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1 Introduction 

1.1 Mankind is growing older worldwide 

Human life expectancy has been constantly and almost linearly rising during the last 160 
years (Oeppen and Vaupel, 2002) (Fig.1). According to a recent report from the United 
Nations, the number of old people (age 60 and over) will exceed the number of children 
worldwide for the first time in human history by year 2047 (Nature collections September 
2007). Indeed, the fastest growing population among the elderly is the oldest – those aged 80 
years and beyond. 

 

 
Fig. 1: Record female life expectancy from 1840 to 2002. The linear regression trend is 

depicted by a bold black line and the extrapolated trends by dashed lines (Oeppen 
and Vaupel, 2002). 

The implications of this shift in demographics are huge and touch all facets of human life – 
social, political and economic. This change of global demographic structure, and 
simultaneously the lack of a proper understanding of the aging process, makes the 
investigation of the underlying principles of the aging process not only a scientifically 
fascination, but also a social and economical necessity. It is vital that we learn more about the 
process of aging by probing the molecular mechanisms, and unravel the intricate connections 
that exist between growing old and disease. 

1.2 What is aging? 

As aging is such a fundamental and fascinating process, even young children can instinctively 
tell young from old. However, things become more complicated when it comes to a formal 
definition of aging. Harman stated that “Aging is the progressive accumulation of changes 
with time that are associated with, or responsible for, the ever-increasing susceptibility to 
disease and death which accompanies advancing age” (Harman, 1981). However, the 
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deficiency of such elaborate definitions is the mix-up of the phenotypes of aging (for example 
winkle skin, or gray hair) with aging process itself.  

Down to the ground, aging can be defined as the increasing risk of death with the passage of 
time. Systems with constant risk of death are considered as a “non-aging system” (Gavrilov 
and Gavrilova, 2002). For instance, although radioactive elements decay with time, they are 
regarded as non-aging systems, since their decay rate is constant along with time. Otherwise, 
if the failure rate increases with time, we have an aging system (Fig.2). 
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Fig. 2: Definition of aging. Systems with constant risk of decay, such as radioactive 
elements, are regarded as non-aging systems (left). Systems with increasing decay 
rate over time are aging systems (right). 

Different biological species have widely differing maximum lifespan. Among the shortest 
lived animals are insects and small crustacea, some with a lifespan of less than a week. 
Human beings have very high life expectancy under mammals. However, there are quite a 
few species, especially plants that live much longer (Leaman and Beamish, 1984; Thompson 
and Jones, 1980). Certain plants, like the creosote bush, can reach a lifespan of more than 
11,000 years (Vasek, 1980). The enormous variation in lifespan among species hints that 
lifespan is an adaptation to environmental and ecological constraints.  

1.3 Descriptive laws on aging phenomenon 

More than 170 years ago, Benjamin Gompertz described that the mortality growth of human 
and many other species can be approximated by an exponential function (Gompertz, 1825). 
The extended form of the Gompertz equation, the Gompertz-Makeham equation (Makeham, 
1860) reads: 

 
)()( tEeItm Gt +⋅=

         (Eq.1) 
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Here, the parameters “I” represents intrinsic vulnerability of a given population, which can be 
considered as a measure of basic protection of an organism against failure and damage (error-
prone/fault-resistant design). “G” represents the aging rate. It shows how fast this protection 
deteriorates. “E”, also denoted as “Makeham factor”, represents the external mortality. It is 
controlled by hazard factors specific to the inhabited ecological niche. Together, the 
Gompertz-Makeham equation states that the lifespan of a population is related to its genus 
and the environmental parameters. 

When the Gompertz-Makeham function is plotted on a logarithmic scale, the graph becomes 
linear with the slope being equal to the aging rate “G”. Thus, “G” can be regarded as a 
measure (the actual biomarker) for the aging rate of a given population (Fig.3). For instance, 
the time it takes for the intrinsic mortality to double for human is a constant value between 8-
9 years. This value has remained unchanged during the past 160 years despite the drastic 
gains in human lifespan. 

 

Log (mortality)

http://www.what-is-cancer.com

Log (mortality)

http://www.what-is-cancer.com

Log (mortality)

http://www.what-is-cancer.com  

Fig. 3: The time-dependent mortality increase of human can be approximated by the 
exponential function described by Gompertz-Makeham curves. It shows that human 
has constant mortality doubling time of 8-9 year. 

In contrast to aging rate, intrinsic vulnerability and external mortality stem from 
environmental risks, e.g. control and elimination of predators, or infectious diseases can alter 
“I” and/or “E”, and thus alter death toll with advancing age. The Gompertz-Makeham 
equation splits the mortality rate of biological organisms into two different aspects: intrinsic 
and extrinsic mortality. In this way, it explains on the one hand the frequently observed 
species-specific exponentially increasing death rate, and on the other hand the mortality force 
due to environmental hazard. This equation has since then been widely used in gerontology. 
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Surprisingly, in the 90s, Carey (Carey et al., 1992) reported that the mortality rate for medflies 
Ceratitis capitata declined at very old stage, before they finally increase again for extremely 
old ages (Fig.4). This apparent deviation from the Gompertz-Makeham law was termed “late-
life mortality decline”. Similar observations have also been accumulated for human 
populations, when death rate stops to increase exponentially at around 90 years of ages and 
levels-off to the late-life mortality plateau around 100 years of age. Importantly, the growing 
size of elderly populations during the recent years supports that this observation is no false 
extrapolation due to bad data quality. 

 

 
Fig. 4: Human beings and many other species demonstrate late-life mortality decline 

phenomenon, which deviate from the description of Gompertz-Makeham law. 

Such late-life mortality decline transforms the straight line predicted by the Gompertz-
Makeham law into a Weibull curve (introduced by Waloddi Weibull, a Swedish physicist in 
1939). This strongly limits the descriptive power of the Gompertz-Makeham law. 

1.4 Current view of aging mechanism 

There are well over 300 theories on aging mechanism (Medvedev, 1990). Most of them are 
dying due to their old age. In the following, we shall briefly review a selected subset of the 
remaining ones, among which the rate of living theory could be the oldest. 

Rate of living theory 

Back to year 1908, the German physiologist Max Rubner (1854-1932) proposed a relation 
between metabolic rate, body mass and longevity. His idea was that aging rate could be 
positively correlated to the specific metabolic rate of an organism, defined as metabolic rate 
per bodyweight. This could explain why lumpy and slow-moving animals (such as turtles or 
elephant) have longer lifespan than those small and active ones (such as mouse or rabbit). 
Although intuitive, this rate of living theory is not widely applicable. A typical counter 
example is the comparison of mice and bats: both of them are small mammals. The brown 
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bats are almost half the size of house mice, while being more active. The rate of living theory 
would predict that the bats have shorter lifespan compared to mice. However, the brown bats 
living in wildness easily surpass 30 years of age, while the house mice only live for 3.5 years. 

Telomerase theory 

Telomeres are the physical ends of linear eukaryotic chromosomes. They consist of special 
short repetitive sequences and prevent the chromosome ends from abnormal recombination 
and degradation (Zakian, 1995). Since DNA can only replicate in the 5’-3’ direction 
(Olovnikov, 1973; Watson, 1972), this results in an incomplete replication of the 3’-end of the 
telomere during each rounds of mitosis. The germ line, cancer cells and unicellular organisms 
prevent the erosion of their telomeres by expressing the enzyme telomerase that extends 
telomeres by synthesizing telomeric DNA de novo. However, this enzyme is not universally 
expressed in most somatic tissues. In 1990, Harley showed that human fibroblast do loose 
telomeric DNA upon each cell division (Harley et al., 1990). Consequently, telomere 
shortening was proposed to be responsible for aging (Harley et al., 1990; Harley et al., 1992; 
Wright and Shay, 1992). It was supposed that extensively shortened telomeres activate certain 
mechanisms that prevent further cell division, and thus generate senescent phenotype 
(Hayflick and Moorhead, 1961). 

However, subsequent experiments showed that transgenic mice overexpressing telomerase in 
most tissues showed no increase in their lifespan (Artandi et al., 2002). On the other hand, 
post mitotic cells like nerve or muscle cells do get old without loosing telomere extensively. 
During the recent years, it has been established that telomere shortening is likely the cause of 
cellular senescence (for instance the Hayflick limit of cell division), but its relevance for 
organism aging remains unclear. 

Free radical theory 

One of the most popular mechanistic aging theories is the free radical theory. Accordingly, 
unstable and highly reactive radical species create damage to various cellular macromolecules 
that gives rise to symptoms which we recognize as aging (Harman, 1956; Harman, 1981). 

While most eukaryotes depend on oxygen for their energy production via oxidative 
phosphorylation in the mitochondria, long term exposure to oxygen is lethal (Joenje, 1989). 
The sophisticated cellular defense systems like superoxide dismutase, catalase or glutathione 
peroxidise indicate the size of the threat posed by free radicals. 

In fact, the damaging molecular species is not oxygen itself, but reactive oxygen species 
(ROS) like the superoxide radical (O2.-), hydrogen peroxide (H2O2), or the hydroxyl radical 
(OH.). Radical possess unpaired electrons. Most of them are very reactive because of the 
tendency of electrons to pair. The reaction of a free radical with a stable molecule generates 
another radical. Such events often result in chain reaction in which a single free radical 
swiftly consumes many stable molecules. It has been observed that the cellular ROS level 
increases with age in different species including human (Farmer and Sohal, 1989; Jozwiak 
and Jasnowska, 1985; Sawada and Carlson, 1987; Sohal and Sohal, 1991). 
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The oxidation of polyunsaturated fatty acid, readily occurs by such a free radical chain 
reaction (Pryor, 1973). The reaction products, lipid peroxides, change the chemical and 
mechanical properties of the biological membrane. More than 20 different oxidative DNA 
damage products are known, among which the levels of 8-hydroxy-2’-deoxyguanosine 
(OH8dG) (Fraga et al., 1990), thymine glycol or thymidine glycol have been shown to 
increase during aging (Adelman et al., 1988). Furthermore, hydroxyl radicals cause protein 
fragmentation (Davies et al., 1987) and amino acid modifications (Garner et al., 2000), which 
in turn leads to frequent protein aggregation due to altered electronic charge pattern of many 
cellular proteins. 

Since most of the cellular ROS are produced inside of mitochondria, the free radical theory of 
aging has been extended to the mitochondrial theory of aging. Although still developing, this 
mitochondrial aging theory appears to be a very promising mechanistic aging theory. 

Mitochondrial theory of aging 

Free radicals are inevitable by-products of cell metabolism. Most of the cellular radical 
production originates from the respiration chain of mitochondria, the energy producing 
organelles of eukaryotes (Halliwell, 1989). Under physiological conditions, 1-2% of the 
consumed oxygen is converted into free oxygen radicals (O2.-) and subsequently to H2O2 
(Joenje, 1989), hydroxyl radial (OH.) and perhydroxyl radical (HO2.). 

Mitochondria contain their own genetic material in form of small circular DNA (mtDNA) 
which codes for a minority of the mitochondrial proteins (Anderson et al., 1981). All the 
proteins encoded by mammalian mtDNA are exclusively involved in the energy generation 
pathways. This means that damage to the mtDNA will directly impair ATP production. 
Therefore it was proposed that the accumulation of impaired mitochondria caused by ROS-
induced mtDNA mutations is one of the driving forces of aging (Kowald and Kirkwood, 
1999; Linnane et al., 1989; Richter, 1988). 

An increasing body of literature suggests a pivotal role of mitochondria in aging and age-
related diseases (Harman, 1972; Wallace, 1997). There are evidences showing that the level 
of mutated mtDNA do increase over time (Boffoli et al., 1994; Brierley et al., 1998; Kopsidas 
et al., 1998). The study of Khrapko (Khrapko et al., 1999) confirms that a small number of old 
cells (13%) harbor a high fraction of deleted mtDNA (2-60%). Aiken’s group showed that 
muscle fibers with sections of abnormally low activity of the mitochondrial enzymes 
cytochrome c oxidase  and a high level of succinate dehydrogenase increased with age (Cao et 
al., 2001; Lopez et al., 2000; Pak et al., 2003). 

Therefore, the question was not if mtDNA mutations accumulate with age, but if this 
accumulation is relevant for the organism aging. The answer to this question is directly 
correlated with the mtDNA mutation rate. 

If the mutation rate is too slow, the efficacy of mitochondrial mutations on aging will be 
negligible for the organism, since there is not enough time in the lifespan of an individual to 
acquire mitochondrial mutants to a significant degree. On the other hand, too fast a mutation 
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rate will obviously lead to certain disease phenotypes, rather than aging. Thus, the value range 
of mtDNA mutation is the key factor influencing the velocity of functional mitochondrial lost 
in a living cell. Unfortunately, it is currently difficult to assess the level of mutant mtDNA 
within living cells. This is due to two reasons: Mitochondria replicate independently from the 
nucleus. A typical eukaryotic cell contains hundreds to thousands of mitochondria that form a 
population of independently growing entities. Furthermore, each organelle contains 5-10 
copies of mtDNA (Satoh and Kuroiwa, 1991). This leaves room for competition and selection 
among mitochondria as well as among their host cells. 

In an own study (Mao et al., 2006), we made an alternative approach to access indirectly the 
mtDNA mutation rate by combining a proteomic study and a kinetic model on mitochondrial 
population. Our mathematical model predicts an increase of the fraction of damage 
mitochondria with time, leading to a constant increase of oxidative stress with age (see 
chapter 4.2.2). Combining experimental data, we estimated the mtDNA mutation rate in mice 
to be in the magnitude of 10E-9 to 10E-8 per mtDNA molecule per day. This value range 
leaves space for intact organism reproduction, while at the same time supports that mtDNA 
mutation is an important factor contributing to aging process. 

1.5 Shortcoming of existing aging theories 

The theories described in the above section represent only a tiny fraction of the existing 
mechanistic aging theories. Although no consensus exists in the wide pellet of aging theories, 
one common denominator is that aging is in essence always explained through the aging of 
organisms’ components: Aging of an organism is due to aging of organs, aging of organ is 
due to aging of cells, and so on. When moving in succession from the aging of organism to 
the aging or organs, tissue, cells, proteins, we eventually come to atoms, which are known not 
to age (atoms have constant decay rate independent with time) (see chapter 1.2). 

Indeed, recent studies found that many sub-components of biological elements have constant 
failure rates independent with age. For example, the risk of neuronal cell death is independent 
of age, but dies at a constant rate in a broad spectrum of age-related neurodegenerative 
conditions (Burns et al., 2002). These include cerebellum granule cells in mouse model of 
Parkinson’s diseases and Huntington’s disease (Clarke et al., 2000). An apparent lack of 
cellular aging is also observed in the cases of human amyotrophic lateral sclerosis (Clarke et 
al., 2001), retinitis pigmentosa (Burns et al., 2002; Clarke et al., 2000; Massof, 2002) and 
idiopathic Parkinsonism (Calne, 1994; Schulzer et al., 1994). This poses us the challenge of 
how to explain the aging of a system built of non-aging elements? 

1.6 Evolutionary theories explore aging at the system level 

This question invites us to think about the possible system nature of aging and whether aging 
may be a property of the system as a whole. One such step ahead is the evolvement of 
evolution theories of aging, which try to make a bigger picture of the aging phenomenon by 
integrating natural selection pressure. From the point of evolution, explanations of aging and 
the limited longevity of biological species are based on two major theories: the mutation 
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accumulation theory (Medawar, 1952) and the antagonistic pleiotropy theory (Williams, 
1957). 

1.6.1 Mutation accumulation theory 

Medawar was the first to present a theory for the evolution of the aging process based on the 
idea of mutation accumulation (Medawar, 1952). Accordingly, aging might be caused by an 
accumulation of deleterious genes that are only expressed late in life. A mutant gene that kills 
young children will be strongly selected against, whereas a lethal mutation that affects only 
people over the reproduction period will experience virtually no selection pressure. These 
late-acting deleterious mutations will eventually accumulate, leading to an increase in 
mortality rate late in life. 

One example of such late-onset deleterious genes could be those responsible for human 
familial non-polyposis colorectal cancer, which is caused by mutations in genes for DNA 
mismatch repair (Eshleman and Markowitz, 1996). The median age of onset of this disease is 
48 years (Petrelli et al., 1996). Thus, most people that carry this type of mutation do not 
develop the cancer until they have advanced into their reproductive age.   

1.6.2 Antagonistic pleiotropy theory 

Pleiotropy describes the effect of a single gene on multiple phenotypic traits. Genes that affect 
two or more traits are called pleiotropic genes. Effects that increase fitness through one trait at 
the expense of a reduced fitness of another trait are antagonistic. The antagonistic pleiotropy 
theories state that late-acting deleterious genes might even be favored by positive selection 
and be actively accumulated in populations in case they have beneficial effects early in 
life(Williams, 1957) (traces such as high blood pressure, high cholesterol level. Thus, aging 
can occur as a side effect of the antagonistic pleiotrpy property of these genes. 

One example of such antagonistic pleiotropic genes is the gene for the hormone testosterone 
in men. In youth, testosterone has positive effects including increasing reproductive fitness. 
However, later in life, negative effects of this gene come into action, such as increased 
susceptibility to prostate cancer. Another example is the tumor suppressor gene p53, which 
also suppresses stem cells regeneration which replenish worn-out tissues (Rodier et al., 2007). 

1.7 Limitations of evolutionary theories 

Although the evolutionary theories have largely increased our understanding of aging, they 
have their intrinsic limitations. Firstly, all evolutionary theories have in common that they rely 
on group selection, the selection of a trait that is beneficial for the group, but could be 
detrimental to the individual. However, group selection only works under very special 
circumstances like small patch size and low migration rates (Maynard Smith, 1987), whereas 
aging is a very general phenomenon that is also observed in many other complex systems 
(even technical devices) that do not reproduce and therefore are not subjected to evolution 
through natural selection.  



 

9 

Moreover, the late-life mortality deceleration phenomenon, which has become established in 
modern society can not be explained by the evolutionary theories. This calls for a more 
general explanation of this apparently paradoxical “no aging at extreme ages” phenomenon. 

Presumably, the particular mechanisms of aging may be very different across systems, even 
across biological species, but a more general explanation of aging might exist in addition to 
the mutation accumulation and antagonistic pleiotropy theories. 
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2 Aim of the Study 

The aim of this work was to gain insight into the general mechanism of aging through the 
system biology approach. This will be achieved by the application of system engineering 
theory on the experimental data from biological organisms. 
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3 Methods 

The proceeding of the current work can be subdivided into three interconnected parts 
respecting the route approaching the aim of the study.  

3.1 Exploration of relevant theory from system engineering  

First, a comprehensive exploration of relevant theory from system engineering field was 
carried out to discover parsimonious relevant theories on general mechanism of aging. 

3.2 Genetic and proteomics analyses at selected levels of detail 

In the second part, genetic and proteomic analysis were conduced at selected levels of details, 
in order to verify the applicability of the theoretical frameworks. This encompasses: 

• Analysis of mouse mitochondrial protein alterations during aging for the access of 
error accumulations in the cells (Mao et al., 2006). 

 
• System disturbance analysis on transgenic mouse embryonic cell lines in order to 

probe the fault-tolerant property of biological systems (Mao et al., 2007). 
 

• Investigations on mouse brain organogenesis on the establishment of system 
redundancy in biological organism (Hartl et al., 2008a). 

 
• Study on functional and population dynamics in young and old rat mesenchymal stem 

cells (Kasper et al., 2009). 
 

• Combined proteomic and transcriptomic analyses on different neurodegenerative 
disease models in order to elucidate the common aspects between aging and age-
related diseases (Diedrich et al., 2008; Hartl et al., 2008b; Zabel et al., 2008). 

 

3.3 System analyses on experimental data 

In parallel, system biological approaches were integrated with experimental data for the 
understanding of the system nature of aging, and to obtain valuable implementations on aging 
research. This includes: 

• Kinetic modeling of the mitochondrial population dynamics to investigate the 
mitochondrial damage accumulation during aging (Mao et al., 2006). 

 
• Mathematical simulation of reliability model for the access of the influence of system 

redundancy on system reliability and aging (manuscript in preparation). 
 

• System robustness analysis on protein interaction network to probe the robustness of 
biological systems (Mao et al., 2007). 
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• System coherence analysis using Petri-net simulation for the investigation of the 

relation of cell volume regulation and protein metabolism (Mao et al., 2008). 
 

• Construction of a bioinformatics tool for large-scale data cross comparison and 
integration (Nebrich et al., 2009; Zabel et al., 2006). 
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Fig. 5: Workflow of the current work. 
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4 Results and Discussion 

4.1 Reliability theory treats aging as a system phenomenon 

Upon exploring a more general aging mechanism, I came across the reliability theory of 
system engineering (Barlow and Proschan, 1996; Gnedenko et al., 1999). The reliability of a 
system refers to a system’s ability to operate properly according to a predefined standard 
(Crowder et al., 1991). In turn, the rate of reliability decline is equivalent to the aging rate in 
demography and gerontology. 

The reliability theory states that the fidelity of a complex system can be acquired through the 
fault-tolerant system design, which is the proper arrangement of system sub-components 
(Fig.6). If the sub-components are connected in series as a chain of single elements, failure of 
any one component will lead to the failure of the whole system. In contrast, if sub-
components are multiplied and connected in parallel, the system only fails when all 
components of a given module fail (Fig.6). The most popular fault-tolerant design is a hybrid 
redundancy structure called series-parallel design (Fig.6b), where modules are connected in 
series, while subcomponents of each key module present redundantly and are connected in 
parallel. 

A B C

a) Single serial design

A1

A2

A3

C1

C2

b) Series-parallel design

B1

B2

Module A Module B Module C

A B C

a) Single serial design

A B C

a) Single serial design

A1

A2

A3

C1

C2

b) Series-parallel design

B1

B2

Module A Module B Module C

 
Fig. 6: Comparison of fault-tolerant to non fault-tolerant design. Both systems a and b are 

consisted of three serially connected modules A, B and C. System a represents a 
single serial design, where each module contains only one subcomponent. Failure of 
any subcomponent will lead to overall system outage. In contrast, in each module of 
system b, system subcomponents are redundant and connected in parallel. Such 
series-parallel design grants the system with high reliability. 

For example, a reliability engineered web server mirrors all their operations by duplicating 
calculation units (Ghosh et al., 2007). Multiple DNS (domain name system) servers exist for a 
particular domain, multiple RCDS (resource cataloguing and distribution system) servers for 
any portion of URI (Uniform Resource Identifier)-space may be registered in each DNS. 
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Fault-tolerance is achieved by permitting clients attempt to reach multiple servers before 
declaring failure. By this mean, the failure of one component does not lead to system service 
outage. 

While fault-tolerant design’s advantages are obvious, its obligatory disadvantage is central for 
aging research. One intrinsic disadvantage of such fault-tolerant system is that they are not 
readily checkable, and thus difficult to maintain. This will cause gradual error accumulation 
within the system, which leads to decreasing operating quality proportional to the severity of 
error accumulation. 

The reliability theory states that the redundancy reduction of functional system components 
over time is the intrinsic cause of aging. By this means, the reliability theory applies to 
systems built of non-aging sub-components. This fundamentally deviates from other existing 
aging theory by explaining aging as a system level phenotype. Thus, the reliability theory 
could be a refreshing alternative as a general aging theory. In this sense, it is of great interest 
to investigate whether the reliability theory can be applied on living organism. 

4.2 Is reliability theory applicable on biological systems? 

Developed on the basis of technical gadgets in engineering field, does the reliability theory 
also apply to biological systems? The answer to this question depends on three points. First, is 
redundancy the core design principle of biological organisms? Second, is there a redundancy 
reduction of system subcomponents with time? Thirdly, do biological systems exhibit 
extensive fault-tolerant property? 

4.2.1 Biological organisms are redundant at different levels 

Apparently, from genes to RNA to protein, and to functional module of protein interaction 
network, biological organisms show many levels of redundancies. Starting from the genetic 
material, many higher organisms have 2n genome, with each gene appearing twice on two 
homologous chromosomes. Moreover, as an outcome of gene duplication during the 
evolution, multiple copies of numerous genes with identical or similar functions exist. This 
can be verified by the fact that knockout of many proposed essential genes leads to little 
phenotypic alteration (Vacik et al., 2005). 

At the intracellular level, redundancy of the biological system is demonstrated by multiple 
copies of cell organelles (for example mitochondria); multiple mRNA copy numbers, multiple 
protein copies from a single mRNA template, just to name a few. At the molecular function 
level, proof-reading during DNA replication is achieved by different enzymes in parallel, 
mRNA are translated into proteins by several ribosomes organized as polysomes. At the tissue 
level, large numbers of cells are usually connected in parallel (muscle cells, hepatocytes, 
neurons) to form a tissue. Many essential organs are connected in parallel inside of a given 
functional module (two kidneys, two ovaries, lungs, several liver lobes, etc). 
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Taken together, redundancy structure appears to be the fundamental design principle at 
diverse levels of the biological system. This provides the basis for applying the reliability 
theory on living organisms. 

4.2.2 Biological systems show extensive error accumulation 

Down to the ground of genetic materials, the accumulation of somatic DNA mutation is an 
established fact (Pichiorri et al., 2008; Suh and Vijg, 2006). However, genetic material also 
exists in the form of mtDNA in eukaryotes. This prompted us to ask whether there is a 
redundancy reduction of functional mitochondria over time. This issue was investigated in 
mouse as a model (Mao et al., 2006). 

In a study on mitochondrial protein profile during mouse aging, we observed that there is a 
lost of functional mitochondrial respiratory chain proteins with time. Proteins with decreasing 
cellular concentration were observed in mitochondrial respiratory complex I and IV. This 
clearly indicates an accumulation of mtDNA mutations (Bruno et al., 1999; Rahman et al., 
1999). 

However, an extensive redundancy has been introduced by nature to make the respiratory 
system highly fault tolerant. Most cells contain hundreds to thousands of mitochondria, while 
each mitochondrion contains 5-10 copies of mtDNA. Variant mtDNAs co-effect to cause gene 
actions, which in turn result in cell actions (oxidative phosphorylation). The accumulation of 
mutated mitochondria with time is a consequence of the interplay of different components of 
a complex system. This includes the damage of free radicals to mitochondria, the competition 
of intact and mutated mitochondrial subpopulations, as well as the degradation kinetics of 
different mitochondria. Thus, the real strength of functional mitochondrial lost cannot be 
accessed without quantitative discussion. 

Based on previous knowledge (Kowald and Kirkwood, 2000) and the data structure of our 
proteomic investigation, we constructed a mathematical model of the mitochondrial 
population dynamics considering the following points (Fig.7): 

• Mitochondria are the main producer and targets of free radicals. 
 

• Damaged mitochondria generate more radicals and less ATP. 
 

