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1│Summary 

Brain function is highly dependent on a well-regulated, harmonic interaction of a multitude of cellular and 

molecular pathways. During aging, many of these pathways undergo progressive changes, leading to gradual 

deterioration of brain health and ultimately cognitive abilities. While neurodegenerative events likely occur 

throughout one’s lifetime, detrimental effects often only become apparent with high age, when homeostatic 

mechanisms finally fail to uphold full functionality. Aging is therefore the highest risk factor to develop dementia 

and neurodegenerative diseases, such as Alzheimer’s or Parkinson’s. With the increasing lifespan of humans, 

such defects become prominent, and dementia is predicted to affect 152 million people worldwide by 2050, 

almost tripling current numbers.  

Several hallmarks of aging in general have been suggested. These include 1) alterations at the level of the 

genome, with DNA instability, chromatin modifications and nuclear architecture dysfunction. 2) Declining 

mitochondrial function and increasing levels of cellular oxidative stress. 3) Impaired intercellular signaling and 

shifting energy metabolism. 4) Widespread inflammation and activation of immune responses. And lastly, 5) 

dysregulation of protein homeostasis (proteostasis), with declining protein degradation capacity, stoichiometric 

imbalance of protein complexes, and protein aggregation. To what extent these alterations affect the brain and 

neuronal function is mainly studied in animal models, as human studies are limited to imaging and other non-

invasive techniques or postmortem tissue analysis. Small rodents, especially mice, offer a high similarity in 

genetics, as well as in nervous system anatomy and function, combined with easy handling and relatively short 

lifespan. The genetic tools to manipulate single genes or pathways are becoming increasingly sophisticated, as 

are large-scale analysis methods to describe changes in transcriptomics, proteomics and other -omics levels. 

Nevertheless, the differentiation of organismal aging versus brain aging and the difficulty of defining core versus 

accessory alterations still hinders a detailed understanding of aging processes in the brain. 

In this work, I provide a systematic investigation of aging in the mouse brain. I use RNA sequencing and liquid 

chromatography-mass spectrometry to study several subcellular fractions of the brain. Physiologically aged 

wildtype mice, 6, 12, and 24 months of age, are thoroughly described regarding total and nuclear transcript 

abundance, as well as total, soluble and insoluble protein content. Qualitative and quantitative measurements 

of more than 20,000 genes and 8700 protein groups implicate the expected mitochondrial function decline, 

neurodegeneration, protein aggregation and immune activation, but also ribosomal and intermediate filament-

based reorganizations in the aging process. Further, 12 mouse models of aging, neurodegenerative disease, 

dietary supplementation, or environmental enrichment are analyzed in parallel to gain insight into their proteomic 

landscape and aging signatures, specific to the brain. An overall comparison between physiological aging and 

aging modeled in a range of different mice reveals overlapping, but also separate pathways being the main 

drivers of (phenotypical) aging. The collection of data presented here sheds light on some previously 

undiscovered or underappreciated concepts and serves as valuable database for the scientific community. 

Together with additional experiments and considerations prompted by this study, we will ultimately achieve a 

better definition of brain aging and perspectives for medically postponing or preventing cognitive decline. 
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2│Introduction 

Aging, the gradual, time-dependent decline of physiological functions and deterioration of bodily performance 

is a basic feature of life. While we intuitively comprehend its concept, it is composed of several complex 

physiological changes that remain poorly understood. Impairments of hearing, vision, cardiovascular and motor 

capabilities, immune competency, or cognitive acuity are common challenges posed by time and age. Naturally, 

aging thus has major socio-economic consequences and shapes human societies (Chiao et al., 2014). 

Numerous interventions have been developed to counteract or ameliorate age-related impairments, extending 

human lifespan progressively. With this increasing lifespan, defects of the brain, which often become 

symptomatic only at high age, became more and more apparent and acute. Aging is the greatest risk factor for 

neuropathology, with neurodegenerative diseases (NDDs) like Alzheimer’s disease (AD) or Parkinson’s disease 

(PD), manifesting in the elderly with rising proportion. The prevalence of dementia increases exponentially after 

60 years of age (Niccoli and Partridge, 2012), with more than one third of people age 85 or older having 

Alzheimer’s dementia (numbers from the US population; Alzheimer's Association, 2020). With an increasingly 

aged population, the number of people suffering from dementia and requiring constant care will double to triple 

by 2050 (Alzheimer's Association, 2020; Prince et al., 2016). A detailed understanding of the molecular process 

of brain aging is however still missing to date and our ability to prevent the deterioration of brain function is 

superficial and incomplete. 

Brain aging is associated with deteriorating attention, impaired memory formation, and diminished motor 

functions, which can be assessed with non-invasive techniques like magnetic resonance imaging or with 

cognitive and behavioral tests (Kondo et al., 2015; Salthouse, 2010). The severity of symptoms is however often 

difficult to evaluate objectively and uniformly. For obvious practical and ethical reasons, tissue-based cellular 

and molecular data cannot be obtained from humans during the course of brain aging. Comparatively few 

molecular studies of human brain aging are thus available, and the large majority are based on postmortem 

tissues. Not only is the proper preservation of postmortem samples a major challenge, but it also means that 

early stages of cognitive decline and neuropathology likely get overlooked. It is however especially in these 

early, asymptomatic stages of cognitive decline that it might be crucial to understand the pathological 

transformations and intervene pharmacologically or non-pharmacologically, to keep the effects of brain aging 

at guard (Sperling et al., 2014).  

What do we know about brain aging? The early belief that a general loss of neurons and other brain cells with 

age is responsible for cognitive decline has recently been corrected and replaced by the knowledge that 

morphological alterations and more subtle cellular rearrangements (Yankner et al., 2008) are relevant for 

functional deterioration (Figure 1). They include the loss of dendritic spines and dendritic tree complexity, 

altered spine density, axonal swellings and dystrophic neuronal morphology, and the appearance of intracellular 

granules, fibrils or lipofuscin deposits (Pannese, 2011; Uylings and Brabander, 2002). These morphological 

changes are highly region-specific, though (Burke and Barnes, 2006) and often controversial. Hippocampal 

dendritic branching for example has been described as both increased (Buell and Coleman, 1979) and 

decreased (Ypsilanti et al., 2008) in aged humans, while neocortical dendritic trees are more likely to indeed 

undergo reduction (Brabander et al., 1998). Cerebellar Purkinje cell number does decline with age (Andersen 

et al., 2003; Woodruff-Pak et al., 2010; Woodruff-Pak, 2006), in this case likely linking cell number reduction 

and impaired motor functions in the elderly (Glisky, 2007). Neuronal networks are also influenced by an altered 
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excitatory-inhibitory balance (Rozycka and Liguz-Lecznar, 2017), gene expression that affects neurogenesis 

and synaptic function (Loerch et al., 2008), membrane cholesterol and sphingolipids that change synaptic 

activity by rigidifying membranes (Shinitzky, 1987) and a general glucose hypometabolism with decreased 

expression of glycolysis enzymes and glucose transporters (Camandola and Mattson, 2017). Neural stem cells, 

located in the dentate gyrus of the hippocampus and the subventricular zone of the lateral ventricles, proliferate 

and differentiate throughout life, but with declining capacity and decreasing number (Encinas et al., 2011; Lupo 

et al., 2019; Molofsky et al., 2006; Zhang et al., 2017b). Other brain cell types are also affected by age. Altered 

oligodendrocyte morphology, gene expression, precursor recruitment and differentiation are correlated with a 

gradual demyelination and loss of myelin remodeling with age (Hill et al., 2018; Sim et al., 2002; Soreq et al., 

2017). Such decompaction or loss of myelin disturbs neuronal communication and synchrony, thus limiting 

cognitive functions (Peters, 2002; Zatorre et al., 2012). Lastly, gliosis and a low-grade chronic pro-inflammatory 

state are typical hallmarks of human brain aging (Santoro et al., 2018; Sierra et al., 2007). Astrocytes often 

show hypertrophic morphology, increased expression of synapse elimination genes, and altered glutamate 

homeostasis (Boisvert et al., 2018; Bronson et al., 1993; Santos et al., 2018). Microglia are increasingly reactive, 

with altered inflammation and migration phenotype (Harry, 2013; Schuitemaker et al., 2012). Innate immune 

gene expression is upregulated with age (Cribbs et al., 2012) and senescent cells exhibit a pro-inflammatory 

secretion profile (Santoro et al., 2018), changing the cellular environment and eliciting inflammatory responses 

in return.  

 

Figure 1 Age-related cellular and molecular changes in the brain. Schematic representation of neurons, oligodendrocytes, 
astrocytes, microglia, and neural stem cells with their respective alterations observed in aged brains. Arrows indicate 
direction of change, which is however highly region specific and, in the case of gene expression, multilayered. 
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With the brain being such a complex organ, showing multi-layered and interdependent cellular and molecular 

changes with age, the study of relatively simple model organisms is indispensable. Aging in general has been 

and still is extensively modeled in yeast, worms and fruit flies to identify pathway interactions and single gene 

or protein impact (Kenyon, 2010; Kenyon et al., 1993). Due to obvious anatomical differences however, the 

relevance of these models for the study of brain aging is limited. Small rodents, especially mice, combine a high 

level of similarity to the human brain with high fertility, easy breeding, small size, and short lifespan. Mice also 

allow a tight control of genetic and environmental variables, which is essential for the reproducibility of results. 

A vast availability of inbred and outbred strains, as well as numerous tools for genetic manipulation, available 

mutant mouse lines and the animal’s ability to learn simple behavioral tasks has made the mouse the favorite 

small mammal to study brain aging, with ~90% of the available scientific literature on this subject consisting of 

mouse data (Kluever and Fornasiero, 2021).  

A direct translation of results and insights gained from animal models to humans is always difficult and warrants 

caution. Especially in the aging field, it is often tricky to discern aging phenotypes from disease phenotypes, 

meaning signs of sickness are easily interpreted as signs of aging. In the case of genetic manipulations, the 

impact of that manipulation on general health needs to be considered as well. Further, the timing and strength 

of knock out (KO), knock in (KI) or transgene expression (tg) are crucial. Developmental defects need to be well 

separated from age-related defects when the manipulation takes effect already at or even before birth. Defining 

a hierarchy of events is the major challenge and most likely not well simulated by an abrupt modification of a 

single gene. However, by modifying specific genes, groups of interconnected pathways can be described, 

commonalities can be found, and essential mechanisms of aging can be identified. These lines of evidence can 

be further supported by studying not only genetic mouse models, but physiological, wildtype (WT) aging in 

parallel. For the brain specifically, the added difficulty is to discern the consequences of whole organism aging 

and aspects that pertain to brain function. Phenotypic signs of aging, like hair graying or skin lesions and even 

regenerative tissue aging (cardiovascular decline, renal dysfunction, etc.), are often disconnected from cognitive 

decline and any major signs of brain aging. Among the many mouse models used to study aging (Ackert-Bicknell 

et al., 2015; Flurkey et al., 2007; Folgueras et al., 2018; Kõks et al., 2016), the minority have been developed 

to investigate the brain specifically (Bilkei-Gorzo, 2014; Heng et al., 2017; Kluever and Fornasiero, 2021).  

Several ‘core aging pathways’ have emerged by combining animal studies with human large-scale population 

studies and genome-wide association studies. These pathways, acting in parallel, often overlapping and 

intersecting, can be summarized in five categories (Kluever and Fornasiero, 2021) and will be described in the 

following sections. They are: 1) genetic and epigenetic instability; 2) mitochondrial dysfunction; 3) altered 

intercellular signaling, including hormonal stimuli and energy consumption regulation; 4) inflammation and 

immune activation; and 5) protein homeostasis (proteostasis) defects. See also Figure 2 for a schematic 

summary.  

 

2.1│Genetic and epigenetic instability 

The basic building plan for each cell is stored in its DNA and extended information is provided by the epigenetic 

code. Reliable preservation and transmission of this fundamental information is therefore vital. Aging however 

affects DNA integrity and changes the landscape of epigenetic markers. Exposure to ultraviolet light or reactive 
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molecular species from within the cell can damage DNA bases, inducing double strand breaks, base 

dimerizations, crosslinking or single base exchanges (Hoeijmakers, 2009). Prolonged exposure to exo- or 

endogenous stressors, as naturally occurring with age, thus lead to errors accumulating while the cell’s 

mechanisms try to repair the damages (Vermeij et al., 2016). Also in human neuronal cells, such a correlation 

between somatic mutations and age could be confirmed (Lodato et al., 2018). Several mouse models with 

impaired DNA-repair mechanisms further strengthen the connection of lacking genomic repair and typical brain 

aging signs, such as motor neuron loss, increased inflammation, mislocalization of synaptic proteins and 

abnormal mitochondrial function (Graaf et al., 2013; Sepe et al., 2016; Waard et al., 2010). Genomic structure 

is additionally preserved by telomeres, the protective, repetitive DNA structures at the ends of chromosomes. 

Telomere shortening, occurring with cell division, is also observed in neurons and glia, leading to a senescent-

like phenotype (Ain et al., 2018; Jurk et al., 2012). Telomerase-deficient mouse models with reduced telomere 

length develop increased DNA damage, decreased neurogenesis and defects in brain-function related 

behavioral tasks (Whittemore et al., 2019; Zhou et al., 2017).  

DNA is kept stable and accessible for transcription by wrapping and packaging around histones, octameric 

protein complexes that can be modulated to allow or restrict transcription of specific DNA stretches. 

Modifications of histone residues and direct DNA modifications thus serve as epigenetic regulation layer, 

defining when and where DNA can be transcribed (Lardenoije et al., 2015). The landscape of epigenetic 

modifications changes in aged tissues and histone deacetylases might provide a window of possible aging-

intervention, as targeted inhibition or KO of these histone remodeling proteins has been shown to enhance 

neuroprotection and cognitive function in models of neurodegeneration (Benito et al., 2015), as well as in 

physiological aging (Guan et al., 2009).  

Lastly, genomic integrity is preserved by the nuclear architecture itself. In the human Hutchinson-Gilford-

Progeria Syndrome (HGPS), a defect of the nuclear lamina leads to aberrant nuclei structure with growth 

retardation after birth, muscular dystrophy, cardiomyopathy, and drastically shortened lifespan (Dechat et al., 

2008; Hennekam, 2006). Mouse models have been developed to mimic the defect in the nuclear envelope. One 

of them, referred to as LAKI in this work, is a KI of the point mutation in the prelamin-A/C (LMNA) gene identified 

in human HGPS patients, which prevents the correct processing of this protein (Osorio et al., 2011). Another 

model is the KO of the processing enzyme, zinc metalloproteinase ZMPSTE24 (Varela et al., 2005). While both 

of these models mimic the human syndrome very reliably, it is unclear, whether and to what extent the brain is 

affected and suffering from this lamin defect as little to no functional defects have been observed (Baek et al., 

2015; Jung et al., 2012; Yang et al., 2015).  

The nuclear envelope is further responsible for correct segregation of cellular compartments and transport of 

RNA and other macromolecules through nuclear pores. Pore complex proteins are amongst the longest-lived 

proteins (Fornasiero et al., 2018; Savas et al., 2012) and thus prone to damage accumulation, structural 

deterioration, and leaky permeability (D'Angelo et al., 2009). Nuclear transport receptors and pore proteins show 

age-related decline in numbers or density and complex assembly is heavily dependent on correct stoichiometry 

of its components (Ding and Sepehrimanesh, 2021). If brought out of balance by posttranscriptional 

modifications or damage accumulation, nuclear pore complexes not only can no longer perform their function 

of regulated transport, but orphan proteins themselves are aggregation prone and likely damaging other 

structures (Cho and Hetzer, 2020). Nucleocytoplasmic transport is further implicated in gene expression 

regulation and transcriptional buffer activity by retaining RNA transcripts (Bahar Halpern et al., 2015). Just like 
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pore proteins, RNA-binding proteins that transport transcripts from one compartment to the other, are likely age-

dysregulated (Ding and Sepehrimanesh, 2021). Impaired nucleocytoplasmic transport has also been identified 

in several NDDs (Li and Lagier-Tourenne, 2018). 

 

2.2│Mitochondrial dysfunction 

Erroneous nucleic acid or protein modifications and damage pose major threats to cellular and organismal 

homeostasis. One of the endogenous causes of such unwanted alterations are the already mentioned reactive 

molecular species, i.e., reactive oxygen or nitrogen species (ROS and RNS, respectively), which are produced 

as a byproduct of ATP production during cellular respiration in mitochondria (Schriner et al., 2005). Long-term 

increased presence of ROS oxidizes and damages DNA, proteins, and lipids (Houtkooper et al., 2011). In a 

vicious cycle, mitochondrial function itself becomes impaired which leads to inefficient respiration and even 

more ROS release into the cell (Cui et al., 2012). Mitochondrial DNA (mtDNA) is especially vulnerable, due to 

its close proximity to the origin of ROS, the lack of protective histones and less-efficient repair mechanisms, 

compared to nuclear DNA. mtDNA mutation load was thus suggested as hallmark and possible biomarker of 

aging. While mouse models of defective mtDNA maintenance (referred to as ‘mtDNA mutator mice’) indeed 

show high numbers of mtDNA mutations and several aging phenotypes (Sörensen et al., 2001; Trifunovic et al., 

2004), a reduction of lifespan is only observed with very pronounced mutation load that is not found in normal 

human aging (Khrapko et al., 2006; Kujoth et al., 2005). 

Nevertheless, mitochondrial respiration is clearly affected in aging. The respiratory complexes which contain 

mitochondrially encoded subunits (complex I and IV) are the first to suffer in mtDNA mutator mice (Sörensen et 

al., 2001; Trifunovic et al., 2004) and several electron transport genes are decreased in aged nematodes, fruit 

flies, mice and humans (Zahn et al., 2007). To rescue mitochondrial membrane potential deficits and reduce 

ROS production, cells can uncouple mitochondria to allow proton flow into the matrix without going through 

complex V first. This however decreases energy production and increases oxygen consumption (Andrews and 

Horvath, 2009). A mouse model that lacks this protective uncoupling protein (Ucp2) shows increased ROS 

production, inflammatory interleukin (IL)-1β upregulation, activated microglia and decreased lifespan 

(Arsenijevic et al., 2000; Hirose et al., 2016). Other oxidative stress response mechanisms are also often found 

to be increased with age, especially reactive species scavenging enzymes (Barth et al., 2019; Nowotny et al., 

2014; Yankner et al., 2008). One such scavenging enzyme is catalase (Cat) and upon mitochondria-targeted 

overexpression of the human form in mice, it prolongs the lifespan of modified mice by inactivating hydrogen 

peroxide (H2O2) and protecting mitochondria from oxidative damage (Mao et al., 2012; Schriner et al., 2005). 

These mCat mice are however unique in their clear beneficial effects. Overexpression of a different antioxidant 

enzyme, copper zinc superoxide dismutase, or the overexpression of Cat in peroxisomes does not extend 

lifespan in mice (Huang et al., 2000; Pérez et al., 2009b). Similarly, the effect of antioxidant diets has been 

shown to be effective in some cases in mice (Liu et al., 2002; Park et al., 2009), but also non-effective in mice 

and humans (Bjelakovic et al., 2012; Flurkey et al., 2007). Lastly, many studies argue for a protective role of 

mild ROS exposure, as it could lead to long term shifts in mitochondrial efficiency and generally enhanced 

antioxidant defense mechanisms which could be especially beneficial in the brain (Bilkei-Gorzo, 2014; Ristow 

and Zarse, 2010; Schulz et al., 2007). 
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2.3│Signaling and energy metabolism 

The pathways of cellular energetic control are tightly connected to mitochondrial function and are interconnected 

to intercellular, often hormonal, signaling. This category of age-related changes is possibly one of the most 

complex, with well-studied signaling cascades, animal models and seemingly easy intervention through dietary 

regimes and available pharmacological modulators. It is however also a category, where effects often lack a 

clear molecular explanation and results can be contradictory.  

Before genetic tools to manipulate animal models were established, aging studies were often conducted on 

mouse strains that showed spontaneous differences in lifespan or that were selectively bred to show accelerated 

or delayed aging. An overview of different lifespans of WT mice is provided by the Jackson Aging Center (Yuan 

et al., 2009). Extensive breeding efforts were undertaken by Takeda and colleagues to develop senescence-

prone mouse lines (SAMP) and senescence-resistant lines (SAMR), each line showing their own signature of 

accelerated or delayed aging (Takeda et al., 1981). Among these lines, the SAMP10 and SAMP8 mice display 

brain aging phenotypes, manifesting in glial activation, reduced complexity of dendritic trees, spine and synapse 

number decline and pronounced learning and memory defects (Miyamoto, 1997; Shimada et al., 2003; Shimada 

and Hasegawa-Ishii, 2011; Takeda, 2009). Signs of NDDs were also found in SAMP8 mice, such as increased 

amyloid beta peptide levels, neurotoxic oligomers or hyperphosphorylated tau (Dobarro et al., 2013; Grinan-

Ferre et al., 2018), although plaque, neurofibrillary tangle or inclusion body formation are absent in these mice 

(Akiguchi et al., 2017). The severity of learning defects in these mice was shown to correlate with impaired 

glucose metabolism and gradual decline of mitochondrial function after 2 months of age (Ohta et al., 1996). 

Glycolysis, tricarboxylic acid cycle (TCA) and other energy pathways were preferentially affected in aged 

SAMP8 mice in a later study of brain metabolites (Currais et al., 2019). 

Beyond that, the so called ‘dwarf mice’ were probably one of the first models used to investigate aging in the 

context of body size, energy demands and hormonal regulation of growth. George Snell discovered mice with 

a spontaneous recessive autosomal mutation that drastically reduces body size (Snell, 1929); these mice are 

now known as ‘Snell dwarf’ mice. The loss-of-function mutation of homeobox transcription factor, pituitary factor 

1 (Pit1), was later identified to be causative of the dwarf-phenotype. With the defective differentiation of pituitary 

cells, biosynthesis of growth hormone (GH), prolactin (PRL) and thyroid-stimulating hormone (TSH) is 

abrogated, and animals show heavily reduced levels of insulin-like growth factor 1 (IGF-1). Most importantly, 

the Snell dwarf mice show an extension of lifespan of up to 40-50% (Flurkey et al., 2002). Similarly, the small 

Laron mice and Ames dwarf mice have genetic alterations in GH-receptor (GH-R) and adenohypophyseal 

development, respectively, and show increased lifespan (Brown-Borg and Bartke, 2012). 

A reduction of hypothalamic control or pituitary function affecting GH levels, which in turn stimulates IGF-1, thus 

influences organism development, growth, metabolism, and energy expenditure. Lifespan is also extended in a 

model of brain-specific KO of IGF-1-R (Kappeler et al., 2008), exemplifying that these hormonal modifications 

not only take effect in peripheral organs and tissues, but also in the brain. When a reduction of metabolic rate 

or growth via IGF-1(R) downregulation prolongs life, then its upregulation should have the opposite effect. This 

is the case in a mouse model where IGF-1-R levels are increased tenfold by having knocked out its translocation 

and degradation regulator arsenite-inducible RNA-associated protein-like (AIRAPL), encoded by the Zfand2b 

gene (Osorio et al., 2016). 
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Both IGF and insulin are produced locally in the brain (Bondy and Lee, 1993; Kuwabara et al., 2011) and both 

have specific neuronal functions. Insulin is believed to act as a neuroprotective factor and the loss of the 

hormone or insulin receptor (IR) might precede AD (Felice et al., 2014) and PD (Bassil et al., 2014). Declining 

levels of IR have been shown to occur during physiological aging (Zaia and Piantanelli, 2000). Further 

downstream of GH, IGF or IR are the key energy sensing regulators of the cell, adenosine monophosphate-

activated protein kinase (AMPK) and mechanistic/mammalian target of rapamycin (mTOR). mTOR is mostly 

known as an autophagy inhibitor, favoring anabolic pathways, while AMPK favors catabolic mechanisms 

(Salminen and Kaarniranta, 2012). These central modulators are prominent targets for pharmacological 

intervention using small molecule agonists (e.g., metformin for AMPK) or antagonists (e.g. rapamycin for 

mTOR), which have been successfully applied to prolong the lifespan of mice (Harrison et al., 2009; Martin-

Montalvo et al., 2013), although not universally in small rodents (Smith et al., 2010). In the above-mentioned 

senescence accelerated SAMP8 mice, metformin was shown to ameliorate endoplasmic reticulum (ER) stress 

and improve cognitive performance (Liu et al., 2020).  

While these pharmacological interventions have a very specific target with far-reaching consequences, both 

dietary- and exercise-based paradigms affect a wide range of parameters which ultimately lead to the most 

significant and reproducible amelioration of age-related deterioration and lifespan extension (Fontana et al., 

2010; Masoro, 2005; McCay et al., 1935; Most et al., 2017). Exercise has been shown to be beneficial for brain 

health and cognition in several species (Berchtold et al., 2010; Rhyu et al., 2010), including humans (Chirles et 

al., 2017), by stimulating, among others, brain-derived neurotrophic factor (BDNF; Adlard et al., 2004). Exercise 

thus decreases neuroinflammation, increases synaptic plasticity and neurogenesis and stimulates mitochondria 

biogenesis (Dallagnol et al., 2017; Speisman et al., 2013; Steiner et al., 2011; Stranahan et al., 2010), all 

beneficial also in NDD models (Choi et al., 2018; Lau et al., 2011), as well as in mtDNA mutator (Ross et al., 

2019; Safdar et al., 2015) and SAMP8 mice (Dong et al., 2018). Many of the positive effects of exercise-regimes 

can also be found following environmental enrichment (EE) of mice. EE provides physical, social and cognitive 

stimuli, which elicit hypothalamic pituitary-adrenal axis adaptations. Increased BDNF circulation, expression of 

synaptic proteins, elevated neuronal extension branching, cell proliferation and promoted angiogenesis are just 

some of the described consequences (Nithianantharajah and Hannan, 2006). 

