ty reduction of luciferase. The percentage of non-aggregated luciferase at 42°C was higher in PA28a
overexpressing females as compared to WT females, PA28a overexpressing and WT males. Hippo-
campal extracts from males 4 months were on C57BL/6N background, all other were from
C57BL/6N x BALB/c F2 hybrid mice. (Paper 1V, Fig. 1 and Supp. Fig. 1).

The clearance of protein damage in embryonic stem cells was found dependent on
PA28af’s proteasome activity and linked to the rejuvenation process of young off-
spring. In this study however, overexpressing PA28«x did not reduce protein dam-

age load with age or affect lifespan as shown in Figure 6 (from Paper IV).
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FIGURE 6. Lifespan of A) female and B) male, PA280.OE and WT littermates. PA28a overexpression
did not affect the lifespan of mice. The lifespan is displayed by two survival curves representing
minimum lifespan and maximum lifespan which are dependent on categorization of euthanized ani-
mals as described in Paper Il and on p. 60. (Paper 1V, Fig. 4).
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PA28a OVEREXPRESSION RESULTS IN ENHANCED CHAPERONE-LIKE
FUNCTION IN FEMALE BUT NOT MALE HIPPOCAMPUS

Our results demonstrated a sex difference in chaperone-like function of PA28¢OE
mice. This may be addressed by different conclusions i) the mechanism of PA28a
may only be visible in females, but the finding may be translatable to other organ-
isms in a sex-independent manner or ii) there may be a sex-dependent reason for
why the effect is only observed in female mice and this may or may not be translat-

able to other species.

SPECULATIONS REGARDING THE SEX DIFFERENCE OF PA28a
OVEREXPRESSION IN HIPPOCAMPUS

Sex identity for 98-99% of the human population refers to genetic, gonadal and
genital endowment (3G) being aligned into females or males (Joel 2012). The 3G-
sex model highlights that sex differences are almost completely dimorphic and by
this concludes that no organ, except reproductive, exists in binary form. Primarily
originating from the genitals, systemically dispersed sex hormones drive secondary
sex characteristics as well as impacting organs and tissues in various ways. Since the
brain is not dimorphic, nor has any part of the brain been found to be completely
dimorph, there is actually no “female” or a “male brain”, but rather a unique mosaic
of regions affected by female and male sex hormones. This is emphasized by the
considerable distribution overlap, allomorphism, that has been found for all sex
differences in the brain (Cosgrove et al. 2007, Joel 2012).

Sex differences originating from neurogenesis have been heavily studied and found
to play important roles for sex characteristics and behavior in adulthood. A high
level of rigidity is required for functions that occur in early development to exist
throughout infancy to puberty, adulthood and aging. In addition, many neuronal
and behavioral sex differences have been demonstrated to continuously change as
sex differences from genes to behavior can be persistent or transient and context
dependent or independent (Rippon et al. 2014, Joel et al. 2017). For example, fe-
males have greater density of dendritic spines in the hippocampus in comparison to
males, but under stressful conditions the opposite is found (Shors et al. 2001). The
chaperone-like function in PA28¢OFE females was maintained from young to old
age, suggesting persistency and certain context-independency. However, as stressful
and hormonal conditions can impact brain regions, including the hippocampus, of
females and males differently, cellular or structural environments found in only
female mice may induce or allow for a PA28«f chaperone-like function.
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Estrogen is the main female sex hormone and has been found to impact both
lifespan and healthspan. Estradiol has enhanced hippocampal function and memory
formation (Frick et al. 2018) and administration of 17-o estradiol extended the
lifespan in mice although only seen in males (Garratt et al. 2018). We hypothesized
that the PA28a chaperone-like function might be linked to estradiol signaling, and if
so, this would be detected by comparing PA28«OE females to WT females. There-
fore, in Paper I, levels of B-estradiol in serum and hippocampal S105-
phosphorylated estrogen receptor were analyzed, but there were no differences
between samples from 7-month-old PA28«OFE and WT females (Paper I, Addi-
tional file 9). These results indicate that the molecularly improved function related
to PA28a overexpression cannot be explained by increased levels of $-estradiol or
phosphorylated estrogen receptor. If estradiol however, intracellularly triggers a
pathway connecting to PA28uaf remains unknown. These are however only specula-
tions and further investigations are required to address the sex differences of
PA28af in hippocampus.

THE PROTEINOPATHY CATARACT AND PA28uf3

Cataract is a proteinopathy which causes visual impairments and affects one out of
two individuals at old age (KKahn 1977). Cataract is not reversible and if left untreat-
ed it can cause blindness. The only therapeutically successful approach available
today is surgery and in Sweden, cataract surgery is the most common of all surgical
operations (Behndig 2019). Because of limited access to cataract surgery world-
wide, cataract is the leading global cause of blindness (35% in 2015; Bourne 2017).
Cataract is easily identified by clouded grey lenses formed by light scattering aggre-
gates of crystallin proteins (Beebe et al. 2010). Crystallins can lose their stability and
polymerize into high molecular weight (Mw) protein aggregates as a consequence of
oxidative stress. The formation of cataract can be biochemically characterized
through the oxidatively damaged proteins and how their aggregation decreases pro-
tein solubility (Truscott 2005, Moreau et al. 2012). In Paper III, we use two ap-
proaches to induce and assess cataract to investigate if PA28af overexpression can
protect against the oxidative stress or protein aggregation causing this proteinopa-
thy. The two approaches to induce cataract are further examined on page 61 in
Methodology.
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IN VIVO AND EX VIVO INDUCTION OF CATARACT IN OCULAR LENSES OF
PA28x OVEREXPRESSING MICE

In the ocular lens of PA28xOE mice, both subunits; PA28x and PA283 were found
upregulated at the protein level, enabling possible formation of PA28uf complex
(Paper III; Fig. 1). Cataract was induced by age in vivo and at 7, 15 and 22 months
of age, ocular lenses from PA28«OFE and WT littermates were analyzed for degree
of cataract followed by storage in -80°C. In parallel, lenses from 3-4 months old
mice were dissected and cultured for ex vivo hydrogen peroxide (H205) induction
of cataract. Exposure to H»O; introduced opacity within 7 days and cataract like
progression of ocular lenses from both PA28¢OE and WT were assessed. There
was however no difference between PA28¢OE and WT ocular lenses in either on-
set or degree of cataract for in vivo or ex vivo induced cataract (Figure 7, from Pa-
per III).

However, an aggregation prevention effect of PA28a overexpression might have
been counteracted by the large amount of crystallins in the lens. In the heart,
R120G mutation of aB-crystallins causes desmin-related myopathy. Mouse models
of this specific proteinopathy accumulate protein aggregates and have a reduced
lifespan. When PA28ux was overexpressed in this model, the deteriorating effects of
the aB-crystallin mutation was counteracted resulting in inhibition of protein aggre-
gation and prolongation of lifespan (Li et al. 2011b). These results indicate that
PA28af compensates for the effect of R120G mutation of aB-crystallin and suggest
similar functions. In accordance with this, in vitro a-crystallins have been found to
have anti-aggregation properties through sequestration of non-native proteins and
collaborating with ATP-dependent chaperones (Haslbeck et al. 2016). Therefore, a
chaperone-like function of PA28xfB may be difficult to confirm as crystallins are
highly abundant in the lens (90% of all proteins; Haslbeck et al. 2016), and this
could explain that no effect of PA28uf overexpression was found in the cataract

models.
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FIGURE 7. PA280 overexpression did not protect ocular lenses against either in vivo or ex vivo
induced cataract. A) No difference in onset of cataract between ocular lenses from PA28aOE and
WT mice was detected. Cataract onset in vivo was analyzed by percentage of cataract lenses at 7, 15
and 22 months of age. Ex vivo onset of cataract was visually assessed by opacification and after 8
days of H,O, exposure, all lenses were opaque. B) Severity degree of cataract, both in vivo and ex
vivo, did not differ between ocular lenses from PA28a¢OE and WT lenses. Lenses from both sexes
were used. (Paper 11, Fig. 2 and Table 1 for severity assessments).
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BEHAVIOR

Behavioral analyses are commonly used to assess phenotypes of animal models
used in biomedical research. The assessments control for adverse behaviors in dis-
ease models and for drug development but are also important in understanding
physiological processes regarding development and aging.