• Since all genes necessary for mitochondrial replication are located in the nucleus, 
damaged mitochondria have a replication advantage over wild type mitochondria. 
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Fig. 7: Biochemical reactions described by the kinetic model. Two different classes of 

mitochondria were considered, those with intact genomes (Mw) and those with 
mutated genomes (Mm). The different classes produce different amounts of free 
radicals, which cause the transition of mitochondria from wild type to mutated type. 
Wild type and mutated mitochondria undergo reproduction and degradation at 
different rate constants. 

This is a non-linear single compartment model with a set of three ordinary differential 
equations describing the dynamics of three species of the cell: wild type mitochondria (Mw), 
mutated mitochondria (Mm) and free radicals (Rad) (Fig.8).  
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Fig. 8: A set of three ordinary differential equations describes the interaction of system 
components influencing the mitochondrial subpopulations. The first and third term in 
equation 1 and 2 represent the synthesis and degradation of the healthy and defective 
mitochondrial sub-populations, respectively. The second terms in Eq 1 and 2 
describe the mutation reaction that transfers wild type mitochondria into mutated 
mitochondria.  

This set of differential equations was solved numerically employing fourth order Runge-Kutta 
method. As shown in figure 9, our model faithfully predicted the proposed accumulation of 
defective mitochondria, and therefore a redundancy lost of functional mitochondria over time. 
According to the experimental data on mice, only around 30% of the functional mitochondria 
were still present in old stages (700 days). 
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Fig. 9: Simulation results showing time courses of the components of the mathematical 

model on the mitochondrial subpopulation kinetics inside of a mouse cell. The 
population of wild type mitochondria decreased, while the number of mutated 
mitochondria in a cell increased with age. 

Our observations support the hypothesis that the constant event of free radical induced 
mtDNA mutation causes a significant redundancy lost of functional mitochondria in the 
cellular system with age. Therefore, the mitochondrial influence on aging follows perfectly 
the redundancy lost principle proposed by the reliability theory. 

4.2.3 Biological systems are tolerant against genetic perturbations 

The best means to test whether living systems are genius fault-tolerant systems is to probe 
their fault-tolerant property. Fault-tolerance means that failure of individual component does 
not lead to system service breakdown. If this hypothesis holds, then small system 
perturbations should not lead to major system outcome. To test this, we investigated whether 
there exists such self-stabilization property in the biological system.  

For this purpose, we carried out a system perturbation study (Mao et al., 2007) on a 
representative cellular system, the mouse embryonic stem cells. Specifically, we carried out 
investigations on six murine embryonic stem cell lines either overexpressed individual genes 
or displayed aneuploidy over a genomic region encompassing 14 genes. Proteins expressed in 
the cells were investigated by 2-D electrophoresis and altered protein expressions were 
recorded by comparison with the respective parental lines. 

Our results showed that there is indeed an intrinsic balancing capacity of the cellular system 
upon genetic disturbances: At the phenotypic level, no difference was observed between 
transgenic and parental cell lines with respect to cellular morphology and growth behavior. 
All cell lines appeared healthy and were capable of effective germ-line transmission, 
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indicating the effective damping of the genetic perturbations. At the proteomic level, although 
a number of proteins showed significantly altered expression compared to their parental cell 
lines, no significant difference could be detected in the protein amount undergoing up and 
down-regulation (Fig.10). Most importantly, this was even true for the two cell lines with 14 
genes altered, which showed a drastic imbalance in the number of proteins that underwent up 
or down-regulation. Accordingly, we assume that when the quantitative arrangement of the 
proteome is perturbed by gene dosage effects, it will be subjected to a rearrangement in order 
to achieve a new balance. 
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Fig. 10: Proteins that showed altered expression in transgenic ES cell lines. A: Number of 
altered proteins in each transgenic cell line, expressed as percentile of total number 
of altered proteins. B: Amount of proteins that underwent altered expression in each 
cell line, represented as percent of total spot volume that was up or down-regulated 
in transgenic cell lines. Dose alteration of 14 genes could no longer be balanced by 
an equivalent number of variant proteins. However, a balance remained at the level 
of protein concentrations. 

When we investigated proteins that showed quantitative changes among the six cell lines with 
profound system analysis, we made the observation that the cellular proteome is kept 
quantitatively in balance by a particular class of proteins to which we refer as “balancer 
proteins”. Here, we proposed the balancer proteins as a class of proteins within the proteomic 
network that buffer or cushion a system, and thus oppose multiple system disturbances. 
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Applying the reliability theory, the balancer proteins could represent the highly redundant 
sub-components in the proteomic network (Fig.11). This view is further supported by the 
following points: 

 

BalancersBalancers  
Fig. 11: Proposed position of “balancer” proteins in a fault-tolerant protein interaction 

network. Based on our observations, “balancer” proteins could be highly redundant 
system subcomponents inside the protein interaction network. 

Firstly, balancer proteins were significantly more abundant in the cell (p=0.008). This 
suggests their high redundancy in the cellular proteome. Secondly, balancer proteins possess a 
low number of direct interaction partners. This indicates that they are predominantly 
internally connected in the respective network subgraph. Thirdly, balancer proteins had 
significantly more non-synonymous SNPs in their coding regions. Protein polymorphisms 
indicate proteins which became less constrained in the course of evolution (Khaitovich et al., 
2005). As a consequence, proteins bearing a higher degree of polymorphisms may tend to be 
more flexible in their quantitative range. This again supports their redundant property. 
Regarding their functional aspects, the majority of the balancers are involved in protein 
chaperoning and catabolism processes. This highlights the importance of the proper 
maintenance and recycling inside of a highly evolved complex cellular system.  

Next, we carried out an in-depth analysis of the robustness of the cellular protein interaction 
network. This is motivated by concepts from statistical mechanics and dynamical systems 
theory (Demetrius et al., 2004). The protein-protein interaction graph constructed from our 
data comprised 2677 nodes (distinct proteins, indicated by gene symbol). 96% of them could 
be linked to a giant network component with heterogeneous degree distribution. Figure 12a 
shows a subset of the protein-protein interaction network centered on the proteasome 
subunits. Noticeably, all balancer proteins belonged to the giant network component. This 
reinforces the central role of these balancer proteins in the preservation of proteomic network 
integrity. 
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Fig. 12: System analyses on the protein interaction network suggest the contribution of 

redundant subcomponents proteins (“balancer”) on the system reliability. A: Protein 
interaction subgraph showing the proteasome subunits, where notes denote proteins 
and the edges describe protein-protein interaction. B: Cumulative fraction plot of 
network entropy shows that “balancer” proteins contribute significantly higher in 
system robustness. 

A resilience analysis showed that balancers possess significantly higher values of entropic 
contribution to the protein interaction network (Fig.12b). As network entropy is a measure of 
system robustness, this suggests that these proteins are of high importance in terms of system 
robustness. Together, the existence of such balancer proteins supports that the fault-tolerant 
protein interaction network is realized through the redundant system sub-components. 

4.2.4 System redundancy is established during organogenesis 

In the above sections, we see that the unit of the biological organism, the cell, can be 
considered as genius fault-tolerant system. Since multi-cellular biological organisms have 
come into being from a single fertilized egg, it is of interest to investigate how the fault-
tolerant property is established during the early development of an organism. This process can 
be very nicely monitored at the proteomic level. 

In a study on mouse embryonic brain development (Hartl et al., 2008a), we analyzed mouse 
brain samples at embryonic day 9.5 (E9.5), where mostly undifferentiated neuronal precursor 
cells are present, E11.5 when neuronal precursor cells start to differentiate into neurons, and 
E13.5, when neurogenesis is maximized. When the expansion phase (E9.5) was analyzed, we 
observed a significant increased expression of metabolism related proteins. This indicates that 
during this early organogenesis period, the major effort of the living system was the pure cell 
proliferation by symmetric mitosis. Such proliferation of neuronal precursor cells is the key 
process necessary to produce a sufficient number of cells for brain as a tissue, and at the same 
time for the brain to acquire the fault-tolerant property. 
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In contrast, the goal of the neurogenesis phase (E13.5) is the differentiation of neuron lineage 
and glial cell lineage via asymmetric mitosis. The shift from proliferation to neuronal 
differentiation is expressed as a significant decrease of metabolic and other house-keeping 
protein expressions, accompanied by a significant up-regulation of the neuro-specific 
proteins. Taken together, our investigation on mouse brain development shows that system 
redundancy in the mouse brain is established during the organogenesis through a two-step 
schedule: First the increase of system redundancy, then the increase of system complexity. 

In summary, these studies provide strong evidences that the living system show extensive 
fault-tolerant property at both the cell physiological and the protein interaction network levels. 
We therefore conclude that the reliability theory can be applied on living systems. 

4.3 Reliability model: simulation and implementations 

In order to explore the influence of system redundancy design on system nature of aging, we 
set out to construct a mathematical model applying the reliability theory on living organism. 
Consider a reliability model of a simple parallel system with n initial elements. The 
redundancy degree of the system equals n. We further assume that all elements are non-aging, 
but fail randomly and independently with a constant failure rate. The reliability of each single 
system component is denoted as p. 

System reliability R(t) is the probability of the system not failing during the period [0, t]. 
Since a simple parallel system looses its reliability only when all its redundant subcomponents 
fail, the system reliability R(t)=f(p, n) can be calculated as: 

 

R=1-(1-p)n .                                                                                                                         (Eq.2) 

For p=0.5 and n=3, we have: 

R=1-(1-0.5) 3=87.5%.                                                                                                          (Eq.3) 

We see that although the reliability of a single component is very modest (p=0.5), the 
redundancy leads to a system overall reliability of over 85%. This value increases rapidly as 
the redundancy degree of the system increase. This exemplifies that high system reliability 
can be effectively achieved through system redundancy. In the following, we will see that this 
is at the cost of the increasing system failure rate (or aging rate):  
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Fig. 13: An example calculation shows that system redundancy leads to high system 

reliability, but at the same time aging phenotype. A: Schematic illustration of a 
simple parallel system with 3-fold redundancy (the reliability of single component 
p=0.5). B: The system reliability increases rapidly with increasing redundancy. C 
illustrates that the failure rate (mortality rate) of the system increases drastically 
with the increasing redundancy degree. 

As shown in Figure 13c, if no redundancy exists (n=1), the system has a constant mortality, 
thus exhibiting a non-aging property. As the redundancy increases (n≥2), a system 
constructed of non-aging elements starts to behave like an aging one, with its increasing 
mortality acceleration (aging rate) positively correlated with its redundancy degree. In fact, 
the mortality rate initially grows exponentially with time, following the Gompertz-Makeham 
law. 

Applying to the biological system, when a single component system (such as enzymes, viruses 
or microbial spore) is exposed to hostile environment such as heat, their survival curve obeys 
virtually a non-aging mortality kinetics, showing linear semi-logarithmic form (Gouda et al., 
2003; Kundi, 1999; Peleg et al., 2003). In contrast, the application of two-fold redundancy 
already leads to fault avoidance, but not extensive damage accumulation. High redundancy 
support genius fault-tolerancy, but also extensive damage accumulative, which leads to 
increasing failure rate with age, or otherwise called aging. 

In an own study on the molecular aging phenotype of rat mesenchymal stem cells (MSC) 
(Kasper et al., 2009), we showed that on the one hand, there was a partial exhaustion of 
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progenitor cells probably due to apoptosis. The yield of MSCs in old donor was largely 
reduced. But importantly, it could be confirmed that the differentiation potential remained 
virtually untouched in young and old MSCs (Leskela et al., 2003). This provides evidence that 
MSCs are per se non-aging subcomponents. Their redundancy reduction is chief for the 
system level aging of adult stem cell populations. 

At advanced age, the acceleration of the failure rate declines. The failure rate asymptotically 
approaches an upper limit equals to the failure rate of the single subcomponents, when no 
more redundancy exists. This transforms the time-dependent mortality rate from a straight line 
into a Weibull curve. This is the “no-aging at extreme old age” phenomenon observed in 
many species including human. Such “late-life mortality decline” becomes obvious only when 
the lifespan of a given biological species prolongs extensively due to the decreasing hazard 
factors in the ecological niche. This gives a logical explanation for the late-life mortality 
decline phenomenon that has been observed for human and some other species. 

Thus, aging can be regarded as a direct consequence of the system’s redundancy. Comparing 
to technical devices, the extraordinary degree of component miniaturization of biological 
systems (the microscopic dimensions of cells, DNA and RNA) permits the creation of a 
tremendous redundancy in the number of elements. This explains its extensive aging 
phenotype. Notice that the reliability model explains very elegantly both the observations 
made by Gompertz, and the “late-life mortality deceleration” phenomenon. 

Importantly, implementation of this reliability model provides some insights for aging 
research: First, the obligatory error accumulation of the fault-tolerant system suggests that 
there could be some common origin among aging and late-onset diseases. Secondly, the 
reliability theory states that aging is primarily a phenotypic expression of different error 
accumulation. Therefore, research on aging should not be limited at the levels of qualitative 
changes (such as “aging genes” or “anti-aging genes”), because changes in quantity represent 
a more fundamental driving force of the aging process. Moreover, since damage accumulation 
is the true reason for aging, it can be alleviated through constant subcomponent renewal 
aiming at a delayed error accumulation. In the following, we discuss these points regarding 
their impact on aging research. 

4.4 Possible common fatal origin for aging and age-related diseases 

In the above section, we have shown that biological system can be considered as genius fault-
tolerant system, whose high system subcomponent redundancy was established during 
organogenesis. Here, we asked what is the consequence should such embryonic established 
system redundancy be disturbed by gene mutations. For this purpose, we investigated 
different mouse models on age-related neurodegenerative diseases. Our aim was to see 
whether there is an intrinsic relation between aging and age-related diseases. 

4.4.1 Impairment of neuronal plasticity proceeds Alzheimer pathology 

Alzheimer disease (AD) is a typical late-onset neurodegenerative disease in human. Amyloid 
precursor protein (APP) is an important neuro-morphoregulatory protein, whose 
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overexpression and mutation can leads to idiopathic AD (Arendt, 2005). In a study of us on 
AD mouse model (Hartl et al., 2008b), we compared the brain proteome of wild type and 
App-mutation mice at different age stages (from embryonic day 16 to 15-months). In this 
mouse model, the mutated APP transgenic expression started stably prior to embryonic day 16 
and is sevenfold higher than endogenous APP expression. These mice show prominent 
amyloid plague phenotype starting from 6 month of age (Bornemann and Staufenbiel, 2000; 
Kuo et al., 2001). 

We observed that brain maturation was severely impaired by APP mutation at age stages 
largely precedes AD pathology. This is inline with previous findings that Alzheimer disease is 
preceded by a long clinical silent period of several years to decades (Arendt, 2003; Lanz et al., 
2003). Importantly, a significant number of protein alterations related to adolescent neuronal 
development in healthy young mice (2 month old) were largely absent in APP transgenic 
mice. The developmental period around two months of age represents adolescence in mice. At 
this age, mesocorticolimbic brain regions are exceedingly plastic in terms of synaptic 
reorganization and adult neurogenesis (Blakemore, 2008; Spear, 2000). APP is highly 
involved in neuronal plasticity associated dynamics (Gralle and Ferreira, 2007; Turner et al., 
2003). APP mutation presumably alters dendritic spine number, morphology and dynamics of 
hippocampal neurons (Calabrese et al., 2007; Shrestha et al., 2006). This may cause a long-
term impairment of the neuronal network, finally resulting in memory impairment in aged 
mice, when the redundancy reduction of functional neurons becomes predominant.  

In conclusion, this study revealed that the APP mutation during brain organogenesis leads to 
early-stage redundancy lost of functional neurons, expressed as a decrease of neuronal 
plasticity. However, disease phenotype appears much later due to the intrinsic fault-tolerant 
property of the biological systems. 

4.4.2 Initial decrease of system redundancy leads to Huntington pathology 

Huntington’s disease (HD) is an autosomal dominantly inherited monogenic disorder that 
usually appears in midlife in men (Wexler et al., 1991). The disease-triggering mutation 
consists of an unstable, elongated CAG trinucleotide repeat at the 5’-end of the Huntingtin 
gene. This cytosine-adenine-guanin repeat codes for a variable length of glutamines residues, 
which leads to illegitimate protein cross-linking and aggregation in vivo (Readercomment, 
1993). 

In a detailed time course study on a HD mouse model (Zabel et al., 2009), we investigated the 
disease kinetics of R6/2 mice for changes in the expression levels of brain proteome, starting 
prior to phenotype onset and continuing through the end stage of the disease. Similar as in the 
study on AD mouse model, we observed that extensive protein alterations already occurred at 
2 weeks of age. In fact, the number and identity of protein alterations was equivalent to those 
found at the end stage of disease and showed a significant overlapping cellular pathways. We 
concluded that a perturbed expression of the transgenic fragment of Huntingtin significantly 
disturbed the delicate equilibrium of protein expression during normal development. 
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Taken together, such disease-triggering mutations disturb the development of the living 
system at very early phase (during the organogenesis). This leads to an initial redundancy 
reduction of functional subcomponents in that it increases the fraction of initial non-functional 
subcomponents. However, due to the fault-tolerance property of the system, these disturbed 
systems do not necessarily show pathological phenotypes immediately. It is the redundancy 
reduction along with time that leads to exhaustion of system reliability, and in turn the 
phenotypic prevalence. This correlates well with the late-onset properties of such mutation-
led neurodegenerative diseases. 

In the following, we shall see that this rational is even applicable when the genetic 
manipulation is not a disease-causing mutation, but an overexpression of a normally 
protective physiological molecule in mouse. 

4.4.3 Transgenic mice are more vulnerable to Parkinson pathology 

Parkinson’s disease (PD) is one of the most common neurodegenerative disorders that affect 
approximately 3% of a population beyond the age of 65 years (Smeyne and Jackson-Lewis, 
2005). One hallmark of PD is the degeneration of dopamine neurons in substantia nigra. 
Treatment of mice with the neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridene 
hydrochloride (MPTP) is a well established animal model for induced Parkinsons disease 
(Mitsumoto et al., 1998; Schober, 2004). The metabolic product of MPTP (MPP+) inhibits 
complex I of the mitochondrial electron transport chain and thus impairs oxidative 
phosphorylation. This results in severe leakage of ROS, and finally the death of dopaminergic 
neurons (Mitsumoto et al., 1998; Schober, 2004). Chronic MPTP toxicity causes prolonged 
inhibition of the mitochondrial respiratory chain and ubiquitin-proteasome activity, which 
constitutes prerequisites for the formation of Lewy bodies (Fornai et al., 2005; Tanaka et al., 
2001). 

The L1 cell adhesion molecule (L1cam) has been proposed to protect the dopaminergic 
neurons from degeneration during the development of Parkinson’s disease. L1cam acts as a 
homophonic cell adhesion molecule. When triggered by a trans-interacting L1cam molecule 
from a neighboring cell or in the extracellular matrix, L1cam enhances neuronal survival and 
neurite outgrowth of dopaminergic neuronsin in vitro and in vivo (Hulley et al., 1998; Wolfer 
et al., 1998).  

In an attempt to investigate the effect of L1cam on the MPTP response, we investigated 
protein expression patterns after MPTP-treatment in both wild type and transgenic mice 
overexpressing L1cam in the acute phase of MPTP toxicity (1 day after MPTP injection) and 
in the recovery phase (7 days after MPTP treatment) (Mitsumoto et al., 1998) (Diedrich et 
al., 2008). 
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Fig. 14: Proteomic analysis on drug-induced PD mouse models. The bar chart shows the 

number of up- and down regulated proteins on day 1 and day 7 after MPTP-
treatment in wild type and L1cam transgenic mice. 

As shown in Figure 14, significantly more proteins were altered in L1cam transgenic than in 
wild type mice. The numbers of variant proteins in transgenic mice continue to increase from 
acute phase to recovery phase, indicating a further exaggeration of the PD pathology in 
L1cam mouse. This observation indicates a much stronger toxic effect of MPTP in transgenic 
than in wide type mice, thus clearly oppose previous description on the protective effect of 
L1cam on PD pathology (Wolfer et al., 1998).  

Based on the reliability theory, we ration that although L1cam molecule acts protective for the 
neurons in the physiological condition, the overexpression of this protein primarily disturbs 
the embryonic development of the brain (Hartl et al., 2008b; Zabel et al., 2008), assumedly 
in that it causes a predisposed reduced redundancy of functional subcomponents in the tissue. 
In turn, the drug treatment on transgenic mice requires additional compensatory effects of the 
affected tissue. This may explain an exaggerated response of L1cam transgenic mice to PD 
pathology. 

Putting our observations on aging and age-related diseases into the theoretical framework of 
reliability theory, we propose that adult degenerative diseases and aging could be outcomes of 
the same fetal program. The stochastic events in early development generate personalized 
damage patterns, which in turn determine late-life aging and survival (Sapolsky and Finch, 
2000). In this sense, there may be no specific elementary “aging process” per se. Any 
“therapy” against partial aspect of age-related changes will contribute to the delaying of 
aging. This opens a new field to be explored approaching personalized anti-aging medicine. 

4.5 Anti-aging should target quantitative aspects 

In order to approach anti-aging medicine, a first necessary step would be to elucidate the 
quantitative aspects during aging and age-related diseases. In this sense, a large-scale cross 
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comparison of models on aging and different age-related diseases would be essential. For this 
purpose, we developed a software tool that bears superior data cross-comparison capability 
(Nebrich et al., 2009). 

Through a sophisticated comparison of these large-scale studies, where aging is either alone 
or put in the contrast of different disease models, it was revealed that there is large overlap 
among different age-related diseases and aging (Zabel et al., 2006). Specifically, the lost of 
redundancy is expressed quantitatively as three major aspects at the intracellular level: loss of 
functional mitochondria, loss of functional chaperons and the lost of functional proteasomes. 

4.5.1 Proteasome Reduction represents a chief quantitative aspect in aging 

Most prominently, in all these mouse models (Diedrich et al., 2008; Hartl et al., 2008b; Zabel 
et al., 2008), one of the consistent global findings was a down-regulation of protein involved 
in the ubiquitin-proteasome pathways. This encompasses of a total of 10 protein subunits in 
mouse proteasome. 

In a mouse aging model, we investigated the whole process of mouse brain development, 
adulthood and aging (Manuscript in preparation). The severity of the redundancy lost of 
different protein categories with age were accessed with the help of a reliability model. Unlike 
other protein categories investigated, the aging rate of proteasome system is much higher than 
dictated by its system redundancy degree.  

In contrast to non-living systems, cellular proteins are under constant recycle via either 
proteasome or lysosomal systems. The proteasome system therefore represents the constant 
renewal mechanism, which is most important for the maintenance of a fault-tolerant system. 
This raised the question what leads to a reduced function of the proteasomes in the aged? 

4.5.2 Cellular dehydration could be responsible for proteasome function decline 

In a parallel study, where we investigated cellular dehydration in both aging and age-related 
diseases, our attention was drawn on the relation between cell volume regulation, proteasome 
function and aging (Mao et al., 2008). Here, we subjected the cells to altered osmotic 
environments (culturing in either hyper-osmotic or hypo-osmotic mediums) to probe the 
impact of cellular water content on cell physiology. Combining this basic experiment with 
system coherence analysis (Petri-net simulation), we see that cell biochemical functions are 
intrinsically connected to the cellular water content. The alteration of cell volume directly 
influences protein synthesis, protein maturing and proteasome-mediated protein degradation 
(Fig.15). 
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Fig. 15: Effect of cellular water content on protein metabolism in mouse embryonic stem 

cells. We observed up-regulated protein degradation in hypoosmotic culture 
condition, and a down-regulation of protein degradation in dehydrated cell. 

Water-lost in cells along with time due to the altered charge pattern of the proteome will 
influences directly the proteasome function, and in turn impairs overall system repair 
mechanism (Lang et al., 1998). Protein aggregation in different age-related degenerative 
diseases is another indication for the cellular water loss. This suggests that the loss of cellular 
water might be a central aspect of system aging. 

4.6 Possible Intervention on aging 

The ultimate goal of aging research is to explore the scientific means aiming at elimination or 
reduction of many of the painful conditions that people experience as they grow older. The 
reliability theory implies that aging is a collective phenotypic expression of different levels of 
damage accumulation. Accordingly, strategies for anti-aging must tackle different quantitative 
aspects. In the following, we discuss a few points of possible aging interventions: 

Early-life interventions 

The redundancy of the biological system was largely established early in the organogenesis 
stage. Due to a lack of control at embryonic stage, living organisms could be confronted with 
a high initial load of damage, and therefore their lifespan and aging patterns may be sensitive 
to early-life conditions. Thus, means aiming at reduction of the early damages could 
contribute to aging retardation. This would include the prenatal prevention of mutations or the 
better protection of embryonic development. Specifically, the birth process in mammals could 
represent a high damage phase due to the sudden exposure of the fetus to a high oxygen 
environment (Gavrilov and Gavrilova, 2004). Strategies purposing the reduction of ROS 
insult on newborns could be helpful on delaying aging. Surely, such rationales need to be 
verified in the future. 
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Reinforce the system renewal mechanism 

A more secure but complicated solution of aging intervention could be based on more 
rigorous repair to achieve delayed aging in the fault-tolerant system. This means that aging 
can be retarded through the constant detection and exchange of defective system 
subcomponents to prevent extensive damage accumulation. In the computing technology, 
Georgiadis proposed that, with the constant exchange of components, the system will remain 
well formed with respect to its failure rate (Georgiadis and J., 2002). Due to the high 
maintenance cost, however, this strategy is not commonly applied in engineering field. 
However, this strategy could represent a promising opportunity for promoting human health 
and longevity. For instance, it is imaginable to train the immune system to detect and 
eliminate non-functional cells and delete them along with time, the same way as they act 
against cancer cells. Together with regenerative medical approach, this will lead to a 
personalized anti-aging therapy. 

In this scenarios, another anti-aging strategy could be to stimulate the system renewal 
mechanism though manual interference. It has been proposed in the aging research 
community (Kowald, personal communication) that constant attack on mitochondria using 
dedicated antibiotics could help to maintain the general quality of cellular mitochondria, and 
therefore contribute to aging retardation. 

Recently, two independent research groups identified “forkhead box O3A” (Foxo3A) as a 
significant centenarians-related gene (Willcox et al., 2008). They found that a variant of this 
gene containing certain SNP pattern is strongly associated with longevity in humans. Foxo3A 
is involved in the insulin/IGF-1 signaling pathway. Deregulation of this transcription factor is 
involved in tumorgenesis such as acute leukemia (Myatt and Lam, 2007). Presumably, Fox3A 
triggers apoptosis of defective cells and thus could be actively involved in the selective 
detection and elimination of non-functional system subcomponents. 

4.7 Ethical aspects of aging interventions 

Not everyone agrees that it is desirable to pursue life extension scientifically. Two types of 
objections that are frequently brought forward are ethical aspects and that anti-aging could be 
against the natural law. 