Dietary restriction (DR), such as reducing calorie intake, intermittent fasting, or ketogenic diets, change the 

metabolic landscape of organisms. Subsequently reduced levels of insulin and insulin related signaling (Kenyon, 

2010) or increased autophagy (Egan et al., 2011) link DR back to the molecular hubs surrounding AMPK. 

Transcriptional adaptations favor neuroprotective factors and chaperones, strengthening mitochondrial function 

and protein homeostasis (Amigo et al., 2017; Lee et al., 2000; Lee et al., 1999; Wood et al., 2015; Yu and 

Mattson, 1999). DR also shifts the main energy source from carbohydrates to fatty acids (Bruss et al., 2010; 

Roberts et al., 2017), where oxidation bypasses electron transfer of complex I, thus minimizing local ROS 

production (Guarente, 2008; Kushnareva et al., 2002). While this mechanism likely plays a bigger role in 

peripheral tissues due to neurons’ limited use of fatty acid oxidation (Panov et al., 2014), the DR-upregulated 

peripheral and brain produced ketone bodies (Romano et al., 2017) contribute to the brain’s energy supply, 

strengthen antioxidant glutathione peroxidase activity and synaptic function (Brandhorst et al., 2015; Cahill, JR, 

2006; Ziegler et al., 2003). The effects of diet and exercise, while not always leading to a guaranteed lifespan 

extension per se (Liao et al., 2010), still clearly improve several aspects of physiological function, which 

otherwise would decline with age.  
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DR and exercise can also be seen as mild stressors, to which an organism responds by optimizing its metabolic 

processes and energy consumption. A very fine line then separates beneficial adaptations from detrimental 

ones and the effect becomes highly dependent on the extent and duration of stress. Excessive DR in humans 

leads to osteoporosis, infertility, or amenorrhea (Dirks and Leeuwenburgh, 2006) and physical activity in the 

elderly can be associated with mortality (Lee and Skerrett, 2001). Likewise, dwarf mice, while living longer, have 

delayed or absent sexual maturation (Bartke and Brown-Borg, 2004). In nematodes, it was even shown that DR 

improves stress resistance and survival of the first generation, but that their offspring has reduced fitness and 

increased mortality risk (Ivimey-Cook et al., 2021; Mautz et al., 2020). A thorough, transgenerational 

assessment of different metabolic paradigms, whether pharmacological, genetic, activity-related, or dietary, is 

therefore warranted. 

 

2.4│Inflammation and immune activation 

A low level of chronic tissue inflammation is a common feature of aging, caused by constant creation of toxic 

and bio-reactive byproducts in biosynthetic pathways and subsequent gradual modification and damage of 

molecules (Barth et al., 2019; Cellerino and Ori, 2017; Green et al., 2011; Lee et al., 2000; Podtelezhnikov et 

al., 2011). In the brain, this ‘inflammageing’ phenotype (Franceschi and Campisi, 2014) becomes noticeable by 

dystrophic microglia cells, which become hyperreactive and unable to mount adequate immune responses with 

advancing age (Hart et al., 2012). Immune cell populations (dendritic cells and T-cells) become more abundant, 

as do circulating inflammatory cytokines (Hammond et al., 2019; Stichel and Luebbert, 2007). Senescent cells 

contribute to this increase of pro-inflammatory factors by acquiring senescence-associated secretory 

phenotypes (Chinta et al., 2015). The blood-brain-barrier, which guards the passage of peripheral molecules 

and signals into the brain, becomes increasingly leaky with age, which is correlated with cognitive decline 

(Erickson and Banks, 2019; Montagne et al., 2015). Immune activation and gliosis are often observed in the 

vicinity of damaged neurons or extracellular aggregates. While there is little doubt that immune reactions and 

inflammatory signals are generally upregulated in aged organisms, whether these are beneficial, detrimental, 

or both (in temporal sequence), is disputed (Garaschuk et al., 2018; Johnson et al., 2020; Santoro et al., 2018). 

 

2.5│Protein homeostasis 

A common hallmark of several NDDs is the formation of protein deposits and aggregates. This encompasses 

amyloid beta peptides, hyperphosphorylated tau protein, α-synuclein, TAR DNA-binding protein 43 (TDP43) 

and huntingtin (Jucker and Walker, 2013). Notably, these aggregates are found before signs of neuropathology 

become apparent and increase from young to old age (Braak and Del Tredici, 2011; Elobeid et al., 2016). Similar 

to the previously described accumulation of DNA damages, proteins are likely to undergo a manifold of 

unwanted or unregulated modifications, some of which lead to protein misfolding and aggregation. And just like 

the involvement of immune reactions to the benefit or detriment of overall organism health with age is debated, 

so is the exact role of protein segregation, deposit formation and aggregation. On one hand, ‘sequestering’ and 

concentrated localization of reactive or non-functional proteins could protect the intracellular environment. On 
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the other hand, aggregates lead to stress responses, impaired transport and degradation pathways and might 

sequester still healthy proteins into inaccessible structures (Currais et al., 2017; Lindner and Demarez, 2009).  

Irrespective of their precise role in aging and neuropathology, protein aggregates are considered a sign of aging 

and implicate protein homeostasis, or proteostasis, as aging mechanism. Protein synthesis, folding, trafficking 

and degradation need to be finely balanced, but can derail individually or collectively, as is the case in NDDs or 

prion protein diseases, as well as in physiological aging (Cuervo and Dice, 2000; Kaushik and Cuervo, 2015). 

A positive correlation of lifespan and translation fidelity (Ke et al., 2017) as well as of lifespan and efficient 

proteostasis (Pérez et al., 2009a; Treaster et al., 2014) has been described.  

Protein synthesis has been described to undergo age-related decline, but most likely, this is not equally true for 

all tissues and organs (Finch and Morgan, 1990; Schimanski and Barnes, 2010; Ward, 2000). In the brain, 

ribosomal disorganization and altered stoichiometry has been implicated in the aging process (Kelmer 

Sacramento et al., 2020; Yu et al., 2020). During and after the process of protein synthesis at ribosomes, 

chaperones ensure proper protein folding. However, transcript and protein levels of chaperones decline with 

age, so does their enzymatic activity, which is often ATP dependent (Brehme et al., 2014; Naidoo et al., 2008; 

Nuss et al., 2008; Paz Gavilán et al., 2006). Hydroxylation, chlorination, oxidation, peroxidation, or the 

appearance of advanced glycation end products (AGEs) on proteins can further render these modified 

structures unrecognizable for chaperones (Kaushik and Cuervo, 2015; Munch et al., 2012; Xiao et al., 2020). 

Unguarded, these structurally and functionally altered species then lead to crosslinking, aggregation, and 

inflammation (Horie et al., 1997; Nowotny et al., 2014). The unfolded protein response (UPR) is elicited upon 

ER and general proteostasis stress and upregulates, among others, chaperone production (Hetz et al., 2020). 

Upon artificial downregulation of UPR function, cognitive and motor ability declined, while the opposite effect 

was observed upon upregulation in genetic mouse models (Cabral-Miranda et al., 2020).  

For protein degradation, lysosomal and ubiquitin-proteasome pathways complement each other (Kaushik and 

Cuervo, 2015). Misfolded proteins or entire organelles (e.g., mitochondria) can be degraded by lysosomal 

autophagy and genetic KO of autophagic proteins leads to severe neuropathology and reduced lifespan in mice 

(Komatsu et al., 2006). Lysosomal failure in cells can be detected by the presence of auto-fluorescent lipofuscin 

deposits, which are hallmarks of aged neurons (Brunk and Ericsson, 1972; Terman and Brunk, 1998). 

Maintenance of a low luminal pH within lysosomes is essential for their function, yet ATPases and K+-channels 

show diminished reliability in aging and NDD (Jinn et al., 2017; Sulzer et al., 2008). Levels of autophagy-

regulating and -related transcripts, intersecting with cellular metabolic pathways and the AMPK-mTOR axis, 

tend to decrease with age (Lee et al., 2000) and their upregulation was shown to prolong the median survival 

of mice (Fernández et al., 2018). In the ubiquitin-proteasome system, ubiquitin can be covalently linked to 

proteins by E1, E2 and E3 enzymes, thus marking them for delivery to and degradation in the proteasome. Not 

only abundance, but also diminished enzymatic activity of degrading enzymes is implicated in the aging process. 

Proteasomal efficiency declines with age (Keller et al., 2000; Vilchez et al., 2012) and aberrant ubiquitin ligation 

mechanisms are linked to NDD (Lucking et al., 2000; Min et al., 2008; Shimura et al., 2001). Inclusions with 

ubiquitin conjugates are characteristic of aged neurons (Gray et al., 2003) and aggregated protein fractions 

from aged mice livers show a high degree of ubiquitianted proteins (Basisty et al., 2018). 

Ubiquitin monomers can be linked in homo- or heterotypic polyubiquitin chains, depending on which of the seven 

lysine residues is used for linkage (French et al., 2021). Different poly-ubiquitination patterns, serve as 
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intracellular signals beyond degradation (Grillari et al., 2006). The ‘classical’ K48 linkage signals degradation, 

while the K63 ubiquitination acts mainly in other processes such as endocytosis, mitochondrial and ribosomal 

function or DNA repair. K6 linkage has even been described as negative proteasomal effector (Shang et al., 

2005). Similarly, small ubiquitin like modifiers (SUMOs) are emerging as functional modifiers in aged organisms 

by influencing activity, localization and interaction of their targets. They have been described in the context of 

stress responses, including autophagy and cellular senescence, as well as in telomere regulation in NDD and 

physiological aging (Princz and Tavernarakis, 2017; Vijayakumaran and Pountney, 2018). Further, the activity 

of other signaling molecules, involved in a plethora of cellular functions including proteostasis, is often regulated 

through reversible phosphorylation. Calcium/calmodulin-dependent protein kinases for examples show different 

activity and phosphorylation states with age (Ori et al., 2015) and phospho-proteomic results implicate calcium 

signaling pathways in AD progression (Bai et al., 2020). 

With protein aggregation being so closely linked to NDDs, many mouse models have been designed to study 

their origin, impact, and extent in more detail. For an overview see Kluever and Fornasiero, 2021 or 

http://www.alzforum.org. AD hallmarks include extracellular amyloid plaques and intracellular aggregates of 

hyperphosphorylated tau protein. Aggregation-prone amyloid beta (Aβ) peptides are produced by enzymatic 

cleavage of amyloid precursor protein (App). Genetic lines mimicking AD mostly harbor modifications affecting 

App itself or App processing enzymes presenilin 1 (Psen1) and beta-secretase 1 (Bace1). Intracellular tau 

protein can also be modified by targeting its gene, microtubule associated protein tau (Mapt). In order to create 

phenoptyes that resemble human pathology, combinations of multiple genetic mutations are often used. For 

example, the APPPS1 mouse carries a combination of App (KM670/671NL) and Psen1 (L166P) mutations that 

are found in human AD patients (Radde et al., 2006). Expression of the human transgene App is increased 

three times compared to endogenous mouse expression. Amyloid plaques become apparent from six weeks of 

age onwards, but no fibrillar tau inclusion were found. Animals are cognitively impaired from 7 months. 

For PD, characteristic diminished dopaminergic signaling and α-synuclein aggregation with Lewy body 

formation can be modeled by altering α-synuclein (Snca) expression levels. The mouse line called ‘Line 61’ 

overexpresses human α-synuclein under the Thy1 promoter (Rockenstein et al., 2002), reproducing altered 

dopamine release, Snca-pathology, motor impairments and inflammation. They do not show loss of 

dopaminergic neurons, though. The HM2 model harbors two mutations in Snca: A30P and A53T (Richfield et 

al., 2002). Loss of dopaminergic neurons in the substantia nigra, low dopamine levels and motor coordination 

defects are the consequence. Lewy body-like inclusions are not observed. 
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Figure 2 Overview of cellular aging pathways. The scheme shows some of the most important molecular pathways altered 
during brain aging and indicates the 11 mouse models used in this work (mouse symbol and name). See introduction for 
details. AntiOx: cohort of mice fed with an antioxidant-supplemented diet, AMPK: adenosine monophosphate-activated 
protein kinase, IGF: insulin-like growth factor, INF: interferon, mTOR: mechanistic/mammalian target of rapamycin, TGF: 
transforming growth factor, TNF: tumor necrosis factor. 

 

2.6│Challenges in understanding brain aging and aims of this work 

Insights into the molecular processes of aging and brain aging have been facilitated by technical developments 

in the fields of genetic manipulation, high-throughput analyses of RNA and protein, including single-cell and 

modification investigations, and the increasing initiative to share large datasets online. Nevertheless, the study 

of physiological aging with large-scale measurements has shown that RNA expression changes are modest, as 

are protein abundance changes (Cellerino and Ori, 2017; Lee et al., 2000; Walther and Mann, 2011; Yu et al., 

2020). One of the first proteomic studies of aged mouse brains using mass spectrometry (MS) found only 3% 

of all quantified proteins to change by more than one third (Walther and Mann, 2011). A more recent study even 

shows that statistically significant changes range around only 20% difference (Yu et al., 2020). 

Sufficient sample number is indispensable when changes are subtle. Inter-individual differences further 

complicate a significant identification of age-affected transcripts or proteins (Cellerino and Ori, 2017). Gene 

expression heterogeneity in human brains has been described as greater in individuals age 45-71 years, in 

comparison to the group of <42 as well as the group >73 (Lu et al., 2004). Similarly, epigenetic signatures in 

brains of individuals >75 years are more homogeneous than those of younger groups (Oh et al., 2016). To my 

knowledge, no such human brain multi-age comparison has been performed on protein level, but in mice, protein 

abundances become more variable after 17 months of age (Mao et al., 2010). In animal models, it is therefore 
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essential to consider the specific age-windows that are under investigation. For example, comparing the gene 

expression of young adult 2 months old mice with aged 22 months old mice might capture differences that are 

due to ongoing development and brain-specific synaptic rearrangements rather than old age (Jiang et al., 2001). 

Preferably, at least three timepoints should be studied, capturing early, late and long continuing changes (Baker 

and Peleg, 2017; Kluever and Fornasiero, 2021; Oh et al., 2016).  

Early observations of rodent lifespans were often divergent due to differences in housing conditions and general 

health of the animals. While regulations on these parameters have become stricter, the addition of simple 

behavioral or blood-based tests would benefit any major study of aging to exclude underlying and misleading 

conditions. Ideally, as many layers of homeostatic regulation would be measured in parallel. That could include 

transcript (including non-coding RNA) and protein levels as well as modifications, metabolic measurements, 

protein lifetimes and enzymatic activity assays. Translation from animal models to humans needs to be carefully 

evaluated, especially taking into account that singular genetic modifications likely are a poor representation of 

the many interconnected pathways that lead to aging under physiological conditions. The models of AD and PD 

mentioned in the previous paragraph are a good example of fragmented and limited modeling of human 

pathology and aging in mice and vice versa. Nevertheless, regulation across pathways, rather than by single 

proteins, has been shown to be relatively conserved between species (Zahn et al., 2007) and the hallmarks of 

aging described here so far exemplify how several lines and methods of studies contribute to pinpoint molecular 

changes occurring during aging more and more. 

In this work, I set out to thoroughly describe physiological aging in wildtype C57BL/6 mice, one of the most 

common mouse strains used in science. I did this by preparing sub-cellular fractions (‘total’ and ‘nuclear’) and 

solubility-based fractions (‘total’, ‘soluble’ and ‘insoluble’) of the brain for mRNA sequencing and protein liquid 

chromatography–mass spectrometry (LC-MS), respectively, resulting in the quantification of more than 20,000 

transcripts and 8700 proteins. This combination of two large-scale omics approaches enabled me to look at the 

complex processes underlying aging from at least two perspectives and to answer the following questions:  

First, how does the transcriptomic landscape change with aging in the brain? And second, what is the influence 

of total and nuclear-localized RNA on this landscape? Third, what are the physiological proteomic 

rearrangements in the aging brain, meaning what constitutes as ‘normal’ brain aging? Fourth, are there groups 

of proteins that undergo an age-related redistribution between a soluble and an aggregated state? 

Adding to this extensive set of fundamental data on physiological aging of the brain, in itself unique and a 

valuable asset for the scientific community, I studied the proteome of 12 other mouse models of aging, dietary 

supplementation or environmental enrichment. Consequently, fifth, which protein abundance and solubility 

changes are observed in the brains of mouse models of aging? While each cohort provides important 

information about several pathways previously implicated in aging, my goal was to examine these cohorts for 

common underlying mechanisms of brain aging, for proteins or groups of proteins that represent a set of core 

changes. So finally, sixth, which parameters of physiological aging are represented in the examined mouse 

models and what can we learn from different signatures of aging? 

Overall, the results presented here constitute one of the largest collections of transcriptomic and proteomic brain 

data from physiological aging and different mouse models of aging that was acquired in parallel and that can 

be searched and built upon to gain a deeper and more meaningful understanding of brain aging. This will be 

invaluable to develop new strategies to study and possibly change the course of brain aging. 
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3│Materials and Methods 

Mouse cohorts 

All locally performed animal experiments were approved by the local authority, the Lower Saxony State Office 

for Consumer Protection and Food Safety (Niedersächsisches Landesamt für Verbraucherschutz und 

Lebensmittelsicherheit). SAMP8 and SAMR1 mice were obtained from Coral Sanfeliu Pujol, Institute of 

Biomedical Research of Barcelona. NDD models Line 61 and HM2 were provided by Tiago Outeiro, University 

Medical Center Göttingen, APPPS1 mice by Andre Fischer, German Center for Neurodegenerative Diseases 

Göttingen. mCat and AntiOx mice were provided by Michael Müller, University Medical Center Göttingen. Ucp2 

KO mice were obtained from Saleh Ibrahim, University of Luebeck. HGPS models LAKI and Zmpste24 KO were 

provided by Carlos López-Otín, Universidad de Oviedo. Environmentally enriched mice and aged female and 

male animals were provided by Hannelore Ehrenreich, Max-Planck-Institute of Experimental Medicine, 

Göttingen. All models were obtained with respective littermate controls. 

Antioxidant diet for the cohort of AntiOx mice was composed following López-Erauskin et al., 2011. Briefly, 

regular mouse diet (V11124-0, SSNIFF) was supplemented with 250 mg/kg diet α-lipoic acid, 2.5 g/kg diet N-

acetyl cysteine and 125 mg/kg diet vitamin E. Food was provided ad libitum. 

Environmental enrichment was performed in the group of Hannelore Ehrenreich, Max-Planck-Institute of 

Experimental Medicine, Göttingen. Briefly, mice were put into enriched housing environment at the age of 19.5 

months, remained there for 16 weeks and were placed back into normal housing for 6 weeks before sacrifice. 

Control animals remained in normal housing conditions throughout.  

Mouse basic behavior and motor abilities assessment 

Open field hole board and rotarod test were performed for the cohort of physiological aging mice. Briefly, motor 

coordination was assessed using a mouse RotaRod (Ugo Basile) on three consecutive days. The speed of the 

rotating drums (non-skid surface, 30 mm diameter) was increased from 5 to 50 rpm and the time until fall for 

each animal was recorded. To assess motor activity and exploration, mice were placed in the center of an open 

field (45 cm x 45 cm) with 16 holes (25 mm diameter) and their movements tracked for 5 min using a grid of 16 

infrared beams and the ActiTrack 2.7.13 (Panlab, Harvard Apparatus) software. 

Brain sample preparation 

Brain samples in-house were collected by euthanizing mice by cervical dislocation, removing the brain on ice 

and snap-freezing in liquid nitrogen. Samples sent by collaborators were similarly obtained and shipped on dry 

ice. All samples were kept at -80° C until use. From the frozen brains, the olfactory bulbs were removed, and 

one hemisphere was taken for preparing the lysate. The fractionation protocol was optimized based on 

Bandopadhyay, 2016, and personal communication with collaborators. Hemispheres were washed in 320 mM 

sucrose buffer to remove blood and superficial vessels and then homogenized in 2 mL of 320 mM sucrose 

buffer containing protease inhibitors (cOmplete, Roche) and phosphatase inhibitors (PhosSTOP, Roche). 

Homogenization was performed using a Teflon pestle, ten strokes at 900rpm. 10X RIPA lysis and extraction 

buffer (ThermoFisher) was added to obtain a final concentration of 1X RIPA. After addition of Benzonase 

(Merck), samples were mixed on a rotation mixer for 30 min at RT. After this extraction and lysis, samples were 

centrifuged at 2000 g at 4° C to clear cell debris. The supernatant was collected in a fresh tube and 20% SDS 
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was added to obtain a final concentration of 5% SDS. Samples rotated again for 30 min at RT, 400µl were 

collected for the ‘total’ fraction, the rest was ultracentrifuged at 100,000 g for 30 min at RT. The supernatant 

was collected (‘soluble’ fraction), the pellet was resuspended in 5% SDS and put on a shaker for 30 min and 

800 rpm, with rigorous pipet-mixing in between, to dissolve (‘insoluble’ fraction). BCA-assay protein estimation 

was performed for all samples. 

Trypsin digestion and SP3 cleanup 

Appropriate volumes were taken to obtain 50µg protein for SP3 cleanup of the sample (Hughes et al., 2019) 

and trypsin digestion. Samples were boiled at 95° C with RapiGest SF (Waters), reduced with DTT (Sigma-

Aldrich) and alkylated with IAA (Sigma-Aldrich) while shaking at 600 rpm. RapiGest was diluted before addition 

of the magnetic carboxylate modified beads (Sera-Mag SpeedBeads; GE Healthcare). SP3 cleanup followed 

the protocol by Hughes et al., 2019, with slight adaptations. Briefly, 25 µg of beads were used for 50µg of 

protein, ethanol to 50% concentration was added to induce binding to the beads and 80% ethanol was used for 

subsequent washes using a magnetic rack. Remaining ethanol was removed and 200 µl of digestion solution 

was added (1 µg of trypsin in 100 mM ammonium bicarbonate buffer). Samples were sonicated briefly and 

incubated shaking at 37° C over night. The next day, samples were centrifuged, separated on a magnet and 

the supernatant was collected and dried in a SpeedVac vacuum concentrator (Eppendorf). 

Peptide Library 

To create a peptide library for spectral matching (Meier et al., 2018), digested peptides from the total, soluble 

and insoluble fraction from different animals and mouse models were mixed. To improve subsequent LC-MS 

analysis depth, these mixes were separated offline by high pH reverse phase chromatography and collected in 

10 or 20 concatenated fractions using an Agilent 1100 HPLC system, a Waters XBridge BEH C18 column and 

an in-house built fraction collector rotating every minute. Flow rate was set to 60µl/min. Buffer A (hydrophilic; 

10 mM ammonia in water) and buffer B (hydrophobic, 10mM ammonia in 80% ACN) were used to create a 

linear gradient up to 70% B. The collected fractions were again dried in a SpeedVac and later resuspended in 

loading buffer suitable for LC-MS/MS (0.05% TFA, 5% ACN in water). 

LC-MS 

For LC-MS, all samples were resuspended in loading buffer (0.05% TFA, 5% ACN in water), sonicated and 

roughly 1 µg of peptide was injected two times per sample (technical replicate) in an online UltiMate 3000 

RSLCnano HPLC system coupled to a Q Exactive HF. Peptides were desalted on a reverse phase C18 pre-

column and separated over 88 min in a 30 cm ReproSil-Pur C18 AQ 1.9 µm reversed phase resin analytical 

column. MS data was either acquired with a standard data-dependent method by scanning precursors from 350 

to 1600 Da at 60,000 resolution at m/z 200 and automated gain control (AGC) to 3x106. Top 30 precursor ions 

for MS2 were acquired at a resolution of 15,000 at m/z 200 with maximum IT of 50 ms and AGC of 1x106; or 

with the BoxCar method using MaxQuant Live (Meier et al., 2018). Resolution for MS1 was set to 120,000 in 

m/z range 300 to 1650, maximum IT at 250 and AGC target to 3x106. MS2 was collected at 15,000 resolution, 

maximum IT of 28 and 1x106 AGC target. Preset BoxCar settings were applied with 3 Scans, 12 BoxCar Boxes 

and 1 Thomson overlap. All mass spectrometry measurements were acquired in collaboration with the 

Bioanalytical Mass Spectrometry group at the Max Planck Institute for Biophysical Chemistry, Göttingen, led by 

Henning Urlaub. 
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Raw MS-data analysis 

Mass spectra were searched in MaxQuant 1.6.17.0 using BoxCar as search mode and using the high pH 

reverse phase fractionated sample data as peptide library. Label free quantification (LFQ) was performed. The 

mouse reference proteome was downloaded from Uniprot in August 2020. Search parameters are as follows 

and were chosen in reference to Meier et al., 2018. The option ‘match between runs’ was enabled (with 0.5 min 

window after retention time alignment) and ‘LFQ min ratio’ set to 1. MS-MS was not required for LFQ. False-

discovery rate (FDR) on peptide and protein level match was set to 0.01. Methionine oxidation and N-terminal 

acetylation were set as variable modifications, carbamidomethylation as fixed. First search tolerance was 20 

ppm, main search tolerance 4.5 ppm. Seven amino acids were set as minimum peptide length and 4600 Da as 

maximum peptide mass.  

Filtering 

Technical replicates, that had an inter-replicate correlation r≤0.79 and were outliers in hierarchical clustering 

(based on Pearson’s r) and/or principal component analysis (PCA), were removed before further analysis. Both 

replicates of total_AIRAPL_3 did not meet quality criteria and were discarded. Further, I noticed that the mouse 

called APP_2 did not seem to overexpress the protein APP and was therefore excluded from analysis. Only 

proteins with a minimum of fifty percent of valid values for each group (mutant/control) based on the biological 

replicate were retained for further analyses. The following contaminating blood proteins were excluded from the 

analysis: Hbb-b1, Hbb-b2, Hba, Hbb-y, Hbb-bh1, Hbz, Hbb-bh0, and Alb. The filtered dataset was quantile 

normalized to correct for systematic shifts and to make the samples comparable. 