AGE-RELATED BEHAVIOR

As life expectancy of the world population increases and deaths by communicable
diseases continues to decline, advancing age is the most correlated risk factor of
mortality. In high income countries with the highest life expectancy in the world,
the effect of medical advancements continues to result in improved prevention and
therapies for the most common diseases such as cardiovascular diseases, cancer and
respiratory diseases (WHO 2017). This introduces other age-related diseases as pri-
mary causes of death. In Sweden, where the median age of death for the population
is 77 and 82 years for men and women respectively, there has been a reduction in
cardiovascular disease related deaths in the last 15 years whilst mental and behav-
ioral disorders and diseases of the nervous system increases, predominately in
women (The Swedish National Board of Health and Welfare. 2017). This clear
trend highlights emerging challenges, and the importance of understanding cogni-
tive decline and behavioral alterations associated with aging of the mammalian

brain.

Behavioral analyses can be used to analyze and decipher behavioral markers of ag-
ing, healthy aging and the effects of anti-aging interventions. Analyses to assess
behaviors or phenotypes requires robustness, specificity and awareness of con-
founding factors. Conclusions regarding any behavior are ideally confirmed using
several analyses, but problematically several behavioral analyses require naivety of
mice which could be incompatible with extensive physiologic and phenotypic test
batteries. Controlling for confounding effects in behavioral analyses of aging can be
problematic. For example, to assess cognitive function of caloric restricted non-
mammalian primates, tests with motivational cues (often food rewards) are general-
ly used (Anderson et al. 2009). This is problematic because it is difficult to control if

fasted animals differ in motivation to acquire food rewards as compared to ad lib
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fed animals. In addition, there are sex differences in for example visual navigation
which can strongly affect comparisons of female and male memory assessments

(further addressed on page 58 in Methodology).

BEHAVIORS OF AGING MICE

For rodents, there are many tests for assessing various behaviors such as memory
capacities, anxiety, depression and exploration. For example, in memory analyses
rodents demonstrate similar patterns of remembering capacities to certain stimuli as
humans (predominately episodic memory; Foster et al. 2012, Shoji et al. 2019, Febo
et al. 2020). Assessments of learning and memory in rodents generally include test
batteries of spatial tests, such as a variety of mazes (Morris water, Radial, and
Barnes maze) and habituation, and non-spatial tests, i.e. object recognition, passive
avoidance, active avoidance, cued and contextual fear-conditioning (Crawley 1999).
Learning and memory has by combinations of different tests been found to decline
with age in mice (Benice et al. 2006, Foster et al. 2012, Shoji et al. 2019) but with
varying results depending on for example sex (Jonasson 2005, Benice et al. 20006,
Koss et al. 2017). Other behaviors such as anxiety and depression have been as-
sessed in mice but with vatious results with regard to aging (Fahlstrom et al. 2009,
Fahlstrom et al. 2012, Shoji et al. 2019). In paper II, mice on a hybrid background
did not demonstrate decreased learning and memory with advancing age. Explora-
tory behavior, however, was confirmed to decline with age in both females and
males as found previously in inbred mice (Benice et al. 2006, Fahlstrom et al. 2009,
Fahlstrom et al. 2012, Shoji et al. 2019, Szentes et al. 2019), rats (Glenn et al. 2008,
Katharesan et al. 2016) and dogs (Siwak et al. 2001).

Exploratory behavior is assessed by recoding activity during the initial phase, gener-
ally 3-5 minutes, of a mouses’ experience in a novel environment, for example an
open field arena (Paper II, Fahlstrom et al. 2009, Fahlstrom et al. 2012, Shoji et al.
2019). Latency to transition from dark to light arenas can also be used to assess
exploration and increases with age, signifying decreased explorative behavior
(Bourin et al. 2003, Fahlstrom et al. 2012, Shoji et al. 2019). Tendencies to explore,
together with motor skills are fundamental in most behavioral tests. A decrease in
exploration may also result in passivity in other tests for example to assess memory
and anxiety. For example, in the elevated plus maze, several studies demonstrate
that the explorative momentum of the test (e.g. numbers of entries) declines with
age but the time spent in exposed area (e.g. time spent in open ateas) remains rela-
tively unaltered with advancing age (Fahlstrom et al. 2009, Fahlstrom et al. 2012,
Shoji et al. 2019). Therefore, tests that contain explorative components but aim to
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analyze other behaviors make it difficult to draw any conclusions on age-related
differences regarding the non-exploratory behavior. Taken together, exploratory
behavior which declines sex-independently in a continuous manner makes a robust
behavioral marker of aging and its age effect may explain findings of age-related

decline in other behaviors.

BEHAVIORAL EFFECTS OF PA28«
OVEREXPRESSION

In addition to biochemical assessments of PA28«xOFE females and males, all mice
were behaviorally assayed in a phenotypic test battery at 7, 15 and 22 months of

age.

BEHAVIORAL EFFECTS IN MATURE ADULT PA28xOF FEMALES

At the first timepoint of phenotypic assessment, PA280OE females exhibited cog-
nitive enhanced performance in several behavioral analyses (Paper I). Mature adult
PA28xOE males did not demonstrate any of the behaviors found in PA28¢OE
females (Paper I, Supp. Fig. 8).

PA280OE mature adult females habituated faster into a familiar environment com-
pared to WT female littermates (see page 59 in Methodology, for a comprehensive
explanation of the habituation assessment). On the second day of activity box anal-
ysis, habituation is indicated by reduced activity as compared to the first day.
PA28aOE females demonstrated decreased locomotion and rearing and increased
corner time, signifying habituation (Figure 8, from Paper I). In addition, the same
females were found to exhibit improved learning and memory in the well-known
passive avoidance test Shuttle-box (Bammer 1982). In this test, mice are placed in a
lit compartment and are given the choice to enter a dark compartment which they
innately prefer. Once they pass through a centrally placed mechanical sliding door,
the door closes, and they receive a mild electric shock from the metal grid floor.
The following day, the mice are once again placed in the lit compartment and given
the same choice to enter the dark one. Mice are considered to remember what hap-
pens upon entry to the dark compartment if they stay a prolonged time in the lit
area or never enter the dark compartment. Markedly showing remembrance, no
PA28xOE females re-entered the dark compartment in contrast to the majority of
WT females (Figure 9a, from Paper I).
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FIGURE 8. Differences in habituation assessed in the open field test for 7 months old female mice.
Several parameters of activity from the Activity Box — open field test demonstrated that there is no
difference in general activity or anxiety-like behavior shown on day 1. But on day 2, PA284OE mice
displayed faster intrasessional (slope) and intersessional (start point) habituation as compared to
WT as shown with a faster increase in corner time and decreased locomotion and rearings, signify-
ing enhanced intersessional habituation i.e. learning and memory (Rearings: pwr-oe=0.065 F(1, 14)
= 3992, and corner time: pwr-oe=0.034 F(1, 14) = 5498; two-way ANOVA repeated measurements,
followed by Sidak test). Values are mean + SEM. nyr=10, noe=6. (Paper I; Fig. 3).