The most often raised ethical objection is that a possible life extension therapy will be very 
expensive and can therefore not be provided for everyone. This could create injustice between 
poor and rich societies. However, this point is only partially justified, as financial and social 
developments represent challenge parallel to scientific ones. 

Respecting the latter point, the statement that anti-aging could be against nature law has long 
been loosing its ground completely. Most people agree that we shall search for a cure for 
cancer, AIDS or Alzheimer disease. Manipulating the aging process is just another activity 
that is “against the natural order”. Our current medical efforts are directed towards extending 
life at all costs. It is therefore difficult to see how we can accept curing the symptoms, but not 
accept curing the underlying causes of aging. 
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Finally, one must not confuse a non-aging state with immortality. Even if the aging process 
would be stopped completely, only the increase of mortality with time would be prevented, 
not the mortality itself. Even non-aging organisms have a finite average lifespan that is 
controlled by environmental risk and the intrinsic vulnerability (see chapter 1.3).  
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5 Conclusion and Outlook 

As demonstrated by the success of evolutionary theories of aging, quite general theoretical 
considerations can be very useful when applied to aging research. The theoretical framework 
of reliability theory provides parsimonious explanations for diverse observations in aging. 

The reliability theory states that redundancy is an important foundation for high reliability and 
robustness of the biological organism, and is a key notion for understanding the system nature 
of aging. Systems, which are redundant in numbers of irreplaceable (or not fully 
maintainable) elements, do deteriorate over time. Accordingly, aging is a direct consequence 
of investments into system reliability and durability. 

Applying the reliability on the experimental data of biological systems, we concluded that lost 
of redundancy is the reason for both aging and age-related diseases. Errors in the 
organogenesis stage cause predisposed reduced redundancy of functional sub-component in 
the fault-tolerant living system. Although such influence can be transiently resolved inside of 
the system, the gradual reduction of fault-tolerance with time leads to late-onset pathological 
effects. In another word, there is probably a fatal origin of late-onset degenerative diseases 
and early life programming of late-life health and survival (Blackwell et al., 2001; Leon, 
1998; Lucas, 1991). Therefore, the efforts to understand the routes and the early stages of 
aging and age-related diseases should not be discarded as irrelevant to understanding of the 
“true biological aging”. Early changes of system aging must be studied, and be integrated to 
prevention strategies of age-related diseases. 

Reliability theory of aging provides an optimistic perspective on the opportunities for healthy 
life extension. According to reliability theory, human lifespan can be further increased 
through better early error prevention, body maintenances, repair and timely replacement of 
the failed body parts in the future. Such research should reveal ways in which aging 
populations can stay healthier and feel younger for longer. 
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6 Summary 

Research on aging has obtained non-precedential importance due to the worldwide 
demographic structure transformation. The aim of the current work was to gain insight into 
the general mechanism of aging. Inspired by system engineering, we encountered the 
reliability theory as a promising theoretical framework. The applicability of this theory on 
biological systems was first verified. Next, a mathematical model was constructed in order to 
elucidate the impact of system redundancy on aging. The application of the reliability model 
on biological systems showed that redundancy in biological system leads to system reliability, 
but at the same time the aging phenotype. Implementation of this reliability model leads to 
three valuable insights: Firstly, it shows that there is common origin among aging and late-
onset degenerative diseases. Secondly, it indicates that aging research should focus on 
quantitative aspects, as aging is a collective phenotypic expression of diverse error 
accumulations. Moreover, the reliability theory implies that aging can be retarded through 
constant subcomponent renewal. Following this view, we first strengthened to allocate 
essential quantitative alteration during aging and age-related diseases. This led us to the 
conclusion that lost of functional proteasome is most prominent aspect during aging. Through 
an in-depth analysis on the relation of cell volume regulation and proteasome function, we 
observed that one essential reason for the proteasome function decline in the aged could be 
the cellular dehydration due to the changed charge pattern of the proteome. Motivated by the 
reliability theory, several potential anti-aging strategies were discussed, where early-life 
intervention and body inbuilt repair and surveillance mechanism are stimulated to achieve the 
reduction of error accumulation. 
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7 Zusammenfassung 

Die Alterungsforschung hat heute aufgrund der Verschiebung der demografischen 
Altersstruktur eine hohe Bedeutung. Ziel der Habilitationsschrift war es, Einblicke in die 
allgemeinen Mechanismen des Alterns zu erhalten. Inspiriert durch den Bereich des System-
Engineering wurde die Reliabilitätsstheorie als eine vielversprechende Theoriebasis gewählt. 
Die Anwendbarkeit dieser Theorie auf biologische Systeme wurde zuerst überprüft. Weiterhin 
wurde ein mathematisches Modell konstruiert, um die Auswirkung der Systemredundanz auf 
die Alterung zu klären. Die Anwendung des Reliabilitätsmodells auf biologische Systeme hat 
gezeigt, dass die Redundanz zu einer hohen Zuverlässigkeit des Organismus führt, aber 
gleichzeitig auch das Alterungsphänomen erzeugt. Die Implementierung des 
Reliabilitätsmodells auf biologische Systeme führt zu drei wertvollen Erkenntnisse für die 
Alterungsforschung. Erstens zeigt sie, dass die Alterung und spät auftretende degenerative 
Erkrankungen eine gemeinsame Ursache haben. Zweitens zeigt sie, dass die 
Alterungsforschung sich mehr auf quantitative Aspekte fokussieren sollte, da die Alterung 
eine phänotypische Expression verschiedener Dimensionen von quantitativen 
Fehleransammlungen darstellt. Darüber hinaus sagt die Reliabilitätsstheorie aus, dass der 
Alterungsprozess durch ständige Erneuerung von Systemkomponenten sich verlangsamen 
lässt. Gemäß dieser Ansicht waren wir zunächst bestrebt, die wesentlichen quantitativen 
Veränderungen während der Alterung und während altersbedingter Krankheiten zu 
identifizieren. Dies führte zu der Erkenntnis, dass der Verlust des funktionellen Proteasoms 
ein wichtiger Aspekt des Alterungsprozesses ist. Die Analyse der Beziehung zwischen der 
Zellvolumenregulation und der Proteasomfunktion stellte fest, dass ein wesentlicher Grund 
für den altersbedingten Rückgang der Proteasomfunktion die zelluläre Dehydratation 
aufgrund eines veränderten zellulären Proteinladungsmuster ist. Verschiedene potentielle 
Anti-Aging-Strategien wurden diskutiert, durch die eine Schadensverminderung in frühen 
Lebensphasen sowie die Stimulierung von körpereigenen Reparatur- und 
Überwachungsmechanismen gefördert werden kann, um eine Reduzierung der 
Fehlerakkumulation zu gewährleisten. 
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ABSTRACT

Progenitor cells such as mesenchymal stem cells (MSCs)
have elicited great hopes for therapeutic augmentation

of physiological regeneration processes, e.g., for bone
fracture healing. However, regeneration potential

decreases with age, which raises questions about the effi-
ciency of autologous approaches in elderly patients. To
elucidate the mechanisms and cellular consequences of

aging, the functional and proteomic changes in MSCs
derived from young and old Sprague–Dawley rats were

studied concurrently. We demonstrate not only that
MSC concentration in bone marrow declines with age
but also that their function is altered, especially their

migratory capacity and susceptibility toward senescence.
High-resolution two-dimensional electrophoresis of the

MSC proteome, under conditions of in vitro self-renewal
as well as osteogenic stimulation, identified several age-
dependent proteins, including members of the calponin

protein family as well as galectin-3. Functional annota-
tion clustering revealed that age-affected molecular func-

tions are associated with cytoskeleton organization and
antioxidant defense. These proteome screening results

are supported by lower actin turnover and diminished
antioxidant power in aged MSCs, respectively. Thus, we
postulate two main reasons for the compromised cellular

function of aged MSCs: (a) declined responsiveness to
biological and mechanical signals due to a less dynamic

actin cytoskeleton and (b) increased oxidative stress ex-
posure favoring macromolecular damage and senescence.
These results, along with the observed similar differen-

tiation potentials, imply that MSC-based therapeutic
approaches for the elderly should focus on attracting

the cells to the site of injury and oxidative stress protec-
tion, rather than merely stimulating differentiation.
STEM CELLS 2009;27:1288–1297
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INTRODUCTION

Mesenchymal stem cells (MSCs) have gained increasing inter-
est for application in cell-based therapies and tissue engineer-
ing approaches [1]. This is based on their potential for self-
renewal, as well as multilineage differentiation, combined
with an easy accessibility [2]. MSCs reside in several tissues,
e.g., bone marrow, fat, and muscle tissue, and contribute to
physiological regeneration in organs such as bone, skin, liver,
and muscle. However, clinical experience as well as animal
studies prove that the regeneration potential of bone and other
tissues declines with age [3]. Consequently, treatment with
MSCs from older donors appears to be less effective than
application of their younger counterparts [4]. If the age-de-
pendent decrease in regenerative potential is caused by intrin-
sic changes in MSCs themselves, autologous approaches are
prone to be suboptimal in elderly patients, who have the most

need for such therapies. Understanding the underlying mecha-
nisms of the age-associated decrease in regeneration potential
might pave the way for the development of innovative treat-
ment strategies, e.g., for bone defect healing.

Age-related changes in MSCs may not only account for
delayed regeneration in the case of an acute trauma but also for
a limited quality of the regenerated tissue. Indeed, aging of stem
and progenitor cells was suggested to account for aging of tissue
and whole organisms [5]. In principle, MSCs from aged individ-
uals may be altered in quality or quantity (for details see review
[6]). However, studies investigating the influence of age on
MSCs are contradictory, probably due to differences in experi-
mental parameters such as donor species, sex, age, cell isolation,
and cell culture protocols. For example, most studies point to a
decrease in MSC number with age [7–9], whereas others find no
changes [10, 11]. Concerning the differentiation potential of
MSCs, it has been demonstrated that MSCs lose osteogenic in
favor of adipogenic potential (the so-called ‘‘adipogenic
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switch’’) [12], while others show the opposite [13]. Regarding
growth rates, a significant decrease in MSCs from older donors
was reported [14, 15], while another study shows an increase of
more than three times in the proliferation rate of MSCs from
older animals [16]. Further characteristics, such as number of
colony-forming units (CFUs), telomere length, and telomerase
activity, have been examined with a similar heterogeneity [6]. In
conclusion, the impact of age on MSC behavior and availability
is still controversial. Furthermore, the molecular basis for poten-
tial functional changes remains even more elusive.

However, there are some insights into adult stem cell aging
from the hematopoietic stem cell (HSC) system. For these cells,
the numbers do not necessarily decline with age, but for that
cellular function is clearly compromised, for example with
regard to mobilization, homing, and lineage choice [5, 17, 18].
Cellular aging of HSCs has been attributed to various mecha-
nisms that exhibit a partial cause and effect relationship to each
other. For example, telomere shortening, as a cell-intrinsic trig-
ger for replicative senescence, was shown to be associated with
impaired HSC function due to reduced long-term repopulation
capacities and increased genetic instability [19].

Furthermore, abundant evidence in different model sys-
tems supports a connection between oxidative metabolism,
stress resistance, and aging. It has been shown that lifelong
dietary restriction increases HSC frequencies and improved
HSC function. The self-renewal capacity of HSCs depends on
the control of oxidative stress [20], and additionally, progres-
sive bone marrow failure is associated with elevated reactive
oxygen species (ROS). Concordantly, treatment with antioxi-
dative agents has prevented bone marrow failure and restored
the reconstitutive capacity of HSCs deficient of Atm, whose
gene product inhibits oxidative stress.

Recently, proteomic approaches analyzing the MSC mem-
brane fraction by mass spectrometry revealed novel MSC-spe-
cific markers [21] In a another study, PI3K was discovered as
a control point for osteogenic differentiation of MSCs [22].
Thus, proteomics was considered in this study as valuable tool
to investigate stem cell aging and molecular changes altering
cellular behavior. By employing MSCs from young (yMSCs)
and old (oMSCs) murine donors, it was demonstrated that a
decrease in cell number with donor age is paralleled by
increased senescence and decreased migration capacity. A
high-resolution large-gel two-dimensional electrophoresis
(2DE) screen, performed concurrently, revealed several candi-
date proteins for mediating these changes. Functional annota-
tion clustering of proteins differently expressed with age and
subsequent in vitro assays indicated that processes related to
cytoskeleton organization and antioxidant defense are impor-
tant cellular mechanisms associated with MSC aging.

MATERIALS AND METHODS

MSC Culture

MSCs were isolated from the tibial and femoral bone marrow of
83-week- and 12-month-old Sprague–Dawley rats (Fa. Harlan
Winkelmann, Eystrup, Germany, http://www.harlan-winkelmann.
de). Male animals were chosen to avoid potential influences of
estrogen levels. Isolated cells were cultured in standard expan-
sion medium (EM) [23]. For flow cytometry the following anti-
bodies were employed: mouse (a-rat CD44) (Serotec, Oxford,
U.K., http://www.serotec.com), mouse (a-rat CD45) (Acris
Antibodies, Herford, Germany, http://www.acris-antibodies.
com), mouse (a-rat CD73) (BD Biosciences, San Diego, CA,
http://www.bdbiosciences.com), mouse (a-rat CD90) (Acris
Antibodies), rat(a-mouse IgG):PE (BD Biosciences).

Functional Assays

All assays were carried out with cells in passage two (P2).
Senescence was additionally investigated in P6. Senescence:
At a confluence of 80%–90%, cells were stained by the Sen-
escent Cells Staining Kit (Sigma-Aldrich, St. Louis, MO,
http://www.sigmaaldrich.com) according to manufacturer’s
instructions. Migration: A modified Boyden chamber assay
was used. MSCs (1 � 104) were seeded and incubated for 5
hours at 37�C. Migrated cells were stained with 10 lg/ml
Hoechst. Differentiation: Confluent MSCs were exposed to
osteogenic and adipogenic differentiation media [2]. Alkaline
phosphatase (AP) activity was detected colorimetrically by
para-nitrophenylphosphate and mineralization by Alizarin red
staining. Adipogenic differentiation was visualized by Sudan
IV staining. Proliferation: Short-term proliferation assays were
carried out for 3 days before measuring cell numbers by Cell-
Titer 96 AQueous test (Promega, Madison, WI, http://
www.promega.com). Population doubling times were deter-
mined by seeding 3,000 cells/cm2 and determination of cell
numbers after reaching 80% confluence.

2DE and Mass Spectrometry

For 2D gel electrophoresis, MSCs from young and old animals
(passage 2) were cultivated to 80% confluence. For osteogenic
stimulation, cells were additionally incubated with osteogenic
medium (OM) for 5 days. Subsequent to washing cells with
phosphate-buffered saline (PBS), they were harvested with PBS/
5 mM EDTA by cautious scraping on ice. Cells were washed
again with PBS and the remaining buffer was quantitatively
removed before shock freezing of cells in liquid nitrogen. Sev-
enty micrograms of protein lysates were separated by 2DE as
described previously [24]. Gel evaluation was performed using
Delta2D (version 3.4, Decodon, Greifswald, Germany, http://
www.decodon.com) [25]. Briefly, corresponding gel images
were first warped using ‘‘exact mode’’. A fusion image was sub-
sequently generated. Spot detection was carried out on this
fusion image automatically, followed by manual spot editing.
Subsequently, spots were transferred from the fusion image to
all gels. The signal intensities (volume of each spot) were com-
puted as a weighted sum of all pixel intensities of each protein
spot. Percent volume of spot intensities to the total spot volume
of the parent gel was used for quantitative analysis of protein
expression level. 2DE was repeated seven times for EM and
eight times for OM. For protein identification, spots of interest
were in-gel trypsin digested and analyzed by LCQ Deca XP
nano HPLC/ESI ion trap mass spectrometer (Thermo Fisher Sci-
entific, Waltham, MA, http://www.thermofisher.com). Monoiso-
topic mass values of peptides were searched against NCBInr
sequence database (taxonomy: Mus musculus), allowing one
missed cleavage [26]. To conduct functional categorizing, all
differentially expressed proteins were submitted to the Database
for Annotation, Visualization and Integrated Discovery [27].

Western Blot

The Novex system was employed according to the Invitrogen
NuPAGE protocol. Primary antibodies were mouse (a-human cal-
ponin) (1:1,000; Sigma-Aldrich), mouse (a-human galectin-3)
(1:1,000, Biozol, Eching, Germany, http://www.biozol.de), goat
(a-human transgelin) (1:200, Santa Cruz Biotechnology, Santa
Curz, CA, http://www.scbt.com), mouse (a-human peroxiredoxin-
5) (1:5,000, Biozol) and mouse (a-rabbit glyceraldehyde-3-phos-
phate dehydrogenase) (1:10,000, Biozol). Secondary antibodies
were donkey (a-goat IgG) peroxidase and goat (a-mouse IgG) per-
oxidase. Band intensities were quantified by NIH ImageJ software
package (http://rsb.info.nih.gov/ij).
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Antioxidant Activity and Cytoskeleton Dynamics

Cell lysates were investigated by the Antioxidant Assay Kit
(Sigma-Aldrich) following manufacturer’s instructions. Staining
of actin fibers of (para)formaldehyde-fixed and permeabilized cells
was achieved by an incubation with Alexa 488-conjugated phalloi-
din (6.6 nM; Invitrogen, Carlsbad, CA, http://www.invitrogen.
com). Nuclei were counterstained with DAPI (40,6-diamidino-2-
phenylindole). Jasplakinolide (Merck, Darmstadt, Germany, http://
www.merck.de) was delivered at a final concentration of 250 nM.
Confocal fluorescence imaging used an LSM 510 META micro-
scope system (Carl Zeiss, Jena, Germany, http://www.zeiss.de)
under identical excitation and exposure conditions.

Statistics

Functional data were analyzed by Mann–Whitney U test.
Results from expression analysis were tested by the Student’s
t test. All tests were analyzed two-sided and at a significance
level of p < .05.

RESULTS

The Number of MSCs Is Reduced in Aged Animals

To investigate the age-dependent variation of osteoprogenitor
cells in bone marrow, CFUs were determined (Fig. 1). As

bone, and hence bone marrow, volume is smaller in young
animals (bone marrow volume femur: medianoMSCs ¼ 180 ll,
medianyMSCs ¼ 40 ll; bone marrow volume tibia: media-
noMSCs ¼ 78 ll medianyMSCs ¼ 30 ll), results were normal-
ized to the corresponding bone marrow volume. The total
number of CFUs was significantly lower in bone marrow of
old animals compared with younger ones (femora: noMSCs ¼
1.1/ll, nyMSCs ¼ 16.7/ll, p ¼ .004; tibiae: noMSCs ¼ 0.3/ll,
nyMSCs ¼ 18.0/ll, p ¼ .003). Similarly, the number of AP-
positive CFUs was reduced in aged animals (femora: noMSCs

¼ 0.2/ll, nyMSCs ¼ 7.6/ll, p ¼ .004; tibiae: noMSCs ¼ 0.0/ll,
nyMSCs ¼ 8.6/ll, p ¼ .003). In addition to the absolute num-
ber, the ratio of AP-positive CFUs in relation to total CFU
numbers was significantly decreased in bone marrow from
tibiae of aged animals (ratiooMSCs ¼ 0.0%, ratioyMSCs ¼
51.2%, p ¼ .006). A similar tendency could be observed in
femora (ratiooMSCs ¼ 15.3%, ratioyMSCs ¼ 44.1%, p ¼ .109).
Subsequent to the finding that the quantity of MSCs is dimin-
ished with age, we pursued the question of functional altera-
tions in the following experiments.

Aged MSCs Are More Susceptible Toward
Senescence and Display a Lower Migratory Capacity

Senescence is a phenomenon of cellular aging, which can be
monitored by b-galactosidase activity. MSC populations
showed no difference in the proportion of senescent cells in

Figure 1. Quantity of total and AP-positive CFUs is decreased in oMSCs. (A): Typical photographs of CFUs derived from bone marrow of old
and young animals. (B): Absolute numbers of CFUs and of AP-positive CFUs per volume of bone marrow. (C): Percentage of AP-positive CFUs
relative to total CFUs. CFUs were considered as AP-positive when more than 50% of cells stained AP. *, indicates statistical significance. Abbre-
viations: AP, alkaline phosphatase; CFU, colony-forming unit; oMSC, old mesenchymal stem cell; yMSC, young mesenchymal stem cell.

Figure 2. Number of senescent cells and migratory capacity of mesenchymal stem cells (MSCs) depends on donor age. (A): Photographs of ß-
galactosidase staining (blue) of MSCs in passage 6 and the percentage of senescent cells in MSC populations from passage 2 and 6 in relation to
total cell numbers. (B): Two representative Transwell filters with migrated cells and the ratio of migrated cells (after 5 hours) normalized to the
internal standard (number migrated after 32 hours). Filters were either untreated or coated with Matrigel. (C): Osteogenic differentiation deter-
mined by matrix mineralization (Alizarin Red) and AP activity. Values were normalized to optical density values from CellTiter 96 AQueous
assay. At least three independent experiments were carried out for all assays. *, indicates statistical significance. Abbreviations: AP, alkaline
phosphatase; oMSC, old mesenchymal stem cell; P, passage; yMSC, young mesenchymal stem cell.
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second passage (ratiooMSCs ¼ 6.5%, ratioyMSCs ¼ 4.5%, p ¼
.827, Fig. 2A). However, after six passages in vitro, a signifi-
cantly higher percentage of oMSCs were b-galactosidase posi-
tive compared with cultures of yMSCs (ratiooMSCs ¼ 8.8%,
ratioyMSCs ¼ 3.2%, p ¼ .0495).

To investigate age-dependent changes in functional behav-
ior of MSCs, their migration speed, differentiation, and prolif-
eration was analyzed. Motility of oMSCs was lower relative
to yMSCs on uncoated filters (migrated cellsoMSCs ¼ 32.7%,
migrated cellsyMSCs ¼ 54.4%, p ¼ .031, Fig. 2B). However,
in the presence of Matrigel, oMSCs and yMSCs exhibited
slightly elevated, but comparable, migration rates (migrated
cellsoMSCs ¼ 59.7%, migrated cellsyMSCs ¼ 84.5%, p ¼ .289).
Both oMSCs and yMSCs responded similarly to osteogenic
stimulation, as determined by the amount of matrix minerali-
zation as well as cellular AP activity (Fig. 2C). There was a
trend toward lower AP activities in oMSCs (oMSCs: ODAP/
ODMTS ¼ 1.2, yMSCs: ODAP/ODMTS ¼ 2.3, p ¼ .157). How-
ever, this tendency did not reach statistical significance, possi-
bly due to the high interindividual variations that were gener-
ally observed in differentiation assays. In addition, there was
a similar capability of oMSCs and yMSCs to differentiate
into adipocytes (percentageoMSCs ¼ 13.2%, percentageyMSCs

¼ 14.3%, p ¼ .275, data not shown). Furthermore, their pro-
liferative capacity was unaffected by donor age. This was
deduced from results of short-term proliferation assays

(ODoMSCs ¼ 2.4, ODyMSCs ¼ 2.0, p ¼ .827, data not shown)
as well as by determining the population doubling time over a
culture period of about 10 weeks.

To clarify whether alterations in the functional behavior
of aged MSCs are due to changes in the composition of the
MSC populations, their cell surface marker protein expression
[2] was determined and found to be similar on cells from
young and old rats (CD44þ, CD73þ, CD90þ, CD45-, data not
shown). Further, the pattern remained stable over serial pas-
saging (analyzed until passage 17). In addition, oMSCs and
yMSCs displayed a similar and typical fibroblastic morphol-
ogy. Having established that old MSCs show increased sus-
ceptibility to senescence and decreased motility, we aimed to
determine candidate proteins responsible for these cell physio-
logical alterations.

Aging Alters the Cellular Proteome of MSCs

Lysates from MSCs with and without osteogenic stimulation
were resolved by high-resolution 2DE. Around 5,000 protein
spots were detected. Among the detected proteins, 10 were
significantly and reproducibly downregulated and 26 upregu-
lated under EM (Table 1, supporting information). In OM, 29
proteins were decreased and 40 proteins increased in their
expression. Taken together, 14 proteins were age-dependently
expressed under both conditions (Table 1). Differences
between oMSCs and yMSCs were more prominent after

Table 2. Age-dependently expressed proteins associated with cytoskeleton and antioxidant defense

NCBI acc Protein name

Gene

symbol

Culture

condition

Expression

ratio

(oMSC/yMSC) p value

Cytoskeletal protein binding
gi|13928744 Transgelina Tagln EM 1.49/0.68/1.23 <.001/.007/.016
gi|61556900 Capping protein (actin filament), gelsolin-like CAPG EM 1.75 .015
gi|6978589 Caldesmon 1 Cald1 EM 1.11 .009
gi|13516471 Beta-actin FE-3 Actg1 EM 3.27 .019
gi|34851815 Predicted: similar to coactosin-like 1 Cotl1 EM 2.25 .007
gi|584951 Calponin-1 (Calponin H1, smooth

muscle; Basic calponin)b
Cnn1 EM 0.69 <.001

gi|31543942 Vinculina,b VCL EM 1.37/1.61 .018/<.001
gi|14389299 Vimentinb Vim EM 1.35 .032
gi|50190 Beta-tropomyosinb TPM2 EM 0.81 .024
gi|8393781 Myosin light chain, regulatory Bb Mrlcb EM 0.61 .001
gi|61557028 Transgelin 2b Tagln2 EM 1.06 .011
gi|13928744 Transgelina Tagln OM 2.36/0.59/1.56/2.64 .002/<.001/.025/<.001
gi|6978589 Caldesmon 1 Cald1 OM 2.13 .035
gi|78000192 Tropomyosin 1, alpha isoform c TPM1 OM 0.76 .001
gi|13516471 Beta-actin FE-3 Actg1 OM 1.53 .001
gi|9506501 Calponin 3, acidica CNN3 OM 1.28/1.89 .002/.041
gi|4758018 Calponin 2 isoform aa,b Calponin 2 OM 1.98/2.71 <.001/<.001
gi|584951 Calponin-1 (Calponin H1, smooth

muscle; Basic calponin)b
Cnn1 OM 0.29 .003

gi|4826659 F-actin capping protein beta subunitb Capzb OM 0.81 .010
gi|193761 Alpha-globinb Hba1 OM 10.00 .022
gi|49864 Alpha-actin (aa 40–375)b Acta2 OM 2.89 .002
gi|8393781 Myosin light chain, regulatory Ba,b Mrlcb OM 0.40/1.37 <.001/.015
gi|543113 Smooth muscle protein SM22

homolog–bovine (fragments)b
Tagln2 OM 0.59 <.001

Antioxidant activity
gi|16758644 Thioredoxin Txn1 EM 1.23 .005
gi|8394432 Peroxiredoxin 2 Prdx2 EM 1.20 .026
gi|16758404 Peroxiredoxin 5 precursor Prdx5 EM 1.43 <.001
gi|203658 Cu–Zn superoxide dismutase (EC 1.15.1.1) SOD1 OM 1.24 .030
gi|13928688 Glutathione S-transferase A5 GSTA5 OM 1.58 .006
gi|16758404 Peroxiredoxin 5 precursor Prdx5 OM 1.45 .004

aMore than one isoform of this protein was altered.
bThese proteins were added manually in addition to automatic annotation of DAVID.
Abbreviations: EM, expansion medium; OM, osteogenic medium; oMSCs, old mesenchymal stem cell; yMSCs, young mesenchymal stem cells.