Analyses 

All analyses were performed with Perseus 1.6.14.0, Microsoft Excel, Graphpad Prism 9, R 4.0.4 and Python 

3.8.1. Figures were compiled using Adobe Illustrator.  

Differential protein expression was calculated using limma v3.46 (Ritchie et al., 2015), a R Bioconductor 

package, which assumes a prior variance for all samples. DEqMS v1.10.0 (Zhu et al., 2020)  function 

‘SpectraCounteBayes()’ was applied over the limma fitted model, to correct the variance by quantified number 

of peptides. LFQ measurements and differential protein expression results can be found in Supplementary 

Table 1. 

The age-specific enrichment of proteins in the insoluble fraction was calculated in Perseus, using ANOVA 

testing, S0 set to 0.1, permutation-based FDR correction with 250 randomizations and FDR cutoff at 0.05. The 

ratio of soluble to total fraction abundance was subtracted before to correct any possible fractionation biases. 

For gene ontology (GO) analysis, Web-based Gene Set Analysis Toolkit (WebGestalt; Liao et al., 2019) geneset 

enrichment analysis (GSEA) or overrepresentation analysis (ORA) was always performed with the respective 

fraction full background list of all quantified proteins and limited to the top 10 FDR hits. Significant protein-protein 

interaction network analysis (STRING; Szklarczyk et al., 2019) categories were chosen as meaningful ‘core’ 

and representative pathways when their annotated proteins made up and explained a major proportion of the 

network that remained after filtering for ‘high confidence interaction score (0.7)’ and after removal of 

disconnected nodes. 
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RNA isolation 

For RNA isolation, hemispheres from the ‘physiological aging’ cohort were used. Note that these were the 

corresponding hemispheres for the same animals from which protein data was collected. The fractionation 

protocol to obtain total and nuclear fraction is based on Gagnon et al., 2014 and Song et al., 2006. Brain tissue 

was washed briefly in 320 mM sucrose buffer (320 mM sucrose, 5 mM HEPES pH7.4) and homogenized with 

a Teflon pestle (10 strokes at 900 rpm) in 2mL of sucrose buffer supplemented with RNase inhibitor. Lysate 

was strained through a 100µm cell strainer, washed with 2mL 2x hypotonic lysis buffer (HLB; 10 mM Tris pH 

7.5, 10 mM NaCl, 2 mM MgCl2, 0.3% NP-40 and 10% glycerol), vortexed briefly and kept on ice for 10min. 500µl 

were taken for ‘total’ RNA, mixed with 800 µl Trizol LS and kept at -80°C overnight. The remaining lysate was 

filled to 7 mL volume with HLB, centrifuged at 4° C, 1000g for 3 min. 2 mL of the supernatant was taken as 

cytosolic fraction at kept at -20°C. Remaining supernatant was discarded and the raw nuclear pellet was washed 

two more times in HLB followed by 2 min centrifugation at 1000 g. After removal of supernatant, the pellet was 

resuspended in 1.8 M sucrose buffer (1.8 M sucrose, 50 mM Tris pH7.5, 1 mM MgCl2) and transferred to an 

ultracentrifugation tube. After ultracentrifugation at 4° C, 70,900 g for 60 min, the upper phase was removed, 

and the pellet (‘nuclear’) washed and resuspended in 320 mM sucrose buffer. 800 µl Trizol LS was added, and 

samples were kept at -80° C at least overnight. The Qiagen RNeasy mini kit was used for RNA extraction 

following the manufacture’s protocol. RNA was always kept on ice and stored at -80° C. 

RT-qPCR 

Samples of RNA were taken to perform reverse transcription (RT) PCR and quantitative (q) PCR. First-strand 

cDNA was synthesized using SuperScript IV (ThermoFisher) following manufacturer’s protocol and qPCR was 

performed on an Agilent Mx3000P with SYBR Green (Roche) and ROX reference dye (Agilent). Readout Ct 

values were normalized to those of 18S. 

Target Primer sequence 

18S F: CTTAGAGGGACAAGTGGCG 

R: ACGCTGAGCCAGTCAGTGTA 

Malat1 F: GAGAGCAGAGCAGCGTAGAG 

R: TATCTGCGATTTCCTCGGGC 

mt-Co1 F: CAGACCGCAACCTAAACACA 

R: TTCTGGGTGCCCAAAGAAT 

 

Western Blot 

For verification of successful subcellular fractionation, before addition of Trizol LS, some lysate was kept 

separate for protein assessment. Protein quantity was determined using Pierce BCA Protein Assay and 20 µg 

of protein were boiled with Laemmli sample buffer and loaded onto SDS Gels. After transfer, membranes were 

stained overnight at 4° C with primary anti-α-Tubulin antibody (Proteintech) or anti-Lamin A/C antibody 

(Proteintech) in milk-TBST buffer. Secondary anti-rabbit 800CW antibody was incubated the next day for 1 h at 

RT and detection was performed with a Licor Odyssey CLx. 
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RNA sequencing 

Before sequencing, RNA samples were checked for their quality with an Agilent 2100 Bioanalyzer and the 

Agilent RNA 6000 Nano Kit. Sample ‘total_24-3’ showed degradation and was excluded, all others passed 

quality check. Both total and nuclear fraction underwent mRNA sequencing with HiSeq4000, 50bp read length, 

performed by the Transcriptome and Genome Analysis Laboratory headed by Gabriela Salinas, Göttingen. 

Sample ‘total_24-1’ was identified as outlier and excluded during the bioinformatic analysis. Counts were 

normalized using the R package DESeq2 and used for differential expression analysis. For determination of 

relative nuclear enrichment of transcripts, nuclear expression counts were normalized by the median ratio 

nuc/total for each sample individually to minimize effects of sample preparation and global enrichment shifts. 

Normalized nuclear transcript counts and their enrichment could then be compared between samples and age 

groups. For RNA-sequencing results see Supplementary Table 1. 

Supplementary Data 

Due to the extent of supplementary data tables, files will not be printed, but are available online. All 

supplementary tables can be found under the following link. The password is ‘ThesisKluever’ 

https://owncloud.gwdg.de/index.php/s/nPRvruIiSKmRuvg 

Supplementary Table 1: all protein and RNA abundances and categorizations used in this study 

Supplementary Table 2: mouse sample overview 

Supplementary Table 3: RNA GO analyses and direction category annotation 

Supplementary Table 4: GO analysis of age-regulated nuclear fraction enrichment 

Supplementary Table 5: proteomic results and GO analyses of physiologically aged mice 

Supplementary Table 6: correlation between RNA and protein abundance 

Supplementary Table 7: quality control and age-specific enrichment of insoluble proteins 

Supplementary Table 8: proteomic results and GO analyses of SAMP8 mice 

Supplementary Table 9: proteomic results and GO analyses of Zfand2b mice 

Supplementary Table 10: proteomic results and GO analyses of Line 61 mice 

Supplementary Table 11: proteomic results and GO analyses of HM2 mice 

Supplementary Table 12: proteomic results and GO analyses of APPPS1 mice 

Supplementary Table 13: proteomic results and GO analyses of mCat mice 

Supplementary Table 14: proteomic results and GO analyses of AntiOx mice 

Supplementary Table 15: proteomic results and GO analyses of Ucp2 mice 

Supplementary Table 16: proteomic results and GO analyses of LAKI mice 

Supplementary Table 17: proteomic results and GO analyses of Zmpste24 mice 

Supplementary Table 18: proteomic results and GO analyses of EE mice 

Supplementary Table 19: proteomic results and GO analyses of female and male aged mice 

  

https://owncloud.gwdg.de/index.php/s/nPRvruIiSKmRuvg
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4│ Results 

Aging and aging phenotypes are studied in in a wide variety of species and animal models. I concentrate on the 

widely used common mouse (Mus musculus) to examine several omics-layers of brain aging. To gather a 

comprehensive dataset on several (brain) aging characteristics, we performed mRNA-sequencing of two 

subcellular fractions from physiologically aged male WT-mice (C57BL/6J, also known as BL6J) and LC-MS from 

three solubility-based fractions from overall 13 cohorts of mice, each modeling an assumed aspect of aging. I 

collected 11 mouse models of aging, dietary supplementation, or environmental enrichment. Together with my 

cohort of physiologically aged WT mice of 6, 12, and 24 months of age (representing young adult, mature adult, 

and aged animal, respectively), as well as a cohort of aged males and females, my work provides an extensive 

database of brain aging data. The mouse models used (see Supplementary Table 2 for a list and details of all 

animals) are non-genetic, KO, KI or tg in origin and either model (a phenotype) of aging or represent a possible 

anti-aging intervention (Figure 3a).  

For the cohort of physiologically aged mice, I performed basic motor ability and behavior tests to exclude any 

sick or noticeably out of line behaving individuals. The rotarod test showed no significant differences in motoric 

functions across ages and no within-group outliers. In an open field hole board, one animal of the 12-month 

group was identified as outlier in the assessment of time spent in the peripheral zone (~40% more time spent; 

robust regression and outlier removal (ROUT) test, Q=1%) and the group of 6 months old mice spent 

significantly more time in the center zone than the group of 24 months aged mice (ANOVA p=0.0294). Other 

parameters, like distance travelled, velocity and number and duration of nose pokes were not significantly 

different between groups or within. Young animals of 6 months of age weighed significantly less than both their 

older counterparts, no significant difference between 12- and 24-months old animals was observed although a 

trend was present. Daily food consumption was not significantly different between ages. 

First, with nuclear shuttling and RNA localization being implicated in aging, I optimized a protocol to isolate 

nuclear RNA from my physiologically aged cohort. Briefly, this includes hypotonic lysis buffer and a sucrose-

cushion ultracentrifugation, for details see Figure 3b and Methods. Nuclear RNA as well as total RNA was 

sequenced, measuring more than 20,000 transcripts. Second, proteins of different solubility were extracted from 

hemispheres of all 13 cohorts of mice. Protein aggregation is a hallmark of brain aging and occurs in varying 

degree and strength of the aggregates. I isolated SDS-insoluble fractions of aggregates that resist 5% SDS 

concentration (Kelmer Sacramento et al., 2020; Reis-Rodrigues et al., 2012). Because even the smallest 

amounts of SDS interfere with MS-protein identification, it was important to optimize a protocol to clear the 

samples of the detergent. After trying several methods, including precipitation and size-exclusion columns, the 

recently published single-pot, solid-phase-enhanced sample preparation (SP3; Hughes et al., 2019) delivered 

consistently well-cleared samples and was fully compatible with my workflow (Figure 3c). In order to reduce 

machine runtime while maximizing protein quantification in LC-MS, I set up and applied the BoxCar acquisition 

method, which optimizes mean ion injection time by filling multiple narrow mass-to-charge segments (Meier et 

al., 2018). This allowed us to run more than 300 samples with duplicate technical replicates without any prior 

offline pre-fractionation while maintaining a high number of identifications. The acquired spectra from BoxCar 

runs were matched with spectra from an extensive peptide library that I created by offline basic reverse phase 

HPLC pre-fractionation of pooled samples from all cohorts and solubility fractions. All samples were run on the 

same Orbitrap LC-MS with the BoxCar acquisition method, matched to an extensive peptide library, and 
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analyzed together with MaxQuant for highest comparability. This meticulously tested and optimized sample 

preparation and measurement method reduced LC-MS machine acquisition time alone by ~20-fold, without 

which the study of the vast number of samples used here would not have been feasible. Overall, I could identify 

and label-free quantify (LFQ) more than 150,000 peptides and 8700 protein groups. 

 

Figure 3 Sample and workflow overview. a 13 cohorts of mice were used this study. I compared wildtype BL6J mice of three 
different ages (6, 12 and 24 months) with models of aging (names indicated in pink) and mice with anti-aging phenotypes 
or interventions (names in blue). The color in the circle surrounding the mouse head indicates whether the model is non-
genetic (light purple), knock out (KO; red), knock in (KI; yellow), transgenic (tg; green) or wildtype (no color, white). b RNA 
and protein sample preparation. For each individual mouse brain, the olfactory bulbs were removed, and half brains were 
separately processed for either RNA or protein fractionation. All cohorts of mouse samples were processed for protein 
measurement by homogenization in sucrose buffer (SB), supplemented with protease and phosphatase inhibitors. After 
addition of RIPA-buffer and DNase, samples were centrifuged to separate debris. SDS was added to obtain a final 
concentration of 5%. After solubilization, a sample taken here is subsequently called the ‘total’ fraction. The solution was 
ultracentrifuged to separate the SDS-soluble fraction from an SDS-insoluble pellet. The pellet was washed and resuspended 
mechanically in 5% SDS solution to result in the ‘insoluble’ fraction. For RNA preparation, only the physiological cohort of 
WT BL6 mice was used. Tissue was homogenized in SB buffer, supplemented with RNase-inhibitors, strained, washed with 
hypotonic lysis buffer (HLB) and taken as ‘total’ fraction after incubation. To isolate a pure nuclear fraction, the sample was 
washed and centrifuged several times and finally ultracentrifuged. The remaining nuclear pellet was resuspended, and all 
RNA samples were further processed for RNA-isolation and sequencing. c Liquid-chromatography mass spectrometry (LC-
MS) analysis of all protein samples. SDS was cleared from the samples by single-pot, solid-phase enhanced sample 
preparation (SP3). Samples of the same solubility fraction were pooled for subsequent basic reverse phase high pressure 
liquid-chromatography (bRP-HPLC). Resulting fractions were pooled in a concatenated manner into 10 or 20 samples each. 
90-minute data-dependent acquisition (DDA) was used to build a spectral library. Individual samples from all solubility 
fractions were run in BoxCar mode and their spectra matched to the generated library. These more than 600 LC-MS runs 
resulted in the identification and LFQ quantification of 155,379 peptides and 8704 protein groups. 
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Since my main focus is on the proteome of the aging brain, I will first briefly describe the findings from my mRNA 

sequencing but then move on to discuss in detail the changes between 6-, 12-, and 24-months old wildtype 

mice on the protein level. In the third part of this work, I will describe the changes for each mouse model of 

aging and conclude by presenting an overarching analysis that broadens our understanding of brain aging. 

 

4.1│Transcriptomics 

I first set out to describe differences of the nuclear and total transcriptome of WT mice brains of the ages of 6, 

12, and 24 months. Hemispheres were lysed on ice in the presence of RNA-inhibitors and a series of washes 

and centrifugations resulted in a total and a nuclear fraction (see Figure 3b and Methods for details), from 

which I extracted RNA. The quality of my fractionation was assessed with real-time quantitative PCR (RT-qPCR) 

and western blot. For RT-qPCR, I used primers specific for the strictly nuclear long non-coding RNA Malat1 

(Bernard et al., 2010) and the cytosolic, mitochondrially translated mt-Co1. Both transcripts were enriched in 

their respective fraction, with mt-Co1 being barely detectable in the nuclear fraction (Figure 4a). I also assessed 

the proteins from my subcellular fractions via western blot and antibodies against the cytosolic α-Tubulin and 

the nuclear envelope protein Lamin A/C. Again, analysis confirms correct enrichment of each protein and high 

nuclear fraction purity (Figure 4b). mRNA sequencing was then performed on an Illumina HiSeq4000 by the 

Transcriptome and Genome Analysis Laboratory, Göttingen. Comparison of my sequencing data with published 

data from single-cell integrated nuclear RNA and cytoplasmic RNA sequencing (SINC-seq; Abdelmoez et al., 

2018) as well as the RNALocate database (Zhang et al., 2017a) again confirms the quality of my fractionation 

and sequencing results (Figure 4c, d). Transcripts annotated as ‘nuclear’ in either of these previously published 

works are highly enriched in the nuclear fraction acquired here, whereas transcripts annotated as ‘cytoplasmic’ 

are de-enriched. 

Principal component analysis of my sequencing results shows a slightly clearer separation between the age-

groups in the total fraction (compared with the nuclear fraction), with the samples of 12- and 24-months old 

animals clustering closer together and the 6 months old animals clustering by themselves (Figure 5a, b). 

Stronger differences between the ages can also be seen in the number of differentially expressed (DE) 

transcripts, which is higher in the total fraction (Figure 5c, d, e). Notably, DE transcripts are more prominent 

between 6 and 12 months (10265 DE genes in the total fraction) than between 12 and 24 months (1546 DE 

genes in the total fraction; Figure 5e and Supplementary Table 1). The total transcriptomic landscape might 

thus change more in early adult life, rather than from middle- to old-age. In the late comparison, changes in the 

nuclear fraction (measured by their number and range of adjusted p-values; padj) are relatively similar to those 

in the total fraction (Figure 5f). 
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Figure 4 Quality control of subcellular fractionation for RNA-Isolation and subsequent sequencing. a Reverse-transcription 
qualitative PCR (RT-qPCR) confirms enrichment of nuclear transcript Malat1 in the nuclear fraction (nuc). Reversely, 
cytosolic mt-Co1 is strongly depleted in the nuclear fraction. Unpaired t-test with Welch correction; n=6 technical replicates 
from 3 biological samples. b Western blot analysis of cytosolic protein α-Tubulin, which is depleted in the nuclear fraction 
(nuc), and nuclear lamin Lamin A/C, which is depleted in the cytosolic fraction (Cyt) and relatively enriched in Nuc. Ordinary 
one-way ANOVA with Turkey correction; n=3 biological replicates. c Comparison of nuclear vs total enrichment (log2FC Nuc 
vs Total) of my data with single-cell integrated nuclear RNA and cytoplasmic RNA sequencing (SINC-seq, Abdelmoez et al., 
2018) showing that transcripts identified by SINC-seq as nuclear are indeed enriched in the nucleus in my dataset and 
cytoplasmic transcripts are de-enriched. d Comparison with annotations from RNALocate, a web-accessible database 
providing subcellular RNA localization (Zhang et al., 2017a). Fold changes of nuclear enrichment (log2FC Nuc vs Total) are 
significantly higher, meaning nuclear enrichment, among transcripts that are annotated as ‘nuclear RNA’. Unpaired t-test 
with Welch correction of 1465 and 2259 transcripts with cytoplasmic and nuclear annotation, respectively. Boxplots show 

median, 25th to 75th percentile as box and 5th to 95th percentile as whiskers. * p<0.5, ** p<0.01, *** p<0.001, **** p<0.0001. 
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Figure 5 Comparison of total and nuclear RNA sequencing data from the brains of 6-, 12-, and 24-months old mice. a, b 
Principal component analysis (PCA) for age samples of total and nuclear RNA, respectively. Age groups are color coded for 
visibility. Samples cluster closer according to their age groups in the total RNA. c, d Volcano plots showing all differentially 
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expressed genes in any of the three possible age comparisons for total and nuclear RNA, respectively. Downregulated 
genes in blue, upregulated in orange. Dotted line represents padj cutoff at 0.05. e Combined volcano plots of total and 
nuclear RNA DE genes showing a higher magnitude of changes at the early age comparison and in the total fraction. Note 
also the higher scales in both x- and y-axis in the early comparison. f Range of significant padj-values across all comparisons 
confirms more highly significant hits in early (12 vs 6) and long (24 vs 6) comparison, especially in the total fraction. Total 
fraction in green, nuclear fraction in red. Boxplots show median, 25th to 75th percentile as box and 5th to 95th percentile as 
whiskers. 

I next used gene ontology (GO) annotation to gain insights into which functional classes of transcripts change 

with age in the mouse brain (Figure 6 and Supplementary Table 3). Gene-set enrichment analysis (GSEA) 

shows that, in the total fraction, synapse organization and transmission related genes are upregulated, while 

genes connected to mitochondria organization and detoxification are downregulated in the long comparison 24 

vs 6 (Figure 6a). These top GO annotations are found again in the early comparison, 12 vs 6. In contrast, in 

the late comparison, 24 vs 12, several immune-related annotations are enriched in the upregulated transcripts 

and synaptic transmission is downregulated. This apparent contradiction in both up- and downregulation of 

synaptic genes is explained by firstly, the high number of member genes within these GO categories, which can 

mean that different transcripts are up- and downregulated, but all are annotated as ‘synaptic’. Secondly, with 

the extent of early changes being higher (see Figure 5), drastic early downregulations might obscure mild late 

upregulations, which are then not picked up in the long overall comparison. 

In the nuclear fraction, with early and late changes being more comparable in number and extent, the long 

comparison GO annotations resemble a composite of early and late enriched and de-enriched categories 

(Figure 6b). Developmental transcripts, relating to ‘regulation of tube size’, ‘feeding behavior’, ‘response to 

estrogen’ or ‘pattern specification process’ are decreasing from 6 to 12 months. Ammonium and 

neurotransmitter transport are additionally downregulated early. Immune response genes are late upregulated 

in the nucleus, genes related to vesicle localization are downregulated (the only significant GO annotation in 

the late downregulated genes). Most of these annotations are also found in the long comparison, with the 

addition of decreasing transcripts regulating ‘protein folding’. No GO annotations were significantly enriched in 

the early upregulated genes (12 vs 6). 
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Figure 6 Summary of transcript abundance changes in total (a) and nuclear (b) RNA. Heatmaps show the top 25 most 
significant up- and downregulated genes in each comparison. Next to each heatmap is the overall GO biological process 
(BP) analysis using GSEA of the complete list of padj-significant genes. All GO terms have FDR<0.05. Note the similarities 
in genes and GO annotations of the early (12 vs 6) and long (24 vs 6) comparison of the total fraction, relating to the high 

magnitude of early changes shown in Figure 3. 
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I assessed the ‘early’ and ‘late’ changes in significant DE transcripts more closely by categorizing them 

depending on their directionality, meaning whether they were up- or downregulated by at least 20% in any age-

comparison (Supplementary Table 3). The pie-charts in Figure 7a, b summarize these results. 15.7% of DE 

transcripts remain overall unchanged in the total fraction; the highest proportion of DE transcripts (59.7%) are 

found between 6 and 12 months (early up and early down). In contrast, only 6% of DE transcripts change 

between 12 and 24 months (late up and late down). 15.8% of transcripts ‘change their direction’ between 6 and 

24 months, meaning that they are up- or downregulated in one comparison and reversely in the other. Only 

4.5% show a continuous direction change (meaning they are up- or downregulated in both early and late 

comparison). In the nuclear fraction, 33.1% of DE transcripts remain unchanged, with early changing transcripts 

making up 45%. Compared to the relatively smaller percentage of early changes with respect to the total 

fraction, the nuclear late changing fraction is slightly higher with 9.4%. 8.9% of DE transcripts change their 

direction, only 3.8% show continuous change. Figure 7 c-j shows the line profiles of all genes sorted into either 

of the direction categories together with the most significantly enriched GO biological process (BP) annotation. 

These annotations strengthen the theory of particularly strong changes overshadowing the smaller ones. The 

line profiles of early upregulated ‘synapse organization’ transcripts (Figure 7c) also show a relatively wide range 

of late downregulations, which are identified by GSEA (Figure 6a). Interestingly, late downregulation of ‘synapse 

organization’ is especially apparent in the nuclear fraction (Figure 7g), as is ‘cognition’ in the nuclear 

continuously downregulated genes (Figure 7h). Immune response-related genes are prominently early and 

continuously upregulated in both total and nuclear RNA fraction (Figure 7d, e). ‘Leukocyte migration’ transcripts 

show a more unique ‘down-up’ pattern (Figure 7i). The decline of mitochondrial and ATP-biosynthetic process 

associated genes is also apparent in both total and nuclear fraction (Figure 7f). Lastly, the regulation of 

membrane potential and intercellular adhesion is found to increase early and decrease late (up-down; Figure 

7j). 
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Figure 7 Transcript abundance changes in total and nuclear fraction across the three ages. a, b Pie charts showing the 
distribution of transcripts changed more than 20% in abundance and padj<0.05 significant between the different ages for 
total RNA (a) and nuclear RNA (b). c-j Line profiles showing the direction changes across ages as row z-score normalized 
transcript abundance per category. Top significant GO BP categories, identified by overrepresentation analysis (ORA), for 
total RNA (green) and nuclear RNA (red) are mentioned below each direction category graph. 
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Correct RNA processing and localization is vital to maintain cellular homeostasis. I was interested, whether 

certain functional classes of transcripts would change their relative abundance between total and nuclear 

fraction. This could either be caused by specific up- or downregulation of transcription in the nucleus that cannot 

be seen in the total fraction due to fast turnover or transport ‘dilution’, or by specific shuttling mechanisms that 

retain or release nuclear transcripts into the cytosol. The ‘nuclear fraction’ is calculated by building the ratio 

between nuclear and total transcript abundance (for details see Methods). I performed gene ontology 

overrepresentation analysis (ORA) of relative decreasing or increasing (irrespective of whether the change 

occurs early or late) nuclear fraction transcripts. A decreasing nuclear fraction, as I found it for many synaptic 

GO categories, means that relatively less transcripts are found in the nucleus with age (Figure 8a). The reverse 

is true for ribosomal and ribosome-related transcripts, which lead the increasing nuclear fraction annotations 

(Figure 8b). Additionally, mitochondrial and spliceosomal transcripts are also increasingly found in the relative 

nuclear fraction with age (Supplementary Table 4). 

 

Figure 8 Gene ontology cellular component overrepresentation analysis (ORA) of relative nuclear fraction RNA changes 
between 6 and 24 months. a Transcripts with decreasing nuclear fraction with age and padj<0.05 are enriched in terms 
relating to ‘neuron’ and ‘synapse’. b Transcripts with increasing nuclear fraction with age and padj<0.05 are enriched in 
terms relating to ‘ribosome’ and ‘mitochondria’.   

Overall, the transcriptomic landscape of the brain changes with age, with greater extent in early aging (between 

6 and 12 months). Immune activation, mitochondrial function and synaptic activity are heavily implicated in these 

gene expression changes. Nuclear transcript levels change more equally throughout aging and show a 

decreased abundance of genes regulating synaptic organization and activity. Combined, a rearrangement of 

spatial transcript distribution becomes apparent, with, on one side, neuronal and synaptic RNAs being less 

enriched in the nucleus with age. On the other side, ribosome and mitochondria organizing RNAs increase in 

nuclear enrichment.  