Additionally, PA28¢OE females were more active in the forced swim test as
demonstrated by swimming activity and distance travelled (Figure 9b, from paper I).
The forced swim test is a commonly used to assess depressive-like behavior for
anti-depressive drug discovery (David et al. 2003). In the forced swim test, mice are
swimming in cylinders and their activity in water is recorded. Immobility in this test
is considered a measurement of depressive-like behavior. However, that PA28¢aOE
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females were more active does not imply that the WT mice demonstrate depressive-
like behavior. Since there was no difference in general locomotion between
PA28xOF and WT mice, swimming activity due to locomotor differences does
most likely not explain the results in the forced swim test (Figure 8, day 1, from
Paper I). The swimming behavior in the forced swim test therefore indicates that

PA28xOFE mice demonstrated improved coping mechanisms to a stressful event.
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FIGURE 9. PA280OE females exhibited improved learning and memory assessed by passive avoid-
ance and increased swimming activity in the forced swim test. A) In the shuttle-box, 6/6 PA28aOE
compared to 2/10 WT females did not re-enter on the second day of the test protocol (p= 0.0056;
Mantel-Cox survival test). B) PA28aOE females showed higher percentage of active swim time and
longer distance travelled in the forced swim test of depressive-like behavior (p= 0.0476; Student’s ¢
test). Values are mean £ SEM. nyr=10, noe=6. (Paper I; Fig. 3 and 2).
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AGE-RELATED EFFECTS IN PA280¢OE MICE

To address age-related behavioral changes and differences between PA280xOE mice
and their wildtype littermates, cohorts of naive mice were analyzed in the same be-
havioral tests described previously. Considering WT animals as a control of aging
and lifespan, 7 months old WT mice represented mature adults and the mice at 15
and 23 months of age represented middle-age and old age, respectively. No mice
had died at 7 months, however at 15 months survival was 90% and at 22 months
71% and 74% for males and females respectively (Paper II). It was planned that the
order of tests in the test battery remained similar throughout the timepoints, espe-
cially those requiring naivety to be performed early. However, this was not techni-
cally or practically feasible for the open field measurements of 15 months old
females which seemed to have affected the analysis and therefore this data has been
excluded. None of the other behavioral analyses generated results that indicated an

influence by the order of the testing.
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FIGURE 10. Behavioral tests of PA28a¢OE mice as they age; learning and memory assessed by Shut-
tle-box passive avoidance test, and depressive-like behavior analyzed with immobility in the forced
swim test. A) At 7 months PA28aOE females displayed enhanced learning and memory capacity, but
the improved performance as compared to WT females was reduced with age (see Fig. 8a for latency
to enter on day 1). Neither PA28«OE and WT male mice demonstrated age-related trends in learning
and memory. B) PA28aOE females were more active in the forced swim test at 7 months and 15
months but not 22 months of age. No clear trends of age-related depressive like behavior was ob-
served in PA28aOE or WT males. (Paper 1V; Fig. 5 (females) and Supp. Fig. 4 (males)).
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No clear age-related difference was found in either learning and memory as ana-
lyzed with the shuttle-box passive avoidance test (Figure 10a, from Paper IV), de-
pressive-like behavior as analyzed with forced-swim test (Figure 10b, from Paper
IV) or habituation, analyzed in an open field test, for either WT or PA28xOE mice
(Figure 11, from Paper IV). The difference in improved cognitive function between
7-month-old PA28¢OE females and WT females in these tests was either reduced
with age or could not be detected using the same tests as aging progressed.
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FIGURE 11. Habituation analyzed by activity in Activity box open field test on the day following
naive testing. In this acquainted environment, PA28aOE females demonstrated decreased rearing
activity at 7, but not 22 months old and increased corner time. No habituation was found for females
at 22 months or PA28¢OE and WT males at 7, 15 or 22 months of age. (Paper 1V; Fig. 5 (females)
and Supp. Fig. 4 (males)).

Interestingly, PA28¢OE mice, particularly the females, exhibited maintained ex-
ploratory behavior with age whilst, as expected, their WT littermates demonstrated
continuously declining exploration from young to old age (Figure 12, from Paper
IV). Impressively, 22 months old PA28«OE females were as horizontally active as 7
months old females. Male PA28¢OE mice maintained their horizontal exploration
until 15 months of age but at 22 months, their activity had declined to levels seen in
WT males’ (Figure 12a, from Paper IV). Exploratory rearing activity was similarly
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maintained in female PA28¢OFE mice but no differences between PA28¢OFE and
WT males was found at either 15 and 22 months of age. No clear differences in
activity during one-hour assessments were found between PA280OE and WT fe-
males and males of similar age (Figure 13, from Paper IV). This signifies that it is
exploratory behavior alone and not general locomotor function that is maintained
in PA28¢OFE mice. That female, and possibly male, PA28¢OE mice demonstrated
maintained exploratory behavior with age indicates that overexpressing PA28a« posi-
tively influences a fundamental age-related behavior. Maintaining youth-like behav-

ior can signify preservation of cognitive capacities and prolonged healthspan.
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FIGURE 12. Exploratory behavior of PA28¢OE and WT mice. The first 5 minutes in the activity box
open field test measures exploratory behavior. This behavior decreased as expected in WT while it
was maintained in 22-month-old PA28aOE females. A) Females: Horizontal activity decreased in
WT but not for PA28a.OE resulting in a difference in activity at 22 months. Males: WT males demon-
strated decreased horizontal activity with age. At 15 months, PA28aOE males were as active as at 7
months which is significantly higher than WT males. B) Females: Rearing activity declined for
wildtype from 7 to 22 months whilst PA28aOE females maintained their rearing activity, resulting in
a difference in activity at 22 months. Males: Rearing activity declined with age, however not signifi-
cantly in PA28aOE, most likely due to large variation. (Paper 1V; Fig 6 (females) and Supp. Fig. 5
(males)).
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RESEARCH MODELS

Animal research enables the study of particular biological questions under regulated
and simplified conditions with the aim to create knowledge translatable or benefi-
cial to humans. Using simplified model systems is a way to increase the understand-
ing of whole organisms, since complex systems are immensely difficult to study. To
do this, it is highly important with awareness of benefits and limitations of animal

models for research purposes.

OF MICE AND MEN

The mouse, Mus musculus, is the most commonly used mammalian model organism
and mouse research has contributed to much of what we know in life sciences to-
day. Despite the obvious differences of appearance between humans and mice, we
are similar enough for fundamental biological principles to be studied in mice mod-
els and applied in humans and other organisms. Through genome sequencing it has
been demonstrated that the mouse genome is 14% smaller than the human genome
but both contain approximately 30 000 coding genes. Out of the coding genes, 80%
of mouse genes have a single identifiable human ortholog, and only 1% of mouse
genes have no detected homology in the human genome and therefore it is often
claimed that mice share 99% of the human genome (Chinwalla et al. 2002). It is the
similar, albeit not identically composed, expression of homologous proteins that

supports translatability from mice to humans.

The mouse genome is amenable to genetic engineering evidenced by thousands of
published transgenic mouse models which enables biological questions to be ad-
dressed in living mammalian systems. Accordingly, transgenic mice have been
demonstrated as successful models of human diseases for example neurodegenera-
tive diseases (Aguzzi et al. 1994, Brusa 1999), hereditary cancer syndromes (Ward et
al. 2004) and in lysosomal storage diseases (Suzuki et al. 2004). However, mouse
models have also failed to mimic human pathophysiology, particularly metabolic
(Elsea et al. 2002) and inflammatory diseases (Seok et al. 2013). Their small size is
well-suited for laboratory research and allows for economical animal husbandry in
controlled environments. Large litters and relatively short lifespan also allow for

mice to be models of gerontological research and age-related diseases.
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INBRED VS. HYBRID