1292 Mesenchymal Stem Cell Aging



osteogenic stimulation, reflected by a higher number of
affected proteins (64 vs. 34), higher ratios of differential
expression (maxEM ¼ 6.94, maxOM ¼ 10.00, minEM ¼ 0.55,
minOM ¼ 0.29) and lower p values (median p valueEM ¼
.013, median p valueOM ¼ .004).

From all detected protein spots, roughly 3% (140 of
5,000) were differentially expressed under conditions of
osteogenic stimulation. In contrast, from the detected age-
affected protein spots, 57% (8 of 14) were altered after osteo-
genic stimulation (Table 2), indicating that a high number of
proteins affected by aging of MSCs are also regulated during
osteogenic differentiation of the cells. Among these proteins
regulated in response to an osteogenic stimulus, pyruvate de-
hydrogenase (lipoamide) beta has already been described as
related to osteogenic differentiation of MSCs [28]. The high-
resolution 2DE could additionally identify fatty acid-binding
protein 5, galectin-3, c-synuclein, heterogeneous nuclear ribo-
nucleoprotein A1, myosin light chain, regulatory B, peroxire-
doxin 5 precursor, and transgelin as responding to osteogene-
sis. These proteins have not been detected previously in other
proteomic studies investigating osteogenic differentiation of
MSCs [21, 28, 29].

Functional annotation clustering of the differentially
expressed proteins in oMSCs versus yMSCs revealed that
processes altered, with and without osteogenic stimulation,
seem to be related to antioxidant defense and cytoskeleton or-
ganization (Fig. 3B, Table 2): antioxidant activity (pEM <
.001, pOM ¼ .005), cytoskeletal protein binding (pEM < .001,
pOM ¼ .004), and actin binding (pEM < .001, pOM ¼ .008).
Furthermore, age-affected proteins seem to be involved in
lipid binding, fatty acid binding, and RNA binding. Interest-
ingly, age-associated proteins were not clustered to biological
processes of cell cycle regulation or cell proliferation. This is
in line with our functional analysis, demonstrating no age-de-
pendent changes in the proliferative capacity of MSCs.

Differentially expressed proteins, involved in bone physiol-
ogy or aging, were validated by Western blotting of whole cell
lysates (Fig. 3C). Age-dependent expression of galectin-3 and
calponin-1 was confirmed in EM and OM and of transgelin in
OM (EM: ratiogalectin-3 ¼ 3.33, pgalectin-3< .001, ratiocalponin-1 ¼
0.17, pcalponin-1 < .001, ratiotransgelin ¼ 2.12, ptransgelin ¼ .122;
OM: ratiogalectin-3 ¼ 1.60, pgalectin-3 ¼ .003, ratiocalponin-1 ¼
0.14, pcalponin-1 < .001, ratiotransgelin ¼ 4.94, ptransgelin ¼ .014).
However, peroxiredoxin-5 was not found to be differentially

Figure 3. Age-related proteomic changes in mesenchymal stem cells (MSCs). (A): Representative two-dimensional protein pattern of MSCs.
Enlarged insets show examples of upregulated and downregulated protein spots. (B): Pie charts depicting functional annotation clustering of age-
affected proteins in EM and OM. Common proteins between OM and EM are indicated by bold font. Two-dimensional polyacrylamide gel elec-
trophoresis was repeated seven times for EM and eight times for OM. (C): Representative Western blots for galectin-3, calponin, transgelin, and
the corresponding GAPDH control blots and quantified signal intensities normalized to GAPDH. Data were determined from four animals. *,
indicates statistical significance. Abbreviations: EM, expansion medium; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; O, oMSC; OM,
osteogenic medium; oMSC, old mesenchymal stem cell; Y, yMSC; yMSC, young mesenchymal stem cell.
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expressed (EM: ratioperoxiredoxin-5 ¼ 1.01, pperoxiredoxin-5 ¼ .897;
OM: ratioperoxiredoxin-5 ¼ 0.94, pperoxiredoxin-5 ¼ .380), probably
due to the detection of different isoforms in Western blotting
versus 2DE.

The mRNA amounts of the age-dependently expressed
genes galectin-3, calponin-1, and transgelin were similar in
young and old MSCs (Fig. 1, supporting information), indicat-
ing an age-associated regulation of protein levels by post-tran-
scriptional mechanisms.

MSC Aging Affects Antioxidant Defense
and Cytoskeleton Turnover

To further investigate the ontology-based association of aging
and antioxidant defense in MSCs, the antioxidant power of
old and young MSCs was determined under different culture
conditions (Fig. 4A). Lysates from oMSCs cultured in EM
exhibited a significantly reduced antioxidant activity com-
pared with those from young cells (antioxidantoMSC ¼ 56 lM,
antioxidantyMSC ¼ 94 lM, p ¼ .043). A similar trend was
observed after the application of an osteogenic stimulus, but
did not reach statistical significance (antioxidantoMSC ¼ 62
lM, antioxidantyMSC ¼ 108 lM, p ¼ .083).

The second major group of proteins over-represented in
ontology analysis was related to cytoskeleton organization. To
further validate these in silico data, actin fibers were labeled
by phalloidin. Micrographs showed that both old and young
MSC populations had no gross abnormalities in their actin fil-
ament content and organization. As it is known that aging
affects the cytoskeletal dynamics, we further investigated the
actin cytoskeleton remodeling by applying the actin-stabiliz-
ing drug Jasplakinolide in a time-dependent manner (Fig. 4B,
4C). The mean ratio of cells responding with a fully collapsed
actin cytoskeleton was lower in oMSCs than in yMSCs at all
five time points investigated reaching statistical significance at

96 minutes after Jasplakinolide supplementation (meanoMSCs

¼ 51%, meanyMSCs ¼ 63%, p ¼ .049). Furthermore, the ratio
of cells maintaining an intact actin cytoskeleton was higher in
oMSCs compared with yMSCs at all time points and reached
the significance level at 72 minutes (meanoMSCs ¼ 43%,
meanyMSCs ¼ 27%, p ¼ .028). Thus, oMSCs seem to respond
to Jasplakinolide in a delayed manner indicating a decelerated
actin turnover. Likely, the effect of Jasplakinolide was highest
between 72 and 96 minutes after application due to its uptake
or degradation kinetics, thereby reaching statistical signifi-
cance at these time points, while at the other time points, a
similar trend was observed.

Finally, it was investigated, whether the detected age-de-
pendent alterations also occur in sexual matured animals by
investigating MSCs from 3-month-old animals. CFU numbers,
migratory capacity, and antioxidant power as well as cytoskel-
eton dynamic of MSCs have a similar qualitative tendency of
elevation in these cells like MSCs from 3-weeks-old animals.
However, the quantitative effects were more prominent in the
youngest age group (Fig. 2, supporting information), indicat-
ing a gradual loss of number and function of MSCs with the
age of the animal.

DISCUSSION

We demonstrated that the age-related decrease in MSC num-
ber is paralleled by alterations in the functionality of oMSCs.
Moreover, the proteome of MSCs undergoing aging was pro-
filed for the first time, thereby uncovering age-affected pro-
teins that are potentially causative for the described functional
changes. Functional annotation clustering pointed to age-

Figure 4. Antioxidant power and cytoskeleton kinetics are decreased with mesenchymal stem cell (MSC) aging. (A): Concentration of antioxi-
dant activity in lysates of MSCs, according to a Trolox standard, investigated in four independent samples. (B): Representative images of phalloi-
din labeling in oMSCs and yMSCs after jasplakinolide application over a time series. (C): Cells containing a completely intact or a fully
destroyed actin cytoskeleton were counted at different time points after Jasplakinolide application. Original magnification of fluorescence micros-
copy is �630. Samples from three young and old animals were investigated. *, indicates statistical significance. Abbreviations: EM, expansion
medium; OM, osteogenic medium; oMSC, old mesenchymal stem cell; yMSC, young mesenchymal stem cell.
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dependent alterations in cytoskeleton organization and antioxi-
dant defense in MSCs.

Potential Relevance of Age-Affected
Proteins in Bone Physiology

Several proteins belonging to the actin-binding protein family
of calponins were age-dependently expressed. Studies of the
calponin-1 (CNN-1) knockout mouse revealed early onset of
cartilage formation, premature ossification, increased postnatal
bone formation, and accelerated fracture healing [30]. These
observations were explained by the enhanced response to bone
morphogenetic proteins (BMP). Therefore, by blocking BMP
signaling, CNN-1 was established as negative regulator of bone
formation [30]. As BMP levels decrease with age [30], down-
regulation of CNN-1 might be compensatory to maintain BMP
signaling and thus osteogenesis.

Galectin-3 is a multifunctional protein regulation extracel-
lular matrix adhesion, growth factor activity, intracellular sig-
naling, and nuclear transcription. In murine bone develop-
ment, loss of galectin-3 has been associated with altered
Indian hedgehog expression pattern at the growth plate,
increased cell death of hypertrophic chondrocytes, and uncou-
pling of growth plate vascularization [31–33]. The important
role of galectin-3 in osteoblast differentiation and chondrocyte
maturation is strengthened as its expression is controlled by
Runx2/Cbfa1 [34]. Thus, galectin-3 might be involved in the
regulation of MSC differentiation or fate determination. How-
ever, as galectin-3 is a multifunctional protein and its biologi-
cal role seems to be defined by its subcellular localization
[35], it will be crucial for further studies to investigate its
age-dependent concentrations in different cellular compart-
ments. For example, the identified intracellular upregulation
of galectin-3 in aged MSCs indicate either intracellular reten-
tion due to an insufficient secretion and accumulation in the
nucleus or a general increase in expression affecting all cellu-
lar compartments. As one of the extracellular functions of
galectin-3 is to enhance migration, increased expression might
be required to maintain normal MSC migration.

Osteogenesis by Aged MSCs

Although the number of AP-positive CFUs declined with age,
the osteogenic differentiation capacity of the whole popula-
tion, detected by matrix mineralization as well as AP activity
was not affected. This is in concordance with other in vitro
studies demonstrating the maintenance of the osteogenic
capacity in aged MSCs [10]. However, opposite findings
might account for analyzing different species (rat, human),
variable output parameter (total AP activity, AP-positive cells,
matrix mineralization, ectopic bone formation), and impor-
tantly different culture conditions (2D vs. 3D, dexamethasone,
or calcitriol supplementation) [6, 7, 36]. Hence, the noncon-
formity of results could be caused by a potential effect of age
on the regulation and timing of the osteogenic process. Apart
from the intrinsic alterations identified in this in vitro study,
an aged systemic environment providing altered biochemical
stimuli has to be considered for interpretations in vivo.
Indeed, MSCs under standard in vitro culture conditions have
displayed a similar adipogenic and osteogenic potential [37],
whereas under similar experimental conditions, MSCs
exposed to serum from old donors are actually inhibited in
their osteoblastic but not adipocytic differentiation, compared
with those cultured with serum from young donors [38].

ROS Defense

We identified the age-dependent upregulation of several pro-
teins involved in antioxidant defense, along with a decreased

antioxidant power in aged MSCs. This might represent a
response of the cells to higher ROS levels, possibly resulting
from age-associated altered metabolic activities, which however
seems to be inadequate to defend effectively. These effects
seem to occur also in other cells as the expression of peroxire-
doxins increases with age in mouse embryonic fibroblasts [39].
Hence, although the differential expression of antioxidative pro-
teins is not likely to be causative for aging phenomena in MSCs,
the reduced ROS defense in oMSCs indicates that aging of these
cells follows at least partially the oxidative stress theory, stating
that oxidizing species cause molecular damage and, over time,
cell and tissue dysfunction [40]. This is strengthened by our ob-
servation of higher susceptibility toward senescence in oMSCs,
for which ROS are a major trigger.

Cytoskeleton Dynamics

On the basis of a proteome and ontology analysis, we estab-
lish that aging results in altered expression of actin cytoskele-
ton-associated proteins in MSCs accompanied by decreased
actin turnover. The molecular mechanism of actin stabiliza-
tion in oMSCs might be due to the increased levels of trans-
gelin, which is an actin cross-linking protein already identified
as biomarker of aging.

Also consistent with altered cytoskeletal dynamics is the
lower migratory capacity of oMSCs, as cellular movement is
tightly coupled to local actin organization and turnover [41].
According to the molecular function of the detected age-depend-
ent proteins, such as calponin-1, transgelin, vinculin, caldesmon-
1, myosin light chain regulatory B, and b-actin, virtually each
step of the cellular migration cycle could be altered in oMSCs.
Interestingly, the cellular migration speed of oMSCs analyzed on
Matrigel was elevated up to the level of the young cells indicat-
ing (a) a severe influence of the cellular environment, and (b)
that oMSCs are still able to respond to external stimuli. This find-
ing supports the feasibility of potential therapeutic approaches fo-
cusing on in vivo mobilization of MSCs in elderly patients.

Studies on actin dynamics and life span in budding yeast
revealed that a deletion of the transgelin homologue Scp1
leads to increased actin dynamics and cell viability [42]. Con-
sidering our results in MSCs that (a) transgelin is upregulated
with age and (b) aged MSCs show decreased actin dynamics,
along with the finding that transgelin is overexpressed in sen-
escent cells [43], this coupling of actin dynamics and life
span might be conserved in mammalian cells, and especially
in MSCs, with transgelin as a potential regulator and linker of
these processes.

Local remodeling of the actin cytoskeleton is responsible
for translating and modifying external biochemical stimuli, via
growth factors and extracellular matrix molecules, into internal
signals. Thus, a less dynamic actin cytoskeleton would respond
inadequately to such signals. In the case of bone, it is intrigu-
ing that mechanical signals, which are important regulators of
tissue homeostasis as well as regeneration, are also transduced
via the cytoskeleton [44]. This is particularly interesting when
considering that in vivo age seems to affect mechanical
requirements [45]. Hence, we would postulate that aged MSCs
are less responsive to environmental cues (both biological and
mechanical), due to their lower actin dynamic, and that this
has negative effects on their regenerative potential.

The two main findings on MSC aging, namely decreased
ROS defense and reduced actin dynamics, might well affect
each other and could potentially act additively or even syn-
ergistically. In yeast it has been shown that actin dynamics
and ROS production seem to be coupled inversely [42]. The
underlying mechanisms remain elusive, but a conceivable
linkage could be the regulation of ion channels within the
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mitochondrial membrane by actin remodeling, in turn affect-
ing ROS release. On the other hand, increased oxidative stress
could damage actin molecules themselves or their binding
proteins, for example by irreversible carboxylation, thereby
decreasing the kinetics of remodeling. Future studies will
need to determine whether the two processes are linked to
each other, and if so, which mechanisms are causative.

Aging Model

Aging can be defined as a progressive loss of function and
thus increased risk of death with time. Decreased bone regen-
eration with age reflects the systemic aging phenomenon [46],
which we hypothesize is due to (a) the number of MSCs lost
over time and (b) the gradual accumulation of nonfunctional
senescent MSCs. Aging of the MSC population does not nec-
essarily mean that there is a qualitative decline of each indi-
vidual MSC. Rather, our observations are quantitative expres-
sions of the whole MSC population, potentially consisting of
a mixture of nonfunctional and functional MSCs. Hence, it
will be important to determine whether all cells in the MSC
population age in a synchronized manner, to a similar extent,
or whether all functional changes are attributable to a small
number of cells. If the last point is the case, future studies
will have to clarify questions such as: how can we identify
the ‘‘bad guys?’’ Are there ideal cell surface markers distin-
guishing functional versus nonfunctional oMSCs?

Potential Clinical Relevance

The smaller number of MSCs observed in the bone marrow
of old rats confirms observations from other studies, describ-
ing that aging of individuals is associated with a decrease in

MSC quantity [6]. This shortage of progenitor cells could be
exacerbated at the site of injury by the lower migratory poten-
tial of oMSCs. In addition, because oMSCs have a weaker
capacity to defend against the reactive oxidant species espe-
cially prevalent in the initial phase of healing and are more
susceptible to senescence, the pool of progenitor cells at regen-
eration sites could be further diminished (Fig. 5). This reduc-
tion in MSC number could account for the clinically recog-
nized decrease in regeneration potential with age and might be
overcome by cell therapies based on enrichment or ex vivo
expansion of MSCs before retransplantation. Interestingly, there
was no age-dependent change in adipogenic differentiation
potential and only a mild trend in osteogenic differentiation.
Based on these and the previously described observations, one
could speculate that potential novel strategies for augmentation
of regeneration should focus on attracting progenitor cells to
the site of injury, e.g., by chemotactic agents, and/or on ROS
protection, rather than simply to stimulate cell differentiation.

CONCLUSIONS

Results of this study are significant for the understanding of
MSC aging, appearing to concur with current aging models
involving ROS defense and cytoskeleton dynamics. Profound
knowledge about these events might enable us to better under-
stand age-related changes in tissue regeneration processes and
thereby rationally design innovative approaches for regenera-
tive therapies. Investigating stem cell aging might also give
insights into organism aging and has been postulated as the
other side of the coin in cancer protection [5]. This hypothesis
aligns with our results because ROS protection and senes-
cence control are two crucial physiological strategies of anti-
tumor defense. A further understanding of the molecular basis
of aging might allow for rational manipulation of cells, in a
way that deleterious effects of aging are compensated without
increasing the risk of tumorigenesis.
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In recent years proteomics became increasingly important to functional genomics. Although a
large amount of data is generated by high throughput large-scale techniques, a connection of these
mostly heterogeneous data from different analytical platforms and of different experiments is
limited. Data mining procedures and algorithms are often insufficient to extract meaningful
results from large datasets and therefore limit the exploitation of the generated biological infor-
mation. In our proteomic core facility, which almost exclusively focuses on 2-DE/MS-based prote-
omics, we developed a proteomic database custom tailored to our needs aiming at connecting MS
protein identification information to 2-DE derived protein expression profiles. The tools developed
should not only enable an automatic evaluation of single experiments, but also link multiple 2-DE
experiments with MS-data on different levels and thereby helping to create a comprehensive net-
work of our proteomics data. Therefore the key feature of our “PROTEOMER” database is its high
cross-referencing capacity, enabling integration of a wide range of experimental data. To illustrate
the workflow and utility of the system, two practical examples are provided to demonstrate that
proper data cross-referencing can transform information into biological knowledge.
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1 Introduction

The importance of proteomics analysis, for both basic and
clinical research, increased after the sequencing of many
important genomes from yeast to humans is completed [1].

Proteomics describes the investigation of the entire collec-
tion of proteins of a given cell type or tissue under defined
conditions [1]. A large-scale proteomics analyses is usually
conducted in a two-step process. After protein extraction,
separation of complex protein mixtures is achieved either
by 2-DE [2], or different types of LC [3]. Subsequently, the
separated proteins/peptides are identified by means of an
array of diverse mass spectrometric (MS) technologies [4].
We use MS/MS identifications in many cases for our
studies although some proteins are still identified by pep-
tide mass fingerprint (PMS) [5–7]. The goal of many pro-
teomics studies is to detect altered protein expression and
modifications associated with disease [3, 8–10] or to find
molecular targets for biomarkers and therapy which still
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remains as a major challenge [11]. To detect quantitative
changes by LC/MS-based proteomics approaches is still
difficult although novel techniques have improved this
shortcoming considerably [12]. On the other hand, 2-DE-
based proteomics which provides accessible qualitative and
quantitative data, is difficult to automate and the proces-
sing and linking of 2-D gel image derived information to
corresponding MS data is often associated with excessive
manual labor [13].

In our proteomics core facility, large-gel 2-DE is the
main protein separation technique employed. Due to its
high reproducibility and resolution, up to 10 000 protein
species can be analyzed using a single 2-D gel [2, 14]. In
addition, the recent development of modern techniques
such as multiplex fluorescence coloring using DIGE war-
rants a more precise gel-to-gel comparison and quantifica-
tion of proteins separated by 2-DE [15, 16]. Moreover, we
employed different protein staining methods, which allow
us to identify distinct post-translational protein modifica-
tions such as phosphorylation [17, 18], glycosylation or pro-
tein carbonylation (oxidative stress) [5]. To gain expression
information from complex protein patterns, two 2-D gel
evaluation software packages (Delta2D, DECODON, Greifs-
wald, Germany and Proteomweaver, BioRad, Munich, Ger-
many) are used for 2-D image analysis. We decided upon
using this specific evaluation software after extensively test-
ing of many commercially available packages (Klose et.al.
submitted). For protein identification by MS, two types of
mass spectrometers are employed in our laboratory. For
fast, high-throughput protein identification, a MALDI-TOF
Reflex 4 mass spectrometer (Bruker Daltonics, Bremen,
Germany) is used, while for more sophisticated identifica-
tion tasks, an LCQ ESI ITs mass spectrometer (Thermo
Finnigan, Waltham, MA, USA) equipped with a nano-
HPLC system (Dinox, Idstein, Germany) is used. Currently,
our proteomics platform allows us to process and analyze
,40 2-D gels and identify over 600 proteins per week. In
parallel to our 2-DE-based proteomics, an increasing num-
ber of LC-based proteomic experiments had to be incorpo-
rated into our work flow.

This large number of protein identifications in our
proteomics core facility generates huge amounts of data
daily, which need to be properly processed to be useful. An
additional problem of current proteomics analysis is the
heterogeneity of datasets that result from the use of differ-
ent experimental platforms (i.e., 2-DE/MS or LC/MS data).
Different data formats derived from different evaluation
programs and MS instruments are used. Cross-platform
datasets are therefore usually poorly comparable to each
other without investing a tremendous effort by the user
who adapts a diverse, nontransparent data structure.
Therefore, the large amount of heterogeneous data impo-
ses serious challenges for scientists that originally gener-
ated them, and thus preclude an efficient extraction of
biologically relevant information [19–21]. Due to these dif-
ficulties, bioinformatics supported data mining and struc-

turing is of utmost importance to proteome analyses, ser-
ving on the one hand to collect, unify and evaluate experi-
mental data [19], and on the other hand to combine
experimental data with biological information already
available in public data bases (e.g., NCBI, EMBL, Swiss-
Prot) or in the literature [22].

Recently, bioinformatics tools have emerged that sim-
plify data mining. Many tools [20, 21, 23, 24] such as PEDRo
[25], PRIDE (www.ebi.ac.uk/pride), ProteinScape [26], HSC-
2DPAGE [27] provide web interfaces to enable data retrieval
and dissemination [28]. ProteinScape [26] is able to handle
MS-based protein identification data [22]. A more recent ver-
sion of ProteinScape has a very limited capability to integrate
2-DE data. Similar tools also exist from various suppliers
(PRIDE, PEDRo). Unfortunately, most of them still put too
little emphasizes on data generated by 2-DE. On the other
hand, tools for 2-DE information annotation such as SWISS-
2DPAGE (www.expasy.org) or 2-DE gel evaluation software
tools are dedicated only to spot change data management
(Delta2D, PDQuest, ProteomWeaver) but not to manage MS
data. These systems export data on differentially regulated
protein spots in either spreadsheet formats (Delta2D) or via
an internal SQL database (e.g., ProteomWeaver), where the
protein expression information is assembled into match-sets
consisting of spot information based on the comparison of a
number of 2-D gels that belong to a specific project. How-
ever, most often, the assignment of protein identification
data in 2-D evaluation software is restricted to manual anno-
tation. Currently, there is still a lack of a flexible laboratory
information management system (LIMS), which is capable
of handling both MS and 2-DE data for academic users. Sev-
eral examples of implemented LIMS are already reported in
the literature but they focus either on non-2-DE proteomics
approaches [29, 30] or are still incomplete [31]. In addition
LIMS solutions for the research laboratory and pharmaceu-
tical industry such as Labvantage (http://www.labvantage.
com) and Proteus (Genologics, http://www.genologics.com/
proteomics/) are also available. Especially Labvantage is a
custom tailored for the requirements for LIMS in an indus-
trial setting. Proteus provides a scalable laboratory and data
management solution to integrate proteomics data from
various platforms ranging from 2-D gel to LC proteomics
experiments with their respective MS data.

An additional persisting problem of the currently avail-
able bioinformatics tools is the inability to cross-link data
from our different proteomics projects and platforms. Fre-
quently, cross-comparison of our different proteomics
experiments is still limited to using protein or gene names
supplied by MS identification data for manual comparison of
protein or gene name lists. This precludes dynamic data
inquiries guided by biological problems.

Here, we have developed the database and LIMS, PRO-
TEOMER, to cope with the problems discussed above. The
joint administration of experimental data from 2-DE analy-
ses and MS with a suitable data infrastructure facilitates
complex proteomic analyses across different projects.
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2 Database design

PROTEOMER is a relational database for the management
of comprehensive proteomic experimental data in our core
facility. It stores relevant information on 2-DE such as pro-
tein expression changes under various conditions, as well as
information on proteins identified using different MS tech-
niques and instruments in an integrated data warehouse.
One important feature of our database design is to use a
wealth of experimental metadata, in order to provide users
with the ability to retrieve cross-linked information (Fig. 1).

Figure 1. PROTEOMER LIMS database overview. (A) A simplified
graphical representation of the PROTEOMER-centered laborato-
ry information system structure is shown. (B) Dataflow chart
representing the different components and modules of our pro-
teomics core facility.

2.1 A laboratory-optimized workflow achieved by

bench design

Unlike most other proteomic databases, PROTEOMER was
developed in close cooperation with its users, taking our
actual laboratory routine into consideration. Importantly, in
order to determine the proper data structure of an LIMS, it is
essential to carefully investigate the laboratory workflow in
detail, e.g., taking into account that protein identification data
are generated by two MS instruments generating very differ-
ent data formats and each is managed by different personnel.
In order to generate a database optimized for 2-DE proteom-
ics, we first trained some of its potential users in database
techniques. Laboratory personnel from different back-
grounds, technical assistances, engineers, bioinformaticians,
and scientists, was selected and trained in database theory as
well as programming language prior to the design phase.
During bench design an even wider range of potential users
was consulted frequently in order to optimize the workflow
as much as possible. This approach was the starting point
which allowed us to choose and combine suitable modules
for the database.

The “data modeling” in PROTEOMER mimic the labo-
ratory bench workflow established in our proteomics core
facility. Figure 2 illustrates the abstract workflow of PRO-
TEOMER. Here, nodes represent steps of analysis, while
edges capture the flow of data along the processing pipeline.
A more detailed representation of the workflow can be found
as Supporting Information Fig. 1. The database focuses pri-
marily on scientific users. Still, the integration of quality
standards and standardization of procedures such as estab-
lishing standard operating procedures (SOPs) for ISO9006
certification may be feasible but this exceeds our resources
and the scope of the database at present.