 

35 
 

4.2│Proteomic description of physiological aging in the mouse brain 

The study of brain aging is notoriously difficult, both in humans and in animal models, albeit with obvious 

advantages for animal models. I wanted to examine the brain proteome of physiologically aged mice of the 

commonly used strain C57BL/6J at three ages: young adult 6 months, mature adult 12 months, and aged 24 

months old male mice. We and others strongly believe in the importance of at least comparing three timepoints, 

with properly aged animals for the question at hand (Baker and Peleg, 2017; Kluever and Fornasiero, 2021; Li 

et al., 2011). I additionally separated the brain proteins according to their solubility by using 5% SDS 

fractionation. The BoxCar method and MaxQuant-based LFQ quantification resulted in the measurement of 

~5300 proteins in the total fraction. PCA analysis shows clustering of the averaged age-groups according to 

their solubility fraction, with the greatest variation between ages seen in the insoluble fraction, especially at 24 

months (Figure 9a). In the total fraction, differences between ages were small, in line with previous proteomic 

brain studies (Cellerino and Ori, 2017; Walther and Mann, 2011). Abundance measurements covered several 

magnitudes and were quantile normalized to allow inter-group comparisons (Figure 9b). Correlation coefficients 

between samples was higher within solubility groups, with insoluble fractions showing the greatest differences 

(Figure 9c). I found no significant differences in protein abundance comparisons between age groups that could 

be assigned to astrocytes, microglia, neurons, or oligodendrocytes specifically, neither in the total, nor in the 

insoluble fraction (Figure 9d, using the classification provided by Sharma et al., 2015). 

 

Figure 9 Proteomic results from physiologically aged mice. a Distribution of age- and solubility-groups from LC-MS results. 
PCA-plot shows main clustering according to solubility. b Boxplots showing the dynamic range of abundance measurements 
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(LFQ intensity) per averaged age group, after quantile normalization. c Correlation matrix based on Pearson correlation 
between all averaged age and solubility groups. d Between astrocytes (AC), microglia (MG), neurons (N) and 
oligodendrocytes (OG), no cell type-specific proteins are overall significantly enriched or de-enriched with age. All Tukey-
ANOVA comparisons are non-significant. Boxplots show median, 25th to 75th percentile as box and 5th to 95th percentile as 
whiskers. 

 

4.2.1│Total fraction 

For statistical analysis, there is no unified consensus on the best methodology for mass spectrometry data. 

Methods have been adapted from other types of data, like RNA-sequencing, but few consider the specifics of 

MS-data structure. One of these specifics is the variance of the number of peptides used for protein 

quantification. DEqMS is a method that has been designed to take this into account and calculate differential 

protein abundances more accurately (Zhu et al., 2020). After multiple comparison correction using the DEqMS 

method, 31 proteins are found significantly changed between 6 and 24 months in the total fraction (Figure 10c 

and Supplementary Table 5).  

The most significant upregulation is observed for glial fibrillary acidic protein (Gfap), which is slightly more 

abundant at 6 compared to 12 months, but then strongly increases in 24 months aged brains. 27 proteins 

change significantly between 6 and 12 months (Figure 10a) and 37 proteins between 12 and 24 months (Figure 

10b). I performed gene ontology overrepresentation analysis (ORA) for all proteins of the different comparisons 

with non-adjusted p<0.05 (Figure 10d, e and Supplementary Table 5). In the early comparison (12 vs 6 

months), ‘antibiotic metabolic process’ and ‘cofactor metabolic process’ are significantly (FDR<0.05) enriched 

among the upregulated proteins; ‘intermediate filament-based process’ is enriched among the downregulated 

proteins. In the late comparison (24 vs 12 months), ‘intermediate filament-based process’ is then enriched 

among the upregulated proteins. Several metabolic process GOs are significantly enriched among the 

downregulated proteins, including ‘antibiotic metabolic process’ and ‘cofactor metabolic process’, which were 

upregulated early. Additionally, ‘tricarboxylic acid metabolic process’, ‘generation of precursor metabolites and 

energy’, ‘pyridine-containing compound metabolic process’, ‘nucleobase-containing small molecule biosynthetic 

process’ and others are enriched. Few, often overlapping, proteins are responsible for these enrichments and 

no FDR-significant enrichments were found for the comparison of 6 to 24 months old mice. 
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Figure 10 Overview of differentially expressed proteins in physiologically aged mice. a-c Volcano plots, indicating padj (as 
-log10) and log2FC between the different ages in the total fraction. Signifcant proteins indicated in orange (upregulated) and 
blue (downregulated), horizontal line is padj-value cutoff at 0.05. d and e WebGestalt ORA analysis of the non-adjusted p-
value significant proteins that are upregulated (positive enrichment ratio) or downregulated (negative enrichment ratio) in 
the early comparison (12- vs 6- months; d) and in the late comparison (24 vs 12 months; e) fraction. GO categories are all 

FDR<0.05 and sorted with the most significant on top. 
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All significant proteins in any of the three possible age comparisons are listed in Figure 11. Several intermediate 

filaments stand out with decreased levels at 12 months, being significant in both early and late comparison but 

not from 6 to 24 months. These include the light, medium and heavy neurofilament polypeptides (Nefl, Nefm, 

Nefh), vimentin (Vim), plectin (Plec) and α-internexin (Ina). GO BP category ‘intermediate filament-based 

process’ is therefore significantly enriched in both the early and late comparison (Figure 10d, e) Among the 

exclusively late downregulated proteins, I found protein folding and stress response proteins, like heat shock 

protein HSP 90-beta (Hsp90ab1), heat shock protein 4 (Hspa4), heat shock protein 105 kDa (Hsph1), activator 

of 90 kDa heat shock protein ATPase homolog 1 (Ahsa1), co-chaperone peptidyl-prolyl cis-trans isomerase D 

(Ppid) and calnexin (Canx). 

Because GO annotations are not necessarily specific for protein function in the brain and their usefulness is 

limited in datasets with few significant results, I used custom functional annotations in addition. Such manually 

curated categorizations have proven useful before (Fornasiero et al., 2018; Kwon et al., 2012; Souza et al., 

2018) and often provide the groundwork for large biomedical resources (Oughtred et al., 2021; Rath et al., 2021) 

eventually. The annotations made here were based on protein information obtained from Uniprot and STRING 

databases, taking into consideration known functions and roles specifically in the brain (opposed to other 

organs, where proteins might have different functions) as well as their timing (known roles in aging vs 

development). More than 4200 proteins were manually annotated this way (see Supplementary Table 1). With 

these brain-specific curated functional categories, I was able to identify protein classes that were more affected 

in brain aging than others, both in up- and downregulation (Figure 12).  
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Figure 11 Heatmap showing all proteins significantly changed in the total fraction in any of the age-comparisons. Columns 
show the DEqMS adjusted p-value significances and all biological replicates. LFQ protein abundances are z-score 
normalized for illustration purposes, grey fields represent missing values; * p<0.5, ** p<0.01, *** p<0.001, **** p<0.0001. 
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Figure 12 Proteins with significant abundance changes in physiologically aged mouse brains, sorted into functional 
categories (DEqMS p<0.05, minimum of 3 protein members per category). a Early aging comparison 12 vs 6 months, b late 
aging comparison 24 vs 12 months. N gives the number of proteins belonging to each category. Each dot represents a 

single protein log2FC. Line and error bars represent mean ± SEM. 

Only proteins with DEqMS p<0.05 and at least 3 protein members per category were taken into account. 

‘AcetylCoA metabolism’ (with strong upregulation of pantothenate kinase 1, catalyzing the rate determining step 

in CoA synthesis), ‘extracellular matrix’ (e.g., serine protease HTRA1 which degrades fibronectins and 

proteoglycans) and ‘glycosylation and sugar modification’ (e.g., fucosyltransferase 9) lead the early (12 vs 6) 

upregulated protein categories, while ‘neurodevelopment, growth and survival’ (e.g., central nervous system 

development involved calcipressin-1), ‘signaling’ (e.g., phosphoinositide 5-phosphatase) and RNA-related 
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processes (e.g., spliceosome component NHP2-like protein 1)  are early downregulated, possibly connected to 

ceasing maturation processes (Figure 12a). In the late comparison (24 vs 12), ‘phospholipid metabolic process’ 

(e.g., phosphatidylserine synthase 1), ‘apoptosis’ (e.g., apoptosis regulator BAX) and ‘DNA damage and repair’ 

(e.g., telomerase-binding protein EST1A) proteins are upregulated, whereas ‘fatty acid metabolic process’ (e.g., 

elongation of very long chain fatty acids protein 5), ‘neurotransmission and neurotransmitter homeostasis’ (e.g.,  

voltage-dependent sodium channel protein type 1 subunit alpha) and mitochondrial proteins (e.g., mitochondrial 

elongation factor G, which is important for mitochondrial protein synthesis) are downregulated (Figure 12b). 

As proteins show diverse abundance patterns across ages, I subdivided all quantified proteins into categories 

based on their trajectory across age groups (direction categories; Figure 13 and Supplementary Table 1). 

Irrespective of significances, 41.6% of proteins show no abundance changes beyond 20% and only 2.8% and 

1.6% show continuous up- or downregulation, respectively (Figure 13a). Instead, I found more proteins 

changing from one age to the next while staying relatively stable in the other interval. 9.5 % of measured proteins 

increase early, for example adenylate kinase isoenzyme 1 (Ak1), which catalyzes the phosphate transfer 

between ATP and AMP and is thus involved in cellular energy homeostasis (Figure 13b). Late upregulated 

proteins (10.5%) include Gfap, which is significantly increased in the late and in the long comparison (Figure 

13c). Lysosomal enzyme palmitoyl-protein thioesterase 1 (Ppt1) is involved in the lysosomal degradation of lipid 

modified proteins and one of the few proteins with significant upregulation all age comparisons (Figure 13d). 

Early downregulated proteins make up 6.2% and include actin-binding spectrin beta chain (Sptbn4; Figure 13e). 

Involved in protein folding and co-chaperone of Hsp90, peptidyl-prolyl cis-trans isomerase D (Ppid) is one of the 

4.9% late downregulated proteins (Figure 13f). Proteasome subunit beta type-6 (Psmb6), while only being 

significant in the long comparison, fits the trend of continuously decreasing proteins (Figure 13g). Proteins that 

decrease until 12 months and then increase again (12.2%) encompass the previously noticed neurofilaments, 

e.g., neurofilament medium polypeptide (Nefm; Figure 13h). Early up- and late downregulated proteins (10.7%) 

include the electron carrier somatic cytochrome c (Cycs; Figure 13i) 
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Figure 13 Proteins have different trajectories across age groups. a Pie chart showing the distribution of proteins changing 
at least 20% in either direction between the three ages, sorted into nine direction categories. b-i Line profiles of all age-
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group average protein abundances per direction category, row z-score normalized, and exemplary proteins belonging to 
each direction category below. Points represent biological replicates (n=4-6); Tukey-corrected ANOVA; ns not significant, * 
p<0.5, ** p<0.01, **** p<0.0001. b Early upregulated proteins; c late upregulated proteins; d continuously upregulated 
proteins; e early downregulated proteins; f late downregulated proteins; g continuously downregulated proteins; h proteins 
decreasing early and then increasing again (down-up) and i proteins increasing early and then decreasing again (up-down). 

Based on the overall distribution of protein abundances changing at least 20% with different trajectories (Figure 

13a), I then examined whether any functional category of proteins has a relatively overrepresented direction 

change, for example a higher number of continuously upregulated proteins in a proportion that is not found 

overall (see Figure 14 for exemplary calculation of ‘relative distribution’ and Figure 15b). Figure 15 shows all 

functional categories with more than 50 protein members and their direction trajectory distributions, relative to 

the overall distribution.  

 

Figure 14 Exemplary transformation of protein direction distribution of the category ‘immune response’ into relative 
distribution values used in Figure 15. The numbers of proteins changing ≥20% in abundance in either direction category 
were collected for functional groups of proteins, see lower pie chart (immune response prote ins). Each group’s distribution 
was then compared with the overall distribution, upper pie chart and Figure 13a. The difference is used a ‘relative 
distribution’ value for summarizing Figure 15. 

Extracellular matrix (ECM) and synapse associated proteins (synapse) have relatively more proteins late 

upregulated, energy- and neurotransmission-related proteins show fewer proteins with this directionality (Figure 

15a). Proteins that are involved in immune regulation and response (‘immune’) have a direction trajectory 

distribution that differs greatly from the overall distribution (Figure 15b). Very few proteins are unchanged 

(36.5% of the general percentage), while a higher proportion is continuously upregulated (484.9% of the general 

percentage). Axon (guidance and morphology) proteins, chromatin, DNA, and transcription regulators as well 

as proteins involved in RNA, transcription and splicing processes also show the highest variation to the overall 

distribution in the category of continuously upregulated proteins, although other directionalities are 

overrepresented, too. Mitochondrial proteins show the strongest de-enrichment of continuously upregulated 

proteins, relatively more members remain unchanged over the three ages. In contrast, ribosomal proteins have 

a strong overrepresentation of late downregulated proteins and lack any continuously upregulated members 

(Figure 15c). Proteins of neurodevelopment, -growth and -survival also have higher proportions of late-

downregulated members, followed by a high fraction of down-up expressed proteins. The groups of fatty acid 

metabolic regulators and proteins involved in the modification of glycosylation and sugars have relatively fewer 

members that are late-downregulated. The highest proportions of continuously downregulated proteins are 

found in the categories ‘homeostasis regulation, stress response, detox’, ‘nuclear integrity and shuttling’, 

‘calcium’, ‘protein degradation’, ‘intercellular adhesion and signaling’ as well as ‘intracellular trafficking and 

transport’ (Figure 15d). Ubiquitin- and SUMOylation related proteins show higher relative enrichment of proteins 



 

44 
 

that are downregulated towards 12 and then upregulated towards 24 months (Figure 15e). Lastly, chaperones 

and cytoskeletal proteins most strongly deviate from the overall direction distribution by having relatively fewer 

proteins that are first up- and then downregulated (Figure 15f). 

 

Figure 15 Proteins have different abundance trajectories between samples of 6-, 12-, and 24-months old WT mice. All 
quantified proteins have been sorted according to their change between the three ages, with a cutoff of 20% change. Bars 
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show the relative enrichment or de-enrichment of a certain direction-class compared to the overall distribution in % (see 
Figure 6b) and are summarized for functional categories with >50 protein members. Graphs are sorted in the figure (left to 
right) according to their highest deviation (positive or negative). a-f Functional protein classes with greatest deviation from 

the overall distribution per respective direction category, color coded by the surrounding frame.  

 

Figure 15 (continued) 

These results, while multifaceted and complex in their interpretation, provide insights into the variation of 

proteins within a functional category as well as implication of that category for age-related processes. Further 

analyses based on my classifications can potentially elucidate complexes and networks of proteins that are 

regulated together or that influence each other, which were not noticed or connected previously. 
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4.2.2│Correlations between RNA and protein levels are minimal 

As correlations between RNA expression and protein abundance are generally small (Vogel and Marcotte, 

2012), I was interested in whether either total or nuclear RNA might show higher correspondence to my total 

protein abundances and if any functional groups would emerge. I calculated the Pearson correlation of each 

protein that was found in all biological replicates of the total fraction in my physiological aging cohort with its 

respective RNA abundance in the total or nuclear fraction (row correlation across all biological ages of the three 

ages, 6-, 12-, and 24 months). 

Overall, the thus obtained ~3300 row correlations were not significantly different between total and nuclear RNA 

and widely spread (t-test with Welch correction p=0.1544; Figure 16a). The proteins with the highest correlation 

of protein and RNA abundance (in both total and nuclear fraction) across all three ages are (among others) 

Gfap, Psmb6, Nefh and Nefl, with Pearson’s r coefficients >0.6. Negatively correlated to both total and nuclear 

RNA are protein abundances of 26S proteasome regulatory subunit 6A (Psmc3), spectrin beta chain (Sptbn2) 

and Plec, to name a few. See Figure 16b and Supplementary Table 6 for all correlations). Beyond single 

proteins being better correlated than others, no significant functional grouping was possible. 

Further, the fold change differences of proteins between the early and late age comparisons (logFCs of 12 vs 

6 and 24 vs 12) were not significantly correlated with fold changes observed in RNA levels (column correlation; 

Figure 16c, d). The marked exception are FCs between 24 and 6 months, which are very slightly but 

significantly correlated between protein and nuclear RNA (Pearson’s r=0.04123, p=0.0042), but not with total 

RNA (r=-0.003068, p=0.8316). 
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Figure 16 Correlations between RNA and protein abundances. a Row correlations were calculated using Pearson’s r for all 
proteins that had measurements in every biological replicate across ages for protein abundance, total, and nuclear RNA 
abundance. Correlations are small and not differently distributed between total and nuclear RNA (Welch’s t-test, p=0.1544). 
Violin plots show distribution of correlation values, middle line represents median, dashed lines represent quartiles. b Scatter 
plot of Pearson’s r correlation values between protein and total RNA (x-axis) and between protein and nuclear RNA (y-axis) 
abundances. Colored in orange are proteins with correlation >0.6 in both total and nuclear RNA, colored in blue are 
correlation values <-0.6 for both comparisons. Purple points represent reverse signs of correlations between total and 
nuclear RNA and protein abundance (positive correlation in one fraction, negative in the other and vice versa). c and d 
Column correlations between logFCs of proteins and RNAs in early (12 vs 6), late (24 vs 12) or overall (24 vs 6) aging. c 
shows logFCs of protein and total RNA, d shows the logFCs of protein and nuclear RNA. Red line shows correlation between 
each set of values and Pearson’s r, as well as p-value of correlation are indicated for each graph.  
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4.2.3│Insoluble fraction 

Next, I analyzed the protein abundance results from my insoluble fraction. While I quantify ~4700 proteins across 

all ages, their enrichment compared to the abundance in the total fraction changes considerably. Figures 17a-

c show the number of proteins per enrichment score (ratio insol vs total) for proteins de-enriched or non-

enriched (ratio 0-2), enriched (ratio 2-10) and highly enriched (ratio 10-50) per age. The extend of enrichment 

increases with advancing age and enriched proteins (ratio 2-50) are significantly more present in 12- and 

especially 24 months old animals (Figure 17d). Additionally, I compared my insoluble enrichment results from 

24 months old animals with previously published results (Kelmer Sacramento et al., 2020) and found significant 

high correlation (Pearson’s r=0.6236, p<0.0001) of overlapping proteins from both studies (Figure 17e and 

Supplementary Table 7). This correlation was even higher, when I compared my results to only those found 

significant in the study by Kelmer Sacramento et al. (Pearson’s r=0.7899, p<0.0001; Figure 17f). Lastly, I found 

a small, but highly significant correlation of my insoluble enriched proteins to the solubility score, introduced by 

Määttä et al., 2020 (Figure 17g). The more negative the score, the more likely a protein is to aggregate after 

non-lethal heat shock in human cells. 

 

Figure 17 Increasing enrichment of insoluble proteins with age and correlations to previously publishes works. a-c 
Histograms showing the number of proteins that are non-enriched in the insoluble fraction (ratio insol vs total between 0 and 
2; a), enriched (ratio between 2 and 10; b) and highly enriched (ratio 10-50; c) per age group. d Combined comparison of 
enriched and highly enriched proteins between 6, 12 and 24 months shows increasing insolubility of proteins with age. 
Ordinary one-way ANOVA with Tukey correction. e, f comparison of insoluble-enriched proteins between my study and the 
study by Kelmer Sacramento et al. e Shows the correlation of all common proteins and their insoluble enrichment at 24 
months between the two studies, f shows the correlation between the significantly enriched proteins from the Kelmer 
Sacramento study and my data. g Correlation of my insoluble enrichment data to the protein solubility score introduced by 
Määttä at al., 2020. Note that increasing negative solubility score indicates higher aggregation propensity. Correlations are 
indicated as Pearson correlation coefficient. * p<0.5, ** p<0.01, **** p<0.0001.  

DEqMS identifies several proteins significantly changed in the insoluble fraction with age, listed in Figure 18a. 

Annexin A11 (Anxa11), Gfap and ribosomal protein Rpl29 are prominently upregulated with age, while, 
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surprisingly, among others, alpha synuclein (Snca) is downregulated. The differential expression analyzed here 

does not however consider the relative enrichment vs the total fraction. I calculated the insoluble enrichment for 

each protein that had abundance measures in both total and insoluble fraction, corrected for possible 

enrichment also seen in the soluble fraction (see Methods for details) and performed ANOVA testing with 

permutation-based multiple comparison correction to find 18 proteins significantly changing their insoluble 

enrichment with age (Figure 18b and Supplementary Table 7). 

 

Figure 18 Differentially expressed protein in the insoluble fraction. a Heatmap showing all proteins significantly changed in 
the insoluble fraction in any of the age-comparisons. Columns show the DEqMS adjusted p-value significances and all 
biological replicates. Protein names in grey are also found significantly changed in the total fraction. Grey fields in the 
heatmaps indicate missing values. b Heatmap showing the 18 significantly changing proteins in terms of insoluble 
enrichment with age. c Some ribosomal components have specific age-upregulated enrichment in the insoluble fraction, 
others are unchanged or age-downregulated. Selection of ribosomal proteins based on own data and Kelmer Sacramento 
et al., 2020. Boxplots show median, 25th to 75th percentile as box and 5th to 95th percentile as whiskers, significance tested 

with ANOVA and Tukey multiple comparison correction. * p<0.5, ** p<0.01, *** p<0.001, **** p<0.0001 
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Ribosomal proteins Rpl8, Rpl29, Rpl19, Rps23 as well as ferritin light and heavy chain (Fth1 and Ftl1) are highly 

enriched in the insoluble fraction of 24 months old brains, as has been previously described (Kelmer 

Sacramento et al., 2020). Fth1 and Ftl1 enrichment are gradual and present already at 12 months. 

Monocarboxylate transporter 1 (Slc16a1) shows noticeably de-enrichment at 12 months. Brefeldin A-inhibited 

guanine nucleotide-exchange protein 3 (Arfgef3), myelin proteolipid protein (Plp1), transmembrane p24-

trafficking protein 7 (Tmed7), protein kinase C and casein kinase substrate in neurons protein 2 (Pacsin2) and 

ATPase family AAA domain-containing protein 3 (Atad3) are insoluble-enriched until high age, where they 

become relatively more soluble.  

I show here that the enrichment of some ribosomal components is exclusively found in the oldest animals. Other 

ribosomal proteins found significantly enriched in Kelmer Sacramento et al., 2020 however show little change 

in enrichment with age (Rpl4, Rpl13a, Rpl7a, Rpl24 and Rpl7) and Rpl35a even shows gradual de-enrichment 

from 6 to 12 months (Figure 18c). These insolubility changes with age can disrupt complex stoichiometries and 

affect a number of pathways, which will be discussed at the end of this work (section 5.4).  
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4.3│Proteomic description of brain aging in mouse models 

In addition to the description of physiological brain aging presented so far, I set out to study and compare the 

proteome of 12 other cohorts of mice which model aging. Notably, the average lifespan of mice differs already 

between inbred strains, ranging from ~8 months in female AKR/J to ~32 months in male WSB/EiJ (Yuan et al., 

2009). The most widely used inbred strain C57BL/6J (BL6J), which I also use here for my cohort of physiological 

aging, has an average lifespan of ~28 months. Genetic modifications, altering the lifespan of animals, are also 

dependent on the background strain into which the modification was introduced. Figure 19 summarizes the 

ages and lifespans of all cohorts used for this study with both their ‘natural’ life expectancy, as well as their 

lifespan after genetic, dietary or enrichment manipulation. Ages were chosen so that mice showed ‘aging’ 

defects without overwhelming damage load, meaning before severe pathological alterations would obscure 

underlying changes. All cohorts included littermate controls to which the model could be directly compared 

(Supplementary Table 2). Consistent quality of measurements was achieved by streamlined sample 

preparation and periodic assessment of mass spectrometric performance. All ~650 spectral files acquired by 

LC-MS, including the extensive spectral library that was prepared, were analyzed together using MaxQuant and 

the ‘match between runs’ feature. This allowed the calculation of ratios ‘model vs control’ for 7541 proteins, of 

which 5141 were measured in at least 6 cohorts. I here present the results for each cohort individually in brief, 

further analyses will be performed in our group and all data will be deposited to be publicly available at the 

PRIDE database. 

 

Figure 19 Overview of average lifespan and used ages of mouse model cohorts used in this study. General average lifespan 
of the specific mouse strain is indicated in white. If the model has extended or decreased lifespan, this is indicated in the 
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overlaid green. The red line marks the age used here. Age in months. Note that the mCat and EE models prolong their 
background strain lifespan. Data on lifespan was retrieved from the original publications for each model, which will be 
referenced in the respective following sections. 

 

4.3.1│SAMP8 

Before the establishment of genetic models, several mouse lines were developed by selective breeding that 

showed a precocious or delayed aging phenotype. The senescence-accelerated mouse (SAM) lines developed 

by Takeda and colleagues (Takeda et al., 1981) are one example. Mouse lines presenting typical ‘aging 

phenotypes’ were called senescence-prone (SAMP), lines without aging signs senescence-resistant (SAMR). 

SAMP8 mice show several brain-related deteriorations and can thus model neurodegeneration and accelerated 

aging, likely tracing back to metabolic pathway alterations (Currais et al., 2019; Dobarro et al., 2013; Grinan-

Ferre et al., 2018; Ohta et al., 1996; Takeda, 2009). 

400 proteins are significantly different between 6 months old SAMP8 and SAMR1 mice in the total fraction 

(Figure 20a and Supplementary Table 8). 248 are upregulated, which ORA analysis identifies as enriched in 

the GO BP term ‘pyridine-containing compound metabolic process’ (Figure 20b). STRING protein-protein 

interaction networks functional enrichment analysis (from here on referred to as ‘STRING analysis’) of the top 

100 significantly upregulated proteins further identifies the partly overlapping ‘cellular respiration’ 

(FDR=0.0036), ‘cellular amino acid metabolic process’ (FDR=0.0003) and ‘generation of precursor metabolites 

and energy’ (FDR=0.00043) with high confidence interaction scores (Figure 20c). Among the top 100 

significantly downregulated proteins, ‘myelin sheath’ is the top hit (FDR=0.0095), with major myelin proteins 

Mog, Cnp and Plp1 moderately decreased (Figure 20d). 