Traditionally, various inbred mice are used for research in biomedical disciplines,
but advantages in robustness make hybrid mice an emerging option. Inbreeding
results in homogeneity at all genetic loci i.e. homozygosity. Thus, inbred mice have
controlled genetic backgrounds, stable characteristics and can have organs and tis-
sues easily transplanted within the strain (Lipman 1997). Favorably, any difference
between transgenic inbred mice and wild-type members of the same strain can be
designated the genetic modification. Unfavorably though, having two identical al-
leles at all loci creates genetic weakness and sensitizes mice to diseases and patho-
genic conditions. Inbred mice are prone to develop strain-specific diseases such as
organ and tissue specific tumors, skin and eye diseases, and for example, the com-
monly used C57BL/6 background typically develops ulcerative dermatitis with ad-
vancing age (C57BL/6NNia: Andrews et al. 1994, C57BL/6NNia: Turturro et al.
2002, C57BL/6Ctl: Hampton et al. 2012). Disease, especially uniformly diseased
animals, complicates research studies in several ways as it may require treatment or
affect the animals prior to the rise of symptoms which in turn may lead to difficul-
ties in interpreting results. Most research is advantageously performed using young
mice before any maladies are displayed, but with the caveat that these studies use
recently sexually mature but not fully-grown adult mice. Strain-specific diseases
make inbred mice particularly suboptimal for aging research considering that stud-
ies aimed at investigating aging effects may instead report disease-related processes.
Regarding phenotypic assays and behavioral analyses, inbred strains have strain-
specific idiosyncrasies and differ in e.g. coordination, learning capacity, and anxiety-
like behavior (Crawley et al. 1997, Véikar et al. 2004) which limits any finding to the
strain used. Behavioral studies, like aging studies, may therefore be limited to pick
up strain-specific phenotypes which reduces translatability of behaviors to other
mouse strains, species or organisms. In addition, a meta-analysis comparing pheno-
typic studies demonstrated that outbred and inbred mice show similar variability in
the same experiments and proposes that genetic variability acts as a stabilizing force
of phenotypic research (Tuttle et al. 2018).

Using homogenic cohorts facilitates controlling for what is studied is “actually”
studied but never reflects the variation found in “natural settings”. Any finding in
these genetically uniform mice thus reflects biology in one individual and may be,
but not necessarily, a finding which is similarly displayed in other individuals. One
way to try to address this dilemma is by using hybrid mice. Hybrid mice are gener-
ated by crossing different inbred strains, preferably twice to form a F2 generation.
F2 hybrids are genetically similar but never uniformly homozygous and are consid-
ered advantageous for aging and behavioral studies (Miller et al. 1999, Miller et al.
2000, Sumien et al. 2006). Increased genetic robustness results in a population of

50 RESEARCH MODELS



hybrid mice less likely to uniformly develop the same diseases and in addition, ge-
netic variability better reflects other heterogenetic populations which improves ex-
trapolation to other mammals (Miller et al. 1999, Rivera et al. 2008, Tuttle et al.
2018). A finding in a group of individuals is more likely biologically significant than
a finding in a single individual. With the rationale that if a process or trait is biologi-
cally integral, it will be distinguishable even with the increased variation found in
more genetically diverse models. On the other hand, a finding in an inbred strain —
one individual — is only guaranteed to exist in that strain and additional studies are
needed to verify translatability to other strains.

ISSUES OF TRANSLATABILITY

Despite highly interesting discoveries and breakthroughs using animal models, little
research progress beyond utilizing one strain, one species or, even more disastrous-
ly, one study. According to the scientific community there ate major issues of re-
producibility in many scientific disciplines, including biology and medical science
(Baker 20106). Published studies often fail in being transparent and only 2-12% in-
clude replication efforts (Wallach et al. 2018) and empirical studies aimed to investi-
gate these issues suggests that as much as 75-89% are not reproducible (Prinz et al.
2011, Begley et al. 2012). Irreproducibility is a consequence of the existing publica-
tion pressure that leads to biased analyzing and scientific misconduct (Tijdink et al.
2014, Begley et al. 2015, Grimes et al. 2018). Since repeating the same study in the
same organism has proven difficult, it is not surprising perhaps that extrapolating
findings from one species to another — translating science — is a major perplexity in

research.

In the context of animal research to support the development of pharmaceutical
treatments for human diseases, translatability can be measured by success in clinical
trials. As clinical trials put patients at risk it is of ethical importance to ensure trans-
latability from preclinical to clinical studies. But, measuring translatability from an-
imal research to humans is however difficult because publication tradition selects
for successful studies and not those with negative results (Leenaars et al. 2019).
Another measurement of translatability in preclinical studies is how many therapies
are approved for use in the clinic. Taken into consideration all preclinically devel-
oped treatments, approximately 10% are approved for patients (FDA 2004, Shih et
al. 2017). A large review which investigated clinical trials from 1998-2008 and was
followed up in 2015, demonstrated that clinical trial failure is due to inadequate
drug or treatment efficacy (57%), safety reasons (17%), and commercial reasons
(22%) (Hwang et al. 2016). Efficacy and safety issues are often referred to as lack of
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internal validity and/or extetnal validity. Internal validity in animal research signifies
poor study setup, in particular, biases which may be resolved by proper blinding
and randomization. External validation aims at biological parameters separating the
preclinical cohorts from the targeted patient group, for example that young mice
are used as models of old patients (van der Worp et al. 2010, Pound et al. 2018).
Mouse models enter studies after weaning once they become fertile which occurs
around 3 months of age. The developmental stage in which they are initially used
for investigation is, by human standard, the equivalent to teenagers and young
adults. In Paper II (Fig. 2), we highlight that when mice are around 7 months old,
they have reached a body weight which will be maintained throughout their
lifespan, an indication that they are fully grown adult mice. In addition, as human
diseases generally take time to progress and despite shared symptoms between dis-
ease models and targeted patients, the pathogenesis may be insufficiently similar for
findings to be translatable.

As previously discussed with inbred strains, there are issues of robustness with ho-
mogenetic models and therefore research may fail to translate to heterogenetic
population. Not only do the general research models consist of one set of genes but
also, they are of the same sex. There are, however, predictable and unpredictable

biological differences between females and males.

A neuroscience publication survey in 2009 found that neatly six times more males
than females were used in research (Beery et al. 2011). The male norm has predom-
inately been explained with the rationale of female hormonal fluctuations increasing
variability of data (Wald et al. 2010). Controversies with this reasoning include that
several studies demonstrate that sex differences are independent of the estrous cy-
cle and neglect male hormone levels, since testosterone levels amongst males can
differ five-fold depending on dominance hierarchy (Machida et al. 1981, Palanza et
al. 2001, Meziane et al. 2007). Both testosterone and estrogen are known to be
strong neuromodulators and therefore, hormones are no scientific justification for
using only males (McEwen et al. 2015). In addition, meta-analyses in rodents
demonstrate that there is no difference in variation caused by female hormonal
fluctuation between female and male data (Prendergast et al. 2014, Becker et al.
2016). Preclinical studies may therefore be poorly translated to a patient cohort
consisting of women and men because the finding may be sex dependent. Introduc-
ing age, sex and heterogeneity in the process of target validation, and not when
moving into humans, would add knowledge and specificity about drugs and inter-
ventions that most likely would improve the success rate and safety of clinical trials.
Nonetheless, mouse models are highly important in the discovery of new medicines
and although 10% of successful translatability from preclinic to clinic seems like a
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small number, it is life changing for many patients. Addressing issues of translatabil-
ity will improve the research to generate even more successful therapies to humans.

YOU CAN TAKE THE HUMAN (RESEARCHER) OUT OF SOCIETY, BUT YOU
CAN NEVER TAKE SOCIETY OUT OF THE HUMAN (RESEARCHER)

Behavioral analyses with model organisms are performed with the aim of under-
standing the biological processes behind behavior. Important to note is that any
activity or trait needs to be confirmed using several different tests and parameters
before any behavioral conclusion can be drawn. The use of behavioral assessments
also informs drug development in validating targets and screening. However, it is
problematic to determine what and how behaviors are shared between species. Alt-
hough there are examples of behaviors such as learning that are translatable from
mice to humans (Soliman et al. 2010, Casey et al. 2011), it is with major caution that

any behavior in mice should be directly translated to any other organism.