2.2 The PROTEOMER data structure

After completing bench design, the bench-routine adapted
workflow was translated into a relational database structure.
PROTEOMER comprises currently a total of 89 relational
data tables to manage the entire range of our proteomics
experimental data. The data tables representing modules
were designed to centralize information obtained from 2-DE-
based comparative proteomic experiments. Separate mod-
ules were established for the categories: projects, samples,
protein extracts, electrophoresis run, gels, spots, proteins,
measurements, identification method, MS-type, public
sequence, literature, analytes. The stored information com-
prises all data related to our proteomics experiments, start-
ing with the experimental setup, 2-DE run data, MS identifi-
cation, statistical evaluation, and references for publication.
Moreover, the information stored herein is organized in a
way that reflects the structure of the actual experimental
procedure that generated them.

The underlying criterion for each module is that it con-
tains sufficient information to allow users to recreate any of
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the experiments stored within it. This principle is now il-
lustrated by looking at the “protein extracts” module. The
sample preparation procedures and protocols [2, 32] are
documented for each experiment [5, 8, 10, 17, 32]. This is
essential since, the results of proteomics experiments have
a tendency to strongly dependent on the method used for
the experiment represented by a variety of factors such as
sample treatment, sample preparation, staining method,
electrophoresis and MS instrument parameters, and soft-
ware used for 2-D gel evaluation. A schematic overview of
part of the table structure for the modules is illustrated in
Fig. 3. A detailed view of the complete data structure can be
obtained at our website.

2.3 The flexibility of the data structure in the

PROTEOMER database

Proteomics is a rapidly evolving field with a future holding
the promise for even more efficient protein separation and
identification methods [1, 12, 19]. However, the experimental
window of all methods for proteome analysis is fundamen-
tally restricted to subsets of a proteome. The 2-DE is only one
method among a large number of complementary methods.
Based on this consideration, we developed the abstract
“Analyte” concept for our PROTEOMER data structure.
Here, Analyte represents an abstract generic class, or a place-
holder to be substituted by one of its subclasses (samples,
fractions, band, spot, or something yet to emerge along with
new techniques). Thereby samples from a large spectrum of
proteomics methods can be included and PROTEOMER is
not limited to storing protein spot data from 2-DE experi-
ments. This supplies our LIMS with a generalized LIM
design using inheritance abstract objects [33]. Adapting to
this view, each 2-DE gel is now considered as a collection of
“Analytes.” Each single analyte of a 2-D gel is represented by
a spot. Therefore a 2-D gel may consist of up to 10 000 ana-
lytes [2].

As detailed in Fig. 2A, the result of one Analyte pro-
cessing step can be fed back into the cycle as a new Ana-
lyte. For example, after in-gel digestion of a spot (which is
an Analyte), the peptide mixture is classified as another
entity of type Analyte. This facilitates the intuitive integra-
tion of nongel analysis techniques, and also allows the
description of rare or evolving techniques such like PF2D
and iTRAQ samples into to our PROTEOMER database.
This nested structure with meta entities enables a complex
series of concatenated processes to be easily annotated
[33].

The data structure of PROTEOMER can be divided into
two general clusters. The first cluster protein identification
platform handles automatic MS data evaluation and data
transfer associated with protein identification. The second
cluster, the protein information network, was designed to
manage the entire protein information data. These two
clusters are extensively linked to each other within the
database.

2.4 Protein identification platform

When using MS to identify proteins in a proteomics study,
proteins are predominantly identified using the raw data
files of mass spectrometric measurements and searching
against sequence databases by software such as MASCOT
(Matrixscience, www.matrixscience.com version 2.1). As a
part of this software package, MASCOT server is currently
used to manage our protein identification data. Both mass
spectrometric raw data and MASCOT search results are by
default stored in a MASCOT Daemon SQL server. The
automatic retrieval of the protein identification data into
PROTEOMER includes the export of protein identification
results via extensible mark-up language (XML) from the
MASCOT Daemon and the subsequent modification to fit
the data structure of PROTEOMER. By this means, the sys-
tem automatically takes unprocessed MS data files, identi-
fies proteins via database searching, and then stores the
processed search results into the relational database
accordingly. This generates a detailed result table compris-
ing comprehensive protein properties, such as the MOWSE
score, sequence coverage, number of nonredundant pep-
tides, possible peptide modifications, theoretical pI, molec-
ular weight, NCBI, and UniProt accession numbers, as well
as gene symbols. The generation of the table was realized by
using an embedded Perl script.

Customized forms displaying the identification data in a
user determined format may be generated thereafter. In
addition, the raw mass spectra files are also stored as pro-
prietary binary files in a high capacity data container. In this
way, raw MS data are archived to allow for the sequence-
based protein identification to be rerun in the future when
more comprehensive protein databases appear. This feature
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Figure 2. Representation of the opti-
mized workflow for PROTEOMER mod-
eled based on the laboratory routine in
our 2-DE-centered proteomic core facil-
ity. (A) The overview of the processing
pipeline of experimental data acquisi-
tion in our laboratory as implemented in
PROTEOMER. (B) A detailed view of
workflow cantered around the “Project”
module. Each Project module represents
an experiment or part thereof which was
conducted in the laboratory.

is especially important when investigating species which are
currently still without a completely sequenced genome such
as potato, certain fish species and great apes such as chim-
panzee. The protein identification platform ensures standardi-
zation during MASCOT searches and has substantially
reduced the time needed to generate protein identification
data in our proteomic core facility.

2.4.1 Protein information network

The protein information network is designed to store 2-DE
spot evaluation data from 2-DE evaluation software. This
includes, on the one hand, extensive protein expression

alteration information derived from 2-DE evaluation sofware
(Delta2D, DECODON; Proteomwaever, BioRad), and on the
other hand the estimated protein pI and MW values accord-
ing to where the spot is located on the 2D-gels. In addition,
because of the complex relationships between protein, RNA
expression in the cells, our database will also include mRNA
expression data available to make these dynamic aspects
accessible for user queries.

Each MASCOT search generates a large amount of data,
which, in addition to peptide/protein assignments, include
detailed information about protein structure, protein func-
tional motifs, alternative splicing, as well as fragmentation
data on the individual proteins identified. An extensible table
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Figure 3. The data structure of PRO-
TEOMER. Twelve out of over 80 repre-
sentative linked data tables containing
comprehensive information of proteom-
ics experiments illustrate the data struc-
ture of PROTEOMER. The data tables
shown demonstrate how information on
project, samples, 2-D gels and other pa-
rameters are connected. The boxes
represent data tables (entities). These
are connected by various types of lines
and arrows which signify the relation-
ship between entities. Each class is
described by its attributes, e.g., a sample
can be specified by its name, and date of
creation.

structure has been designed in the protein information net-
work to store this additional protein information, including
link-outs to public protein databases (Swiss-Prot, NCBI, or
Ensemble) based on MASCOT search results. In this way,
linking protein data from MS identification and data from
the biological database becomes possible.

2.4.2 Extensive cross-linking though multiple-level

gels

In a 2-DE-based comparative proteomic experiments, pro-
tein expression differences are determined by comparing
2-DE gel images. Although different types of studies were
conducted with protein alterations after various conditions/
stimuli, the 2-D gel images generated when studying the
same tissue are very similar. Therefore protein expression
data from a large set of different experiments can be
assigned to the same spot in a 2-D gel. This enables 2-D gel
images to store information on protein expression altera-
tions for later cross-referencing. By exploiting this 2-D gel-
image centered information storage, we developed the
“multiple-level gel” concept, which serves as scaffolding for
the cross-linking capability of PROTEOMER. When con-
sidering the database structure, level-1 gels provide raw data
from original comparisons between 2-D gels. Level-2 gels

contain expression alterations shared by a predefined num-
ber of level-1 2-D gel comparisons. Level-3 gels summarize
spots differentially expressed among different level-2 gels
(Fig. 4A). In the following section, we will illustrate this
concept with examples from practical applications in our
laboratory.

When considering the simplest 2-DE-based comparative
proteomics experiment, a comparison of two conditions is
performed, i.e., disease versus control samples. After gen-
erating sample pairs by running 2-D gels from controls and
diseased animal in parallel, these sample pairs are compared
and differences in expression between disease and controls
are determined. The 2-D gels compared as sample pairs are
called level-1 gels. Statistically significant spot alterations
across sample pairs are registered on a level-2 2-D gel, which
is typically a merged image of representative disease and
control protein patterns. For this type of experiments where
only two conditions (control vs. disease) are investigated, a
level-2 gel is sufficient to represent the relevant data (Fig. 4B).
When using a more sophisticated experimental setup, such
as investigating different tissues at the same time or differ-
ent time points in a disease, level 2 gels are no longer suffi-
cient to represent all experimental results. When studying a
mouse disease model at for time points, such as embryonic
stage, newborn, adulthood, and end stage of a disease, se-
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Figure 4. Three levels of data integration in PROTEOMER based on 2-D gels. (A) The three levels of data integration by 2-D gels are illus-
trated by various projects studying neurodegenerative diseases. Note that level-2 gels can summarize data from different experiments (see
level-2 PD study (time point)). (B) The relationship between level-1 gels and level-2 gels in a proteomics experiment comparing two con-
ditions, control, and disease. (C) A multiple experiment comparison combining several level-2 gels from different experiments.

veral level-2 gels are created from various sets of level-1 gel
pairs, one for each time point investigated. In order to inte-
grate protein spot alterations of the entire study, a synthetic
gel from all level-2 gels has to be generated. This higher level
synthetic gel is called level-3 gel (Fig. 4C).

In PROTEOMER, all three levels of gels are linked by
parent–child relations (from level 3 to 2 to 1), generating a
unidirectional acyclic graph. This ensures that each “real”
2-D gel comparison (level 1) can be oriented to its parent
(level 2) and grandparent (level 3) gels unambiguously. The
database is able to link related spots or proteins on level-1
gels by a fusion gel of all level 1 gels (level 2 gel), and link
related protein spots on level-2 gels by creating level-3 gels
(i.e., standard gel of a disease time course experiment or
standard gel after comparing protein alteration between
various organs/tissues). Based on this hierarchical struc-
ture, database queries may reveal higher order information
by recursively exploiting data along the tree of multiple
levels of gels. Of course, more than three levels of data
integration are needed at the core of our database to link
results from all experiments. This higher level data organi-
zation is facilitated by experimental metadata rather than
additional gel levels.

2.4.3 Graphical user interface of PROTEOMER

As probably the most important software element for poten-
tial users from the scientific community, a self-explanatory
graphical user interface was implemented into PROTEO-
MER. This graphic interface guides a user through all steps
of from uploading experimental data to import necessary
metadata, select datasets for visualization, and perform
database queries (Fig. 5). We aspired to create a graphical
user interface which is as intuitive and user-friendly as pos-
sible. This goal was achieved by continuous end-user testing
and feedback.

PROTEOMER may be searched using degenerated key-
words or logical combinations thereof. This tool facilitates
complex queries against interlaced data across different pro-
jects. Queries answerable by database inquiry include: was a
protein-of-interest significantly altered in the contexts of
experiments conducted? If the answer is yes, how does the
protein-of-interest behave in the context of other experi-
mental settings (other diseases, other disease models)? What
is the expression spectrum of the protein-of-interest in mul-
tiple organs or tissues? How many isoforms of this protein
have already been detected on a 2-D gel? Does the number of
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Figure 5. The graphical user interface of
PROTEOMER. (A) The project navigation
interface of the PROTEOMER database.
(B) Example of the graphical interface
when technical parameters of 2-D-elec-
trophoresis are queried.

isoforms change with experimental settings? Which proper-
ties are so far assigned to a protein-of-interest in public data-
bases?

In addition to the graphical interface for queries, a man-
ual editing tool for 2-D gel images was integrated into PRO-
TEOMER. The integration of this tool became necessary after

evaluating our user feedback (Fig. 6). This gel editor module
facilitates standard image handling tasks such as spot anno-
tation, spot integration, gel warping, and image zooming. A
user is enabled to dynamically display the entire uploaded
2-D gel images or parts thereof along with theoretical MW
and pI. Additional features of the gel editor include: simulta-
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Figure 6. Simultaneous display of two
gel sections and manual spot annota-
tions using the gel editor. A screen shot
of the editing tool displaying options for
spot annotation such as spot ID, spot
name and spot memo. Spot memo may
include user defined information with no
specific format.

neous display of several 2-D gel images, automatic gel/spot
matching by cross-comparison, automatic spot annotation,
calculation of spot border and volume, and relative intensity.
Importantly, our 2-D gel editor is not intended to replace any
2-D image evaluation software, but rather to facilitate post-
evaluation 2-DE gel annotation for the different levels of 2-D
gel based of data integration (Fig. 4). This is mandatory
especially for cross-project comparison. Therefore, this gel
matching is mainly focused on finding the same spots on
different gels without aiming for a totally correct overlap or
exact quantification.

2.4.4 Integration of PROTEOMER into the framework

of other databases

In order to make a database viable, it is important to link
its input (upstream) and output (downstream) to facilitate
proper information flow [34]. In order to achieve this goal,
PROTEOMER is envisioned as a part of a more complex
metadata model. It will be linked to the international
database BrainProfile (HUPO organization) [35]. Currently,
we are developing suitable data-exchange protocols and
parsers that enable communication between both data-
bases.

2.5 Technical platform

PROTEOMER database was programmed using the rela-
tional database management and analysis platform SQL
server 2005 (Microsoft, Unterschleißheim Germany), an
affordable, yet reliable database platform. Import and export
into the SQL database structure via XML files (extensible
mark-up language) was implemented with the SQL Server

Integration Services platform (SSIS) of the Microsoft SQL
server 2005 platform. The programming environment DOT-
NET-framework (Microsoft, version 2.0) was employed to
support the implementation of graphical user interfaces for
all software tools. Instead of a common web interface, a rich
client solution was preferred as a graphical interface for
PROTEOMER. This shifts the data processing burden away
from shared network and server resources onto client com-
puters and warrants a better overall performance. Using
these tools, end users are equipped with a fast and efficient
graphic interface for even more sophisticated graphical
applications. In addition, we incorporated a collection of
flexible and efficient control elements (Infragistics NetAd-
vantage of 2005 volume 2, Zoschke Data GmbH, Selent,
Germany; and ComponentOne, Pittsburgh, USA), which are
in many ways superior to standard components of the DOT-
NET framework. These additional control elements enhance
graphical applications, while at the same time reducing pro-
gramming time.

In order to enable efficient data exchange, PROTEOMER
adheres to the minimum information required to unam-
biguously interpret, reproduce and verify experiment
(MIAPE) standard to include sufficient information to
reproduce each experiment [36]. This information content is
subsequently enriched by additional data which we consider
to be important based on our own laboratory expertise and
experience.

2.6 Examples for applications of PROTEOMER

We will subsequently provide two examples of how to use our
PROTEOMER database on actual problems occurring in the
context of scientific investigation.
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2.6.1 Example 1: Comparison of different 2-D-based

proteomics studies carried out in our

laboratory

Our PROTEOMER software solution has been used to inte-
grate the data obtained from different comparative proteom-
ic studies carried out in our core facility. As a case study for
the cross-linking functionality of PROTEOMER, we devel-
oped a strategy that compares four different neurodegenera-
tive disease projects based on information on six projects
stored in the PROTEOMER database. Data on four neurode-
generative diseases, Alzheimer’s, Huntington’s, Parkinson’s
disease, and a mouse model for variant Creutzfeld–Jakob
disease carried out by different users in our laboratory were

searched for overlapping protein expression changes. In total
the projects contained proteomics data on 25 conditions (age
stages), extracted from over 200 single 2D-gel images span-
ning over four different brain regions and six time-points of
investigation (from embryonic stage to end stage of disease).
Using the query tool of PROTEOMER, we automatically
compared 3 991 identified protein spots in the data base.

The query result reported by PROTEOMER comprises
858 different protein isoforms, which could be assigned to
690 nonredundant genes that co-changed in at least two dis-
ease conditions. This result illustrates the differential protein
expression behavior of a large number of proteins in differ-
ent disease models, brain regions, and time-points of inves-
tigation (Fig. 7). One hundred and eighty-six co-changed

Figure 7. Investigation of pro-
tein expression overlap between
four different neurodegenera-
tive diseases using PROTEO-
MER revealed over 800 co-chan-
ged proteins. (A) An abbreviated
list of gene symbols represent-
ing the co-changed proteins. (B)
PPI network created by a pub-
licly available online tool UniHI
to find PPIs (http://theoderich.
fb3.mdc-berlin.de:8080/unihi/ho
me).
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proteins with an overlap in at least three disease models
investigated suggest that many changes are facilitated by the
protein–protein interaction (PPI) network, presumably due
to proteomic network effect [9, 17, 37, 38].

Another useful application of PROTEOMER is to deter-
mine the number of isoforms a proteins is expressed on a 2-D
gel. The protein represented by the gene name Stmn1 occurs
in sixteen protein isoforms that changed in eight different
disease conditions tested and Dpysl2 was represented by ten
isoforms, changed in seven conditions.

The results discussed above demonstrate that users can
utilize the PROTEOMER database to search proteins over-
lapping in differential expression across different proteomics
experiments.

2.6.2 Example 2: Detection of polymorphic proteins

Next, we investigated the possible influence of genetic poly-
morphisms on the protein expression profile using PRO-
TEOMER. For this purpose, we semi-automatically com-
pared the protein expression patterns of two mouse strains
(Mus musculus and Mus spretus) and their F1-generation in
three different tissues: brain [39], liver, and heart. The 2-D
gels were originally generated in the context of different
projects to answer distinct biological questions. Using a
level-3 gel generated by PROTEOMER, fusing the brain pro-
tein expression patterns of M. musculus and M. spretus
(Fig. 8A) the isoforms of same protein could be successfully
annotated by PROTEOMER based on the protein identifica-

Figure 8. Identification of mouse protein
polymorphisms using PROTEOMER. (A)
The level-3 gel “mouse cross-tissue pro-
tein pattern” was exported by PROTEO-
MER based on a fusion brain protein
expression pattern of M. musculus and
M. spretus. Protein spots with annota-
tion in the PROTEOMER database are
marked green. (B) As shown on 2-D gel
sections, the protein “Aldehyde dehy-
drogenase member A1 (Aldh)” shows a
polymorphic expression pattern in liver
and heart, but not in brain.
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tion information and protein spot localization on the 2-D gel
images. PROTEOMER was able to generate a list of proteins
with polymorphic expression behavior, despite the dissim-
ilarity of the 2D-gel images between different tissue types.
Protein spots where identification resulted in the same gene
name, but differ significantly in spot position on the 2-D gel
(by pI, MW, or both) were characterized as protein poly-
morphisms by PROTEOMER [39]. Intrinsically, the results of
this comparison showed that the penetration of genetic
polymorphisms on protein expression appears to be tissue-
specific (Fig. 8B and Klose et.al., submitted). Results from
the study on genetic polymorphisms which will be presented
in detail elsewhere (Klose et.al., submitted) will be illustrated
here by a representative protein. One example of a protein
polymorphic between species and tissues is aldehyde dehy-
drogenase (Aldh). The oxidation of ethanol generates toxic
acetaldehyde which is mainly catabolized and thereby detox-
ified by NAD1 -dependent Aldh. In addition, Aldh metabo-
lizes also many other aldehydes generated from diverse
metabolic pathways. Some aldehydes are intermediates from
the metabolism of amino acids, biogenic amines, steroids,
vitamins, and generated by the biotransformation of drugs
and environmental agents [40–42]. A number of isoenzymes
of Aldh coded by different gene loci have been detected in
human organs and tissues which differ in their electropho-
retic mobility, kinetic properties and in their cellular, and
tissue distribution [42]. Here, PRPTEOMER enabled us to
access directly the organ-specific PTM pattern of Aldh at the
protein level (Fig. 8B). Interestingly, by using PROTEOMER
we found much more isoforms of Aldh in liver and heart
than in brain. This example demonstrated the ability of
PROTEOMER to extract protein expression data on protein
isoforms from different tissues and determining poly-
morphisms using already available experimental data from
earlier experiments.

3 Discussion

Due to our extensive experience accumulated during many
years working in our proteomics core facility, we are aware
that providing protein identification data from MS alone is
by far not sufficient to answer complex biological questions
of today. We are constantly confronted with specific post hoc
queries from scientists inquiring about protein properties
and cross-project comparisons of protein expression impor-
tant to their projects. This clearly demonstrates that in pres-
ent proteomics research, data sorting using specific criteria
and comparisons pose significant challenges, especially
when simultaneously analyzing multiple experiments. This
led us to create a suitable cross-link competent LIMS that is
able to handle heterogeneous data formats.

Several years ago, Taylor et.al. proposed two general cri-
teria for proteomics data storage systems: sufficiency and
natural organization [23]. Taylor et al. developed an advanced
infrastructure for capture, storage, and dissemination strat-

egies for proteomics data. Their PEDRo serves as a good
example for the combination of 2-DE experiments with mass
spectrometric analysis into an integrated XML-based format.
Due to its flexibility granted by semi-structured character-
istics, XML represents the most popular resource for the
exchange of both formats and data, and thus is well suited for
biological data [43–46]. Defined XML schemata act as medi-
ator, allowing multiple input formats to be subjected to a
common data analysis pipeline (mzXML) [47]. Since then,
several proteomics toolkits, such as OpenMS [48] or the soft-
ware collection from the “Trans-Proteomic Pipeline” (http://
tools.proteomecenter.org/software.php) provide a set of
computational tools for gel-free proteomics [47].

To complement currently available bioinformatics tools,
and especially to improve the quality and efficiency of the
service of our core facility, an LIMS was developed in-house
to streamline our data throughput and reporting processes in
a standardized format, so that proteomics data become por-
table and linked to facilitate the transformation of protein
information into biological knowledge. For this purpose, we
developed interfaces among special programs in order to
enable flexible data exchange and complex inquiries. In this
way, data from different analysis methods, as well as data
generated in the context of a variety of proteomics studies
conducted to answer highly diverse biological questions can
be linked to one another.

3.1 Bench design ensures the viability of a database

Creating a database and making sure people use it are two
quite distinct challenges. During the design stage of LIMS,
the most commonly observed error is usually that database
users are excluded from designing the LIMS. This is espe-
cially detrimental since, an average software professional
does not always have the necessary background knowledge to
predict a laboratory’s requirements correctly and in detail.
This communication problem may manifest itself in a badly
designed system which does not easily fit into an existing
laboratory operation. Frequently, a laboratory facility must
significantly alter its workflow in order to compensate for
this discrepancy forcing users to adjust their work habits.
This requirement for global alterations of how users work
significantly complicates LIMS operation. In addition, com-
plaints about the LIMS are usually not communicated but
obstacles in the workflow are rather worked around. This
could ultimately make users abandon the application of a
specific LIMS. This was the primary cause why many pre-
viously designed LIMS did not survive implementation in
the laboratory. As a “laboratory-born” system, PROTEOMER
was co-designed by users of highly diverse areas of research
such as technical assistants, postdoctoral fellows of various
backgrounds and also bioinformaticians. During the rela-
tively long design phase, we paid special attention to its lab-
oratory-adaptability, and most importantly the overall system
speed in the human-PC environment, instead of the speed of
certain particular database tasks. The co-design by multiple
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members of the core facility and associated work groups as
well as intensive documentation also ensured that many
users are familiar with our database design concept and its
internal structure and therefore know how to use it. This
warrants that the maintenance of the PROTEOMER data-
base is more intuitive and does not largely dependent on a
small group of specialists, therefore ensuring its continuity.

3.2 Cross-referencing can generate new information

The power of a database lies in its ability to reveal hidden
patterns across a variety of different datasets. Processed sets
of 2-D gels containing differentially regulated protein spots
obtained by comparative 2-DE experiments are stored at dif-
ferent locations. Proteins identifications are assigned in var-
ious ways using different tools, including identification by
MS, 2-D gel image comparison, or de novo sequencing. Our
database structure using the “multiple-level gel” design
enables different investigators to compare the results from
their experiments. In addition, the results from an investi-
gator’s own experiments can be put into a larger context.
This allows a sophisticated meta-analysis that ultimately
yields insights into the complexity of biological systems.
When using a cross-project query, we are able to find addi-
tional information on disease-specificity of protein expres-
sion alterations, or the influence of polymorphisms on pro-
tein expression patterns. We have already found additional
information on the frequency of polymorphic proteins which
appear to be organ-dependent. This demonstrates that the
PROTEOMER database helps to extract biological knowledge
from laboratory information.

3.3 Limitations of the PROTEOMER database

One clear limitation of PROTEOMER is that it is programmed
with nonopen-source software. To reduce the programming
expenditure, we decided to realize PROTEOMER with com-
mercial software development solutions (Microsoft Dot-NET
programming environment). This means that the source code
of our LIMS is not publicly available. In addition, the rich
client solution is only fully functional when using Internet
Explorer 6.0 or higher, but not with many other web browsers.
Still, our aim with this study was to improve the performance
of our proteomic core facility, and in addition, to share our
experience on 2-DE-based database design, which can still
benefit the scientific community. We think that using our
expertise with a 2-DE centered proteomic core facility, which
was in our opinion more important than informatics know-
how alone, we were able to generate an integrated data mod-
eling scheme and a valuable database structure.

In summary, we have constructed a software solution
which is designed to administrate and cross-reference raw,
processed and final proteomics data while linking them at
multiple levels. Our aim was not to generate an omnipotent
database system that is able to engineer every step perfectly, but
rather to link different available modules/software and imple-

ment their inherent competence, which will ultimately convert
raw protein expression data into biological information, and
facilitate the generation of knowledge. We anticipate that PRO-
TEOMER will assist a large number of scientists and bioinfor-
maticians alike in their effort to obtain a deeper understanding
of their area of research from the research data available.

This work is dedicated to the memory of Maik Wacker. We are
grateful for the assistance of Jörg Nebrich with the programming
of the PROTEOMER database. We also appreciate the contribu-
tions of Nicole Steireif, Dijana Sagi, and Jadranka Tadic and for
their permission to use their experimental data for our meta-
analysis. We also express our appreciation for Perl script pro-
gramming and patching by Axel Fischer.
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Cell volume alteration represents an important factor contributing to the pathology of late-onset
diseases. Previously, it was reported that protein biosynthesis and degradation are inversely (trans)
regulated during cell volume regulation. Upon cell shrinkage, protein biosynthesis was up-regulated
and protein degradation down-regulated. Cell swelling showed opposite regulation. Recent evidence
suggests a decrease of protein biodegradation activity in many neurodegenerative diseases and even
during aging; both also show prominent cell shrinkage. To clarify the effect of cell volume regulation
on the overall protein turnover dynamics, we investigated mouse embryonic stem cells under hyper-
and hypotonic osmotic conditions using a 2-D gel based proteomics approach. These conditions cause
cell swelling and shrinkage, respectively. Our results demonstrate that the adaption to altered osmotic
conditions and therefore cell volume alterations affects a broad spectrum of cellular pathways, including
stress response, cytoskeleton remodeling and importantly, cellular metabolism and protein degradation.
Interestingly, protein synthesis and degradation appears to be cis-regulated (same direction) on a global
level. Our findings also support the hypothesis that protein alterations due to osmotic stress contribute
to the pathology of neurodegenerative diseases due to a 60% expression overlap with proteins found
altered in Alzheimer’s, Huntington’s, or Parkinson’s disease. Eighteen percent of the proteins altered
are even shared with all three disorders.