Interestingly, compared to the high number of differentially expressed proteins in the total fraction, only 4 

proteins reach that threshold in the insoluble fraction (Figure 20e). These are the increased G-protein coupled 

receptor Gpr37l1, guanylate cyclase Gucy1a2, ribosomal Rps18 and decreased unconventional myosin Myo1d. 

17 other ribosomal proteins are increased in the insoluble fraction among the proteins changed with non-

adjusted p-value <0.05. This class of proteins is significantly enriched in ORA analysis (Figure 20f), together 

with NDD-categories ‘Alzheimer disease’, ‘Huntington disease’ and ‘Parkinson disease’, which include Snca, 

and several mitochondrial electron transport chain proteins implicated in disease. 
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Figure 20 Overview of differentially expressed proteins in the SAMP8-mice (vs control SAMR1 mice). a and e Volcano plots, 
indicating padj (as -log10) and log2FC between model vs its own control in the total (a) and insol (e) fraction. Signifcant 
proteins indicated in orange (upregulated) and blue (downregulated); horizontal dotted line indicates padj-value cutoff at 
0.05. b Significantly upregulated proteins in the total fraction with WebGestalt ORA analysis and c STRING functional 
enrichment network. d STRING functional enrichment network for downregulated proteins in the total fraction. Core GO or 
pathway annotations after high-confidence interaction score filtering are color-coded. f WebGestalt ORA analysis of the non-
adjusted p significant upregulated proteins in the insoluble fraction. GO categories are all FDR<0.05 and sorted with the 

most significant on top. 

 

4.3.2│Zfand2b: KO of proteostasis factor AIRAPL 

Proteostatic balance is closely linked to cellular and organismal health and heavily implicated in aging. In C. 

elegans, proteostasis impairment caused by inactivation of ER protein AIP-1, shortened the lifespan of the 

animal (Yun et al., 2008). Its ortholog AIRAPL (Zfand2b) seems to play a role in the insulin/insulin-like growth 

factor 1 (IGF1) pathway by regulating the translocation and degradation of IGF1 receptor (Osorio et al., 2016). 

It is therefore likely, that energy pathways and metabolism are altered, too. Zfand2b-KO-mice show reduced 

lifespan of 22 months compared to 27 months of controls (Osorio et al., 2016). My available samples of 14 

months old mice represent a middle-aged to aged cohort. 

I found 6 proteins significantly changed in the total fraction, the two moderately upregulated proteins are Proline-

rich transmembrane protein 2 (Prrt2, component of the outer core AMPAR complex) and Lmna, the 

downregulated proteins show stronger differences (FC at least -1.5), three are RNA-processing related (RNA 
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helicase aquarius (Aqr), nucleolar and coiled-body phophoprotein 1 (Nolc1), and nuclear cap-binding protein 

subunit 1 (Ncbp1); Figure 21a and Supplementary Table 9). 

 

Figure 21 Overview of differentially expressed proteins in Zfand2b-mice. a and e Volcano plots, indicating padj (as -log10) 
and log2FC between model vs its own control in the total (a) and insol (e) fraction. Signifcant proteins indicated in orange 
(upregulated) and blue (downregulated); horizontal line is padj-value cutoff at 0.05. b WebGestalt ORA analysis of the 
upregulated, non-adjusted p significant proteins implicate increased levels on chaperone complex proteins in Zfand2b-mice. 
c, d STRING functional enrichment network for upregulated and downregulated proteins in the total fraction, respectively. 
Core GO annotations after high-confidence interaction score filtering are color-coded. f WebGestalt ORA analysis of the 
downregulated, non-adjusted p significant proteins in the insoluble fraction. 

With the less strict cutoff of unadjusted p-value, 590 proteins are changed. The 427 upregulated proteins are 

enriched in the term ‘chaperone complex’, identified by ORA (GO cellular component (CC); Figure 21b). This 

enrichment is driven by upregulated chaperonin-containing T-complex (TRiC) members, of which 4 are among 

the top 100 significant upregulated proteins. Interestingly, STRING high confidence interaction score analysis 

of these top 100 links TriC to telomere maintenance. Other STRING functional enrichments among the top 100 

upregulated proteins include ‘glycolytic process’ (FDR=0.00049), ‘glutathione metabolic process’ 

(FDR=0.0134), ‘synaptic vesicle cycle’ (FDR=7.58e-05) and ‘cellular amino acid metabolic process’ 

(FDR=0.00049; Figure 21c). Fewer proteins are downregulated, the top 100 of them (sorted by significance, 

p<0.05) mirror the splicing implication seen already in the padj-significant proteins. STRING analysis finds 

‘mRNA splicing, via spliceosome’ (FDR=0.019), ‘modulation of chemical synapse transmission’ (FDR=0.0054) 

and the ‘perineuronal net’ (FDR=0.00078). Several ribosomal proteins are also mapped, but do not show 

functional enrichment (Figure 21d).  
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Only 2 proteins are significantly changed in the insoluble fraction of Zfand2b-KO mice. One is the strongly 

decreased tRNA methyltransferase Mettl2, the other is moderately decreased guanine nucleotide-binding 

Gnao1. After loosening the threshold cutoff to non-adjusted p<0.05 (533 proteins changed), no prominent GO 

or pathway enrichment among the upregulated proteins was identified. However, the 313 decreased proteins 

are enriched in GO CC ‘peptidase complex’, ‘proton-transporting two-sector ATPase complex’, KEGG 

‘proteasome’, ‘synaptic vesicle cycle’ and ‘oxidative phosphorylation’ in ORA analysis (FDR<0.05). 

 

4.3.3│Line 61: overexpression of human α-synuclein 

The mouse line called ‘Line 61’ overexpresses human α-synuclein under the Thy1 promoter at moderate levels 

and models PD in several aspects (Rockenstein et al., 2002). Although no neuron loss is observed in the 

substantia nigra (even at 22 months of age), dopamine levels decline after 8 months and strong α-Synuclein 

aggregates are detected already at 1 month of age. I examined animals of 12 months of age. 

I found 92 significantly changed proteins (Figure 22a), the top significant hit compared to littermate controls 

being moderately upregulated Snca (characteristic for this mouse model; Rockenstein et al., 2002). 66 proteins 

were upregulated, without significant enrichment in any GO annotation among them. STRING analysis 

implicates them in the expected Kyoto Encyclopedia of Genes and Genomes (KEGG) classification ‘Parkinson 

disease’ (FDR=0.0378), as well as GO BP categories ‘regulation of catalytic activity’ (FDR=0.0063) and ‘glucose 

metabolic process’ (FDR=0.0140). For the 26 downregulated proteins, no FDR-significant GO or pathway 

annotation was found. Once I extended my analysis of the downregulated proteins to include those that were 

non-adjusted p-value significant, many synaptic vesicle-related proteins became apparent, including Snap25, 

Stxbp1, Syt5, Syn2, Syn3, Synj1 and others (Figure 22b, c and Supplementary Table 10). 

As this model relies on the overexpression of Snca, I wanted to know which proteins have the highest correlation 

in terms of their abundance in mutant and WT mice. Among the significantly upregulated proteins, 15 proteins 

have a correlation Pearson’s r>0.83 and p<0.01 (Supplementary Table 10), meaning that their abundance 

might be tightly linked to that of Snca. These include two components of the COP9 signalosome (Cops4 and 

Cops3), three (co-)chaperones (Fkbp4, Hspa4l and Hspd1), two ADP transmembrane transporters (Slc25a31 

and Slc25a42) and the iron binding serrotransferin (Tf). The strongest negative correlation among the significant 

proteins had dynactin 6 (Dctn6), a member of the dynactin family, which is involved in Lewy body pathology 

(Shen et al., 2018). Dctn6 is followed by the two synapsins, Syn1 and Syn2, the serine hydrolase Rbbp9 and 

the GTPase Atl3, which functions in ER remodeling. 

In the insoluble fraction, only 6 proteins are significantly different between mutant and WT mice after multiple 

comparison correction (Figure 22d). Only Cox6a1 and Gpd2, which is also upregulated in the total fraction, are 

upregulated. These proteins remain relatively more abundant in the mutant insoluble fraction also when looking 

at the insoluble enrichment (compared to the total fraction). Snca is the fourth most significantly upregulated 

protein when also considering the non-adjusted p-value. Among the top 100 (sorted by p-value significance) 

upregulated proteins in the insoluble fraction, ‘oxidative phosphorylation’ (FDR=0.0037), ‘calcium ion 

transmembrane transport’ (FDR=0.0196) and ‘organonitrogen compound biosynthetic process’ (FDR=0.0015) 

are functionally enriched in a STRING network analysis (Figure 22e). The top 100 downregulated proteins in 
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the insoluble fraction are enriched in ‘regulation of telomere maintenance’ (FDR=0.0291), ‘exocytosis’ 

(FDR=0.0454) and ‘regulation of neuron apoptotic process’ (FDR=0.0291; Figure 22f). 

 

Figure 22 Overview of differentially expressed proteins in Line 61-mice. a and d Volcano plots, indicating padj (as -log10) 
and log2FC between model vs its own control in the total (a) and insol (d) fraction. Signifcant proteins indicated in orange 
(upregulated) and blue (downregulated); horizontal dotted line indicates padj-value cutoff at 0.05. b STRING functional 
enrichment network for upregulated proteins in the total fraction. Core GO or pathway annotations after high-confidence 
interaction score filtering are color-coded. c STRING network of synaptic proteins that are downregulated in Line 61-mice. 
e and f STRING functional enrichment network for up- and downregulated proteins, respectively, in the insoluble fraction. 
Core GO or pathway annotations after high-confidence interaction score filtering are color-coded. 

 

4.3.4│HM2: overexpression of human α-synuclein mutants A30P and A53T 

The HM2-model expresses two mutant forms of human α-synuclein (A30P and A53T) under the Th1 promoter, 

thereby targeting it to dopaminergic neurons. Proteasome dysfunction, progressive dopaminergic neuron loss 

in the substantia nigra and consequent abnormalities in the dopaminergic system occur (Chen et al., 2006; 

Richfield et al., 2002). A more recent proteomic study of 6 months old HM2 mice confirmed these changes and 

additionally found altered mitochondrial function, oxidative and ER stress (Yan et al., 2017). 

I found only 5 proteins significantly changed, all of them downregulated, in 12 months old HM2 mice compared 

to their controls (Figure23a and Supplementary Table 11). 475 proteins are changed with p<0.05, among 

them the upregulated Snca (FC=1.15; p= 0.0004). The 216 upregulated proteins are STRING GO BP annotated 

as, among other terms, ‘NLS-bearing protein import into nucleus’ (FDR=0.0138), ‘Golgi organization’ 
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(FDR=0.0415) and ‘regulation of synapse organization’ (FDR=0.0402). The cellular component ‘postsynapse’ 

is also functionally enriched among the top 100 upregulated proteins, sorted by significance (Figure 23b). 

Proteins here include Snca, Htt, and Mtor. 259 proteins are downregulated, and STRING high confidence 

interaction score analysis identifies core GOs such as ‘leucine catabolic process’ (FDR=0.0274), ‘tRNA 

aminoacylation for protein translation’ (FDR=0.0338), ‘ribose phosphate biosynthetic process’ (FDR=3.32e-05), 

‘lipid modification’ (FDR=0.0482), ‘enzyme regulator activity’ (FDR=0.0251), ‘U2-type catalytic step 2 

spliceosome’ (FDR=0.0305) and 'proteasome complex’ (FDR=0.0111). 

 

Figure 23 Overview of differentially expressed proteins in HM2-mice. a and c Volcano plots, indicating padj (as -log10) and 
log2FC between model vs its own control in the total (a) and insol (c) fraction. Signifcant proteins indicated in orange 
(upregulated) and blue (downregulated); horizontal line indicates padj-value cutoff at 0.05. b STRING functional enrichment 
network for the top 100 significantly upregulated proteins (p>0.05). Core GO annotation after high-confidence interaction 
score filtering is color-coded. d WebGestalt ORA analysis of the downregulated, padj significant proteins in the insoluble 
fraction.  

In terms of Snca correlating proteins within all non-adjusted p<0.05 proteins, 6 proteins have a positive 

correlation Pearson’s r>0.83 and p<0.01. This is the COP9 signalosome member Cops4, the regulator of 

microtubule dynamics protein 3 (Rmdn3), which both also correlate well with Snca levels in the Line 61 model. 

Further, UDP-N-acetylhexosamine pyrophosphorylase-like protein 1 (Uap1l1), which is implicated in N-

acetylglucosamine modifications of proteins, the tau protein binding S100b and microtubule organizing Cep170b 

correlate well. 21 proteins are anti-correlated with Snca, most strongly the RNA and protein methyltransferase 

Fbl, the scaffolding protein, required to maintain Golgi integrity, Akap9, and the signal transducer Stat3. 

Interestingly, while I found few proteins changed in the insoluble fraction of the Line 61 mice, 151 proteins are 

adjusted p-value significant in the HM2 mice compared to their controls (Figure 23c). Among the 39 upregulated 

proteins, the four ribosomal proteins Rpl10, Rpl4, Rpl29 and Rps8 are found (STRING GO CC; ‘cytosolic 

ribosome’; FDR=0.0273). For the downregulated proteins in the insoluble fraction, WebGestalt ORA (GO CC) 

identifies the ‘respiratory chain’ with 6 ‘NADH dehydrogenase complex’ members and the ‘myelin sheath’ as 

FDR<0.05 significantly overrepresented (Figure 23d). This downregulation also holds true when looking at the 

insoluble enrichment for the proteins of both GO categories. 

 

4.3.5│ APPPS1: human transgene expression of mutated APP and PSEN1 

APPPS1-mice, also known as APPPS1-21 mice, express the human Swedish mutation of APP (KM670/671NL) 

and PSEN1 (L166P) under the Thy1 promoter. They subsequently develop amyloid plaques, phosphorylated 
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tau-positive neuritic processes, but no fibrillar tau inclusions (Radde et al., 2006). Strong gliosis is another 

hallmark of this model (He et al., 2019; Malm et al., 2007). 

I found 24 significantly changed proteins in almost 9 months old APPPS1-mice, all but one (monosaccharide 

transporter Slc2a3) upregulated and led by APP. The next highest upregulated proteins are Gfap, ApoE, C1qa 

and C1qb, Clu, Hexb, Htra1 and Cnn3, all with a FC>1 (Figure 24a and Supplementary Table 12).  

 

Figure 24 Overview of differentially expressed proteins in the APPPS1-mice. a and c Volcano plots, indicating padj (as -
log10) and log2FC between model vs its own control in the total (a) and insol (c) fraction. Signifcant proteins indicated in 
orange (upregulated) and blue (downregulated); horizontal dotted line indicates padj-value cutoff at 0.05. b WebGestalt 
ORA analysis of the non-adjusted p significant proteins that are upregulated (positive enrichment ratio) or downregulated 
(negative enrichment ratio) in the total fraction. GO categories are both FDR<0.05 and sorted with the most significant on 
top. d and e WebGestalt ORA analysis of the significantly upregulated (d) and downregulated (e) proteins in the insoluble 
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fraction, separately for GO BP and GO CC annotation. GO categories are all FDR<0.05 and sorted with the most significant 
on top. 

475 proteins are changed when I filter less strictly for p<0.05. Among the 313 upregulated proteins, GO BP 

terms ‘glucose 6-phosphate metabolic process’, ‘lipid catabolic process’ and ‘cofactor metabolic process’ are 

overrepresented, as well as GO CC terms ‘intermediate filament cytoskeleton’, ‘microbody’, ‘pigment granule’, 

‘myelin sheath’ and ‘lytic vacuole’, all with FDR<0.05 in a WebGestalt ORA analysis. ‘Synaptic vesicle cycle’ 

(KEGG) and ‘axon part’ (GO CC) are overrepresented among the downregulated proteins (WebGestalt ORA, 

FDR<0.05; Figure 24b). 

The protein that correlates best with the abundance pattern of App is synaptotagmin-binding cytoplasmic RNA 

interacting protein (Syncrip), which is an RNA-binding protein previously shown to interact with amyloid-β (Virok 

et al., 2011) and the RNA molecule BC200 (Duning et al., 2008). As such, it is believed to regulate local 

translation in dendrites. The second most correlated protein is the complement protein C1qa, which activates 

the complement pathway and has been shown to be present in amyloid plaques (Afagh et al., 1996). Further 

well correlating proteins (Pearson’s r>0.99 and p<0.001) are β- hexosaminidase subunit beta and alpha (Hexb 

and Hexa), farnesyl pyrophosphate synthase (Fdps), and reactive intermediate imine deaminase A homolog 

(Rida). The protein most anti-correlated with App is citron rho-interacting kinase (Cit). See Supplementary 

Table 12 for the full list. 

A relatively high number of 408 proteins is significantly different in the insoluble fraction of APPPS1-mice 

compared with their controls (Figure 24c). 258 of these are upregulated, most strongly calsyntenin-3 (Clstn3), 

lactation elevated protein 1 (Lace1, also known as AFG1-like ATPase), synaptotagmin 11 (Syt11) and App, all 

with FC>4.5. Gene ontology ORA identifies the BP categories ‘regulation of cellular protein localization’, 

‘regulation of protein catabolic process’, ‘regulation of trans-synaptic signaling’ and ‘vesicle-mediated transport 

in synapse’ as FDR-significantly enriched; CC terms ‘glutamatergic synapse’, ‘microtubule associated complex’, 

‘lytic vacuole’, ‘endoplasmic reticulum tubular network’, ‘chaperone complex’ and ‘myelin sheath’ and are also 

enriched (Figure 24d and see Supplementary Table 12 for the full list). Significantly downregulated proteins 

in the insoluble fraction are enriched in the GO CC categories ‘presynaptic active zone’, ‘NADH dehydrogenase 

complex’ and closely related categories. Interestingly, the GO ‘myelin sheath’ is implicated in both the up- and 

downregulated proteins (Figure 24e). 

 

4.3.6│mCat-mice: overexpressing human catalase in mitochondria 

To enhance the intracellular handling of ROS, several mouse models overexpressing the human radical 

scavenging enzyme Catalase have been developed. The catalase can be targeted to different cellular 

compartments, in the case of the mCat mice, it is mitochondria. Catalase inactivates H2O2 and can locally protect 

mitochondria from oxidative damage, extending the lifespan of these animals by ~20% (4-5 months; Schriner 

et al., 2005). No such lifespan extension was observed in models ubiquitously overexpressing copper zinc 

superoxide dismutase (Huang et al., 2000) or when catalase was targeted to peroxisomes (Pérez et al., 2009b). 

Mitochondrially targeted catalase might therefore be unique in its effects. Another study, examining the role of 

mCat in the brain of AβPP (Tg2576 line) mice, found downregulated App and Bace1 mRNA expression, reduced 
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Aβ-plaques, increased neuroprotective transcription and lower levels of oxidative DNA damage in mCat/AβPP 

mice (Mao et al., 2012). 

In my study, 13 proteins are significantly different between 20 months old mCat and WT mice (Figure 25a and 

Supplementary Table 13). Among these, FUN14 domain-containing protein 1 (Fundc1), a mitophagy receptor, 

is the most upregulated.  

 

Figure 25 Overview of differentially expressed proteins in the mCAT-mice. a and c Volcano plots, indicating padj (as -log10) 
and log2FC between model vs its own control in the total (a) and insol (c) fraction. Signifcant proteins indicated in orange 
(upregulated) and blue (downregulated); horizontal dotted line indicates padj-value cutoff at 0.05. b and d WebGestalt ORA 
analysis of the non-adjusted p significant proteins that are upregulated (positive enrichment ratio) or downregulated 
(negative enrichment ratio) in the total (b) and insoluble (d) fraction. GO categories are all FDR<0.05 and sorted with the 
most significant on top. 

The second most upregulated protein in mCat mice is Timmdc1, a complex I assembly factor. 618 proteins are 

significantly different between mCat and WT mice in the total fraction once I filter less strictly for non-adjusted 

p<0.05. The 260 upregulated proteins are enriched in the GO CC term ‘actin cytoskeleton’ (FDR<0.05). The 

remaining downregulated proteins are enriched in GO BP terms ‘response to leukemia inhibitory factor’, 

‘organophosphate ester transport’, ‘anion transmembrane transport’ and ‘organic anion transport’ (FDR<0.05), 

with several ATPases and solute carriers annotated (Figure 25b). 

Interestingly, looking at my insoluble fraction, within the non-adjusted significant proteins, ‘protein activation 

cascade’ (GO BP, FDR<0.05; complement components and fibrinogens) is enriched in the upregulated proteins. 

Members of the ‘oxidoreductase complex’, the ‘respiratory chain’, the ‘NADH dehydrogenase complex’, the 

‘mitochondrial membrane part’, the ‘myelin sheath’, the ‘mitochondrial protein complex’ and the ‘organelle inner 

membrane’ are overrepresented in the downregulated proteins (GO CC, FDR<0.05; Figure 25c, d and 

Supplementary Table 13). 

 

4.3.7│AntiOx-mice: antioxidant diet 

I found 90 significantly altered proteins between 12 months old WT mice fed a standard mouse diet and 12 

months old WT mice fed an antioxidant diet, supplemented with α-lipoic acid, N-acetyl cysteine, and vitamin E 

(Figure 26a and Supplementary Table 14). Antioxidant diets have been described to ameliorate axonal 



 

61 
 

degeneration (López-Erauskin et al., 2011), mitochondrial decay (Liu et al., 2002) and inflammation (Park et al., 

2009). 61 proteins were upregulated, 17 are annotated with the GO CC term ‘mitochondrion’, 14 with the term 

‘synapse’ (STRING FDR 0.0014 and 0.0116, respectively). The 29 downregulated proteins do not share 

considerable annotations. After less strict filtering to p<0.05, ‘mitochondrion’ remains the strongest defined 

cellular component that is enriched (STRING FDR=4.29e-07) within the top 100 upregulated genes (sorted by 

p-value), led by the highly upregulated complex I core subunit Mtnd3. The top 100 downregulated proteins are 

functionally enriched in GO BP term ‘synapse organization’ (STRING FDR=0.00017). 

 

Figure 26 Overview of differentially expressed proteins in the AntiOx-mice. a and b Volcano plots, indicating padj (as -log10) 
and log2FC between model vs its own control in the total (a) and insol (b) fraction. Signifcant proteins indicated in orange 
(upregulated) and blue (downregulated); horizontal dotted line indicates padj-value cutoff at 0.05. c WebGestalt ORA 
analysis of the non-adjusted p significant proteins that are upregulated (positive enrichment ratio) or downregulated 
(negative enrichment ratio) in the insoluble fraction. GO categories are all FDR<0.05 and sorted with the most significant on 

top. 

In the insoluble fraction, 6 proteins are significantly changed with padj<0.05, 764 with p<0.05 (Figure 26b). 

WebGestalt ORA identifies ‘extrinsic apoptotic signaling pathway’ and ‘coagulation’ enriched among the 

upregulated proteins (GO BP), as well as ‘extracellular matrix’ and ‘ribosome’ in GO CC annotation. The 

downregulated proteins are overrepresented in GO BP categories connected to ‘ATP hydrolysis coupled 

transport’, ‘pyridine. and purine-containing compound metabolic process’, ‘positive regulation of secretion’ and 

‘positive regulation of establishment of protein localization’ and others (Figure 26c). Please see 

Supplementary Table 14 for all terms and FDRs. 

 

4.3.8│Ucp2-mice: KO of uncoupling protein 2 

In order to reduce ROS generation from mitochondria, cells can undergo mitochondrial “uncoupling”, meaning 

that protons can flow into the mitochondrial matrix, without relying on the function of complex V. While this 

decreases energy synthesis, it increases the mitochondrial membrane potential, leading to higher oxygen 

consumption and lowered ROS production (Andrews and Horvath, 2009). This has been proposed as protective 

mechanism and can be achieved through the action of uncoupling protein 2 (Ucp2). The mouse model lacking 
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this protein (Ucp2-/- or Ucp2 KO) presents shortened lifespan (decreased by ~24%; Hirose et al., 2016), 

increased ROS production and inflammatory microglia (Arsenijevic et al., 2000). 

I found 464 significantly altered proteins between 20 months old WT and Ucp2-KO mice (Figure 26a and 

Supplementary Table 15). No FDR-significant GO enrichment was found, neither with up- or downregulated 

ORA, nor with GSEA. Remarkably, STRING analysis with high confidence interaction score revealed an 

overrepresentation of the following GO CC annotations in the upregulated proteins (log2FC>1): ‘glutamatergic 

synapse’ (FDR=3.23e-06), ‘vesicle coat’ (FDR=0.0051), ‘mitochondrial protein complex’ (FDR=0.0113) and ‘U2-

type spliceosomal complex’ (FDR=0.0322). Among the most downregulated proteins (log2FC<-1), GO BP 

‘regulation of GTPase activity’ (FDR=0.0018), ‘protein transport’ (FDR=0.0020) and the compartment 

‘mitochondrial protein complex’ (FDR=0.0372) were overrepresented (Figure 26b, c). 

 

Figure 27 Overview of differentially expressed proteins in the Ucp2-mice. a and d Volcano plots, indicating padj (as -log10) 
and log2FC between model vs its own control in the total (a) and insol (d) fraction. Signifcant proteins indicated in orange 
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(upregulated) and blue (downregulated); horizontal dotted line indicates padj-value cutoff at 0.05. b and c STRING functional 
enrichment network for up- and downregulated proteins, respectively, in the total fraction. Core GO or pathway annotations 
after high-confidence interaction score filtering are color-coded. e WebGestalt ORA analysis of the significant proteins that 
are upregulated (positive enrichment ratio) or downregulated (negative enrichment ratio) in the insoluble fraction. GO 
categories are all FDR<0.05 and sorted with the most significant on top. f Proteins annotated as ‘glutamatergic synapse’ 
are upregulated in the total fraction and relatively downregulated in the insoluble fraction, pointing to a specific redistribution 
of these proteins rather than a general upregulation seen throughout the fractions. Unpaired t-test; **** p<0.0001. 