The idea of using a model to study behavioral sex differences is interesting since it
makes it easier to isolate biological effects and attempt to control for cofounders.
Whether “sex” and “gender” are separable in humans is an ongoing dispute, but it
is generally concluded that only sex is found in mice. Gender is commonly defined
as socially constructed sex characteristics and includes norms, roles and relation-
ships (WHO 2019) and humans are the only species known to have this social per-
ception and implication to their own sex (Eliot et al. 2016). As females and males
differ in behaviors and diseases linked to behavior, it is of interest to try to study
and understand the biological mechanism behind these differences. But, as sex and
gender biases are well-integrated in humans, it is important to ensure objective re-
search methodology and avoid assigning sex differences which matches gender ex-

pectations, even to model organisms.
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METHODOLOGY

GENERATION OF THE PA28¢OE MOUSE MODEL

To investigate the role of PA28af in aging and disease, we created a hybrid mouse
model overexpressing PA28a. The transgenic mouse model was generated through
a knock-in strategy of the coding region of murine PA28a. A targeting vector carry-
ing the PA28a gene was electroporated into C57BL/6N mouse embryonic stem
(ES) cells. The vector was inserted in the genome by homologous recombination at
the Rosa26 locus, a genomic target locus considered not to impair any exons (en-
dogenous gene coding parts of DNA). Since the endogenous Rosa26 promotor is
known to change its capacity with age, the vector insertion included the CAG pro-
motor to constituently and ubiquitously drive PA28« expression. Cre-Lox recombi-
nation was used to excise the positive selection markers from the targeting vector
(Figure 14, from Paper I). Targeted insertion into ES cells was confirmed by PCR
screening and Targeted Locus Amplification.
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FIGURE 14. The design of the targeting construct used for generation of PA28aOE mice. (Paper I,
Fig. 1a).

The C57BL/G6N ES cell clones were expanded and injected into embtyos from do-
nor females at blastocyst stage and injected into pseudoimpregnated females. All
females were white-coated. Chimeric offspring, which are patchwork of normal and
genetically modified cells were generated and males were later bred with
C57BL/6JOlaHsd females to generate offspring catrying the inserted transgene in
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all cells, identified by black coat color. To control for proper gene insertion, all
founder mice were genotyped on both sides of the homology arms for integration
of PA28a in the Rosa26 locus and also confirmed by Targeted Locus Amplification.
All mice were bred in accordance with ethical certificate permit number 91-2013
approved by the Animal Ethics Committee in Gothenburg, Sweden.

In the founder C57BL/6N it was confirmed that overexpressing mRNA encoding
the a-subunit (Figure 15a, from Paper I) results in overexpression of the PA28«
protein detected by western blot (Figure 15¢, from Paper I). At the mRNA level
there was no difference in PA28p expression (Figure 15b, from Paper I) but over-
expression of the a-subunit induces an upregulation of the B-subunit at the protein
level (Figure 15c¢, from Paper I), this is in accordance with previous studies demon-
strating that overexpression of PA28a stabilizes PA283 and increases the complex
(Li et al. 2011a). Nonetheless, and as pointed out in delimitations on page 18, it

cannot be excluded that PA28a-subunit alone may have a monomeric function.

oy

A

0 )
0 ©
=
D )
= 15, = 20-
< <?°
% % 15
£ 10 = -|-
- s
o) o 1.0+ --—
< 5 <
& & 0.5
o )
.{% ol om0 000 = 0.0
° & & = &
IR\ S 2 3
MEFs Brain Eyelens Heart
WT ©OE WT OE WT OE WT OE
PA28a - @ - -

PA28B R e

FIGURE 15. Expression of the PA280. and PA28 A) PA28a mRNA levels are upregulated almost ten-
fold in the PA280OF mice. B) mRNA expression of PA28 is the same for WT and PA28aOE mice.
The bars represent two different splicing variants of the PA28f transcript for each genotype. C)
Western blot analysis of PA280. and PA28f confirms that PA28a are overexpressed in MEF cells,
and brain (front cortex and striatum), eye lens and heart of PA28¢OE (OE) as compared to wildtype
(WT) in the founder C57BL/6 male mice. Expression of PA28 was non-detectable in eye lens and
heart. (Paper I; Fig. 1).
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The PA28¢OE mouse line was established on a pure C57BL/6N genetic back-
ground. To create a robust aging study the founder C57BL/6N mouse line was
crossed with wildtype BALB/c generating F1 C57BL/6NxBALB/c mice. Siblings
from these F1 animals were bred to generate a F2 C57BL/6NxBALB/c¢ with mixed
genetic background.

There has been no sign of decreased fertility, body size or changes in physical ap-
pearance for the PA28¢OFE mice compared to WT mice. F2 hybrid mice PA280OE
and WT littermates were analyzed for physiological and behavioral profiling and
organs were harvested at three timepoints. The mice are referred to as 7, 15 and 22
months of age at the timepoints. But, since the in vivo phenotyping took approxi-
mately 8 weeks to complete, the animals were exactly, 6.6-7.8£0.2, 14.5-15.6+0.1
and 21.8-22.5£0.2 months old at time of testing (age at test period start - age at test
period end £SD of age variance in the cohort). Experimental mouse studies were
performed in accordance with ethical permit no. 164-2015, approved by the Animal
Ethics Committee in Gothenburg, Sweden. All studies were carried out following
EU Directive 2010/63/EU for animal experiments.

BODY COMPOSITION IMPACTS WATER-BASED BEHAVIORAL ASSESSMENTS

The importance of studying both females and males as well as acknowledging sex
differences has previously been raised in this thesis. In Paper II, we detected a sex
difference in the forced swim test which implied that females demonstrated more
depressive-like behavior than males (Figure 16, from Paper II). But, after correlat-
ing physiological measurements to the results, we concluded that the results in the
forced swim test were to a large extent dependent on sex differences in fat mass.
Thus, for the first time we showed that body composition affects performance and

results in water-based tests.

100+  kRx
R FIGURE 16. Females are more immobile in
= 754 the forced swim test (p=0.0007; Mann-
= Whitney). Data are from 7 and 15 months old
% 504 F2 hybrid mice. Values are mean + SEM.
g Niales=17, Neemales=21. (Paper I1; Supp. Fig.
E 254 2a).
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FIGURE 17. Immobility in forced swim test correlate with fat mass. A) Although no sex difference in
body weight, females had more fat mass as compared to males (p;=0.0023, p15=0.0012). B) Immobil-
ity (%) plotted against fat mass (%) for each animal demonstrate a correlation of the two variables.
C) Fat mass was found to account for 46% of the sex difference effect in immobility (Bayesian
p=0.986; Bayesian mediation analysis). Values are mean £50% (thick lines) and 95% confidence
interval (thin lines); nu=7, Nnm1s=10, Nez=9, Ngs=12. (Paper II; A is extracted from Fig. 2a and 2c;
B and C, Supp. Fig. 2b and 2c, respectively).

The forced swim test is commonly used test to assess depressive-like behavior and
anti-depressant screening in rodents. Mice are placed in a water tank (25 cm in di-
ameter and 60 cm high), all fur-coated mice float in water but the novel sensation
of water invokes swimming movements. Mice are recorded for 6 minutes and 20
seconds out of which the last 4 minutes are used, during this time activity in the
water changes. Initially, the mice show high activity and try to find ways out of the
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water but as time elapses this behavior can change, and immobility is considered a
measurement of depressive-like behavior. (Porsolt et al. 1978, Bourin et al. 1998,
David et al. 2003, Fernandez-Guasti et al. 2017). In this test, the sensation of water

and buoyancy are key factors for the outcome of the test.

Commonly in phenotypic and behavioral tests, animals are controlled for body
weight since it is known to correlate with results. Nonetheless, in a high-throughput
phenotype mice data study, 57% of the continuous data sets of traits (e.g. lean
mass) was found to differ due to sex effect, when including body weight as a co-
variate (Karp et al. 2017). Our physiological analysis of females and males showed
no difference in body weight but with full body scan we could detect differences in
body composition, more specifically, females had higher percentage of body fat
(Figure 17a, from Paper II). Interestingly, body fat percentage correlated to de-
creased activity in water (Figure 17b, from Paper II) and with Bayesian mediation
analysis (Figure 17c, from Paper II) we could confirm that the forced swim test
analysis was directly affected by sex differences in fat. Because of the effect of fat
mass in this water-based test we could not draw conclusions regarding any sex dif-
ferences in depressive-like behavior, nonetheless, the results highlight the im-

portance of controlling for physiological parameters in behavioral tests.