Keywords: aging • cell volume regulation • mouse embryonic stem cells • neurodegenerative disorders
• osmotic stress • protein degradation • protein biosynthesis • proteomics

Introduction

Changes in intracellular or extracellular osmolarity result in
a rapid transmembrane flow of water to reestablish an osmotic
equilibrium. Cells respond to osmotic perturbation by activa-
tion of cell volume sensitive flux pathways for small ion and
organic osmolytes to restore their original volume and thus
maximize their probability of survival. Such cell volume regula-
tory mechanisms are associated with a wide range of physi-
ological activities such as mitogenesis, differentiation, hormonal
action, as well as neuronal excitation (reviewed in ref 1). In
single cellular organisms, such as yeast, hyperosmolarity and
therefore transient cell volume reduction, causes a broad
spectrum of global responses, including transient stimulation
of glucose uptake, inhibition of translation initiation, repression
of ribosomal proteins, and transient inhibition of uracil uptake.2

Higher, multicellular organisms are in general characterized
by a metastable osmolarity of body fluid, strictly regulated by
diuretic hormones secreted by the hypothalamus.3 Hyperos-

molarity treatment of eukaryotic cells results in rapid activation
of multiple, highly conserved mitogen-activiated protein kinase
(MAPK) cascades, also known as stress-activated MAPKs.4

These complex regulatory mechanisms activated upon cell
volume changes evidently require coordinated protein expres-
sion for adjustment.

About a decade ago, Haussinger and Lang reviewed that cell
shrinkage could lead to a general down-regulation of protein
synthesis, which is accompanied by simultaneous up-regulation
of protein degradation.5,6 An opposite trans-regulation of
protein synthesis and degradation was proposed for cells upon
swelling. This rational fits intuitively the strategy of a cell to
maintain a constant cellular protein concentration. Recently,
a considerable body of literature suggests that impaired cell
volume regulation may contribute significantly to the pathology
of many late-onset diseases such as Alzheimer’s7 and Hun-
tington’s8 disease, which are studied extensively in our
laboratory.9–12 A decrease of proteasomal activity during
aging13–15 and in neurodegenerative diseases (ND) such as
Alzheimer’s (AD),16 Parkinson’s (PD), and Huntington’s disease
(HD)17 is already well-established. Since a perturbation of the
proteasome and ubiquitin system-related protein degradation
is a hallmark of ND pathology (these alterations may results
in, e.g., amyloid plague formation in Alzheimer’s disease), it is
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of utmost importance to clarify whether the dysregulation of
protein degradation pathways in NDs is disease-specific or if
a change in cellular osmolarity can trigger the same pathways.
To clarify this issue, we subjected embryonic stem (ES) cells
to osmotic stress and evaluated the alterations in protein
expression profile. Our results suggest that, contrary to previous
findings, there could rather be a cis-regulation between protein
biosynthesis and degradation upon osmotic stress-induced cell
volume alteration.

Materials and Methods

Composition of Hyper- and Hypo-Osmotic Cell Culture
Media. High glucose (4.5 g/L D-glucose) Dulbecco’s modified
Eagle’s medium (DMEM, 155 mM total Na+, 110 mM NaCl)
and DMEM with modified sodium-concentration were custom-
made by Biochrom (Berlin, Germany). The cell culture medium
with modified tonicity was designed based on previously
published formulations.18,19 Hyperosmotic medium contained
250 mM total Na+ (205 mM NaCl) to obtain 500 mOsm (actual
measured value: 498 mOsM), while hypo-osmotic medium
contained 85 mM total Na+ concentration (40 mM NaCl), to
get a 200 mOsm (measured value: 206 mOsm) culture medium.

Maintenance of ES Cells. Mouse ES cell line CGR8 was
maintained on gelatin-coated (0.1% v/v) cell culture dishes in
either standard or customized DMEM (Biochrom, Berlin,
Germany) supplemented with 10% fetal calf serum (PAN
Biotech, Aidenbach Germany), 2 mM L-glutamine (PAA Labo-
ratories GmbH, Pasching, Austria), 0.1 mM nonessential amino
acids (PAA Laboratories GmbH, Pasching, Austria), 1 mM
sodium pyruvate (PAA Laboratories GmbH, Pasching, Austria),
0.1 mM 2-mercaptoethanol (PAA Laboratories GmbH, Pasching,
Austria) and 100 U/mL leukemia inhibitory factor (LIF, Chemi-
con, Hampshire, U.K.) under standard cell culture conditions
(37 °C, 5% CO2, 95% humidity). Upon thawing, CGR8 ES cells
were passaged three times every other day until shortly before
reaching confluence in standard DMEM (340 mOsm). Cells
were subsequently cultured for an additional 48-144 h in either
hypo-osmotic (200 mOsm), hyperosmotic (500 MOsm), or iso-
osmotic (control) DMEM. Isotonic, hyper-, and hypo-treated
cells were always cultured in parallel. Cells were grown to
70-90% confluence and met morphological criteria for undif-
ferentiated ES cells at the time of harvest. ES cells were gently
harvested by scraping in ice-cold PBS isotonic for the respective
culture medium containing 5 mM EDTA. Typsinization was
avoided to preclude protein alteration artifacts. The medium
cell size was calculated using the average diameter of at least
100 cells. Dissociated cells were pelleted by centrifugation at
1000g for 5 min before snap freezing in liquid nitrogen and
storage at -80 °C.

Two-Dimensional Gel Electrophoresis (2-DE). ES cell total
protein extraction was performed using a protocol developed
in our laboratory.20,21 A total of 70 µg of protein was separated
in each 2-DE run as described previously.21–23 Osmotically
stressed ES and control cells were always run in parallel. All
experiments were repeated thrice using a fresh batch of ES cells
(three biological replicates). In addition, two technical repeats
were conducted for each protein extract. Proteins were visual-
ized employing a highly sensitive silver staining protocol.23,24

All altered protein spots were primarily detected by manual
gel image evaluation using a conventional light box. 2D-gels
were then scanned at high resolution (600 dpi) (Microtek TMA
1600, UMAX Systems GmbH, Willich, Germany). Computer-
assisted 2D-gel evaluation by Delta2D (version 3.4) software

(Decodon, Greifswald Germany) was conducted as described
previously.22,25–28 Corresponding gel images were warped by
Delta2D using “exact mode”. A fusion gel image was subse-
quently generated using union mode, which is a weighted
arithmetic mean across the entire gel series. Spot detection was
carried out on the fusion image using detection parameters
suggested by the software, followed by manual spot editing.
In total, more than 5000 protein spots could be detected on
2-D gels of both stressed and nonstressed cells. Spots were
subsequently transferred from the fusion image to all gels. The
signal intensities (volume of each spot) were calculated as
weighted sum of all pixel intensities of each protein spot by
Delta2D.25 Calculations were based on spot intensity and spot
area under local background removal. This was followed by a
normalization procedure which uses the total pixel volume of
all spots on the gel image as 100%. Subsequently, protein
expression between osmotically stressed and control cells was
compared as described in detail elsewhere.25 Prenormalized
values after local background subtraction were subsequently
exported to spreadsheet format for statistical analysis. There-
fore, protein spots found to be altered after visual inspection
were now quantified and assigned to expression ratios and
p-values. The cutoff was p < 0.05.

Protein Identification by Mass Spectrometry. For protein
identification by mass spectrometry (MS), 40 µL (∼20 µg/µL)
of protein extract was separated on 1.5 mm diameter isoelectric
focusing (IEF) and 1.0 mm (width) SDS-PAGE gels, and result-
ing 2-D gels were stained with a MS compatible silver staining
protocol.23,24 All protein spots of interest were excised from
2-D gels and subjected to in-gel trypsin digestion. Tryptic
fragments were analyzed by liquid chromatography (LC)/
electrospray ionization (ESI)-MS and -MS/MS on a LCQ Deca
XP ion trap instrument (Thermo Finnigan, Waltham, MA). LC
was directly coupled with ESI-MS analysis. Peptide eluates of
15 µL were loaded on a PepMap C18 Nano-Precolumn (5 µm,
100 Å, 300 µm i.d. × 1 mm; LC Packings, Amsterdam,
Netherlands) using 0.1% (v/v) trifluoroacetic acid at a flow rate
of 20 µL/min. Peptides were now separated by a PepMap C18
100 column (length 15 cm, i.d. 75 µm; LC Packings, Amsterdam,
Netherlands). The elution gradient was created by mixing 0.1%
(v/v) formic acid in water (solvent A) and 0.1% (v/v) formic
acid in acetonitrile (solvent B) and run at a flow rate of 200
nL/ min. The gradient was started at 5% (v/v) solvent B and
increased linearly up to 50% (v/v) solvent B after 40 min. ESI-
MS data acquisition was performed throughout the LC run.

The ESI spray voltage was set to 4-5 kV. Three scan events,
(i) full scan, (ii) zoom scan of most intense ion in full scan,
and (iii) MS/MS scan of the most intense ion in full scan, were
applied sequentially. No MS/MS scan for single charged ions
was performed. The isolation width of precursor ions was set
to 4.50 m/z, normalized collision energy at 35%, minimum
signal required at 10 × 104 and zoom scan mass width low/
high at 5.00 m/z. Dynamic exclusion was enabled; exclusion
mass width low/high was set at 3.00 m/z. Raw data were
extracted by a TurboSEQUEST algorithm, and trypsin autolytic
fragments and known keratin peptides were subsequently
filtered. All DTA files generated by TurboSEQUEST were
merged and converted to MASCOT generic format files (MGF).
Mass spectra were analyzed using our MASCOT in-house
license (version 2.1.0, Matrix Science, London, U.K.) with
automatic searches in NCBInr database (version 20061206,
taxonomy: Mus musculus). MS/MS ion search was performed
with the following set of parameters: (i) taxonomy, Mus
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musculus; (ii) proteolytic enzyme, trypsin; (iii) maximum of
accepted missed cleavages, 1; (iv) mass value, monoisotopic;
(v) peptide mass tolerance, 0.8 Da; (vi) fragment mass tolerance,
0.8 Da; and (vii) variable modifications, oxidation of methionine
and acrylamide adducts (propionamide) on cysteine. Criteria
for positive identification of proteins were set according to the
scoring algorithm delineated in Mascot,29 with an individual
ion score cutoff threshold corresponding to p < 0.05. The
MOWSE score cutoff was 36.

Protein Expression Overlap Analysis of Osmotic Stress
with ND Data. Protein expression data from three different ND
studies, (AD),26,30–34 (HD)12,28,35,36 and (PD),9,37–39 were com-
pared to our osmotic stress data. Most of this data set was
already analyzed previously,27 but two recent studies from our
laboratory were added to increase the number of proteins
differentially expressed in AD26 and HD35 and make the data
set more homogeneous, to 367, 389, and 377 for AD, HD, and
PD, respectively. Previously, there was a disproportionally large
number of proteins available that were only altered in PD.27

All proteins altered in a disease, regardless of species investi-
gated, tissue, and time point were considered. The 92 proteins
differentially expressed after osmotic stress were compared to
367, 389, and 377 nonredundant proteins from AD, HD, and
PD, respectively. The proteins were compared at the level of
gene symbols since protein names sharing the same gene
symbol can be quite numerous.

To investigate an enrichment of specific pathways in the
altered protein expression data set, we used the “WEB-based
GEne SeT AnaLysis Toolkit” (WEBGESTALT) tool supplied by
the Vanderbilt University at http://bioinfo.vanderbilt.edu/
webgestalt/. We employed the “Gene set analysis tool” and
selected the gene set analysis option “Function” and the
category “KEGG table and maps”. KEGG is the abbreviated form
of Kyoto Encyclopedia of Genes and Genomes and is a
bioinformatics database containing information on genes,
proteins, reactions, and pathways. The following parameters
were used to create the KEGG tables: Reference set, “WEBGE-
STALT_MOUSE”; significance level, p < 0.01; minimum num-
ber of genes, 2. Statistical methods available were “hypergeo-
metric test” and “Fisher’s exact test”. For our data set, the
results were the same with either test.

Mathematical Modeling. A Petri net is a bipartite graph
structure consisting of “place” nodes, “transition” nodes and
directed arcs connecting places with transitions.40 In our
model, we concentrate on the dynamics of protein metabolism
pathways. For this purpose, cellular pathways involved in
protein handling were dissected into four abstract modules:
protein biosynthesis (in ribosomes), protein maturing, protein
degradation and protein turnover. These four processes are
represented by four different transitions. In addition, these
processes link the cellular material pools, represented by four
different places: free amino acid resources, functional cellular
proteins, proteins targeted to the proteasome and proteins
located in the ER. Different arcs (arrows) indicate the material
flow through different cellular processes (For a detailed de-
scription on Petri net formalism, see ref 41). Petri net simulation
and analysis were performed using the Snoopy (http://www-
dssz.informatik.tu-cottbus.de/)andINA(http://www2.informatik.hu-
berlin.de/∼starke/ina.html) software packages. To access quan-
titative properties of the abstract protein metabolic network, a
mathematical model employing ordinary differential equations
based on the Petri net model was constructed employing Cell
Designer (www.celldesigner.org). In this kinetic model, five

species (cellular proteins, ribosomes, ER, proteasome and
resource) are interconnected by state transition reactions as
described in the Petri net formalism above. To cope with the
lack of data on kinetic parameters, we restricted our model to
a very abstract and descriptive level. For this purpose, the
overall reaction rates originating from a certain species was
set to one. Specifically, since both material flows streaming to
cellular proteins and ER come from proteins synthesized in the
ribosome, the reaction rate of “ribosome”f cellular proteins”,
and “ribosome” f ER” were both set to 0.5. This is based on
the consideration that about 50% of all synthesized protein
undergo ER-processing.42 In case of ER-processing in swollen
(hyperosmotic) ES cells, the “overrun” from ER to proteasome
“x” was defined as a fraction between 0 and 1 (x ∈ (0, 1)),
whereas the kinetic parameter of the state transition reaction
“ER f cellular proteins” was set to 1 - x.

Statistical Evaluation of Data. To determine the statistical
significance of expression differences between osmotic-treated
and control cell lines, Student’s t test was used for control
versus osmotic-treated groups (pairwise, two sided, n ) 6). P
< 0.05 was used as statistical significance threshold. To reduce
the influence of noise on the data set, only protein expression
changes over 20% compared to control were retained for further
analysis. Protein expression alterations (Table 1, expression fold
change) are reported as standard error of means (SEM). As a
post hoc control for false positives, protein expression data
generated by 2-DE were analyzed using the “Significance
Analysis of Microarrays” tool (SAM 3.0, www-stat.stanford.edu)
to ensure a false positive rate of below 1%.43

Results

In this study, mouse ES cells cultured under different osmotic
conditions affecting cell volume, were investigated using a
2-DE/MS based comparative proteomic approach to study the
effect of modified tonicity on cell morphology and cellular
protein expression profiles. For this purpose, mouse ES cells
were exposed to culture media with osmolarities of 200 mOsM
(hypoosmotic), 340 mOsm (standard cell culture medium) or
500 mOsm (hyperosmotic). ES cells were used since they
represent progenitors to all somatic cells of an organism.
Therefore, cell type specific changes caused by osmosis such
as seen in spleen were excluded and more general responses
of a cell/tissue were accessible to investigation.

Cell Morphology. During a cultivation time of 144 h, ES cells
showed no significant morphological alteration due to altered
tonicity. The vast majority of cells showed typical ES cell
morphology with tightly packed cells forming round colonies
(Figure 1).

Cell Growth. Cellular growth rates were considerably dif-
ferent under modified osmotic conditions, with the slowest
growth rate observed in cells cultivated in hyperosmotic
conditions. When compared to isotonically treated controls,
which reached 90% confluency after 48 h of cultivation, the
ES cells grown in hypo-osmotic medium reached 70% and cells
in hyperosmotic culture medium only 40% confluency (Figure
1). This was also reflected by the pH value of the culture
medium after 2 days: isotonic pH 4.7, hypotonic pH 5.5, and
hypertonic pH 6.5. Therefore, prolonged exposure (144 h) to
osmotic stress reduced the cellular growth rate, with hyperos-
motic conditions showing the most drastic effect.

Cell Size. When considering cell size, slight differences could
be observed in aniso-osmotically as compared to iso-osmoti-
cally cultured cells. On average, there was a clear cell swelling
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or shrinkage under hypo-osmotic or hyperosmotic conditions,
respectively, although statistical significance was not reached.
After 48 h of cultivation, the cell diameters of isotonic,
hypertonic or hypotonic treated ES cells were 36.97 ( 6.98 µm
(26 457.38 ( 178.06 µm3), 34.00 ( 4.86 µm (20 579.53 ( 60.10
µm3) or 37.47 ( 5.35 µm (27 523.40 ( 80.18 µm3), respectively.
This suggests that the ES cells shrunk on average to 77.8% of

Table 1. Continued

a Data set is sorted according to gene symbol; proteins altered specifically by osmotic stress are highlighted dark gray and those altered by osmotic
stress, AD, HD, and PD are highlighted red. Abbreviations: #, number; Pep., peptides. Alterations were quantified as fold change of protein spot pixel
volume (osmotic treated vs control) and represented as standard error of mean (SEM, n ) 6). *Spot ID corresponds to marked spots on Figure 2. #NI: not
identified. §Student’s T-test, one sided, unpaired, n ) 6.

Figure 1. Representative micrographs of in vitro mouse embry-
onic stem cells after 48 h of cultivation in culture media of
different osmolarities. (A) Cells in isotonic culture conditions
reached 90% confluence. (B) Cells treated in hypo-osmotic
medium reached 70% confluence. (C) Cells treated by hyperos-
motic condition showed only 40% confluence.

Figure 2. Effect of osmotic stress on ES cell size. Estimated cell
size alteration after cultivating mouse ES cells 48, 96, and 144 h
in isotonic (340 mOsm), hypertonic (500 mOsm) or hypotonic
(200 mOsm) culture medium, respectively. Results are presented
as box and whisker plots. The box indicates the interquartile
range (25% and 75%) and the bold line within the median.
Outliers are indicated by blue circles.
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their original volume in hypertonic conditions, whereas they
expanded to 104% of their original volume during hypo-osmotic
condition. Interestingly, cell size alteration was more drastic
during hypertonic treatment (Figure 2).

Analysis of the ES Cell Proteome during Osmotic Stress.
ES cells were treated by hyper-, hypo-, and normal osmosis.
We found that the 2-D protein pattern of ES cells was very
similar and well comparable for all three osmotic conditions
(Figure 3). Visual and statistical examination of 2-D gels
displaying 5000 separate protein spots revealed 114 significant
differences between protein abundance of stressed and non-
stressed cells. A false discovery rate of less than 1% was ensured
by using the SAM software tool. Compared to isotonic controls,
30 protein spots increased and 26 decreased in expression
under hyperosmotic conditions, while 62 were up and 22 down-
regulated, under hypo-osmotic conditions. Among these, 26
proteins co-changed under both hyper- and hypo-osmotic
conditions.

All protein spots found differentially expressed in osmotically
stressed cells were analyzed by MS. A total of 110 out of 114
variant protein spots could be identified with high confidence.
The identity of four protein spots remained unknown despite
multiple identification efforts. According to spot appearance
and location on the 2-D gel, the unidentified protein spots were
either very faint (of low cellular abundance) or had extremely
high or low isolelectric points. The 110 protein spots represent
92 nonredundant gene products.

Protein Expression Behavior during Osmotic Stress. The
expression behavior of differentially expressed proteins was
analyzed. Proteins with specific up-regulation or down-regula-

tion under hyperosmotic conditions were found. Eukaryotic
translation elongation factor 1 alpha (Eef1a1) was altered in
expression only under hyperosmotic conditions (Figure 4A).
Eef1a1 was modestly expressed in nonstressed cells protein as
two isoforms that differ slightly in their isoelectric points (Figure
4A). In hyperosmotic treated cells, this protein increased
significantly in expression of both protein isoforms. In hypo-
osmotic cells, the expression of both protein spots was unal-
tered (Figure 4A). A similar expression behavior was observed
for Cytoplasmic actin (Actg1). A prominent protein spot was

Figure 3. Representative protein expression patterns of mouse ES cells exposed to osmotic stress. Proteins (70 µg) were separated by
2-DE according to different isoelectric points and molecular masses. The protein spots were visualized by high sensitivity silver staining.
Tagged spots (numbers) were differentially expressed after exposure to osmotic stress (see Table 1 for details).

Figure 4. Representative protein spots showing differential expres-
sion after osmotic stress. Selective dysregulation after hyperosmotic
treatment: (A) up-regulation of both protein isoforms of Eef1a1, (B)
up-regulation of an isoform of Actg1 and (C) down-regulation of
Sumo2. Selective dysregulation after hypo-osmotic treatment: (D)
up-regulation of Ubc in hypo-osmotic conditions (for fold expression
changes, refer to Table 1.
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exclusively observed on 2-D gels derived from hyperosmotically
treated cells (Figure 4B). The opposite expression behavior was
observed for Small ubiquitin-like modifier 2 (Sumo2) (Figure
4C). It was decreased in expression after hyperosmotic stress
(Figure 4C), while it remained at control levels during hypo-
osmosis. Polyubiquitin (Ubc) was increased drastically in cells
under hypo-osmotic treatment (Figure 4D). Therefore, the latter
protein showed an inverse regulation pattern when compared
to the three previous ones (Compare Figure 4A-C to Figure
4D). The detailed spot expression quantification data with fold-
changes as compared to ES cells cultured in isotonic conditions
are presented in Table 1. Spot pixel volumes including standard
error of means (SEM) from three independent experiments and
two technical repeats are shown (Table 1, n ) 6 for each
condition). All differentially expressed protein spots are num-
bered as highlighted in Figure 3.

Functional Categories of Variant Proteins: After identifica-
tion of the proteins and determining their expression pattern,
proteins bearing altered expression detected in this study were
subjected to functional and structural category annotation. On
the basis of gene ontology (GO) and UniProt Knowledgebase,44

we estimated the percentage of changed proteins that belonged
to a specific functional category among all changed proteins
(Figure 5).

In terms of subcellular localization, one-fifth of all variant
proteins (92) reside in the cytoplasm. This includes three
mitochondrial and three endoplasmatic reticulum (ER) associ-
ated proteins. In terms of protein function, 13 distinct protein
species are involved in cellular stress responses. This accounts
for 14% of all variant proteins. A comparable fraction of variant
proteins are involved in protein biosynthesis (20 proteins, 22%)
and protein degradation (14 proteins, 15%), respectively.
Among the proteins involved in protein degradation, eight were
recognized as important components (subunits) of the pro-
teasome complex, whereas six proteins are components of the
ubiquitination system. Together, this accounts for 15% of total
variant proteins (14/92). In addition, a significant amount of
altered proteins (12%) are characterized as cytoskeletal proteins
involved in cell structure maintenance. This includes nine
cytoskeleton constituents and two actin-binding proteins.
Moreover, seven and five proteins are involved in carbohydrate
and fatty acid metabolism, respectively. The distribution of
variant proteins over various functional categories of proteins
is illustrated in Figure 5 and Table 2.

Integrating the protein expression alteration data according
to their functional categories, we disclosed some consistent
variation patterns at the level of protein metabolism functional

modules in cells subjected to osmotic stress. On average, the
protein expression for protein biodegradation (proteasome and
ubiquitination system) was down-regulated to about 74% of
isotonic levels after hypertonic treatment, while there was a
drastic up-regulation of protein degradation-related proteins
(2.6-fold compared to isotonic controls) in cells under hypo-
tonic conditions. In addition, proteins involved in biosynthesis
were decreased 0.8-fold and increased 1.7-fold in hyper- or
hypotonic ES cells, respectively (Table 3). Therefore, biodeg-
radation and biosynthesis were co-(cis) regulated. Moreover,
an up-regulation (1.3-fold) of ER-bound proteins under hypo-
osmotic conditions was observed, but no significant change
was seen in hyperosmotic ES cells (Table 3 and Figure 6).

Protein Expression Overlap with Neurodegenerative
Disorders. To investigate the specificity of the protein expres-
sion alteration during osmotic stress, we used differential
expression data for AD,26,30–34 HD12,28,35,36 and PD9,37–39 where
a total of 367, 389 and 377 nonredundant proteins were
differentially expressed. After comparing the 92 differentially
expressed proteins using their gene symbols to the AD, HD and
PD data sets, we found that 37 proteins were only altered during
osmotic stress, while 17 proteins were altered in osmotic stress
and all 3 ND investigated (Table 1). Specific proteins are labeled
dark gray and proteins overlapping in osmotic stress, AD, HD
and PD in red in Table 1. This means that only 40% of the
nonredundant proteins altered by osmotic stress are specific.
As much as an 18% expression overlap between all three ND
investigated and osmotic stress was found. In addition, a total
of 60% of the proteins altered by osmotic stress were altered
in at least one ND investigated. A KEGG analysis of the specific
as well as the unspecific data set revealed that “Glycolysis/
Gluconeogenesis”, “Proteasome” and “PD” proteins are en-
riched in the unspecific data set (p < 0.01), whereas only “Cell
cyle” was enriched in the osmotic stress specific data set,
although the former set contained only 17 and the latter 37
proteins. Proteins altered specifically by osmotic stress are
therefore highly diverse in terms of cellular pathways, but there
is a large overlap of proteins altered in osmotic stress and all
ND studied.

Mathematical Modeling of the Effects of Osmotic Stress
on ES Cells. To access the intrinsic relation between different
modules of protein metabolic pathways, we employed a Petri
net formalism to model the material flows within the protein
metabolic pathways in an abstract but dynamic manner. In this
reductionist view, cellular proteins are synthesized from cell
free resources by ribosomes. Among the proteins synthesized,
part of them (50%) are deposited as functional cellular proteins
(maturing protein products), whereas the rest of the newly
synthesized proteins are processed by the protein maturing
pipeline in the endoplasmatic reticulum (ER), before they are
released to the pool of functional proteins.42 All cellular proteins
undergo biodegradation at distinct rates as determined by their
protein-specific half-life. To further reduce complexity, we
assume that the entire protein degradation is carried out by
the ubiquitin/proteasomal system. This pathway in turn facili-
tates the turnover of cellular proteins and the refilling of free
amino acid resources (Figure 7A). Notice that here we consider
the cellular protein metabolism system as a closed system.
Therefore, the effect of cell volume alteration was exclusively
modeled as an increment abundance of free cellular resources
(5 tokens in the free resources place under isotonic condition,
and 10 tokens in the swelled condition).