Interestingly, upon comparison with the age-matched mCat-mice (which supposedly have better handling and 

thus reduced ROS-damage), the proteins annotated in the above-mentioned up- or downregulated GO-

categories are also the ones with the greatest differences to the expression FC in mCat-mice. FC in the mCat- 

and Ucp2-mice are significantly different for the representative proteins with high interaction score confidence 

shown in Figure 28 (t-test p<0.05, except for ‘regulation of GTPase activity’ with p=0.089). Strong reverse 

trends are also seen in single proteins: the spliceosome core component Snrpb (Ucp2 FC=1.44, padj=0.009; 

mCat FC=-0.38, p=0.049) or the accessory subunit of complex I Ndufab1 (Ucp FC=2.42, padj=0.032; mCat 

FC=-3.65, p=0.025)
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Figure 28 Comparison between age-matched mCat- and Ucp2-mice. Core proteins upregulated in Ucp2-mice (a) show 
significantly larger FCs compared to those observed in mCat-mice. Core downregulated proteins of the Ucp2-mice (b) show 
significantly more positive FCs in the mCat-mice. Unpaired t-test; * p<0.05, *** p<0.001, **** p<0.0001. 

In the insoluble fraction, ‘synapse organization’ (FDR=0.040) and especially the ‘glutamatergic synapse’ 

(FDR=0.003) is among the enriched GO-terms (WebGestalt ORA) for proteins that are increasingly insoluble in 

Ucp2-KO mice (Figure 27e). Of note, while the GO-annotation is the same, the corresponding proteins differ 

from the total-upregulated ones, meaning that it is not a general upregulation of glutamatergic synapse proteins, 

but a specific rearrangement of components. 15 of the 19 proteins annotated as glutamatergic synapse in the 

total upregulated fraction are even decreased in their insoluble enrichment of Ucp2-KO mice compared to their 

controls (Figure 27f). The downregulated proteins in the insoluble fraction are enriched in the GO-BP categories 

of ‘microtubule polymerization or depolymerization’ (FDR=0.014) and ‘axon development’ (FDR=0.031) with 

prominent members Snca, Mapt or ApoE, whose total levels are only changed marginally (FC between -0.11 

and 0.19; Supplementary Table 15). 

 

4.3.9│LAKI: homozygous knock-in of mutated Lmna to model HGPS  

The C- to T-transition at nucleotide 1824 is a specific mutation in the LMNA gene encoding lamin A found in 

human Hutchinson-Gilford progeria syndrome (HGPS) patients. While there is no amino acid substitution, this 

mutation activates a cryptic splicing donor site which leads to progerin (the truncated form of prelamin A) 

formation and accumulation at the nuclear envelope. The homozygous knock-in mouse to mimic human HGPS 

carries the mouse corresponding C- to T- transition at nucleotide 1827 instead of its wildtype Lmna gene and is 

also known as LAKI or LmnaG609G/G609G (Osorio et al., 2011). Fibroblasts from HGPS patients show increased 

DNA damage load, as do HGPS mouse models. Further, decreased serum levels of IGF-1 and GH have been 

found in LAKI mice (Osorio et al., 2011). While in the original publication, these mice have been described with 

a maximum lifespan of ~100 days, the current stock kept in the same institute is fed with wet food and lives 

considerably longer, up to 6 months. I received animals of 5 months of age that showed progeroid phenotypes 

but were still relatively healthy. 

37 proteins are significantly changed in the LAKI-mice after multiple comparison correction (Figure 29a and 

Supplementary Table 16). 19 of them are upregulated, among them the most significant hit Lmna, albeit with 

a modest FC of 0.485. The 18 downregulated proteins include the chaperones HSP90 alpha and beta, as well 

as the HSP90 co-chaperone Chordc1.  

Once I expanded the analysis to include the non-adjusted significant proteins, the ‘DNA packaging complex’ 

and ‘nuclear chromatin’ was FDR-significantly overrepresented in a WebGestalt ORA analysis of the 295 

upregulated proteins (Figure 29b). This was confirmed in a STRING analysis, where high confidence interaction 

score GO BP and GO CC categories annotate the upregulated proteins as ‘nuclear chromatin’ (FDR=0.00018). 

Beyond that, proteins of the ‘ionotropic glutamate receptor signaling pathway’ (FDR=0.0053), ‘fatty acid beta 

oxidation’ (FDR=0.00031), ‘glutathione metabolic process’ (FDR=0.0019), ‘regulation of RNA splicing’ 

(FDR=1.68e-05), ‘axo-dendritic transport’ (FDR=0.0399) and the ‘proteasome complex’ (FDR=2.46e-05) are 

upregulated. Within the 239 downregulated proteins (p<0.05), STRING high confidence interaction score 

analysis highlights again ‘chaperone mediated protein complex assembly’ (FDR=0.0093) and shows that, 
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among others, the categories ‘axon extension’ (FDR=8.66e-06), ‘protein folding’ (FDR=9.04e-06), ‘nuclear 

envelope’ (FDR=0.0061) and ‘microtubule cytoskeleton’ (FDR=6.25e-06) are affected.  

The best correlated proteins (non-adjusted p<0.05) to the expression of Lmna are two metabolic enzymes on 

the upregulated side (Idh2 and Aldoc, both with Pearson’s r>0.99, p<0.0001) and three chaperones (Hsp90aa1, 

Chordc1, Dnaja2; all with Pearson’s r<-0.97, p<0.001) on the negatively correlated side. 

 

 

Figure 29 Overview of differentially expressed proteins in the LAKI-mice. a and c Volcano plots, indicating padj (as -log10) 
and log2FC between model vs its own control in the total (a) and insol (c) fraction. Signifcant proteins indicated in orange 
(upregulated) and blue (downregulated); horizontal dotted line indicates padj-value cutoff at 0.05. b WebGestalt ORA 
analysis of the non-adjusted p significant proteins that are upregulated (positive enrichment ratio) in the total fraction. GO 
categories are both FDR<0.05 and sorted with the most significant on top. d Relative enrichment or de-enrichment of 
proteins in the insoluble fraction vs their total levels shows that only a specific subset is actually insoluble-upregulated 
(green) or downregulated (purple), whereas many other proteins are changed in both total and insoluble fraction without 
specific redistribution between the fractions (grey). 

In the insoluble fraction, 56 proteins are significantly changed, with 18 of them upregulated (Figure 29c). Upon 

extension of the analysis to include the p<0.05 upregulated proteins, the top 100 (sorted by significance) are 

functionally enriched in GO categories ‘monosaccharide biosynthetic process’ (FDR=0.0011), ‘tricarboxylic acid 

cycle’ (FDR=0.009), ‘regulation of RNA splicing’ (FDR=0.0052) and ‘proteasome complex’ (FDR=0.0015). The 

top 100 downregulated proteins are enriched in ‘SNARE complex disassembly’ (FDR=0.0232), ‘mitochondrial 

membrane organization’ (FDR=0.00028), ‘protein folding’ (FDR=4.48e-06), ‘axo-dendritic transport’ 

(FDR=0.0383) and ‘reactive oxygen species metabolic process’ (FDR=0.0152). Chaperones Hsp90aa1 and 

Hsp90ab1, which are at the center of downregulated networks, are downregulated in all solubility fractions, 

without any major shift between the fractions. The significant proteins of the insoluble fraction that do show 

redistribution are highlighted in Figure 29d. 
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4.3.10│Zmpste24: KO of the lamin A processing protease 

CAAX prenyl protease 1 homolog, encoded by Zmpste24, is the protease that cleaves the precursor of lamin A 

to create the mature protein which inserts into the nuclear membrane. In the human HGPS, the above-

mentioned specific point mutation in exon 11 of LMNA is responsible for removing the Zmpste24 recognition 

site and thus for accumulation of aberrant lamin A. Zmpste24-KO mice model HGPS, show a very similar 

phenotype to LAKI mice (Varela et al., 2005) and have a reduced lifespan of 20 weeks (Pendás et al., 2002). I 

studied the brains of animals of 3.5 months of age. 

Only 6 proteins are significantly changed in the Zmspte24-KO mice after multiple comparison correction in the 

total fraction (Figure 30a and Supplementary Table 17). The upregulated are (in descending FC order) 

lysophosphatidylcholine acyltransferase 1 (Lpcat1), RhoGEF kalirin (Kalrn) and dihydropyrimidinase-related 

protein 4 (Dpysl4). Downregulated is HSP90 alpha (Hsp90aa1), tyrosine-protein phosphatase non-receptor type 

12 (Ptpn12) and prothymosin alpha (Ptma). 

 

Figure 30 Overview of differentially expressed proteins in the Zmpste24-mice. a and c Volcano plots, indicating padj (as -
log10) and log2FC between model vs its own control in the total (a) and insol (c) fraction. Signifcant proteins indicated in 
orange (upregulated) and blue (downregulated); horizontal dotted line indicates padj-value cutoff at 0.05. b WebGestalt 
ORA analysis of the non-adjusted p significant proteins that are upregulated (positive enrichment ratio) or downregulated 
(negative enrichment ratio) in the total fraction. GO categories are both FDR<0.05 and sorted with the most significant on 
top. 

444 proteins are non-adjusted p-value significantly different between Zmpste24-KO and controls. The 265 

upregulated proteins are enriched in the GO BP term ‘carbohydrate derivative catabolic process’ (WebGestalt 

ORA, FDR<0.05; Figure 30b). This is confirmed in the STRING analysis (FDR=0.0002) and additional core 

annotations include ‘intermediate filament cytoskeleton organization’ (FDR=0.00059), ‘AP-2 adaptor complex’ 

(FDR=0.0125), ‘spliceosomal complex’ (FDR=3.76e-05) and ‘fatty acid metabolism’ (FDR=0.0019). The 179 

downregulated proteins are enriched in the GO BP ‘protein folding’ (WebGestalt ORA, FDR<0.05), with several 

chaperones decreasing in levels, similar to the LAKI-mice. Chaperones and ‘protein folding’ (FDR=2.47e-07), 

together with ‘regulation of early endosome to late endosome transport’ (FDR=0.0048), ‘regulation of 
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proteasomal ubiquitin-dependent protein catabolic processes’ (FDR=0.0215), ‘ubiquitin binding’ (FDR=0.00031) 

and the ‘cytosolic ribosome’ (FDR=0.0085) describe the downregulated proteins in STRING analysis. 

No proteins are significantly changed in the insoluble fraction of Zmpste24-KO mice (Figure 30c). Among the 

upregulated top 100 non-adjusted p-value significant proteins, the ‘fibrinogen complex’ (FDR=0.0015), the 

‘complex of collagen trimers’ (FDR=0.0097) and the ‘spliceosomal complex’ (FDR=0.0006) are functionally 

enriched. Within the top 100 downregulated proteins in the insoluble fraction, proteins of the ‘synaptic vesicle 

cycle’ (FDR=0.0371) and ‘ATP metabolic process’ (FDR=0.0298) are enriched. 

 

4.3.11│Environmental enrichment 

Long-term environmental enrichment can extend lifespan and promote healthy aging (Arranz et al., 2010; 

McMurphy et al., 2018). The cohort of mice analyzed here underwent short-term housing enrichment for 16 

weeks beginning at the age of 19.5 months. 

I found no significant differences in the total fraction of enriched and non-enriched mice of 26 months of age 

(Figure 31a and Supplementary Table 18). In the insoluble fraction, there is a single downregulated protein, 

cytosolic phospholipase A2 epsilon (Pla2g4e; Figure 31b). 

Figure 31 Overview of differentially expressed proteins in EE-mice. a and b Volcano plots, indicating padj (as -log10) and 
log2FC between model vs its own control in the total (a) and insol (b) fraction. Signifcant proteins indicated in orange 

(upregulated) and blue (downregulated); horizontal dotted line indicates padj-value cutoff at 0.05. 

 

4.3.12│Male and female WT mice 

4 proteins are significantly different between the total fraction of aged female and male mice of 24 months of 

age (Figure 32a and Supplementary Table 19). These are female-upregulated nuclear receptor corepressor 

2 (Ncor2), Gfap and choline transporter-like protein 1 (Slc44a1) and downregulated serine protease inhibitor 

A3K (Serpina3k). The top 100 female-upregulated proteins (sorted by p-value) are STRING functionally 

enriched in cellular components ‘COP9 signalosome’ (FDR=0.0275), ‘myelin sheath’ (FDR=2.22e-09) and 

‘intermediate filament’ (FDR=0.0218). Among the top 100 male-upregulated proteins, ‘IMP metabolic process’ 
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(FDR=0.0369), ‘trans-synaptic signaling’ (FDR=0.0369) and ‘pyruvate dehydrogenase complex’ (FDR=0.0484) 

are functionally enriched (Figure 32b, c). 

In the insoluble fraction, 4 different proteins were significantly different between aged female and male brains 

(solute carrier family 12 member 2 (Slc12a2), serine/threonine-protein phosphatase 2A subunit A alpha isoform 

(Ppp2r1a), FERM domain-containing protein 8 (Frmd8), and RNA binding protein fox-1 homolog 1 (Rbfox1); 

Figure 32d). GO ORA results show an enrichment of ‘myelin sheath’ proteins in the female upregulated 

insoluble fraction (FDR=0.0000188; Figure 32e), no FDR-significant enrichment is found in the male 

upregulated fraction. 

 

 

Figure 32 Overview of differentially expressed proteins between female and male mice. a and d Volcano plots, indicating 
padj (as -log10) and log2FC between model vs its own control in the total (a) and insol (d) fraction. Signifcant proteins 
indicated in orange (upregulated) and blue (downregulated); horizontal dotted line indicates padj-value cutoff at 0.05. b and 
c STRING functional enrichment network for female and male upregulated proteins, respectively, in the total fraction. Core 

GO or pathway annotations after high-confidence interaction score filtering are color-coded.  
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4.4│Combined analysis 

The study of brain aging in mouse models mostly concentrates on a specific genetic modification. Comparisons 

to physiological aging processes are done across studies, or in some cases when aged mutants and 

physiologically aged animals are matched to younger counterparts. I present here proteomic data from 13 

cohorts of mice, each with their own control. This allows comparisons of respective changes as logFCs across 

cohorts, with all samples having undergone the same preparation and analysis, thus minimizing technical 

variability. 

Changes in protein abundances with age are modest, but nevertheless can enable far-reaching consequences 

in single cells as well as neuronal network function. In order to find commonly affected proteins and molecular 

pathways, I grouped the analyzed cohorts roughly into 5 groups: physiological aging, metabolic aging (SAMP8 

and Zfand2b), neurodegenerative aging (NDD models Line 61, HM2 and APPPS1), mitochondrial aging (mCat, 

AntiOx and Ucp2), and nuclear architecture related aging (LAKI and Zmpste24). The results presented in this 

section (and Supplementary Table 1) provide an overview and serve as starting points for further analyses, 

which can range from large bioinformatic, clustering-based approaches to the study of individual proteins of 

interest across different protein solubility and subcellular transcript fractions. 

 

4.4.1│Core protein changes 

I was first interested in proteins that were found to change significantly in the majority of investigated cohorts. 

No protein had an adjusted p-value <0.05 in all intra-cohort comparisons. I then restricted my collection to 

include only the physiological late aging comparison (24 vs 12) and all genetic and dietary models but excluded 

the environmental enrichment groups and the female-male comparison (Figure 33). The latter two served more 

as internal controls, do not represent an aged vs non-aged comparison, and show the fewest significant 

changes. Among the 11 remaining cohorts, Gfap was significantly affected in 8 (Figure 33a). Strong 

upregulation was observed in physiological aging, the AD-model APPPS1 and SAMP8 (logFC>0.5). Zfand2b, 

HM2, Ucp2 and LAKI also showed significant upregulation, all hinting to processes of gliosis and inflammation. 

Interestingly, the mCat model shows significant downregulation of Gfap and stands out. A similar pattern is 

observed for the intermediate filament vimentin (Figure 33b). Intermediate filament associated plectin is 

significantly upregulated in physiological aging, SAMP8, all three NDD models, Ucp2 and Zmpste24. LAKI-mice 

notably show significant downregulation of Plec, a trend that is also found in the two mitochondrial antioxidant 

models (Figure 33c). Reversely, SUMO activating enzyme subunit 1 (Sae1) is decreased in most pro-aging 

models, significantly in physiological aging, SAMP8, HM2 and Zmpste24, but significantly increased in mCat 

and AntiOx-mice, as well as in Line 61 (Figure 33d). Glycerol-3-phosphate dehydrogenase, a mitochondrial 

enzyme that is also implicated in gluconeogenesis, is significantly increased in the metabolic models SAMP8 

and Zfand2b, as well as in Line 61 and both nuclear envelope models (Figure 33e). Folding chaperone Hsp90-

beta shows strong significant downregulation in physiological aging and both nuclear envelope models, while 

all other models show either non-significant or slightly upregulated (Zfand2b and Line 61) protein levels (Figure 

33f). Oxysterol-binding protein-related protein 1 (Osbpl1a), which binds phospholipids and modulates late 

endocytic/lysosomal compartments is significantly downregulated in physiological aging and the three NDD 

models, while upregulation is observed in Zfand2b, AntiOx and Ucp2 (Figure 33g). The mitochondrial succinyl-
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CoA:3-ketoacid coenzyme A transferase 1 (Oxct1) is a key enzyme of ketone body catabolism. It is significantly 

upregulated in both metabolic models, AntiOx-mice and to the highest degree in Zmpste24. HM2-mice show 

significant downregulation of this enzyme (Figure 33h). As last example, cytosol aminopeptidase Lap3 is 

significantly upregulated in physiological aging, Line 61, APPPS1 and AntiOx. mCat and the nuclear envelope 

models show the reverse (Figure 33i).  

 

Figure 33 Proteins found significantly changed in at least 5 pro- or anti-aging models, including physiological aging 24 vs 
12. Functional groups of models (metabolic in red, neurodegenerative in purple, mitochondrial in orange, or nuclear 
architecture in turquoise) often, but not always, show similar protein expression changes. Stars indicate DEqMS significance 

in the respective comparison of 24 vs 12 or of model vs littermate control; * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. 

 

4.4.2│Changes in functional groups of proteins 

Second, I tested whether any functional groups of proteins were significantly differently affected in one model 

than another. Overall, even within my manually annotated categories, that take brain-specific function into 
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account, proteins within a category mostly showed high variation of individual FCs, rendering the comparison 

of large categories not significant. Neurofilaments and associated cytoskeletal proteins (Nefm, Nefl, Nefh, Vim, 

Plec and Ina) were strongly implicated in physiological aging and my combined analysis shows that this 

observation significantly differentiates physiological aging from the other cohorts (Figure 34a). The late 

upregulation (24 vs 12) of neurofilaments is not modeled to the same extent and the mCat model resembles 

more the early phenotype of physiological aging (12 vs 6). The second striking group of proteins prominently 

affected in physiological aging are ribosomal proteins (Rpl and Rps; Figure 34b). The, on average, late 

downregulation of these proteins significantly differs from patterns observed in SAMP8, Line 61 and APPPS1. 

Zfand2b, AntiOx and Ucp2 also have upregulation trends, while the nuclear envelope models LAKI and 

Zmpste24 resemble physiological aging better in this regard. 

 

Figure 34 Across-cohort differences in protein abundance changes identify neurofilaments and ribosomal proteins as highly 
relevant for physiological aging. a Neurofilaments as a functional group of proteins change significantly different in 
physiological aging than in any of the aging models examined here. The mCat-mice also show significant differences to 
most other cohorts, similar to the early aging comparison 12 vs 6 months. b Ribosomal proteins (all Rpl and Rps proteins 
quantified in this study) show a decline in late physiological aging (24 vs 12 months) that differs significantly from several 
other models. N indicates the number of proteins sorted into this functional category and compared here, not all 
corresponding proteins were quantified in all cohorts. ANOVA testing with Brown-Forsythe correction when standard 
deviations were significantly different between groups, multiple testing was adjusted with Tukey (ordinary ANOVA) or 
Games-Howell correction. Thick lines indicate the cohort that is being tested against; * p<0.05, ** p<0.01, *** p<0.001, **** 
p<0.0001. 

Vacuolar ATPases are responsible for acidifying intracellular compartments, most prominently they are 

essential to maintain lysosomal pH gradients. 11 subunits, both catalytic and accessory, of v-type proton 

ATPase and one solute carrier in the pH buffering system have been measured in my study (Figure 35a). On 

average, these proteins responsible for acidification are not majorly changed in physiological aging. They are 

however slightly upregulated in SAMP8 and strongly upregulated in Ucp2-mice, although with variation. 
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Significantly different to this upregulation is the downregulation in HM2. The other two NDD models, Line 61 

and APPPS1, also show decreasesing trends.  

Energetic defects would be expected in mitochondrial models of aging as well as in metabolic models. I grouped 

proteins with roles in sugar- and ketone-based energy metabolism, energy sensing and ATP-hydrolysis, 

comparing ~50 proteins between cohorts (Figure 35b). Again, physiological aging shows no average change 

in the abundance of these proteins. SAMP8 however have a marked decrease that is unique in my comparison. 

In contrast, Zfand2b, AntiOx and Zmpste24 have significantly differing upregulations.  

 

Figure 35 Across-cohort differences in protein abundance implicates altered acidification processes of intracellular 
structures in the Ucp2-mouse model (a). While only the comparison with the HM2 model of PD is significant, the range of 
upregulated proteins involved in acidification stands out. b Impaired energy homeostasis is implicated in the SAMP8 model 
of accelerated aging. N indicates the number of proteins sorted into this functional category and compared here, not all 
corresponding proteins were quantified in all cohorts. Ordinary one-way ANOVA testing, multiple testing was adjusted with 
Tukey correction in a; Brown-Forsythe ANOVA testing with Games-Howell correction for multiple testing in b. * p<0.05. 

Lastly, the chaperone Hsp90 was already identified as core protein of aging in both nuclear lamina defect 

models (Figure 33f). Hsp90-alpha, Hsp90-beta and endoplasmin (Hsp90b1) are clearly decreased in both LAKI 

and Zmpste24 (Figure 36a). This significantly differentiates these models from all other included cohorts. Late 

physiological aging (24 vs 12) also shows decreased levels of these chaperones, while the early physiological 

aging comparison shows increased levels, more similar to Zfand2b and the three NDD models. The 

mitochondrial models are situated between the decreased levels of LAKI and Zmpste24 and the upregulations 

in the other cohorts.  

The Cop9 signalosome complex consists of eight subunits and participates in ubiquitin-dependent proteolysis. 

Its components are decreased in LAKI, but not in Zmpste24 (Figure 36b). The late comparison in physiological 
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aged mice (24 vs 12) resemble this downregulation the most. 12 vs 6 however shows upregulated levels, as 

does SAMP8 and AntiOx, mostly though Line 61. The PD model abundance of Cop9 signalosome differs 

significantly from the one in LAKI.  

 

 

Figure 36 Across-cohort differences in protein abundance changes identify HSP90 and members of the COP9 signalosome 
as specifically downregulated in nuclear envelope defect models of HGPS. a Hsp90 proteins Hsp90aa1, HSP90ab1 and 
Hsp90b1 are downregulated in both LAKI and Zmpste24-KO mice. This downregulation is not found in physiological aging 
or any other cohort. b Cop9 signalosome proteins quantified in this study show marked downregulation in the LAKI-mice 
which is significantly different from upregulation in PD-modeling Line 61 mice. N indicates the number of proteins sorted into 
this functional category and compared here, not all corresponding proteins were quantified in all cohorts. ANOVA testing 
with Tukey correction for multiple comparison; thick lines indicate the cohort that is being tested against; * p<0.05, ** p<0.01, 
*** p<0.001, **** p<0.0001. 
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5│Discussion 

The aim of this work was to provide a systematic investigation of brain aging in the mouse brain. For this, RNA 

and protein abundances were measured with large-scale omics methods, next generation sequencing and LC-

MS, respectively. After optimization of a streamlined sample preparation and analysis protocol, multiple sub-

cellular fractions from the brains of physiologically aged mice as well as from mouse models of aging were 

prepared and investigated in paralell. This workflow provided an extensive databse and insights into the 

molecular mechanisms of brain aging, which will be discussed in the following sections.  

 

5.1│Gene expression changes are pronounced in early aging 

In this study, I compared the transcriptomes of 6-, 12- and 24-months old mouse brains in a total and nuclear 

subcellular fraction. First, I show that my optimized, simple fractionation protocol delivers good separation of 

subcellular fractions ‘total’ and ‘nuclear’, which can be used for RNA isolation, and which contain the respectively 

localized transcripts (Figure 4). This allows the study of age-related alterations in the localization and 

distribution of RNAs, which likely affect translation rates and ultimately protein abundances. I found a higher 

number of DE genes in my early aging comparison, between 12 and 6 months, than in my late comparison, 24 

vs 12 months (Figure 5). These results are in line with previous transcriptomic studies of brain aging with 

multiple compared timepoints, including a subregion study (Li et al., 2020a), single-cell data (Almanzar et al., 

2020; Zhang et al., 2021) and transcriptomic profiling of microglia and astrocytes (Pan et al., 2020). However, I 

consider the differences between early and late aging as central and therefore examined these comparisons 

individually, rather than always calculating the ratios of the oldest to the younger groups. With this approach, I 

highlight the decreasing extent of transcriptomic changes with time until 24 months of age. Remarkably, this 

decrease is not observed in the nuclear fraction, where the number of DE genes is generally smaller, but less 

affected by aging. This observation could potentially also be explained by increasing transcriptional variability 

with age, reducing statistical power and thus lowering the number of DE genes. While increasing age-related 

variability in the brain and other tissues has been proposed by several studies (Bahar et al., 2006; Cellerino and 

Ori, 2017; Martinez-Jimenez et al., 2017), contradictory results exist (Warren et al., 2007; Ximerakis et al., 

2019). Increasing sample number and/or a targeted analysis of inter-indiviual differences of my data could 

provide additional information on this topic. 