According to the current dogma, female rodents have poorer learning and memory
capacities as compared to males. This is supported by research where females per-
forming less well in the commonly used spatial, cued and water-based cognition
tests (Mishima et al. 19806, Berger-Sweeney et al. 1995, LaBuda et al. 2002, Frick et
al. 2003, Benice et al. 2006). As concluded, water-based tests are dependent on
body composition for swimming activity and no studies have so far taken this fac-
tor into consideration when comparing females and males. In addition, spatial ref-
erence tests are also unsuitable for sex comparisons of cognitive function since
females and males have been found to use different reference cues to navigate, and
thus these tests often favor one sex over the other (Kanit et al. 1998, Sandstrom et
al. 1998, Roof et al. 1999, Kant et al. 2000). We found no sex difference in our be-
havioral aging study when we investigated learning and memory in mice with the
shuttle-box passive avoidance test (Paper 11, Fig. 4). In accordance with this, but
not as frequently discussed, females and males have been found to perform equally
well in non-spatial and non-water-based learning and memory tests, for example
object memory consolidation (Benice et al. 2006, Fahlstrom et al. 2012), active
avoidance tests (Mishima et al. 1986, Frick et al. 1999, Sumien et al. 2006) not ha-
bituation (our unpublished data).
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HABITUATION IS A SIMPLE FORM OF MEMORY

In Paper I, we presented a novel protocol to assess learning and memory in mice by
using the open field test to analyze habituation. Open field tests have been used for
many years to study general activity, exploratory behavior and anxiety in rodents
(Denenberg 1969, Crawley 1999). The simple procedure of recording the activity of
rodents through breaks of infrared beams in a box have been given additional di-
mensions, such as size, lighting, exposure, repetitions and time spent in box, to
expand the parameters of the test. The time of recording varies depending on pro-
tocol used, often only the first 3-5 minutes are recorded and considered as general
activity. In other study protocols, the first 3-5 minutes are considered as exploratory
activity since the innate mouse behavior in a novel environment is to explore. With
extended recording time, approximately one hour, and as the mouse explores a
novel environment, it adapts and changes its behavior (Prut et al. 2003, Lau et al.
2008, Fahlstrom et al. 2012). The process of adaptation makes it therefore im-
portant to take time into consideration when comparing open field tests. In our
studies, we regarded the initial 5 minutes as exploratory behavior and the extended
one-hour recordings as general activity in adapted environment. In addition, our
protocol includes repetition of the study session on the following day, to record the
activity in a now familiar environment. In the first session, the environment transi-
tions from being novel to habituated and the mice adapt to the box, this is referred
to as intrasessional (within session) habituation. In the second and following ses-
sion, as the environment is already familiar, the mice are then intersessionally (be-
tween sessions) habituated (Fraley et al. 1981, Leussis et al. 2006). Since habituation
is one of the simplest forms of learning and memory (Bolivar 2009), intrasessional
and intersessional habituation in an open field test, reflects how well mice remem-
ber what they already have explored. Repeated measurements in the open field test
to assess habituation have been performed previously (Platel et al. 1984), but to our
knowledge not for an hour of recording. As demonstrated by our repeated open
field data (Figure 8, from Paper I, on page 43 in Behavioral effects of PA28af3
overexpression), habituation between animals with different learning and memory
capacity was evident at the second session when recording for an hour, but not the
initial 5-10 minutes. Thus, our protocol extended intra- and intersessional analyses
that broadens the sensitivity and robustness of habituation assessments with open
field testing.
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HOW TO ETHICALLY PERFORM A LIFESPAN ANALYSIS AND STILL ENABLE
COMPARISONS TO OTHER AGING STUDIES

Traditionally, animals in lifespan studies are kept alive until they die from intrinsic
causes and they are only euthanized because survival is estimated to less than a
week. This makes aging studies especially challenging to combine with good animal
ethics and welfare. It is however crucial to determine lifespan to enable investiga-

tion on longevity effects by genetic modifications, interventions and with drugs.

In our lifespan study, we euthanized mice upon signs of pain or severe disease
strictly following our study ethical certificate (permit number 164-2015). To enable
comparison with other aging studies which had no or very low percentage of eu-
thanized animals, we mathematically generated two life curves resulting in a survival
span as presented in paper II, here visualized in figure 18.

1004

== Survival Curve A
———— == Survival Curve B
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FIGURE 18. Example survival curves to visualize lifespan. In survival curve A, euthanized mice are
considered to have reached their maximum lifespan, in survival curve B, time of death is considered
unknown for euthanized animals. Within the span created by the two survival curves lies the proba-
ble lifespan for the cohort (Paper Il; wildtype females, extracted from Fig. 1).

The method involves statistical categorization of animal fate. In lifespan analyses
labeling euthanized animals as dead by natural cause generates an underestimation
of natural lifespan. On the other hand, labeling euthanized animals as “censored” at
the time of euthanization (i.e. treated as healthy but with unknown time of death),
natural lifespan is overestimated. These differing categorizations of euthanized ani-
mals generate two distinct survival curves, one minimum curve (Survival Curve A)

and one maximum curve (Survival Curve B). Albeit time of death of intrinsic causes
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(i.e. death by disease) remains unknown for the euthanized animals, it is likely that
their state would limit their life expectancy in comparison to healthy mice and thus
the most probable time point of actual death lies within the span created by two
survival curves.

Hence, this novel method gives a qualitative estimation and visualization of the
natural lifespan without the expense of animal suffering and allows for comparisons
at different timepoints as well as in the end of studies. For example, this method
enabled us to compare the “maximum lifespan” of F2 hybrid female and male WT
mice with inbred strains in addition to a lifespan “frame” to determine when mice

were considered mature adults, middle-aged and old.

H>O2-INDUCED CATARACT AS A MODEL OF AGE-INDUCED CATARACT

To assess if PA28a overexpression had an effect on cataract, ocular lenses from
mice in the aging study were analyzed and compared to hydrogen peroxide (H20)
exposed ocular lenses dissected from 3-4 months old mice, in paper I11I. Age-related
opacification is referred to as in vivo cataract and the H>O; exposed lenses is an
alternative ex vivo model of cataract. Although no protective effects against cataract
in PA28¢OFE mice were found, comparisons of the two procedures of inducing

cataract gave valuable insights for modelling and investigating cataract.

Oxidative stress has been found to cause cataract and is a connecting component of
the risk factors (aging, UV-radiation, heavy metal exposure, metabolic stress and
eye injury/ inflammation). Not sutprisingly, administration of H»Oz, causing oxida-
tive stress in the lens, is commonly used to induce cataract in ex vivo models of the
disease. Enhanced ROS disturbs crystalline stability and solubility which results in
crystalline aggregation clouding the lens and in loss of transparency (Truscott 2005,
Moreau et al. 2012).