Figure 5. Functional categories of protein changes induced by
oxidative stress. The protein which belong to a specific cellular
function are shown as fractions of the total proteins changed by
osmotic stress. Functional categories of proteins were selected
according to keywords supplied by the EXPASY knowledge-
base.70
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It is known that the ER is only able to process and mature
proteins at a distinct maximal capacity,45 which, according to
our assumption, is reached at normal cellular operation. In case
there is an increased amount of cellular resource due to cell
swelling, the overload of proteins to be processed will lead to
ER-stress.46 Under such conditions, part of the proteins (“over-
run”) will be directed to the proteasome and ubiquitin system
for degradation straight away. This generates an extra arc in
the Petri net model (Figure 7B, red arrow).

Influence of Osmotic Stress on the Stationary (Static)
Properties of Protein Metabolic Structure. At a first glance,
the Petri nets of a normal and a swollen cell differ solely by an
additional arrow in the swollen cell model under our current
assumptions. Nevertheless, a topological and dynamic analysis

of the Petri nets involved shows some distinct discrepancies
between normal and swollen cellular conditions (Table 4).
Compared to the isotonic state, the Petri net of swollen cells is
no longer conservative, which means that the total number of
tokens in this net no longer remains constant.47 This shows
that the protein resources in the normal, but not swollen cells
are constant. Second, unlike the Petri net structure of normal
cells, the Petri net of swollen cells is not bounded. “Bounded-
ness” means that the token numbers of a Petri net will not
exceed a certain upper value. This means that the network of
normal cells is more stable as compared to swollen cells.

Another important difference is that the Petri net of swollen
cells has neither place (p) nor transition (t) invariants (Table
4). In the Petri net theory, the presence and amount of p and
t-invariants in a Petri net correlates positively with the stability
and robustness of the network structure. The absence of
structural invariants in the Petri net model of the swollen cells
could suggest a reduced robustness of the metabolic protein
network in swollen cells.

Next, we performed the dynamic simulation of these two
Petri nets by random firing of enabled transitions. Starting with
the respective initial markings, both the proteasome and
functional protein places possess generally higher marking
numbers along the time-dependent trajectory in the hypo-
osmotic compared to normal (isotonic) condition (Figure 7C,D).
Importantly, the up-regulation of biosynthesis occurs before
that of protein degradation system. This implies that under our
current assumptions, there is a cis up-regulation of protein
biosynthesis and protein degradation in the swollen cells,
among which the up-regulation of protein biosynthesis is more
pronounced compared to that of protein degradation.

To access the quantitative aspects of our network structure,
we transformed the Petri net model into a quantitative math-
ematical model represented by ordinary differentiation equa-
tions. According to the time evolutionary course of different
species in our model, we could see that the effect of osmotic
treatment on the cellular proteasome concentration could be
directly influenced by the degree of “overflow”, which is the
material flow from ER-processing to the proteasome in case
of ER-stress. Upon the increased overrun from ER, there was
an initial drastic up-regulation of the cellular proteasome
concentration, which is positively correlated with the degree
of material flow from ER directly to proteasome. Along the
entire time frame investigated, the proteasome concentration
remains at a higher level in hypo-osmotic as compared to
control cells under isotonic condition (Figure 8). This again

Table 2. Functional Categories of Altered Proteins Induced by Osmotic Treatments

Expasy keywordsa gene symbol

Cytoskeleton Actb, Actg1 (5 isoforms), Arpc4, Arpc5, Pfn1, Dbnl, Tpm2
Endoplasmic reticulum Rcn1, Txndc4, Sumf2
Mitochrondrion Acaa2, C17orf25 (Glod4), Ak2
Fatty acid metabolism Dci (2 isoforms), Fabp1, Pebp1, Acaa2
Carbohydrate metabolism Gapdh (4 isoforms), Pdha1, Taldo1, Pck2
Proteasome Psma1, Psma3, Psmb1, Psmb4, Psmb5, Psmb6, Psmb8, Psme1
Protein biosynthesis Eef1a1 (4 isoforms), Eef1d, Eif1a, Eif1ay, Eif5a, Psat1, Qars,

Rpl14, Rpsa, Sfpq (2 isoforms), Trim28 (2 isoforms), Npm1 (4
isoforms)

Stress response Glo1, Gss, Hspb1 (2 isoforms), Hspd1, Prdx1, Prdx4, Prdx6, Sod1,
Sod2, Txn1, Txndc4, St13

Ubl conjugation pathway Ube1x, Uchl1, Uchl3, Sumo1, Sumo2, Tceb2

a Only Expasy keywords assigned with more than 3 distinct proteins (according to gene symbol) are included.

Table 3. Alterations in Protein Functional Modules during
Osmotic Stress

hypertonic hypotonic

ER processing 1.0a 1.3
Proteasome 0.7 1.7
Ubiquitin proteins 0.8 3.8
Protein biodegradation 0.7 2.6
Protein biosynthesis 0.8 1.7

a The averaged fold-change expression of protein metabolic functional
modules as deduced by the mean values of variant proteins that belong
to the same functional module (expression fold-changes expressed as
compared to isotonic controls).

Figure 6. Changes in protein metabolism. Average fold change
of protein degradation and ER-processing caused by osmotic
stress in ES cell. We observed up-regulated protein degradation
in hypo-osmotic culture conditions, and a down-regulation of
protein degradation in hyperosmotic culture conditions. Similar
but less drastic changes were observed for ER-processing
proteins.
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establishes that there is an up-regulation of protein biodegra-
dation upon cell swelling found in our study (Table 3).

Discussion

In the present study, we used a proteomic approach to
investigate the impact of aniso-osmotic culture conditions on
the protein expression pattern of mouse ES cells. For this
purpose, ES cells were subjected to osmolarities of 200 mOsm
(hypo-osmotic) and 500 mOsm (hyperosmotic) by altering
sodium concentration in cell culture media. It was observed
that, after 48 h of hyperosmotic treatment, cells shrunk by 22%,
while hypo-osmolarity increased the cell volume by 4%.
Therefore, altered osmotic conditions induced measurable cell
volume changes in our experimental setting, with the effect of
hyperosmolarity being more pronounced. Presumably, the
coexistence of multiple mitotic phases in the cell population
has precluded the access of statistical difference among cells
under different osmotic conditions. These osmotic regulation
effects might be due to increased or decreased water diffusion
between cellular lumen and culture medium driven by osmotic

gradients. On the other hand, except for cell volume alterations,
ES cells incubated in aniso-osmotic medium showed similar
cell morphology as compared to their isotonic-conditioned
counterparts. This demonstrates a quick adaptation of ES cells
to these adverse environmental changes.

To avoid an excessive alteration in cellular volume, cells have
developed complex regulatory pathways during evolution.
These include mechanisms that restore the cell volume by
regulating intracellular salt and osmolyte concentrations and
the development of temporal SOS-response mechanisms which
help to sustain and withstand cell volume changes.48 According
to our current observations, proteins involved in stress re-
sponse, cytoskeleton structure, fatty acid and carbohydrate
metabolism, as well as protein metabolism were predominantly
altered in ES cells subjected to osmotic stress.

Change in Oxidative Stress Related Proteins in Both
Hyper- and Hypo-Osmotic Treated Cells. Increased peroxire-
doxin activity was apparent in ES cells under both types of
osmotic stress. Peroxiredoxin 1 (Prdx1) and Peroxiredoxin 4
(Prdx4) were altered during hyperosmotic conditions. In ad-
dition, Peroxiredoxin 6 (Prdx6) was up-regulated in cells under
hypo-osmotic conditions. These observations suggest that
oxidative stress may have been generally increased by osmotic
stress. Another group of proteins found to be influenced by
osmotic stress in ES cells were chaperones, which are a group
of highly conserved proteins involved in protein folding and
assembly.49 Hspb1 increased by hyperosmotic stress, while
Hspd1 increased in hypo-osmotic stress. Osmotic stress may
lead to increased protein aggregation and denaturation.50–52

The increased expression of these chaperones is likely to play
an important role in stabilizing newly synthesized proteins, and

Figure 7. Petri net representation of protein metabolic pathways in normal and osmotically stressed cells. Cellular material pools and
protein metabolic processes are represented by places (denoted by squares/circles) and transitions (arrows), respectively. Arrows
denote flows between different martial pools via distinct metabolic processes (see Materials and Methods for detailed explanation).
Protein metabolic networks of normal (isotonic) (A) and hypertonic (swollen) cells (B) are shown. A comparison of the cellular proteasome
activity and amount of cellular proteins under (C) isotonic and (D) hypotonic conditions is presented.

Table 4. Comparison of Stationary Petri Net Properties for
Protein Metabolic Flux under Isotonic (Normal) and Hypotonic
(Swollen) Cells

isotonic cell swelling (hypo-osmotic)

conservative not conservative
bounded not bounded
The net is covered by semipositive

p-invariants
no place invariants

The net is covered by semipositive
t-invariants

no transition invariants
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facilitating the refolding of proteins that may have been
denatured during exposure to osmotic stress in various intra-
cellular compartments.53

Fatty Acid and Carbohydrate Metabolism. According to our
current observations, osmotic stress by hyper- or hypo-osmo-
larity was accompanied by changes of proteins involved in fatty
acid and carbohydrate metabolism. Fatty acid binding protein
1 (Fabp1), a fatty acid transporter protein and Dodecenoyl-CoA
isomerase (Dci), which is involved in �-oxidation, increased
their expression in both hyperosmotic and hypo-osmotic
conditioned ES cells, whereas phosphatidylethanolamine bind-
ing protein 1 (Pebp1) was up-regulated under hypotonic condi-
tions. Interestingly, acetyl-Coenzyme A acyltransferase 2 (Acaa2),
the key enzyme for fatty acid chain elongation, was increased
in expression in hypertonic but decreased in hypotonic condi-
tions. Alterations in fatty acid metabolism could be attributed
to active osmoregulation in cells.54,55

Similarly, glucose metabolism related enzymes generally
decreased in abundance under hypotonic conditions, while the
opposite phenomenon was observed under hypertonic condi-
tions. For instance, Glyceraldehyde-3-phosphate dehydrogenase
(Gapdh), a key enzyme of glycolysis pathway, decreased
significantly in its expression in hypo-osmotic-treated cells;
whereas it was up-regulated in hyperosmotic condition. More-
over, the concentration of both Pyruvate dehydradase (Pdha1)
and Transaldolase 1 (Taldo) decreased by hypotonic treatment.

This is in accordance with previous findings5 and could suggest
an increased glycolysis activity in hyperosmotic treatment, and
a down-regulation of glucose catabolism in hypo-osmotic
condition. Our finding regarding glucose metabolism could
reflect an active regulation of cellular organic osmolytes
production, which counteracts osmotic water diffusion. One
of the most prevalent osmolytes, sorbitol, is synthesized from
glucose in a chain of reactions involving glycolytic enzymes
and gluconeogenic pathways.56,57 Such protective mechanisms
have been documented for renal cells, where the accumulation
of organic osmolytes were observed under hyperosmotic con-
dition.58 These organic osmolytes act by maintaining cell
volume without perturbing protein structure and function.
Combined, our observations suggest that the up-regulation of
glycolysis could be essential upon cell shrinkage to increase
the production of organic osmolytes.

Cytoskeleton Remodeling. Cells possess adaptive responses
that remodel and reinforce the cellular structure to withstand
physical challenges.59 Hyperosmotically induced cell shrinkage
has been associated with a net increase in F-actin content in a
variety of cells. Conversely, hypotonicity was accompanied by
a decrease in F-actin in numerous cell systems (reviewed in
ref 59). A similar behavior was observed in the current study:
Increased cytoskeletal actin (Actb, Actg1) expression was ob-
served in hyperosmotic ES cells. The Drebrin-like actin binding
protein (Dbnl) was also observed to increase in its expression

Figure 8. Mathematical modeling for the osmotic regulation of the protein metabolic network. The modeling was facilitated using Cell
Designer software (see Material and Methods for details). (A) In this abstract model employing ordinary differential equation, the
protein metabolic network differs between normal and swollen cells only by the absence or presence of a material flux (“overflow”)
between ER-processing and protein degradation.
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under hyperosmotic condition. On the other hand, we observed
a significant decrease of cellular Actin concentration (Actb,
Actg1) in hypo-osmotic ES cells. In addition, the cytoskeleton
Actin-filament stabilizing protein Tropomyosin 1 (Tpm2) was
up-regulated under both hyper- and hypotonic conditions. This
could suggest that aniso-osmotic stress was accompanied by
an active cytoskeletal remodeling processes.60 According to
previously published data, the Actin-related protein 2/3 (Arp2/
3) complex is a major osmotic-sensitive structural component
of the Actin remodelling aparatus.61,62 Activation of Arp 2/3
complex is mediated by a direct molecular contact with various
members of the Wiskott-Aldrich syndrome protein (Wasp)
superfamily. These are in turn activated upstream by Rho family
GTPases (Cdc42 and Rac).61,63 In the current study, we observed
that two subunits of Arp2/3 complex (Arpc4 and Arpc5) were
up-regulated in their expression under hyperosmotic condi-
tions. On the other hand, the Rho GDP-dissociation inhibitor
1 (Arhgdia), an inhibitor of RhoGTPase (by inhibiting nucleotide
exchange of GTP/GDP), was decreased in abundance in hy-
perosmotic treated cells, whereas it was increased in hypo-
osmotic condition. Taken together, the increase in cytoskeleton-
associated protein expression may play a particularly important
role in stabilization and reinforcement of the cellular scaffold
in cells exposed to a hyperosmotic environment. A constant
energy supply is required for Actin assembly,64 and therefore,
the increased Actin concentration and the up-regulation of
glycolysis in hyperosmotic ES cells may act synergistically by
stabilizing ES cells to adapt to adverse osmotic conditions.

Protein Synthesis and Degradation Appear To Be
Cis-Regulated upon Cell Volume Alteration. When cell shrink-
age by hyperosmosis was investigated, it was observed that
protein catabolism (ubiquitination/proteasome) was generally
decreased. This was evidenced by a consistent decrease of eight
proteasome subunits (Psma1, Psma3, Psmb1, Psmb4, Psmb5,
Psmb6, Psmb8 and Psme1) and five ubiquitination-related
proteins (Ube1x, Uchl3, Sumo1, Sumo2 and Tceb2) (Table 1).
It was described previously that an increased protein biosyn-
thesis is accompanied by decreased proteolysis during cell
swelling.5 A similar increase of protein synthesis during ES cell
swelling was also observed in the present study. Interestingly,
there was also a prominent increase in abundance of protea-
some and ubiquitination components after hypotonic treat-
ment. Psme1, which acts as a proteasome activator, was
increased in expression in hypo-osmotic ES cells. Moreover,
there was an increased expression in Ubiquitin carboxyl-
terminal hydrolase activity (Uchl3, Uchl1) in hypotonic ES cells
(Table 1). In summary, this results in average (arithmetic mean)
alteration of proteins involved in degradation of 0.7- and 2.6-
fold by hyper- and hypotonic conditions, respectively, and
shows clear cis-regulation (regulation in the same direction)
of proteins biosynthesis and degradation. This is a clear
discrepancy between previously published results and our
current findings.

Another notable finding of our study is the consistent up-
regulation of stress-response and endoplasmic reticulum (ER)-
bound proteins in hyperosmotic ES cells. The latter include
Reticulocalbin 1 (Rcn1), a calcium-binding EF hand protein,
Thioredoxin domain containing 4 (Txndc4), which may control
oxidative protein folding inside the ER, and Sulfatase-modifying
factor 2 (Sumf2). Combined, an average (arithmetic mean) 1.3-
fold up-regulation of ER-processing proteins was determined.
ER is the site of synthesis, folding and modification of secretary
and cell-surface proteins.45 The accumulation of unfolded

proteins in the ER lumen due to disturbed protein biosynthesis
induces a coordinated adaptive program called the unfolded
protein response (UPR).45 The UPR attempts to alleviate cellular
stress, supporting protein refolding as well as increasing protein
degradation.46 As a large part of the cellular proteins undergo
ER-processing,45 an ER-processing module could be a key
player in regulating the entire cellular protein metabolic
network. We thus conclude that hypotonic ES cells show
increased protein synthesis which evidently requires more free
resources of the cell than used under normal osmolarity.
Increased biosynthesis will require in turn an up-regulation of
protein degradation to warrant a balanced protein turnover.
This is opposite to the observation of Haussinger,5 who
reported a down-regulation of protein degradation during cell
swelling. The effects on protein degradation studied by Hauss-
inger were obtained using liver cells,5,65–68 whereas in our study,
we used ES cells. In addition, Häussinger did not study the
expression alteration of a large number of proteins but pro-
teolytic capacity by [3H] leucine release.5,65–68 Therefore, an
increase in concentration of proteins involved in proteolysis
might not mean an increased net proteolysis as measured by
[3H] leucine release.

Proteins Specifically Altered by Osmotic Stress. We found
that only 37 of 92 proteins were specifically altered by osmotic
stress. They show an enrichment of one pathway (“Cell cycle”)
when analyzed by KEGG, whereas the proteins altered in
osmotic stress and all ND showed three enriched pathways,
one of the “Proteasome”. A vast majority of proteins (60%) are
shared between ND and osmotic stress. Osmotic stress and
therefore cell volume alteration which accompanies osmotic
stress may play a significant role in ND. In addition, when
looking at the individual proteins overlapping in all ND and
osmotic stress, Uchl1, also known as Park5, is implicated in
PD is one of them.69 Therefore, mouse models transgenic for
Uchl1 may not be as specific for PD as formerly thought. It
might more likely represent a protein the cell uses to fight cell
volume alterations.

Mathematical Modeling of Cellular Protein Metabolic
Flows. To access the dynamics of cellular protein metabolic
flows and their possible disturbance caused by osmotic stimu-
lation, we employed a mathematical modeling formalism.
Using mathematical simulations considering the dynamic
relation between different aspects of protein metabolism, we
could show that both protein degradation and protein synthesis
were up-regulated under hypotonic conditions. The up-regula-
tion of protein synthesis was more pronounced than protein
degradation. This suggests a positive nitrogen balance in case
of cell swelling, which is in line with previous findings.5

However, if we consider actual change of protein degradation,
an up-regulation could be observed under swelling condition.
This means that a comprehensive view, there appears to be a
cis-regulation (regulation in the same direction) of protein
biosynthesis and degradation upon cell volume alteration due
to osmotic stress.

Conclusions

In summary, our results show that osmotic stress and
therefore cell volume alteration influence a wide variety of
cellular pathways, including stress response, cytoskeletal re-
modeling and metabolism. Interestingly, protein biosynthesis
and degradation were cis-regulated in an altered osmotic
environment, probably due to the modulating effect of ER
function.
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When comparing the proteins altered after osmotic stress
to data sets of proteins altered in three different ND, we found
that 60% of the proteins altered by osmotic stress were altered
in at least one ND and 18% in all of them. Therefore, protein
alterations caused by osmotic stress or cell volume alterations
may contribute to the pathology of ND.

Abbreviations: 2-DE, 2-D electrophoresis; AD, Alzheimer’s
disease; ES cells, embryonic stem cells; ER, endoplasmatic
reticulum; HD, Huntington’s disease, MS, mass spectrometry;
ND, neurodegenerative disease; PD, Parkinson’s disease.
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A Large Number of Protein Expression
Changes Occur Early in Life and Precede
Phenotype Onset in a Mouse Model for
Huntington Disease*□S

Claus Zabel‡§¶, Lei Mao‡§, Ben Woodman�, Michael Rohe**, Maik A. Wacker‡,
Yvonne Kläre‡, Andrea Koppelstätter‡, Grit Nebrich‡, Oliver Klein‡, Susanne Grams‡,
Andrew Strand‡‡, Ruth Luthi-Carter§§, Daniela Hartl‡, Joachim Klose‡,
and Gillian P. Bates�

Huntington disease (HD) is fatal in humans within 15–20
years of symptomatic disease. Although late stage HD has
been studied extensively, protein expression changes that
occur at the early stages of disease and during disease
progression have not been reported. In this study, we
used a large two-dimensional gel/mass spectrometry-
based proteomics approach to investigate HD-induced
protein expression alterations and their kinetics at very
early stages and during the course of disease. The murine
HD model R6/2 was investigated at 2, 4, 6, 8, and 12 weeks
of age, corresponding to absence of disease and early,
intermediate, and late stage HD. Unexpectedly the most
HD stage-specific protein changes (71–100%) as well as a
drastic alteration (almost 6% of the proteome) in protein
expression occurred already as early as 2 weeks of age.
Early changes included mainly the up-regulation of pro-
teins involved in glycolysis/gluconeogenesis and the
down-regulation of the actin cytoskeleton. This suggests
a period of highly variable protein expression that pre-
cedes the onset of HD phenotypes. Although an up-reg-
ulation of glycolysis/gluconeogenesis-related protein al-
terations remained dominant during HD progression, late
stage alterations at 12 weeks showed an up-regulation of
proteins involved in proteasomal function. The early
changes in HD coincide with a peak in protein alteration
during normal mouse development at 2 weeks of age that
may be responsible for these massive changes. Protein
and mRNA data sets showed a large overlap on the level
of affected pathways but not single proteins/mRNAs. Our

observations suggest that HD is characterized by a highly
dynamic disease pathology not represented by linear pro-
tein concentration alterations over the course of
disease. Molecular & Cellular Proteomics 8:720–734,
2009.

Huntington disease (HD)1 is an autosomal dominantly in-
herited disorder that usually presents in midlife and causes
death 15–20 years after the first symptoms occur (1). The
disease-triggering mutation consists of an unstable, elon-
gated cytosine-adenine-guanine (CAG) trinucleotide repeat at
the 5�-end of the HD gene in the first exon. The CAG repeat
codes for a variable number of glutamines (2). The length of
the polyglutamine repeat in the gene product of HD, Hunting-
tin (Htt), is one of the most important factors that determines
the age of onset of the disorder (2). Individuals with 6–35 CAG
repeats are not affected. Those with 36–39 CAG repeats have
an increased risk of acquiring the disease, and repeats of 40
and above always cause disease (3–5). Onset of the motor
disorder usually occurs between 35 and 45 years, but the age
of onset can range anywhere from 2 to 80 years (2). In general,
the larger the size of the polyglutamine repeat, the earlier the
age of onset (6).

HD has been studied extensively at the level of single
(interacting) proteins (7–9) and well characterized pathways,
such as cell death (10–12). However, these experimental ap-
proaches have been rather limited in their identification of
proteins that contribute to disease pathogenesis. Protein-
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ber of proteins available (13, 14). In addition, unbiased, large
scale approaches have identified a large number of genes
potentially involved in HD because microarrays probe a very
large number of expression alterations simultaneously at the
mRNA level (15, 16). Two-dimensional gel electrophoresis
(2-DE)- (17, 18) or liquid chromatography-based proteomics
approaches in combination with mass spectrometry are able
to investigate many protein alterations at the same time (19,
20) increasing the number of proteins known to be involved in
HD and complementing the protein interaction data.

HD has already been studied extensively at the transcrip-
tomic level using brain tissue from a large number of mouse
models (21–25) and humans (26) as well as human blood cells
(27) using mostly late stages with visible disease phenotype.
Proteome data on expression changes for HD are more
scarce and so far only available for the R6/2 model (28–31). A
common denominator of these studies is that only stages with
disease phenotype were investigated (28–31). To understand
the disease pathology in more detail, early changes need to
be investigated. Here we present protein expression changes
that occur at 2, 4, 6, 8, and 12 weeks of age in the well
established R6/2 mouse model of HD representing the tran-
sition from the absence of disease-related phenotypes to a
pronounced symptomatic disease state. Our results show
that a large number of protein alterations are present prior to
the developments of disease phenotypes. In addition most
protein alterations were found to be disease stage-specific,
and there were no proteins that were found to be altered at
every stage investigated.

EXPERIMENTAL PROCEDURES

Experimental Animals—Hemizygous R6/2 transgenic mice (32)
were bred and reared in our colony by backcrossing R6/2 males to
CBA � C57BL/6 F1 females (B6CBAF1/OlaHsd, Harlan Olac, Bices-
ter, UK). R6/2 mice were always housed with wild-type mice and were
subject to a 12-h light:12-h dark cycle. All animals had unlimited
access to water and breeding chow, and housing conditions and
environmental enrichment were as described previously (33). R6/2
transgenic mice and wild-type littermate controls were sacrificed by
cervical dislocation, and brains were rapidly removed, flash frozen in
liquid nitrogen, and stored at �80 °C until use. We analyzed total
brain from 2-, 4-, 6-, 8-, and 12-week-old R6/2 mice (n � 5–8).
Genotyping and CAG repeat sizing were performed as described
previously (34). Early changes in development at embryonic days 16
and 18; birth; and 1, 2, and 4 weeks were studied using brains of
C57BL/6 mice (n � 3; Charles River WITA GmbH, Sulzfeld, Germany).

Protein Extraction Procedure—Total protein extracts were pre-
pared from entire brains. The extraction procedure has been pub-
lished previously and validated (30, 35). Frozen tissue, 1.6 parts (v/w)
buffer P (50 mM Trizma� (Tris base) (Sigma-Aldrich), 50 mM KCl, and
20% (w/v) glycerol at pH 7.5) supplemented with a final CHAPS
concentration of 4% (w/v) in the sample, 0.08 parts protease inhibitor
solution I (one CompleteTM tablet (Roche Applied Science) dissolved
in 2 ml of buffer 1), and 0.02 parts protease inhibitor solution II (1.4 �M

pepstatin A and 1 mM phenylmethylsulfonyl fluoride in ethanol) were
ground to a fine powder in a mortar precooled in liquid nitrogen. The
tissue powder was transferred into a 2-ml tube (Eppendorf, Hamburg,
Germany), quickly thawed, and supplied with glass beads (0.034 units

of glass beads/combined weight of tissue, buffers, and inhibitors in
mg; glass beads, 2.5 � 0.05-mm diameter; Worf Glaskugeln GmbH,
Mainz, Germany). Each sample was sonicated six times in an ice-cold
water bath for 10 s each with cooling intervals of 1 min 50 s in
between. The homogenate was stirred for 30 min in buffer P without
CHAPS at 4 °C in the presence of 0.025 parts (v/w) Benzonase
(Merck) and a final concentration of 5 mM magnesium chloride in the
sample. Subsequently 6.5 M urea and 2 M thiourea were added, and
stirring was continued for 30 min at room temperature until urea and
thiourea were completely dissolved. The protein extract was supplied
with 70 mM dithiothreitol (Bio-Rad), 2% (v/w) ampholyte mixture (Ser-
valyte pH 2–4, Serva, Heidelberg, Germany), corrected by the amount
of urea added (correction factor � sample weight prior to addition of
urea/sample weight after addition of urea), and stored at �80 °C.
Protein concentrations were determined in sample aliquots without
urea using Bio-Rad DC Protein Assay according to the protocol
supplied by the manufacturer.