Within the set of DE genes found in my study, an upregulation of immune reactions (e.g., increased levels of 

toll-like receptor 2, TNF- and INF-response genes) and a downregulation of mitochondrial genes (NADH 

dehydrogenase components and mitochondrial translocases) are found, both common signatures of aging (Lee 

et al., 2000; Yankner et al., 2008; Zahn et al., 2007) and both already found at 12 months (Figure 6, 7). 

Transcripts encoding structural components of synapses were found to be stable with age in humans, while 

transcripts regulating synaptic transmission are more likely to change (Loerch et al., 2008). Results on gene 

expression that regulates neuronal functions are varied, both between species as well as within, and likely 

specific for subgroups of proteins (Bishop et al., 2010; Loerch et al., 2008; Lu et al., 2004; Soreq et al., 2017; 

Wood et al., 2015; Zullo et al., 2019). While I found increasing levels of ‘synaptic organization’ transcripts (e.g., 

Shank2) both early (12 vs 6) and in the long comparison overall (24 vs 6), I also found their downregulation 
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specifically in the late comparison (24 vs 12) that is pronounced in the nucleus (e.g., decreased levels of Homer1 

and neurexin-3) and possibly involves ‘vesicle localization’ (decreased levels of e.g. synaptotagmin 11 or 

syntaxin-binding protein 5-like).  

 

5.2│Nuclear transcription implicates specific rearrangements in synaptic, 

mitochondrial, and ribosomal processes 

Combining the results from both subcellular fractions, a spatial redistribution of transcripts becomes apparent, 

that seems to preferentially affect synaptic, mitochondrial, and ribosomal genes (Figure 8). For synapse-related 

transcripts, the decreasing nuclear fraction (ratio of transcript abundance in the nucleus vs total) traces back to 

overall higher gene expression with age, while the nuclear-localized transcripts remain stable or show 

decreasing levels. The reverse is found for nuclear-transcribed mitochondrial transcripts, which decrease overall 

while being stable or slightly upregulated in the nucleus. Whereas these two functional groups of genes were 

already implicated by my GO analysis in both fractions, a pronounced increase in the nuclear fraction of 

ribosomal genes was not apparent before. I found a modest decline of ribosomal-associated genes in the total 

fraction, while the nuclear fraction of ribosomal transcripts remains stable or slightly upregulated with age. I can 

only speculate as to the underlying mechanisms and possible evolutionary factors that enable this nucleo-

cytoplasmic redistribution. Transcripts might be either regulated by their rate of transcription within the nucleus, 

their rate of transport out of the nucleus, or by the rate of degradation in the cytoplasm. Additional experiments 

will be necessary to elucidate the primary mechanisms and their timeframes. Application of advanced RNA-

sequencing methods (such as nanopore sequencing; Aw et al., 2021) and targeted measurements of non-

coding RNAs, which influence neuronal function and change with age and NDD (Keihani et al., 2021; Keihani 

et al., 2019; Wood et al., 2013), combined with extensive bioinformatics would enable precise quantification of 

RNA species in both fractions, as well as better insights into nascent transcript formation and processing, taking 

place within the nucleus. Additionally, cytosolic RNA could be isolated to achieve better detection of splice 

junction detection (Zaghlool et al., 2013). Our group is currently in the process of setting up a pipeline that would 

allow to study these parameters thoroughly in the context of brain aging. 

 

5.3│Physiological aging shows modest, but relevant protein abundance 

changes 

Transcriptomic datasets of (brain) aging dominate the field of ‘omics’ studies, although proteomic datasets 

actually show better conservation across species (Laurent et al., 2010) and are likely a better functional readout 

of age-related processes in the brain. It has been shown before how little proteomic and transcriptomic data of 

aging are correlated (Cellerino and Ori, 2017; Ori et al., 2015; Vogel and Marcotte, 2012), which I can confirm 

also in this work for both total and nuclear RNA (Figure 16). Protein and transcript abundance are likely 

separated by too many regulatory mechanisms between them, from RNA stability and binding, over translation 

efficiency, to protein stability and modifications to extract the one from the other. Very few proteins are well 

correlated with transcript abundance. Interestingly, Gfap, neurofilament light and heavy and several other 
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cytoskeleton (associated) proteins are among them, suggesting a tighter control or relationship in these cases. 

A similar finding has been made in a study comparing protein and RNA abundance in human cell lines (Gry et 

al., 2009), however, to my knowledge, this phenomenon has not been described or discussed in detail. 

With protein and RNA levels being so poorly correlated, it is essential to expand our knowledge on brain aging 

beyond the existing transcriptomic studies and apply more proteomics. However, compared to next generation 

sequencing, proteomic studies using LC-MS suffer from increased technical difficulty, greater variability and 

considerably smaller numbers of identification and quantification. Especially the detection of small abundance 

changes, which are most prominent during aging, often do not pass the strict multiple comparison significance 

cutoffs that are commonly applied in transcriptomics. For proteomics, a standardized and unified analysis 

framework is missing, and studies use a wide range of statistical corrections.  

We here used a method called DEqMS, that considers a specific feature of MS-data, the variation in identified 

peptides. With that, we identified 27-37 differentially abundant proteins in physiological aging, depending on the 

respective age-group comparison (Figure 11). The most significant protein that is age-upregulated is Gfap, with 

abundance increasing 85% from 6 to 24 months. This marker of astrogliosis and inflammation has been 

identified in aging contexts multiple times before (Boisvert et al., 2018; Jucker and Ingram, 1997; Savas et al., 

2017), thus solidifying the validity of my other findings.  

 

5.3.1│Evidence for altered protein homeostasis in brain aging 

I also found a strong upregulation of Ppt1 by 62%, a protein which removes thioester-linked fatty acyl groups 

during lysosomal degradation. Mutations in the gene encoding Ppt1 cause the neurodegenerative storage 

disorder neuronal ceroid lipofuscinois type 1, where progressive accumulation and aggregation of non-degraded 

proteins leads to gliosis, retinal degeneration, brain atrophy, mental and motor retardation and premature death 

(Vesa et al., 1995).  

While lysosomal Ppt1 abundance is upregulated, its activity and efficiency are unknown. Upregulation of 

lysosomal components is observed in mice and humans, but their functionality might be compromised 

(Bäuerlein et al., 2017; Jinn et al., 2017; Zahn et al., 2007). Similarly, reduced proteasome activity is heavily 

implicated in aging (Chondrogianni et al., 2014; Kelmer Sacramento et al., 2020). Proteasome subunit beta 

type-6 (Psmb6) is a component of the 20S core proteasome and one of the relatively few proteins that are 

continuously downregulated (-39% and -29% from 6 to 12 and 12 to 24 months, respectively). Its decrease was 

also found in aging killifish (Kelmer Sacramento et al., 2020) and AD brains (Peng et al., 2020). Not continuously, 

but significantly decreased from 6 to 24 months (-30%), is proteolysis effector cullin-1 (Cul1), a core component 

of the cullin-RING E3 ubiquitin-protein ligase complex. Both efficiency as well as abundance of proteolysis 

proteins should therefore be evaluated in aging whenever possible. 

Except for RNA-binding motif protein 3 (Rbm3), all chaperones that change significantly are downregulated after 

12 months of age, including Hspa4, Hsph1, Hsp90ab1 and Hsp90 co-chaperones Ppid and stress-induced-

phosphoprotein 1 (Stip1). Rbm3 is the only cold-shock protein (Danno et al., 1997) in this group and stimulates 

ribosomal assembly at low temperatures (Al-Astal et al., 2016), promotes neurogenesis after hypoxic-ischemic 

brain injury (Zhu et al., 2019) and regulates local synaptic translation (Sertel et al., 2021). One could speculate 
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that Rbm3 is less affected by or even tuned to a decrease in ATP-availability, which has been described to 

occur with age (Caldwell et al., 2015) and after hypoxic-ischemic injury (Perlman, 2007). Upregulation of ATP-

independent chaperones is thus likely a neuroprotective mechanism employed by the brain during energy crisis, 

as suggested before (Brehme et al., 2014).  

 

5.3.2│Strong alterations in cytoskeleton and -associated proteins 

The actin binding protein ermin (Ermn) is expressed exclusively in oligodendrocytes, where it regulates 

cytoskeletal arrangements, leading to myelin wrapping and compaction (Brockschnieder et al., 2006). 

Decreased expression of Ermn has been described in multiple sclerosis patients (Salek Esfahani et al., 2019) 

and Ermn KO mice exhibit aberrant myelin architecture and fractured myelin sheaths (Wang et al., 2020), 

features also found in physiological aging (Hill et al., 2018; Sim et al., 2002). However, I found Ermn levels 

increased by 98% in the aged brain. Both the upregulation of above described Ppt1 and Ermn could be 

protective mechanisms in the aging brain that prevent major neuronal damage but cause severe pathology 

when dysfunctional. Another protein associated with myelination is contactin-1 (Cntn1). Cntn1 is upregulated at 

12 months (16% increase), but then its levels decline again at 24 months of age (-13%). Notably, the functions 

of Cntn1 extend to regulating neurogenesis and synaptic plasticity by mediating cell surface interactions 

(Chatterjee et al., 2019). 

Neurofilaments and associated proteins show a very unique pattern of significant downregulation from 6 to 12 

months (~-39%) and upregulation from 12 to 24 months (~58%). They are not significantly different between 6 

and 24 months and would have been missed if only those two timepoints were compared. Neurofilaments build 

a compact and very long-lived structure and their content in axons expands axonal diameter and thus increases 

conduction velocity in myelinated fibers (Križ et al., 2000). The minor rearrangement and turnover of these 

cytoskeletal structures is believed to conserve energy in neurons with especially long axons (Fornasiero et al., 

2018; Millecamps et al., 2007; Yuan et al., 2012). Functions in synaptic arrangement of receptor recycling and 

late-endosome/lysosome anchoring have also been suggested (Kim et al., 2002; Rao et al., 2011; Yuan et al., 

2015). To my knowledge, neurofilaments and their largely phosphorylation dependent regulation, has not been 

studied extensively in physiological aging. They are however closely linked to axonal injury events and as such 

used as biomarkers for axonal loss and neuronal death. High levels of Nefl and Nefh, likely released from 

damaged and degenerating axons, are found in cerebrospinal fluid and blood in AD and frontotemporal 

dementia (Khalil et al., 2020; Petzold et al., 2007). Mutations in neurofilament genes, which lead to aggregation 

and transport failure of neurofilament components, are further considered primary pathogenic factors preceding 

axonal dysfunction and neurofilamental inclusion bodies. Such mutations have been identified in familial PD 

and AD (Lavedan et al., 2002; Yuan et al., 2017). In AD, hyperphosphorylated Nefm is associated with 

neurofibrillary tangles and amyloid plaques (Liao et al., 2004). 

The group of intermediate filaments also include lamins, the major constituents of the nuclear lamina. Lamin-

B1 (Lmnb1) and (to a lesser extend with just significant downregulation after 12 months) lamin-B2 (Lmnb2) 

show the same pattern of initial up- and late downregulation in my aging comparison. While prelamin-A/C 

(Lmna) is well known for its role in HGPS, Lamin-B reduction is emphasized in replicative senescence and 

physiological aging in human cell lines and simple model organisms (Freund et al., 2012; Tran et al., 2016). 



 

78 
 

Lamin-B further directs neuronal migration and neurodevelopment (Coffinier et al., 2011), possibly explaining 

its initial upregulation during ongoing network formation after 6, but not after 12 months of age.  

Annexin 6 (Anx6) is one of the most abundant annexins in the brain, a family of calcium-binding proteins that is 

implicated in membrane trafficking and membrane-cytoskeleton interaction. In AD, Anx6 is associated with 

granulovacuolar bodies (Eberhard et al., 1994) and was found to be able to bind tau protein (Gauthier-Kemper 

et al., 2018). The observed reduction in Anx6 levels in aged brains (-14% from 12 to 24 months) might precede 

abnormal somatodendritic tau localization, when tau can no longer be bound and stabilized at the axon initial 

segment. However, no direct effect of aging on axon initial segment structure, protein levels and tau distribution 

was found in aged rats (Kneynsberg and Kanaan, 2017). 

Neuronal and glial spectrin proteins are membrane-associated molecules which organize membrane formation, 

remodeling, and stabilization by interacting with the cell cytoskeleton. I found beta spectrin 2 and 4 (Sptbn2 and 

4) to be significantly decreased already at 12 months of age (-12% and -34%, respectively). Spectrin 

degradation occurs via calcium-dependent proteases calpain and caspase-3, reacting to excitotoxicity and pro-

apoptosis signals and thus potentially serves as early sign of neuronal pathology after traumatic and ischemic 

insult, but also in NDDs (Czogalla and Sikorski, 2005; Gafni and Ellerby, 2002; Masliah et al., 1990; Raynaud 

and Marcilhac, 2006). Increased abundance of spectrin degradation products was shown in rats by 16 months 

of age (Yan et al., 2012), fitting my observation of middle age decrease in intact spectrin. This means that 

spectrin and spectrin degradation products could serve as neurodegenerative markers also in physiological 

aging. 

 

5.3.3│ Neuron growth and network homeostasis 

Limbic system-associated membrane protein (Lsamp) is known for its role in neuron guidance and growth during 

neurodevelopment (Singh et al., 2018). I found its abundance decreased at 24 months of age (-17%), possibly 

indicating a prolonged role of Lsamp in neuritogenesis into adulthood that ceases relatively late. 

Immunoglobulin superfamily protein Igsf8, which is also found to be decreased in 24 months aged mice (-15%), 

has recently been identified as hippocampal CA3 microcircuit organizer. Its loss caused diminished feedforward 

inhibition, increasing excitability of CA3 pyramidal neurons (Apóstolo et al., 2020). As such, Igsf8 could be a 

contributing factor to the dysbalanced excitatory/inhibitory landscape found in aged neuronal networks (Rozycka 

and Liguz-Lecznar, 2017). Igsf8 protein levels were also found downregulated in AD tissues (Begcevic et al., 

2013).  

 

5.3.4│Altered energy metabolism and declining detoxification systems 

I found adenylate kinase isoenzyme 1 (Ak1) upregulated early, from 6 to 12 months (27%), and then non-

significantly changed later on. This protein plays an important role in energy homeostasis and ATP metabolic 

processes by catalyzing the transfer of the terminal phosphate group between ATP and AMP. It was further 

shown to link intracellular energy pathways via AMPK regulation and presence of amyloid beta species to tau 
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hyperphosphorylation (Park et al., 2012). As such, Ak1 protein expression is increased in AD models as well as 

human patients (Manavalan et al., 2013; Park et al., 2012). 

Cytochrome c mediates the electron transfer to the cytochrome oxidase complex of the mitochondrial respiratory 

chain. As such, it is indispensable for energy production. Cytochrome c release from mitochondria also serves 

as apoptosis signal, though. The interim upregulation of Cycs in 12 months old mouse brains that I observed 

(increase of 31% followed by decrease of 22%) might be the brain’s attempt to increase energy production via 

mitochondrial respiration. However, ultimate decline in cytochrome c oxidase function (Navarro et al., 2002) 

seems paralleled by decline of Cycs, possibly also protecting from overt cell apoptosis that is not observed in 

aging (Pollack and Leeuwenburgh, 2001).  

Toxic byproducts of enzymatic reactions are cleared in healthy organisms by damage-control systems. The 

hydrated form of NADPH, NADPHX, is one such side product which can also arise spontaneously. NADPH-

hydrate epimerase (Naxe) is essential to initiate subsequent dehydratase action and repair of the modified R-

epimer of NADPHX. Without this safeguard mechanism, NADPH-based biochemical reactions and energy 

metabolism are disturbed. Abrogated function of Naxe has been described to be fatal in human patients due to 

rapidly progressing ataxia, spinal myelopathy, and cerebellar edema within the first three years of life (Kremer 

et al., 2016). Another reactive side product is formed during glycolysis: methylglyoxal, which further can elicit 

the formation of AGEs (Rabbani and Thornalley, 2012). Mitochondrial hydroxyacylglutathione hydrolase (Hagh), 

better known as glyoxalase 2, forms the detoxifying glyoxalase system together with glyoxalase 1 to neutralize 

methylglyoxal. Neuronal and especially astrocytic expression of glyoxalase thus confers neuroprotection 

(Bélanger et al., 2011). I show that protein abundance of both Naxe (-26%) and Hagh (-32%) decline in 

physiological aging after 12 months, indicative of failing detoxification mechanisms and energetic challenge.  

Ferritin heavy chain (Fth1) is important for iron homeostasis as it stores iron in a soluble, readily available form. 

Iron progressively accumulates in the aging brain and extracellular iron deposits are present especially in the 

substantia nigra of individuals aged 80 years or more (Zecca et al., 2001). Ferritin, as iron storage structure 

composed of Fth and Ftl, shows increased iron load in PD. Upregulation of ferritin components is unclear in PD 

(Faucheux et al., 2002; Jellinger et al., 1990) and non-existent in AD (Connor et al., 1992). I find increased 

levels of both Fth1 (54%) and Ftl1 (24%) in 24 months aged mouse brains. Unbound iron may become cytotoxic 

and is linked to activation of microglia and inflammation in neurodegeneration (Zecca et al., 2004). Further, 

ferritin immunoreactivity is observed in and around senile plaques and neurofibrillary tangles (Jellinger et al., 

1990). Correspondingly, I found that Fth1 and Ftl1 are also significantly increased in the insoluble fraction of 

aged mice and their relative insoluble enrichment increases significantly as well. 

 

5.4│Aging-specific enrichment of insoluble proteins 

In line with increasing protein accumulation and aggregation in aged brains, I found ratios of protein enrichment 

in the insoluble fraction increasing continuously from 6 to 24 months (Figure 17). My results correspond well to 

previously published data on the aggregation propensity of proteins (determined after heat-induced stress; 

Määttä et al., 2020). Moreover, they show remarkable correlation to results from a recent study examining the 

SDS-insoluble protein fraction of aged mice (21-26 months of age; Kelmer Sacramento et al., 2020). Importantly, 

I here describe the changes within the insoluble fraction and its enrichment over time, instead of only considering 
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the single latest age timepoint (Figure 18). Strongly age-insoluble-enriched proteins, like collagens, are already 

enriched at 6 and 12 months of age in my study and their degree of enrichment does not significantly change 

with age. This is the case for several other proteins mentioned in the Kelmer Sacramento et al. study as well, 

e.g., ECM laminins. 

 

5.4.1│Aggregation of specific ribosomal proteins with age  

Ribosomal protein stoichiometry has been described to undergo changes with age as components become 

upregulated and aggregation prone, thus more likely to be found in an insoluble fraction (Kelmer Sacramento 

et al., 2020), but invariable and decreasing ribosome component abundance have also been described in the 

mouse brain (Amirbeigiarab et al., 2019; Li et al., 2020b). I show here that only a specific subset of ribosomal 

proteins undergoes age-related insoluble upregulation by 24 months of age. Significantly, these are Rpl8, Rpl29, 

Rpl19 and Rps23. The fact that other ribosomal proteins, while found in the insoluble fraction, do not change 

their enrichment with age, firstly shows that my fractionation protocol does not generally enrich ribosomal 

proteins. Secondly, altered stoichiometry does not necessarily correlate with protein aggregation, as Kelmer 

Sacramento et al. also point out in their results for mitochondrial complexes. Specific roles for the assembly of 

ribosomes (La Cruz et al., 2015) and functions beyond ribosomal protein synthesis have been described for 

ribosomal proteins, in immune activation, cell cycle regulation and common cancers (Xie et al., 2018; Zhou et 

al., 2015). Without a more detailed examination of ribosome composition, efficiency and accumulation measures 

however, no clear picture of the role of ribosome proteins in the aging brain has emerged yet. 

 

5.4.2│Underlying mechanisms for age-related protein aggregation are diverse 

Apart from ferritin and ribosomal proteins, 12 more proteins show significant solubility shifts in aging. Proteins 

found to significantly increase their insoluble enrichment with age are deubiquitinating enzyme 24 (Usp24), and 

heterochromatin protein 1-binding protein 3 (Hp1bp3). Both proteins have been connected to aging and NDDs: 

Elevated Usp24, negatively regulating autophagy, was found in PD (Thayer et al., 2020). Decreased levels of 

Hp1bp3 were sufficient to induce transcriptional changes reminiscent to those observed in aging and AD 

(Neuner et al., 2019). Histone reader zinc finger ZZ-type and EF-hand domain-containing protein 1 (Zzef1) is a 

histone H3 reader and transcriptional regulator (Yu et al., 2021). I found a strong insoluble enrichment increase 

from 6 to 24 months. Beyond a possible connection to DNA methylation in AD (Pellegrini et al., 2021), very little 

is known about this protein in the context of brain aging. As exemplified by these proteins, it is very difficult to 

draw conclusions as to whether protein enrichment in the insoluble fraction with age might be an active, 

potentially protective mechanism, a detrimental accumulation of material, or a byproduct of increasing 

aggregation load and binding of uninvolved proteins. More targeted experiments are needed to delineate some 

of these aspects. These could include more systematic descriptions of protein aggregation in mouse models of 

aging at different ages, in vitro aggregation assays or examination of organismal responses to exogenic 

stressors or seeding of aggregates. For some other proteins, when more functional or biochemical data is 

available, more educated guesses can be made. 
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For example, lipid droplets, recognized for their inflammatory role in peripheral myeloid cells, have recently been 

described within microglia. The lipid droplet protein Perilipin-3 (Plin3) is increasingly found within microglia in 

the aging mouse brain, likely causing the detrimental phenotype believed to underly inflammation and 

neurodegeneration (Marschallinger et al., 2020). The increased enrichment of Plin3 in the insoluble fraction of 

my physiologically aged mice fits well with an overall inflammatory environment and elevated concentrations of 

lipids, which might only be partially balanced by increased microglial uptake of such lipids.  

Protein arginine N-methyltransferase 5 (Prmt5) catalyzes both protein and histone methylation. In 

oligodendrocytes, developmental myelination has been connected to Prmt5 action (Scaglione et al., 2018). 

Beyond that, interesting results come from kidney samples of 22-months aged mice (Yi et al., 2020): a cysteine 

residue of Prmt5 becomes glutathionylated in the increasingly oxidative environment of aging tissues. This 

modification disrupts the interaction with other proteins necessary for the formation of the functional 

methyltransferase complex, possibly leading to the aggregation of orphaned Prmt5, which could underly the 

increasing insoluble enrichment that I found in aged mouse brains. 

 

5.4.3│Altered aggregation status influences energy homeostasis across cellular networks, 

affecting neuronal activity 

Monocarboxylate transporter 1 (Slc16a1, better known as Mct1) is the only protein to show the highest insoluble 

de-enrichment at 12 months, compared to positive enrichment at both 6 and 24 months. Monocarboxylates, 

such as lactate, pyruvate and ketone bodies are important energy substrates and their shuttling between cells, 

but also between blood and cells is enabled by Mcts (Bergersen, 2007). Mct1 is expressed by oligodendrocytes 

and lactate serves as metabolite to support lipid synthesis, especially when energy supply via glucose is limited 

(Philips et al., 2021; Rinholm and Bergersen, 2012). Lactate utilization changes depending on the myelination 

state, as was shown in adult mice where lactate from myelin was released to be used by axons (Fünfschilling 

et al., 2012; Lee et al., 2012). Abundant Mct1 that is freely available (and not detected in a possibly ‘bound’ 

state in the insoluble fraction) to transfer monocarboxylates between cells might thus be especially important in 

middle aged mice, when axons are myelinated but need to be maintained under increasingly challenging energy 

supply. 

Possibly similar mechanisms to uphold energy and biosynthetic processes could be at play with ATPase family 

AAA domain-containing protein 3 (Atad3). This mitochondrial membrane ATPase is insoluble de-enriched in 

aged brains in my study. Atad3 is hypothesized to function as cholesterol transporter between ER and 

mitochondria, supporting mitochondrial biogenesis (Rone et al., 2012; Rousseau, 2019). 

Glycogen synthase kinase-3 alpha (Gsk3a) is found enriched in the insoluble fraction already at 12 months. The 

protein kinase has a manifold of functions in bioenergetics, neuronal plasticity, neuronal survival and 

inflammation (Salcedo-Tello et al., 2011). Both increase and decrease of Gsk3a activity and abundance have 

been connected to altered lifespan and neuropathology (Beurel et al., 2015; Souder and Anderson, 2019). The 

complex networks linking Gsk3a, Gsk3b, insulin and AMPK-mTOR signaling, as well as tau phosphorylation 

and transcription regulation exceed the scope of this work. I speculate however that, as sustained activation of 

Gsk3 is associated with neurodegeneration (Hurtado et al., 2012), sequestration of Gsk3a into aggregates might 

be neuroprotective. 
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Brefeldin A-inhibited guanine nucleotide exchange protein 3 (Arfgef3) is strongly de-enriched in the insoluble 

fraction of 24 months aged mice. This guanine exchange factor is localized in lysosomes in hippocampal 

neurons, likely involved in intracellular vesicle trafficking and has been connected to GABA-A receptor 

organization, similar to Arfgef1 (Liu et al., 2016; Teoh et al., 2020). It is unclear at this point, why this protein is 

less abundant in the insoluble fraction of aged brains and whether this could contribute to the altered excitatory-

inhibitory neurotransmission balance found in aging (Rozycka and Liguz-Lecznar, 2017). Little is also known 

about the role of vesicular trafficking protein transmembrane emp24 domain-containing protein 7 (Tmed7). 

Interestingly, a third vesicle organizing protein is changed in the same manner: Protein kinase C and casein 

kinase substrate in neurons protein 2 (Pacsin2, also known as Syndapin-2). Pacsin2 likely regulates AMPA 

receptor internalization (Anggono et al., 2013) and has been found with slightly increased levels in aging rat 

dentate gyrus (Smidak et al., 2017). 