The occurrence of cataract increased with aging and at termination of 7, 15 and 22
months of age, ocular lenses wete dissected and stored in -80°C. In addition, ocular
lenses from 3-4 months old mice were collected and maintained under standard
culture conditions and exposed to 100uM H>O; every day, following a 7-day proto-
col (Petersen et al. 2004). Cataract progression was documented daily and the H>O»
exposure introduced swelling of the lens, measured by lens diameter, and an opaque
ring formation with hat-like appearance as demonstrated in figure 19 (from Paper
III). The swelling of the lens is considered most likely to be a consequence of failed
osmotic balance.
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IN VIVO INDUCED CATARACT
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Censored in public version prior publication
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FIGURE 19. In vivo and ex vivo induced cataract. Ocular lenses with age-related cataract displayed
complete opacification. Ocular mouse lenses exposed to 100 uM H,O, for 8 consecutive days dis-
played opacification, swelling and a hat-like formation (Paper Ill; Fig. 4 and 5).
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Ocular lenses with varying degrees of cataract/opacification, from both in and ex
vivo induced cataracts, were homogenized and analyzed for solubility and oxidative
damage through levels of carbonylated proteins. Protein aggregation which opaci-
fies the lens also negatively impacts solubility. As demonstrated in figure 20a, there
was a pronounced effect on solubility in the age-induced cataract lenses which was
not seen in the HyOs-exposed lenses. Crystallins, which make up 90% of all pro-
teins in the lens (Haslbeck et al. 2016), were not found to differ in carbonylation
either by age or HxO»z-exposure as observed by the dominant low molecular weight
(Mw) band in figure 21 (from Paper III). Carbonylated proteins of high Mw
(>35kDa) however increased both in vivo and ex vivo, although most pronounced
in HoOz-induced cataract (Figure 20b, from Paper I1I).
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FIGURE 20. Protein solubility and carbonylated proteins in ex vivo and in vivo induced cataract
lenses. A) Protein solubility did not markedly decrease in ex vivo induced cataract by H,O, exposure
of ocular lenses. In age-induced in vivo cataract however, there was a strong decrease as analyzed
with ocular lenses from 15- and 23-month-old female and male mice. B) High molecular weight
protein carbonyl levels increased in both ex vivo and in vivo induced cataract. (Paper Il1; Fig. 4 and
3).
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FIGURE 21. Western blots of representative protein
carbonyl levels. 1) clear ex vivo lens, 2) H202-treated
semi-opaque ex vivo lens, 3) clear in vivo aged lens and
4) opaque in vivo aged lens. (Paper I, Fig. 3a).

Although high Mw carbonylated proteins increased in both cataract models, protein

aggregation analyzed by protein solubility could not be detected in H2O»-induced

cataract and the swelling and hat-like opacification indicate poor translatability of

cataract markers. Interventions aimed to alleviate cataractogenesis by targeting these

markers should cautiously and preferably not be assessed ex vivo by H2Oz expo-

sure.
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SUMMARY OF FINDINGS

PAPER 1

PAPER ]

PA28xOFE F2 hybrid mice overexpressed PA28« in murine embryonic fi-
broblasts (MEFs), brain, ocular lens and heart. PA283 overexpression
could be detected in MEFs and brain.

7-month-old females overexpressing PA28ua exhibited improved learning
and memory capacity and anti-depressive-like behavior.

PA28xOE did not increase proteasome degradation as demonstrated by i)
PA28uafB-20S proteolytic capacity was not higher in hippocampal and
mouse embryonic fibroblast extracts from PA28xOE females than that of
WT and ii) a slight increase in K48-linked polyubiquitinated proteins in
hippocampal extracts from PA28xOFE and WT females.

There were no differences in serum levels of B-estradiol or S105-
phosphorylated estrogen receptor in hippocampus comparing 7-month-
old PA28«OE and WT females.

Hippocampal extracts from PA28¢OE females prevented aggregation
formation more efficiently than hippocampal extract from WT littermates,
indicating that a chaperone-like function may explain the enhanced cogni-

tive function.

1

No age-related effect on learning and memory or depressive-like behavior
was found for either female or male hybrid mice.

Exploratory behavior declined continuously with age in both female and
male mice of the robust F2 hybrid background.

Body composition was for the first time demonstrated to affect water-
based behavioral tests.

An alternative method to assess lifespan in aging studies was presented.
Categorization of euthanized animals created minimum and maximum
survival curves forming a sutrvival span which allowed for comparison of

studies with protocols following different animal ethics.

SUMMAR

Y OF FINDINGS 65



PAPER II1

PA28a and PA28J were overexpressed in ocular lenses from PA28aOE
mice.

PA28af overexpression in the lens did not protect against age-related or
H>Oz-induced cataract.

H>0Os-induced cataract is problematic as a model of age-related cataract.

PAPER IV

PA28a overexpression prevented protein aggregation in hippocampal ex-
tracts of mature adult, middle-aged and old female mice, indicating a
chaperone-like function maintained with age.

Innate levels of PA28a did not correlate to proteolytic activity of the
PA28uaf-20S proteasome in heart extracts from WT mice.

PA28a overexpression decreased PA28xf3-20S proteasome capacity in ex-
tracts of heart and hippocampus from PA28¢OE compared to WT mice.
Innate PA28«B3-20S proteasome capacity in heart increased with age.
Overexpression of PA28« had no effect on the accumulation of damaged
proteins in aging mice.

Overexpressing PA28ux did not affect the lifespan of F2 hybrid mice.

The improved cognitive function demonstrated by enhanced learning and
memory and anti-depressive-like behavior of mature adult female
PA28xOFE mice could not be detected with the same tests at old age.
Female mice overexpressing PA28« exhibited youth-like exploratory be-
havior at old age. Male mice overexpressing PA28a showed indications of

maintained exploratory behavior up until middle-age.
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TO CONCLUDE

The effects of aging discussed in this thesis ranges from single molecules such as
ROS to advanced behavior. This comprehensive scope of biological functions was
important in addressing the molecular function of PA28«f and the effect its over-
expression embodies in mice. Although the existence of PA28uf has been known
for more than twenty years, its cellular role is quite intricate to grasp. This work
adds fundamental knowledge about mechanisms of PA28«f in a mammalian sys-
tem. In addition, following mice overexpressing PA28af throughout their full
lifespan allowed for research on molecular and behavioral markers of aging, and

age-related cataract with similar pathogenesis as in humans.

CHAPERONE-LIKE FUNCTION; A NOVEL ROLE OF PA28xf IN
HIPPOCAMPUS

Herein, data has been presented suggesting a chaperone-like function of PA28uf,
and possibly a dual role of PA28uf as a proteasome activator and a chaperone. As-
sessment of the chaperone-like function could unfortunately not be analyzed in the
heart, but the aggregation prevention of PA28uaf overexpression in disease models
of the heart found in previous studies could be a consequence of a chaperone-like
role of PA28uaf. Since PA28a«f overexpression has previously been found to coun-
teract myocardiopathy induced by mutation of a crystallin, which hold protein ag-
gregation properties, it is likely that the chaperone-like function of PA28uaf can
compensate for the loss of aggregation prevention which may cause this protei-
nopathy. That we found no effect of PA28uaf overexpression in cataract may be
that this particular protective function may already be saturated by the abundance
of crystallins.

A decrease of PA28uf3-20S proteolytic capacity in PA280OE extracts was detected
in conditions optimized for that specific proteasome complex formation. This chal-
lenges the previous findings that PA28«3 overexpression enhances the degradation
of oxidatively damaged proteins. In addition, the proteolytic capacity of PA28a3-
20S was found to be independent of PA28uaf protein levels and the PA28uxB-20S
proteasome activity seems to be regulated by cellular factors other than abundance

of the activator. During eatly differentiation of embryonic stem cells, removal of
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damaged proteins is dependent on an upregulation of PA28«f and PA28uxB-20S
proteasome activity. This process may be a result of this unknown regulation in
combination with the rise of PA28uaf levels which allows for the formation of the
complexes. In this work, upregulating the levels of PA28«3 did not increase pro-
teasome activity but enhanced aggregation prevention. Thus, PA28«f harbors two
types of molecular functions: i) an activator of 20S proteasome and ii) a chaperone.
These two functions of PA28x3-20S could be regulated by post-translational modi-
fications (e.g. phosphorylation), since post-translational sites with unknown func-
tion have been found for both PA28« and PA28p.

CHAPERONE-LIKE FUNCTION OF PA28af IN THE BRAIN IMPROVES
COGNITIVE FUNCTION AND EXTENDS HEALTHSPAN?