Myelin proteolipid protein (Plp1) is the major myelin protein in the brain. Assembly of stable Plp oligomers occurs 

slowly in the brain, forming SDS-resistant homooligomers (Smith et al., 1984; Swanton et al., 2005). Upon 

overexpression of Plp, detergent-insoluble accumulations build up in late endosomes/lysosomes (Simons et al., 

2002), a process also observed during physiological aging (Safaiyan et al., 2016). Myelin fragment inclusions 

in microglia contribute to microglia senescence and immune dysregulation. In contrast, I found a relative de-

enrichment of Plp1 in the insoluble fraction in aged 24 months old mice, meaning higher levels of Plp1 in the 

soluble fraction. Increasing levels of fragmented, still soluble, and not yet aggregated, myelin might explain this 

ratio-shift. Interestingly, another myelin protein, myelin-associated oligodendrocyte basic protein (Mobp) shows 

the highest abundance in the insoluble fraction at 12 months of age, its relative enrichment does not reach 

significance though. While a role of Mobp in myelin compaction or radial organization is assumed, KO mice 

display no overt phenotype or defect in myelination, leaving Mobp’s function unclear (Montague et al., 2006; 

Raasakka and Kursula, 2020). My results might provide another piece of information for the still poorly 

characterized Mobp. However, my protein fractionation protocol is not specifically designed to separate myelin 

proteins or their aggregates and better suited extraction methods (Jahn et al., 2009) could be applied to shed 

light on myelin-specific redistributions with age. 

 

5.5│Aging signatures vary between different models of aging 

The aging-implicated pathways described so far are modeled in the here-included mouse cohorts, but to varying 

degree. I will not discuss each model in detail, but rather touch upon some remarkable observations. Finally, I 

summarize which aspects of physiological aging can or cannot be studied by using one or the other mouse 

model. 

 

5.5.1 │Core and accessory pathways of aging in mouse models  

No inclusion bodies or amyloid plaques have been found in aged SAMP8 brains, but blood-brain-barrier 

dysfunction, abnormal glia responses and impaired glucose metabolism have been described (Akiguchi et al., 

2017), the latter correlating with the severity of cognitive defects (Ohta et al., 1996). A metabolomic study of 
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SAMP8 mice additionally identified strong differences in the abundance of acetyl-CoA, a-ketoglutarate, 

succinate, citrate and aconitate (Currais et al., 2019), all pointing to a major defect of mitochondrial-associated 

energy balance in these animals. This is very much in line with my results showing an overrepresentation of 

metabolic and energy pathway proteins being upregulated in SAMP8 brains (Figure 20), such as insulin 

receptor, glucose-6-phosphate isomerase, or pyruvate dehydrogenase E1 component, which links glycolysis 

and TCA cycle. Combined, this allows the classification of SAMP8 as metabolic model of aging.  

The Zfand2b mice are little described in an aging context. In C. elegans, inactivation of the Zfand2b ortholog 

impairs proteostasis and shortens lifespan (Yun et al., 2008). In mice, Zfand2b and its protein product, AIRAPL, 

link myeloid transformation and regulation of IGF1-receptor levels (Osorio et al., 2016). Recently, upregulation 

of Zfand2b was observed in a neuronal cell line exposed to autoantibodies from PD patients, potentially as 

neuroprotective effector (similar to the observed upregulation of glutathione peroxidase 1; Zimering et al., 2021). 

The basic function of AIRAPL seems to be regulation of ER translocation and thus quality control of secretory 

proteins (Glinka et al., 2014). The upregulation of chaperone complex proteins that I found in my GO analysis 

of Zfand2b-KO mice (Figure 21) could therefore be a response to impaired ER-functions. Additionally, with 

IGF1 receptor distribution being altered by absence or presence of AIRAPL, effects on the insulin-IGF-pathway 

are likely. I describe a brain-specific response to the KO of Zfand2b with upregulation of proteins belonging to 

the glycolytic process (e.g., fructose-bisphosphate aldolase C), cellular amino acid metabolism (e.g., cysteine-

-tRNA ligase) and glutathione metabolic process (e.g., glutathione S-transferase). These changes are paralleled 

by changes of synaptic vesicle cycle proteins and modulation of neurotransmission (increased levels of e.g., 

Snap25 or syntaxin-binding protein 1). 

The models of NDDs, Line 61, HM2 and APPPS1 (Figures 22-24), have been described and discussed 

previously (Chesselet et al., 2012; Kahle et al., 2000; Li and Wei, 2015; Radde et al., 2006; Richfield et al., 

2002; Sasaguri et al., 2017). Shared between them, I found the expected altered synaptic and 

neurotransmission-regulating proteins, e.g., synaptoporin, neuronal pentraxin receptor, sodium- and chloride-

dependent GABA transporter 3 or postsynapse organizer disks large-associated protein 3. Declining neuronal 

protein levels and synaptic disarrangement are likely due to progressive neurodegeneration, the core process 

modeled in these animals. Interestingly, in Line 61 and APPPS1, I also observed an upregulation of glucose 

metabolic processes which is supported by findings of increased glucose uptake in relation to cerebral 

amyloidosis and α-synuclein levels (Poisnel et al., 2012; Rodriguez-Araujo et al., 2013). HM2 mice show the 

previously described dysfunction of proteasomal degradation (Chen et al., 2006), with decreased levels of 

proteasomal proteins. Interestingly, I found a high correlation of the abundance of α-synuclein and Cops4, a 

member of the Cop9 signalosome complex that is an essential regulator of ubiquitin conjugation. In the insoluble 

fraction of HM2 and APPPS1 mice, I found lower abundances of proteins related to respiration and the NADH 

dehydrogenase complex, possibly indicating a shift in energetic balance, with more glucose utilization and 

increased respiration, which keeps mitochondrial proteins from being orphaned and accumulating. Although α-

synuclein aggregates are observed early on in Line 61 animals, my results show few significant changes in the 

insoluble fraction. It may be noted that the extent of protein aggregation in these animals differs between brain 

regions (Chesselet et al., 2012) and depends on the housing conditions of the mice, with fewer aggregates 

found in mice raised under germ-free conditions (Sampson et al., 2016). Additional experiments will be needed 

to determine the aggregation-load of the animals used here. 
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Interestingly, resembling HM2 and APPPS1 mice, the mCat mice show decreased abundance of mitochondrial 

respiration proteins in the insoluble fraction. Here, catalase might protect mitochondrial respiratory complexes 

and prevent their sequestration into insoluble aggregates, possibly in connection to the upregulated Fundc1, 

which mediates autophagic degradation. Recently, it was shown that Fundc1 interacts with Hsc70 to promote 

the degradation of unfolded proteins by sequestering them to mitochondria, establishing mitochondrion-

associated protein aggregates (Li et al., 2019). Fundc1 is also required for autophagic degradation of these 

aggregates. Under proteostatic stress conditions, as observed in aging, this Fundc1-Hsc70 mediated 

translocation of unfolded proteins into mitochondria without subsequent aggregate sequestration and 

degradation can also cause senescence (Li et al., 2019). One could speculate that overexpression of catalase 

prevents such an overload of the mitochondrial proteostatic response, allowing Fundc1 to degrade unfolded 

proteins without risking mitochondrial malfunction and enabling the observed upregulation of Fundc1 in the 

mCat mice (Figure 25). Food supplementation of antioxidants could similarly enable and safeguard a higher 

mitochondrial and biosynthetic capacity. Along this line, the top two upregulated proteins in the AntiOx mice are 

complex I subunit Mtnd3 and eukaryotic translation initiation factor 4C (Eif1ax), which is required for maximal 

protein synthesis rate (Figure 26). While the AntiOx mice might not be a model of aging or anti-aging per se, 

observations like these are valuable to put findings from other models into a closer context. 

In contrast to the increased capacities in mCat and AntiOx mice, Ucp2-KO mice are prone to suffer from 

energetic stress. Neurons have been shown to be less plastic in the absence of Ucp2, but the relative number 

of synapses was still increased (Hermes et al., 2016). The authors speculated that synaptic formation and 

maintenance are dysregulated as a consequence of altered mitochondrial support. I also observed varied 

protein abundance changes in protein categories relating to synaptic and mitochondrial functions which need 

to be dissected in more detail (Figures 27, 28). For example, the presynaptic scaffold bassoon is significantly 

downregulated in Ucp2 brains, while clathrin light chain A is upregulated. Some mitochondrial complex I (NADH-

dehydrogenase complex) proteins are upregulated (e.g., Ndufab1), others are downregulated (e.g., Ndufb11). 

Many of those proteins show reverse patterns in mCat and Ucp2 mice, potentially identifying them as closely 

linked to cellular respiration and affected by ROS-levels in their immediate environment. 

Nuclear lamina models are well-established in regard to modeling HGPS. Their relevance for mimicking brain 

aging is debated, though. Perturbed nuclear morphology strongly affects tissues under mechanical stress, but 

the central nervous system actually shows little to no signs of impairment (Baek et al., 2015; Jung et al., 2012; 

Yang et al., 2015). I still found significant upregulation of proteins regulating nuclear chromatin and the DNA 

packaging complex in LAKI mice and reductions in protein folding capabilities (surrounding Hsp90) in both LAKI 

and Zmpste24 brains (Figures 29, 30). Fatty acid and glutathione metabolism, as well as proteasomal 

degradation and splicing are additional functions that are altered in both models which are indicated in the aging 

process. Most notably though, the nuclear lamina models also show changes in both ribosomal and cytoskeleton 

components, two functional groups of proteins that are prominently affected in physiological aging. In an across 

cohort comparison, LAKI and Zmpste24 resemble late physiological aging in this regard the closest (Figure 34). 

The paradigm of short-term environmental enrichment started at 19.5 months of age applied to the cohort of 

animals used here does not show major protein abundance rearrangements (Figure 31). The only significant 

change is the decrease of phospholigase A2 (Pla2g4e) in the insoluble fraction, which is involved in membrane 

structuring and phospholipid metabolism. In post ischemic brain injury, spinal cord injury and NDDs, reduction 

or KO of phospholipase A2 ameliorates many of the detrimental events (see Leslie, 2015). At the same time, 
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phospholipase A2 also regulates neuronal homeostasis, especially long-term potentiation and depression (Le 

et al., 2010). It will be interesting to study this protein in more detail to elucidate its potential in synaptic rewiring 

following environmental enrichment. 

I included the comparison between female and male aged mice, as we, and many others, used both sexes in 

some experiments. Differences in brain structure, aging timelines and disease susceptibility between the sexes 

have been described (Coffey et al., 1998; Eliot et al., 2021; Goyal et al., 2019; Hanamsagar and Bilbo, 2016; 

Jäncke et al., 2015; McCarthy et al., 2012; Piscopo et al., 2021; Sherwin and Henry, 2008). For example. 

females have greater lifetime risk of AD (Alzheimer's Association, 2020) and seem to experience greater 

cognitive deterioration under amyloid burden (Buckley et al., 2018). In contrast, PD is more common in males, 

disease slope is steeper and cognitive decline is likely greater in males (Reekes et al., 2020). However, the 

published data on sex differences in cognition and aging is vast, controversial, and potentially biased (Eliot, 

2019) and an extensive discussion is beyond the scope and aim of this work. My results (Figure 32) show very 

few significant differences, which are likely also mouse strain-specific, with possibly higher ‘endpoint’ 

abundance of Gfap and intermediate filaments in females and increased serine protease inhibitor A3K 

(Serpina3k) in males, which has been described as neuroprotective after traumatic brain injury (Jing et al., 

2019). Nuclear receptor corepressor 2 (Ncor2), which I found female-upregulated, is a transcriptional 

corepressor, negatively regulating androgen receptor signaling and possibly linking endocrine signaling with 

synaptic plasticity and GABA signaling (Zhou et al., 2019). The only male-insoluble-upregulated protein is 

Rbfox1, a splicing factor that affects neurodevelopment and neuroexcitation and is linked to autism spectrum 

disorder, epilepsy, attention deficit hyperactivity and schizophrenia (Gehman et al., 2011; Hamada et al., 2016). 

Overall, I believe that these results could prompt further investigation of the significant proteins and their role in 

brain aging, but that no further correction of my data based on animal-sex is necessary, given the minor extent 

of differences in aged female and male brains. 

 

5.5.2 │Composite modeling of physiological brain aging using mouse models 

I present here an extensive resource of proteomic data for aging processes in the brain. Remarkably, I found 

no single protein being significantly altered in all studied cohorts. Gfap was most commonly found, with 

significant changes in 8 comparisons (Figure 33). Signatures of brain aging that can be derived from my results 

therefore remain unique for each model, or at least for groups of models. While single proteins that universally 

underlie aging might not exist, the comparison of aging patterns and identified influence of some pathways 

rather than others is invaluable (Figures 34-36). For example, altered ribosomal stoichiometry seems to play a 

role in physiological brain aging, but is badly modeled in SAMP8 and some NDD models. HGPS models might 

be better suited to study this specific aspect of aging biology. Further, energetic disbalance can be examined in 

SAMP8 mice and direct comparisons with mitochondrial models of aging has the potential to delineate directly 

mitochondrial vs overall metabolic adaptations. In the case of Cop9 signalosome proteins, Line 61 and LAKI 

mouse brain juxtaposition could elucidate molecular mechanisms that influence brain structure and function. 

Remarkably, the two HGPS models, whose usefulness for the study of brain aging was unclear up to now, seem 

to resemble physiological aging in regard to declining proteostatic mechanisms (with decreased chaperone 

abundance and proteasomal dysfunction), intermediate filament reorganization and altered ribosomal 

stoichiometry. Especially the latter two make them uniquely suited to model progressive brain aging. Figure 37 
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provides a summarizing overview of which pathways of aging were substantially altered in the mouse models 

used in this study. This overview is far from exhaustive and does not include the results from other works, which 

are discussed above, but it is the first large-scale comparison of its kind that will allow a better estimation of 

which model and which age of physiological aging to use for a specific pathway under investigation. 

 

Figure 37 Summary of ‘aging signatures’ of mouse brains analyzed in this work. Some of the pathways connected to the 
aging process are more prominently affected in some mouse models than others, tick marks represent the finding of 

substantial alterations in that respective category and cohort of mice. 

 

5.6│Conclusion and outlook 

Overall, I present here an extensive set of data on brain aging, using RNA sequencing and LC-MS protein 

abundance measurements. My results lead to the formulation of the following six statements: First, gene 

expression, measured as transcript abundance levels, changes dramatically in early aging, from 6 to 12 months 

in mouse brains, but to a lesser extent in late aging, from 12 to 24 months of age. Second, transcription of 

synaptic organization related genes declines particularly in late aging and synaptic RNAs are depleted from the 

nucleus. Contrarily, mitochondrial, and ribosomal transcripts are upregulated specifically in the nucleus and 

increase their abundance ratio to the overall levels with age. Third, protein abundance changes in the aging 

brain are small, but implicate especially a decline of neurotransmission, a reorganization of neurofilamental 

structures, decreasing energetic capabilities and altered ribosomal stoichiometry. Fourth, ribosomal proteins 

undergo solubility transformations that are specific to age and protein, but not universal. Age-related 

accumulation of aggregates further includes ferritins and several proteins that influence neuronal network 

energy and activity homeostasis. Fifth, the mouse models of aging used here can be roughly grouped into 

modeling either metabolic, neurodegenerative, mitochondrial or proteostatic mechanisms. The proteomic 

alterations observed in each model are closely related to their main underlying modification, but accessory 

effects resemble physiological aging. Finally, sixth, it is important to differentiate between physiological aging 

and artificial models of it. No model analyzed here fully captures ‘normal’ brain aging, especially in terms of 
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ribosomal and neurofilamental alterations. Groups of models and the comparison between them can however 

be useful to delineate connections between pathways and to identify molecular adaptations that are specifically 

relevant in the brain, opposed to other tissues. 

Several limitations and pitfalls of this work can be pointed out. First of all, the translation of mouse experiments 

into human applications is limited and always warrants caution. Whenever possible, I referred to available 

human studies of brain aging and their results, though most of them are acquired from NDD patients and lack 

a temporal dimension. With appropriate adjustments however, inferences from mouse experiments can be 

made to human physiology (see Kluever and Fornasiero, 2021). As ethical and practical reasons preclude most 

molecular examinations of human brain aging, the mouse remains the most promising model and tool that can 

help us to decipher the complex code of brain aging. Standardization and documentation of the exact breeding 

and housing conditions of all animals that are used is essential, though. 

Further, I used whole brain homogenates for the acquisition of transcriptomic and proteomic data. While this 

was necessary to extract sufficient material for subsequent fractionation protocols and circumvent the need of 

pooling biological samples, it dilutes and possibly masks the different changes specific to subregions of the 

brain. The intricacies of structural composition and molecular functions of brain regions and their age-related 

transformations are immensely complex to study, but with advancing technologies, more details will be brought 

to light. Based on tissue dissection methods, fractionation protocols, laser capture microdissection or cell sorting 

(Drummond et al., 2015; García-Berrocoso et al., 2018; Hammond et al., 2019; Pan et al., 2020), this includes 

increasingly sensitive single-cell transcriptomics with the capacity to identify single base alterations (Gupta et 

al., 2018; Lebrigand et al., 2020; Philpott et al., 2021) and novel strategies to improve mass spectrometry based 

quantifications, compromising between robustness, multiplexing and sensitivity (Bian et al., 2020; Meier et al., 

2020; Pappireddi et al., 2019; Stadlmann et al., 2019).  

Fractionation and robust mass spectrometry quantification brings me to the next limitation of this study. As any 

manual preparation of samples, I cannot exclude variations in the efficiency of isolating nuclear and insoluble 

fractions from my samples. However, with all samples being prepared by the same person, meticulous quality 

controls before and after sample analysis and the fact that internal normalization and relative ratio calculation 

removes potential batch effects, a high quality standard of the presented data can be assumed. The good 

identification of proteins in the insoluble fraction also points to successful solubilization of proteins prior to mass 

spectrometric measurement. Very dense or compact aggregate structures which remain insoluble even in the 

harsh conditions that I used, might, however, not be digested properly and thus not be detectable in my data. 

Specialized protocols with vigorous solubilization methods using strong acids (Hosp et al., 2017) or similar could 

solve this issue, however compatibility with LC-MS needs to be kept in mind. Similarly, as touched upon 

previously, especially lipid and myelin protein quantification would likely improve by adjusting the preparatory 

protocol accordingly. 

Statistic evaluation of LC-MS data lacks a unified framework and especially for the small changes observed in 

brain aging, strict analyses cut-offs and necessary normalizations across batches most likely mask small but 

impactful differences. The high variation between individual samples and between measurements that is very 

characteristic of both aging and LC-MS, respectively, further exacerbates this issue. Thus, the analyses 

presented here are limited by often small numbers of multiple-comparison corrected significant hits. The use of 

non-adjusted p-values allows more observations but increases the likelihood of false positive results. We are 
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therefore currently in the process of setting up a validation pipeline for some of the most prominent findings of 

this work. Parallel reaction monitoring (PRM) is a paradigm of targeted proteomics which provides excellent 

reproducibility and sensitivity over a wide dynamic range. We will use PRM and custom synthesized peptides 

to verify some of the protein abundance changes observed during aging. 

The larger and more dimensional datasets become, the more important is a thorough analysis. My goal in this 

work was to describe effects from a biological point of view, relying on relatively simple analysis methods and 

linking back to existing knowledge whenever available. A purely bioinformatic approach could rely on more 

unsupervised and automated (clustering) methods and detect novel dependencies that are not apparent 

otherwise. However, similar to lacking a unified statistical framework, existing analysis methods and algorithms 

are not necessarily adjusted to the characteristic kind of data of brain aging (small changes with relatively large 

variations). Protein function and GO annotations also do not necessarily highlight the specific regulatory roles 

a protein might have in the brain, as they are often derived from findings in other tissues (which are studied 

more commonly). Established tools might therefore fail especially in large groups of proteins annotated under 

a common name and miss some of the relevant details of brain aging. Our group is actively working on 

establishing bioinformatic pipelines to solve some of these complex issues. I used custom, manually curated 

annotations in some analyses of this work to circumvent this issue. While being based on the specific function 

in the brain, whenever applicable, my own categorization will always carry some bias and can be contested. By 

using a combination of manual and official GO annotations though, I show that these two correspond well and 

that findings here are well based. 

Further validations that will be useful are in part already set up by my myself and members of my lab. These 

include a modular CRISPR-Cas9 gene modification system, deliverable to primary hippocampal or cortical cell 

cultures via adeno-associated virus infection. With this, specific genes can be targeted for KO or overexpression 

and their molecular effects can be studied by basic neurophysiological assays (e.g., live calcium imaging or 

synaptic vesicle release monitoring using fluorescent dyes), imaging-based localization and interaction studies 

using super resolution microscopy techniques, or by biochemical evaluation of interaction partners (using pull-

down assays) and metabolic state of the cells (using e.g., mitochondrial function and redox assays). Eventually 

though, these validations will need to be performed in vivo, in the context of aging in model animals. My results 

provide interesting new perspectives for the development of models, though. Ribosomal and intermediate 

filament-based alterations during brain aging for example are poorly characterized so far, which could be 

improved by specific targeting of these structures in aging mice. 

Measurements taken here represent a single snapshot in time of abundance levels of transcripts and proteins. 

For the cohort of physiological aging, I have shown the value of analyzing at least three ages and two 

dimensions of functional biomolecules (RNA and protein). Ideally, multiple ages should be included in all aging 

studies and whenever possible, multiple levels of regulation should be assessed. Identification and cataloging 

of translation rates (Scheckel et al., 2020) and post-translational activity regulation by e.g. phosphorylation (Bai 

et al., 2020; Ori et al., 2015), as well as lipidomics (Fitzner et al., 2020) and metabolomics (Ivanisevic et al., 

2016; Johnson et al., 2020; Zenobi, 2013) are adding to a comprehensive picture of brain aging. In our lab, we 

have begun the systematic study of two additional parameters that are particularly important in the context of 

protein homeostasis: ubiquitination pattern and protein turnover. For the former, in collaboration with Dr. Felipe 

Opazo and Nanotag, we have begun the characterization of nanobodies that specifically detect and bind 

different ubiquitin-linkage patterns. I started to optimize a pull-down assay to separate K48 and K63 linkage 
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poly-ubiquitin proteins from mouse brain homogenate. These proteins could then be analyzed with LC-MS, 

allowing both qualitative and quantitative readouts of proteins marked with one or the other pattern. As 

proteasomal degradation capacity likely declines with age, a redistribution of K48, K63 or other ubiquitinations 

could be both causative and consequential, making their study in aging brains highly valuable. Protein turnover 

calculation of proteins has been performed by feeding mice with food that contains heavy isotope (13C) labelled 

lysines in a pulse-chase experiment, causing a mass shift of 13C labelled proteins which can be measured by 

LC-MS (Alevra et al., 2019; Fornasiero et al., 2018). We have applied this method also to aged mice to identify 

the general turnover rate as well as age-related shifts in turnover prioritizations (publication currently under 

review). It will be interesting to combine the results of this study with the results obtained here, possibly revealing 

new links between RNA and protein abundance, aggregation-propensity, and protein lifetimes. 

With all of the above-mentioned experimental measures, as well as advancing bioinformatic-based predictions 

and models of protein structures, functions and interactions (Voytik et al., 2021), we are getting closer to a 

thorough description of molecular aging processes occurring in the brain. It will be essential to continuously 

improve the existing annotations and classifications of protein functions, so that large scale combinatorial data 

and their analyses will be specific for the tissue or cell type under investigation. With that, and an open 

communication of results, our understanding of aging will broaden, which is essential to tackle the development 

of anti-aging strategies, to delay or rescue neurodegeneration and improve cognitive function in the elderly. 
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7│List of abbreviations 

AD Alzheimer’s Disease 

AGE advanced glycation end product 

AIRAPL arsenite-inducible RNA-associated protein-like 

AMPK 5' adenosine monophosphate-activated protein kinase 

APP amyloid precursor protein 

Aβ (42) amyloid beta 

BACE1 beta-secretase1 

BDNF brain-derived neurotrophic factor 

BP biological process 

CAMK calcium/calmodulin-dependent protein kinase 

CC cellular component 

DDA data dependent acquisition 

DR dietary restriction 

ER endoplasmic reticulum 

FC fold change 

GABA gamma-aminobutyric acid 

GFAP glial fibrillary protein 

GH growth hormone 

GO gene ontology 

GWAS genome-wide association study 

HLB hypotonic lysis buffer 

HD Huntington’s Disease 

HDAC histone deacetylase 

HGPS Hutchinson-Gilford Progeria Syndrome 

IGF(R) insulin-like growth factor (receptor) 

IL interleukin 

INF interferon 

IR insulin receptor 

KD knock-down 

KI knock-in 

KO knock-out 

LC-MS liquid chromatography mass spectrometry 

Lmna prelamin-A/C 

mCat mitochondrial catalase 

mtDNA mitochondrial DNA 

mTOR mechanistic/mammalian target of rapamycin 

NDD neurodegenerative disease 

ORA overrepresentation analysis 

padj adjusted p-value 

PD Parkinson’s Disease 

PI3-K phosphoinositide 3-kinase 

PS(EN)1 presenilin-1 

ROS reactive oxygen species 

SB sucrose buffer 

SAMP senescence-accelerated mouse prone 

SAMR senescence-accelerated mouse resistant 

SDS sodium dodecyl sulfate 

SP3 single-pot, solid-phase-enhanced sample-preparation 

SUMO small ubiquitin-like modifier 

TCA tricarboxylic acid cycle 

Tg transgenic 

TGF transforming growth factor 

TNFα tumor necrosis factor alpha 

UCP2 uncoupling protein 2 

UPR unfolded protein response 

WT wildtype 

ZFAND2B zinc finger AN1-type containing 2b 

ZMPSTE24 zinc metalloproteinase Ste24 homolog 
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