PA28af chaperone-like function correlates to enhanced cognitive capacity as
demonstrated by behavioral analyses in mature adult hippocampi. The PA28uf-
induced enhanced behavioral performance as assessed by learning and memory and
in the forced swim test, cannot be detected in old mice. In hippocampal extracts
from 4-month-old mice, there was no differences in levels of carbonylated proteins
or CML between PA280¢OE and WT. Thus, a cognitive effect induced by PA28u3
overexpression is present at adult age and it is independent of protein dam-
age/aging markers in hippocampus. This implies that in young mice, the mecha-
nism behind is not by reducing damage or compensating for any function lost by
age, but rather an improvement on cognitive function induced by PA28uaf overex-

pression.

As the brain ages, several changes are introduced which affect cognition and behav-
ior. Thus, any cognitive effect can vary in how it is presented and may be observa-
ble in different behavioral tests depending on age. The maintained youth-like
behavior in explorative activity at old age correlates to enhanced hippocampal pro-
tein aggregation prevention, as does improved learning and memory for mature
adults. This suggests that overexpression of PA28«f correlates with enhanced cog-

nitive capacities, with altered behavioral outcomes as age progresses.

It is highly unclear why the chaperone-like function of PA28«f is only improved in
female mice and not in males. We have been able to exclude the apparent target;
conventional estradiol signaling, since there were no differences in levels of serum
estrogen serum and/or hippocampal phosphorylated estrogen receptor B in
PA28xOE females compared to WT mice.
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If the function of PA28af is regulated by post-translational modifications, sex dif-
ferences in signaling pathways that can activate the chaperone-like function, could
explain why only PA28«OF female mice demonstrate enhanced aggregation pre-

vention.

THE POTENTIAL OF PA28uf3

The finding of a mechanism which protects against protein aggregation and protein
dysfunction is of therapeutical interest for many, if not all proteinopathies. The
three most common neurodegenerative diseases in humans; Alzheimer’s, Parkin-
son’s and Huntington’s disease, are all characterized by misfolding of proteins,
nondegraded proteins and excessive proteins resulting in accumulation of protein
aggregates. The combination of the chaperone-like function and the cognitive ef-
fects in PA280OE females makes PA28uf an interesting therapeutic candidate in
neurodegenerative medicine research. The behavioral effects of PA28afB were
demonstrated in mature adult mice as enhanced memory and during aging as main-
tained exploratory behavior. These results suggest that the chaperone-like function
exert direct positive effects and possibly also protective effects in hippocampus
upon aging. With this reasoning, PA28uf overexpression could in neurodegenera-
tive diseases either i) enhance the overall cognitive capacity and partly counterbal-
ance deteriorating symptoms or ii) act protectively against the mechanisms of

pathogenesis and alleviate disease progression.

IN THE ECLIPSE OF EXCITING FINDINGS

In parallel to a scientific context which favors the publishing of novelty and differ-
ences, it is important to acknowledge and constantly scrutinize the fundaments that
research is laid upon such that no incorrect and detrimental conclusions are drawn.
In both Paper II and III, commonly used methods and research models were chal-
lenged with the aim to improve the quality of science and translatability. Although
negative results or insights into methodology are not as thrilling or funding attrac-
tive, they are highly important components for robust, ethical and safe research. I
also encourage the use of both sexes in animal research, since important physiologi-
cal and molecular mechanisms may be affected by sex as demonstrated by this very

thesis.

TO CONCLUDE 69



ACKNOWLEDGEMENTS

As an Industrial PhD I have had the privilege to have four excellent supervisors
and teams at both Sahlgrenska Academy and AstraZeneca, Gothenburg. I would
like to thank my head-supervisor Madeleine for experienced guidance and support
along the way. I will never seize to be fascinated by your ability to keep your focus
on so many things at the same time, your endless motivation and never fading
smile. Thank you, Anne for making me feel so welcomed in the beginning, your
scientific experience and kindness made me feel comfortable and never hesitant to
ask stupid questions. My industry supervisor John, thanks for your confidence in

me, for being supportive and giving me autonomy.

True fortune for a PhD student is to have a supervisor like you Malin. I cherish
your expertise and guidance, the shared excitement for research as well as the
transparency and acceptance for life beyond work. Thanks for all the times you

have listened and encouraged me. You are to me a role model and friend.

I would like to thank the current and former members of the Transgenics team;
Kerstin, Anna-Lena, Katja, Pernilla, Vilborg, Asa, Nora, Franzi, Seren and Discov-
ery Biology; Mohammad. Thank you, Michelle for sharing your extensive expertise,
Johan for your merry spirits and for always lending a helping hand, and Therese for
being so considerate and supportive. Sara, my lunches would have been much less
amusing these last couple of years without you. I want to thank you and Annika for
all the contagious laughs. Thank you, Lotta for doing an excellent work in taking

care of the animals and for being engaged in the project.

Jamie, mille grazie for sharing your expertise in behavioral research and for great
collaboration. Stan, many thanks for enlightening me about Bayesian statistics and
its possibilities.

Thank you Dragana, Lena and Sara, and Ogongruppen at Sahlgrenska University
Hospital Mélndal for making statistics and ophthalmology courses much more fun.
Muchas gracias, Elena, my first supervisor and friend for believing (and telling me)
that I can do science. Thank you, Elin “birdsandfools”, my artistic friend from a
long time ago in Edinburgh, for the illustrations in Paper I and figure 1.

70 ACKNOWLEDGEMENTS



I would very much like to share my gratitude to the Swedish Foundation for Strate-
gic Research for funding my Industrial PhD and investing in these remarkable col-
laborations between academia and industry. Also, I feel very honored for having
been given the opportunity to share my perspective on intersectoral mobility in

Sweden and for the shown interest in my research.

Thank you, Gothenburg Women Scientists for being such a supportive network
and for shedding light on inequality in academia.

During this PhD it has become clear to me that my work stretches far into my pri-
vate life and vice versa. I have had so many dreams about mice and colorful gels,
and some of the best ideas have popped into my head during a run in the forest, in
my studio or whilst sinking in a swimming pool (due to my body composition...).
But also, during these years it has become extremely evident for me that when
something happens in the private part of life it cannot be simply left behind when
you come in to work. During this PhD, I have learnt how to live one day at a time.
My mother recovered from her breast cancer, but my brother-in-law Tobias lost the
fight against his brain tumor. It has been disconcerting to study life and aging, and
truly realize how much is taken for granted. I am grateful for the support, under-

standing and extra time given to me by my supervisors and financers.

I would of course not be who I am or where I am if it was not for my sprawling
family that has kept me on my toes, always. Conversely, I acknowledge that my fiery
temperament and creative vices must have been challenging for you (it is so great
that I have left all that behind). Mamma, you have taught me how to fight for what
is important and given me the courage to explore what I do not understand and
beyond. Pappa, your wholehearted enthusiasm and endless energy is something I
would like to have inherited even more of. I am grateful to my sisters for all the
love and tough love; it has shaped me. Anna, thank you for demonstrating that hard
work pays off and believing that I can do the same. Maria, it still amazes me that
you became my best friend after 19 years of being my enemy. Seeing you suffer
without being able to do anything is the hardest thing my heart and reason ever
have experienced. Lars, maybe in a few years when you have learnt how to read,

you will pick up this book and find it written that I have loved you always.

Bosse, thank you for being the first to discuss biology with me. I am grateful for the
calmness you bring to Mamma when everything feels as if it’s blowing in the wind
and times are a-changing. Thank you, Karin and Klara for always being empower-
ing and that you, together with Pappa, remind me to enjoy good things in life.
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Tack Mormor, Farmor och Farfar, Eva-Lena, Johan och Ingela for stéttning och

visat intresse.
My dear shoe-box, friends, wolfpack, cosmic twins, sham twin, artistic souls, dance
partners, sailor mates, travel buddies, et bon vivants, I surely hope that none of you

skipped reading the section on rejuvenation because I am truly looking forward to

growing old with you.

Yours sincerely,

Julia Helena Herner Adelof
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