2-DE—After genotyping, mice were allocated to the HD or control
group. Sample pairs were randomly selected choosing one mouse
brain from each group. 2-D gels were run in batches of two. Sample
pairs consisting of an HD and a control were run in parallel in both
dimensions of 2-DE, IEF, and SDS-PAGE. Different sample pairs were
processed at different days to avoid confounding of the experiment
due to the same processing date. Protein samples were separated by
the large gel 2-DE technique developed in our laboratory as described
previously (17, 18). The gel format was 40 cm (isoelectric focusing) �
30 cm (SDS-PAGE) � 0.75 mm (gel width). For IEF using the carrier
ampholyte technique, we applied 6 �l (20 �g/�l) of protein extract of
each sample to the anodic end of an IEF gel (40 cm) and used a carrier
ampholyte mixture to establish a pH gradient from 3 to 10. Proteins
were visualized in SDS-PAGE polyacrylamide gels by high sensitivity
silver staining (18, 36). For SDS-PAGE the IEF gels were cut in half
and run as acidic and basic sides. 2-D gels were dried (described
extensively in Ref. 36) and scanned at 300 dpi and 16-bit gray scale
using a scanner (Microtek Scan Maker 9800XL, Evestar GmbH, Wil-
lich, Germany). The 2-D gel images were subsequently saved in Tiff
format to avoid loss of quality due to compression.

Quantitative Analysis of Protein Expression—After uploading the
2-D gel images, protein spot patterns were evaluated by Delta2D
imaging software version 3.5 (DECODON, Greifswald, Germany) as
was already described recently in detail elsewhere (37). Delta2D is our
standard 2-D gel evaluation software and was validated already in
many of our studies (30, 35, 38–41). Briefly 2-D spot patterns of HD
and control mouse brains were matched using the Delta2D “exact”
mode matching protocol. First sample pairs (HD and control) were
matched individually. Subsequently all HD gels were matched to
create a “match link” between all 2-D spot patterns using match
vectors (37). Using “union” mode a fusion image was generated,
including the visible spots for each 2-D gel from each time point (2, 4,
6, 8, and 12 weeks) creating 10 fusion gels (five time points, one
fusion gel for the acidic side and one for the basic side of 2-D gels).
Only the fusion image was used for spot detection using the following
settings for Delta2D: local background region, 100; average spot size,
1; and sensitivity, 100%. Spots were not edited manually after spot
detection. About 2000 spots on the fusion image were transferred to
all other 2-D gel images for each time point. This ensures that for each
stage investigated the identity for each spot on a gel is identical.
Relative spot volume intensities (fractions of 100%) were used for
quantitative protein expression analysis. After background subtrac-
tion, normalized spot intensity values were copied into Excel spread-
sheets for statistical analysis. Data sets were analyzed applying a
Student’s t test. In the case of HD versus control comparisons a
paired t test was used to compare sample pairs run side by side
during both electrophoresis runs. In longitudinal studies where differ-
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ent age stages of HD or control were compared with one another, we
used an unpaired t test because no natural pairing exists. Pairs were
randomly selected from each group (time points) compared. The 2-D
gel evaluation procedure by Delta2D remained the same as in HD
versus control comparisons.

To determine changes in total protein concentration we determined
the protein amount (gray value determined by Delta2D 2-D gel eval-
uation software) changed for all up- or down-regulated proteins for
each stage. Now the sum of the protein amounts for e.g. all signifi-
cantly up-regulated proteins from controls was subtracted from the
sum of all HD proteins. Therefore we obtained the actual amount of
changed protein. To determine the total protein amount changed we
added the amount for up- and down-regulation. To determine
whether total amount of protein changed was significantly different
between stages we used an unpaired t test. The total amounts
changed for each 2-D gel pair (five HD versus control repeats) were
calculated separately. We subsequently compared the total amounts
of each stage with its adjacent stages by t test. All protein amounts
are relative as they are altered as compared with control, and al-
though changes in gray scale value (spot volume) are proportional to
protein concentration changes the absolute concentration values are
not available. Sample size comprised at least five biological sample
pairs. The Student’s t test was used because the data investigated
were normally distributed. The Kolmogorov-Smirnov Z test provided
by the statistical analysis software SPSS 16.0 (SPSS Inc., Chicago, IL)
was used to determine the “normal” distribution of our data. SPSS
calculates a “two-tailed significance level,” testing the probability that
the observed distribution is significantly deviant from the expected
normal distribution. That is, a finding of non-significance means that
the sample distribution is normal. We used the data set of statistically
significant protein isoforms (p � 0.05, paired Student’s t test) at 8
weeks to check for normal distribution. This data (sub)set was chosen
because (i) testing all data points (4816 spots) was very difficult using
the program available (SPSS) and (ii) the significant changes were the
relevant ones for this study. We investigated the up- and down-
regulated spots separately. The two-tailed significance level for up-
and down-regulated protein isoforms was on average 0.81 � 0.21
and 0.86 � 0.17, respectively. That is, the null hypothesis (normal
distribution) is true (p � 0.05), and the data are therefore normally
distributed. In addition, all protein isoform changes tested were dis-
tributed normally.

The rate of false positives was estimated according to the following
equation for unpaired t tests.

Z �
x1 � x2

�s1
2

n1
�

s2
2

n2

(Eq. 1)

We assumed that the null hypothesis that there is no difference
between samples tested is valid. In addition, x1 and x2 are the sample
means of the distributions, and s1 and s2 are the corresponding
standard deviations. n1 and n2 indicate the number of sample pairs
used in our study. Because we assumed an equal standard normal
distribution of both data sets to be tested for false positives we
assume that the standard deviation s1 � s2. Z denotes the desired
confidence and was determined to be 2.015 for Q(0.95) (0.95 quantiles)
and n � n1 � n2 � 5 according to the “quantiles of Student’s t
distribution.” The false positive rate was therefore determined to be
smaller than 15% of the significant changes for an unpaired t test.
This value is even smaller for paired t tests.

Evaluation of False Positive Protein Changes—To determine the
reliability of the results obtained by our HD time course investigation
it was important to establish a base line of protein alterations that
occur even if no disease is present. Therefore we selected a repre-

sentative time point, 8 weeks, and compared eight control gels with
each other. We randomly allocated the eight 2-D gels into two groups
of four each. Those groups were analyzed in the same way as HD and
control gels were. We analyzed a total of 4031 protein spots by an
unpaired Student’s t test (p � 0.05) and found that 17 spots were
up-regulated and 22 were down-regulated in expression. This makes
a total of 39 spots changed at 8 weeks without disease present. When
comparing this result with the changes obtained during our time
course study where 205, 42, 40, 157, and 240 spots were altered
between HD and control at 2, 4, 6, 8, and 12 weeks, respectively
(Table I), we found a percentage of false positives of 19, 93, 98, 25,
and 16%, respectively. In addition, a direct comparison of changes at
8 weeks (157 spots) shows that 25% of the proteins may be false
positives, or at least 118 changes were identified correctly.

Protein Identification—For protein identification by mass spec-
trometry, 40 �l of extract was separated by 2-DE and stained using an
MS-compatible silver staining protocol (42). Protein spots of interest
were excised from 2-D gels and subjected to in-gel tryptic digestion.
Tryptic fragments were analyzed by nanoflow HPLC (Dionex/LC
Packings, Amsterdam, Netherlands)/ESI-MS and -MS/MS on an LCQ
Deca XP ion trap instrument (Thermo Finnigan, Waltham, MA). Nano-
flow HPLC was directly coupled to ESI-MS analysis. Protein spot
eluates of 15 �l were loaded onto a PepMap100 C18 precolumn (5
�m, 100 Å, 300-�m-inner diameter � 5 mm; Dionex/LC Packings)
using 0.1% (v/v) trifluoroacetic acid at a flow rate of 20 �l/min.
Peptides were separated onto a PepMap100 C18 100 column (3 �m,
100 Å, 75-�m-inner diameter � 15 cm; Dionex/LC Packings). The
elution gradient was created by mixing 0.1% (v/v) formic acid in water
(solvent A) and 0.1% (v/v) formic acid in acetonitrile (solvent B) and
run at a flow rate of 200 nl/min. The gradient was started at 5% (v/v)
solvent B and increased linearly up to 50% (v/v) solvent B after 40
min. ESI-MS data acquisition was performed throughout the LC run.
Three scan events, (i) full scan, (ii) zoom scan of most intense ion in full
scan, and (iii) MS/MS scan of the most intense ion in full scan, were
applied sequentially. No MS/MS scan on single charged ions was
performed. Raw data were extracted by the TurboSEQUEST algo-
rithm, and trypsin autolytic fragments and known keratin peptides
were subsequently filtered. All DTA (peak list files for mass spectrom-
etry results generated by the SEQUEST search algorithm) files gen-
erated by BioWorks version 3.2 (Thermo Scientific, Waltham, MA)
were merged and converted to MASCOT generic format files (MGF).
Mass spectra were analyzed using our in-house MASCOT software
package license version 2.1 automatically searching the NCBInr da-
tabase for Mus musculus (house mouse) (NCBInr_20061206, 107,853
sequences). The M. musculus subset of the NCBInr database was
used because only mouse samples were investigated. In rare cases,
hits were researched using the Mammalia subset of the NCBInr
database. All non-M. musculus proteins are indicated in supplemental
Table 1 by addition of either “Homo sapiens” or “Rattus norvegicus”
after their protein name. To reduce the length of the protein names for
the large majority of M. musculus identifications because of space
constraints the species label was omitted in many cases. MS/MS ion
search was performed with the following set of parameters: (i) taxon-
omy, M. musculus (house mouse); (ii) proteolytic enzyme, trypsin; (iii)
maximum of accepted missed cleavages, 1; (iv) mass value, monoiso-
topic; (v) peptide mass tolerance, 0.8 Da; (vi) fragment mass toler-
ance, 0.8 Da; and (vii) variable modifications, oxidation of methionine
and acrylamide adducts (propionamide) on cysteine. No fixed modi-
fications were considered. Only proteins with scores corresponding
to p � 0.05 with at least two independent peptides identified were
considered. The cutoff score for individual peptides using ESI iden-
tification was equivalent to p � 0.05 for each peptide and usually in a
MOWSE (molecular weight search) score range from 32 to 37. This
number was calculated by the MASCOT software. Furthermore the-
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oretical and practical molecular weight and pI for each protein iden-
tified by database search were compared to remove proteins with
deviating masses and pI values.

Pathway Enrichment Analysis in the Protein Data Set—Official gene
symbols and gene names (Mouse Genome Informatics) were used to
investigate similarities in protein expression alterations between
stages. The gene names were retrieved using the GI numbers sup-
plied by MASCOT after a database search. To investigate an enrich-
ment of specific pathways in the altered protein expression data set,
we used the “Web-based gene set analysis toolkit” (WEBGESTALT)
tool supplied by Vanderbilt University. We used the “Gene set anal-
ysis tool” and selected the gene set analysis option “Function” and
the category “KEGG table and maps.” KEGG is the abbreviated form
of Kyoto Encyclopedia of Genes and Genomes and is a bioinformatics
database containing information on genes, proteins, reactions, and
pathways. The following parameters were used to create the KEGG
tables: reference set, “WEBGESTALT_MOUSE”; significance level,
p � 0.01; and minimum number of genes, 2. Statistical methods
available were “hypergeometric test” and “Fisher’s exact test.” For
our data the results were the same with either test.

Analysis of mRNA Data Sets for Co-regulation with Protein Expres-
sion Data Sets—We used an mRNA data set for the R6/2 HD mouse
model for 6, 9, and 12 weeks that had been published previously (22,
43). Only the striatal data set was utilized. The data sets were already
analyzed for statistical significance in their respective studies (22, 43).
Briefly Affymetrix microarrays were normalized using robust multiar-
ray averaging. Analysis was performed using R version 2.3 and the
Bioconductor packages Affy and Limma. Differential gene expression
in each array set was assessed relative to unaffected controls using
paired t tests. Random matching generated six HD-control sample
pairs (43). The mRNA data set consists of 22,626 probe set identities.
From the entire mRNA data set only genes with differential regulation
at the protein level were selected for analysis. On the single
mRNA/protein level we found that 88% of 371 altered proteins could
be correlated to corresponding mRNA data. A common gene symbol
(mouse variant) of protein and mRNA data was used as the selection
criterion. We now had mRNA expression data for 328 of our proteins
at 6, 9, and 12 weeks for HD and control at our disposal. We now
determined whether any significant changes occurred in any of the
328 mRNAs at each of the three stages. The significance level for
altered mRNA expression selected for our study was p � 0.05. If
probe sets were not altered significantly in more than 66% of cases
(note that more than one probe set per gene name is present on the
mRNA chip) they were discarded. In the three data sets at 6, 9, and 12
weeks of age, one (Rbmx), three (Eef1a2, Mapre2, and Nono), and
zero genes showed opposite regulatory behavior, respectively. Op-
posite regulatory behavior was present when individual probe sets
coding for the same gene name on the mRNA array showed opposite
expression behavior. The number of statistically significant mRNA
alterations of the total of 328 was determined for each stage. The
gene names for altered proteins were compared with the gene names
of mRNAs to determine the overlap in expression changes between
protein and mRNA on the single mRNA/protein level.

To investigate the overlap in cellular pathways between the mRNA
and the protein data sets we used WEBGESTALT using the same
parameters as already described earlier under “Pathway Enrichment
Analysis in the Protein Data Set.” To determine enriched pathways we
used all significantly changed probe sets from the mRNA data sets at
the stage investigated and not just those altered also in the protein
data set.

RESULTS

We investigated the HD mouse model R6/2 for changes in
the expression levels of proteins during phenotype onset and

progression using a 2-DE gel-based proteomics approach.
We observed two stages at which an extraordinarily large
number of protein alterations had occurred. These peak al-
terations were present prior to onset and after the develop-
ment of pronounced HD-related phenotypes. In addition,
most of the changes were found to be stage-specific.

Altered Protein Expression during HD Progression in R6/2
Mice—To cover onset and all stages of disease progression in
the well characterized R6/2 HD mouse model, we selected ages
starting where no phenotype is present (2 weeks) and finishing
where mice demonstrate pronounced symptoms (12 weeks). In
our colony, disease end point is defined by 20% loss of body
weight that occurs at 14–15 weeks of age. Further time points
were selected to correspond to stages where hallmarks of dis-
ease progression appear. Loss of brain weight occurs from 4
weeks of age (44), an impairment of motor function as meas-
ured by RotaRod analysis is present from �6 weeks (45), and a
visible phenotype is present from �8 weeks (45) (Fig. 1). After
comparing R6/2 with control mice for 2, 4, 6, 8, and 12 weeks
separately the number of differentially expressed proteins for
each time point investigated was determined (Table I). For the
2-, 4-, 6-, 8-, and 12-week time points, a total of 3821, 4006,
4030, 4816, and 4283 protein isoforms were analyzed, respec-
tively, to determine significant protein expression differences.
As expected very few protein isoforms were altered in R6/2
mice at 4 (42 isoforms, 1.0% of total isoforms investigated at
this age) and 6 weeks (40 isoforms, 1.0%) of age because the
phenotype at these stages is very mild. The number of altered
protein isoforms increased more than 3-fold at 8 weeks (157
isoforms, 3.3%) and a further 1.5-fold at 12 weeks (240 iso-
forms, 5.6%).

Unexpectedly we found a large number of protein isoforms
altered at 2 weeks of age (205 isoforms, 5.4%). This number
was almost as high as those detected at 12 weeks (Table I).
We suspected that the number of protein isoforms changed at
2 weeks might not necessarily reflect a drastic change in the
total amount of altered protein. Therefore, we determined the

FIG. 1. Scheme of disease progression in the HD mouse model
R6/2. Pathological hallmarks are marked on the time scale by arrows,
and the observed phenotype is indicated on top of each arrow.
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relative amount of protein changed (Fig. 2) and found that
3.1% of the total spot volume (protein concentration) was
altered at 2 weeks comparable to 3.2% at 12 weeks of age.
Again the values were almost identical. The y axis of Fig. 2
indicates the amount of protein changed relative to a total
protein concentration of 100% for a 2-D gel.

We subsequently identified the altered protein isoforms by
mass spectrometry. Table II shows the number of identified
proteins for each stage separately. The identification rates
were in general very high, ranging from 83 to 94% except for
at 6 weeks (53%). However, at 6 weeks, only a very small
number of proteins were altered (40), and therefore, the failure
to identify specific proteins makes a huge difference to the

percentage identified. Because of the generally high identifi-
cation ratio, the proteins changed represent the entire data
set of altered protein spots (Table I). A low identification rate
may leave an important subset of proteins beyond scrutiny
and may bias the study for easily identifiable proteins. It is well
established that a protein may be represented by more than
one protein isoform (spot) on a 2-D gel. Therefore we deter-
mined the number of non-redundant proteins that were
changed for each stage. We used the gene name as a
selection criterion: proteins sharing the same gene name
were considered as one non-redundant protein. Therefore,
proteins with a different protein name but the same gene
name and a protein altered in more than one isoform (seen
on the 2-D gel as a protein spot (18)) on the 2-D gel were
considered to be the same protein and counted only once
per stage. Table IIIA shows the number of non-redundant
proteins changed at each disease stage. As might have
been expected, at each stage proteins were represented by
more than one protein spot on the 2-D gel. The number of
non-redundant proteins was 73, 89, 86, 77, and 70% of the
total number of proteins identified at 2, 4, 6, 8, and 12
weeks, respectively. In total 371 individual, non-redundant
proteins were identified. Interestingly almost all proteins
represented by more than one spot showed the same reg-
ulatory pattern in all isoforms; that is, they were either up- or
down-regulated (Table IIIB).

Drastic Protein Expression Changes Early in Disease Pre-
cede HD-related Phenotypes—The most unexpected obser-
vation was that an early peak in protein alterations in terms of
numbers (Tables I–III) and amount (Fig. 1) was observed prior
to phenotype onset, and we sought to identify the mechanism
underlying this early peak. It is already known that protein
changes related to development that are present at 2 weeks
of age in the mouse are drastically reduced in adulthood (38).
We investigated the longitudinal changes in R6/2 and wild-
type mice to elucidate the magnitude of protein changes
during development in the presence and absence of disease
(Table IV). This means we compared each stage within a
group (HD or control) with its adjacent stages. The number of

FIG. 2. Relative protein concentration changes during HD pro-
gression. Total brain extracts of R6/2 mice were studied at 2, 4, 6, 8,
and 12 weeks of age. Protein concentration alterations were calculated
for all significantly altered protein isoforms (p � 0.05, �0.9- or �1.1-fold
change). The total spot volume (spot intensity � spot area) on each 2-D
gel was set to 100%. The y axis indicates the amount of protein
changed relative to a total protein concentration of 100%. Asterisks
indicate statistical significance (p � 0.05). Black bars indicate up-regu-
lated proteins, and gray bars indicate down-regulated proteins. The
numbers above each bar indicate percentage of change. The line above
the bars indicates the sum of up- and down-regulated protein concen-
tration changes that is also indicated by numbers.

TABLE I
Disease progression in the HD mouse model R6/2 is only reflected late

in disease by altered protein isoforms

Shown is the number of differentially expressed protein spots. Only
spots altered by �10% of spot volume and p � 0.05 are indicated. A
paired Student’s t test was used to determine statistical significance.
All spots differentially expressed on the 2-D gels at each respective
stage are listed.

Age

Number of
differentially

expressed spots

Up Down Total

weeks

2 117 88 205
4 19 23 42
6 17 23 40
8 93 64 157

12 120 120 240

TABLE II
Number of identified proteins changed in R6/2 disease progression

Age
Identified differentially

expressed spots

Up Down Totala

weeks

2 91 80 171 (83%)
4 16 21 37 (88%)
6 10 11 21 (53%)
8 93 45 138 (88%)

12 114 112 226 (94%)
a The percentage of identified proteins as compared with the num-

bers in Table I is given in parentheses. The number of differentially
expressed proteins is listed. Only proteins altered by �10% of spot
volume and p � 0.05 are indicated. A paired Student’s t test was used
to determine statistical significance.
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protein isoform changes between 2 and 4 weeks, 318 in HD
and 298 in wild type, were more numerous than all subse-
quent changes during longitudinal development and its inter-
action with HD disease progression. Interestingly the number
of changes in wild-type and R6/2 mice reached another peak
between 6 and 8 weeks (Table IV). These changes were
reproduced when alterations in protein amount (concentra-
tion) were considered: again alterations were most dramatic
between 2 and 4 weeks in HD and wild-type mice (16.3 and

13.3%, respectively) (Table V). All mice with nominal age 2
weeks were sacrificed exactly 14 days after birth, but to rule out
a difference in “developmental age” between R6/2 and control
mice at 2 weeks of age we compared the body weight of both
groups. R6/2 mice had an average weight of 7.3 � 0.75 g, and
controls had an average weight of 7.54 � 1.15 g. Brain weights
were normally distributed and showed no statistically significant
difference (p � 0.814, paired Student’s t test).

Therefore, the number and extent of protein expression
changes occurring between 2 and 4 weeks were large regard-
less of the presence of disease. We now used C57BL/6 mice
to study expression changes during early development before
2 weeks of age (Table VI). When comparing the results for
wild-type CBA � C57BL/6 and inbred C57BL/6 mice, we

TABLE III
Number of non-redundant proteins changed at each stage during

R6/2 disease progression

Age
A. Number
of proteins

Up Down Totala

weeks

2 65 59 124 (73%)
4 15 18 33 (89%)
6 10 8 18 (86%)
8 74 31 105 (77%)

12 84 74 158 (70%)

Age

B. Number of
proteins with

more than one spot

Sameb Differentb Total

weeks

2 47 0 47
4 4 0 4
6 3 0 3
8 33 2 35

12 68 3 71
a The percentage of non-redundant proteins as compared with the

number of proteins identified in Table II is indicated in parentheses.
b Regulation of redundant spots (up/down) is in the same or oppo-

site direction. Only proteins altered by �10% of spot volume and p �
0.05 are indicated. A paired Student’s t test was used to determine
statistical significance.

TABLE IV
Longitudinal changes during wild-type and R6/2 development:

number of proteins

Only proteins altered by �10% of spot volume and p � 0.05 are
indicated. An unpaired Student’s t test was used to determine statis-
tical significance. Changes within the group of HD or control were
considered. Adjacent age stages were compared with each other.

Age
Number of

protein isoforms

Up Down Total

weeks

A. R6/2
2/4 137 181 318
4/6 39 36 75
6/8 26 105 131
8/12 66 23 89

B. Wild type
2/4 162 136 298
4/6 30 80 110
6/8 78 230 308
8/12 110 32 142

TABLE V
Longitudinal changes during wild-type and R6/2 development:

amount of protein

Only proteins altered by �10% of spot volume and p � 0.05 are
indicated. An unpaired Student’s t test was used to determine statis-
tical significance. Changes within the group of HD or control were
considered. Adjacent age stages were compared with each other.

Age
Amount of protein
isoforms altered

Up Down Total

weeks %

A. R6/2
2/4 8.5 7.8 16.3
4/6 0.9 1.2 2.1
6/8 2.7 3.2 5.9
8/12 2.2 2.0 4.2

B. Wild type
2/4 6.8 6.5 13.3
4/6 0.8 2.2 3.0
6/8 8.0 6.1 14.1
8/12 3.4 2.8 6.2

TABLE VI
Longitudinal changes during C57BL/6 mouse development

Only proteins that are altered �10% of spot volume and p � 0.05
are indicated. An unpaired Student’s T-test was used to determine
statistical significance. E, embryonic day; P, postnatal day.

Age
A. Number of

protein isoforms

Up Down Total Total/day

weeks

E16/E18 (�3 days) 52 87 139 70
E18/P0 (0 days) 37 57 94 31
P0/P7 (7 days) 157 170 327 47
P7/P14 (14 days) 245 181 426 61
P14/P28 (14 days) 155 197 352 25

Age
B. Amount of protein

Up Down Total Total/day

weeks %

E16/E18 (�3 days) 2.6 2.3 4.9 2.5
E18/P0 (0 days) 1.1 1.8 2.9 1.0
P0/P7 (7 days) 4.8 4.3 9.1 1.3
P7/P14 (14 days) 7.7 9.6 17.3 2.5
P14/P28 (14 days) 8.8 5.4 14.2 1.0
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found 298 versus 352 protein isoforms altered and 13.3 versus
14.2% changes in protein amount; this represents a very high
degree of similarity (Tables IV, V, and VI). When looking at
earlier changes it becomes clear that the amount of change is
considerably higher between time points in earlier mouse
developmental stages (35). We analyzed protein changes at
embryonic days 16 and 18 and postnatal day (P) 0, P7, P14,
and P28 (n � 3 per time point). We then calculated the number
of isoforms and protein amount changed between consecu-
tive time points and converted this to the average number of
isoforms changed per day for comparison purposes (Table
VI). A peak in the change in protein amount and isoform
number was observed between P7 and P14 (1 and 2 weeks
after birth; Table VI and Fig. 3). These data suggest that during
normal development the changes in protein expression that
occur at early stages (before 2 weeks) are already very pro-
nounced. Generally the changes per day are very high except
shortly before birth (Table VIB). A perturbation such as the
expression of the transgenic fragment of the HD gene in R6/2
mice (32) may easily disturb a delicate equilibrium of expres-
sion changes during normal development. This may explain
the large number of protein expression changes observed
early in disease at 2 weeks (Tables I–III and Fig. 2).

Overlap of Protein Expression Changes between Different
Stages of Disease Progression—After studying the possible
causes of the protein expression overlap, the identity and
properties of the proteins generating this early peak in differ-
ential expression were investigated. First the degree of simi-
larity between the proteins that change in disease was inves-
tigated. We compared the gene names corresponding to the
non-redundant proteins identified for each stage and found a
protein expression overlap of 6–38% depending on the
stages compared (Table VIIA). The protein expression overlap
is defined as the percentage of gene names shared between
two stages compared. Interestingly the overlap between 2
and 12 weeks of age was very high (38%). We then consid-
ered whether the direction of change in expression (i.e. up or
down) was concordant or discordant between stages (Table
VIIB). It became clear that even if the same proteins were
differentially regulated at both 2 and 12 weeks the direction of
expression was not necessarily the same. Correction for the
direction of expression, that is the same genes in the stages
compared with opposite regulation (i.e. up versus down) were
removed, reduced the overlap to 27%. This means that 73%
of the protein changes were specific for 2 and 12 weeks of
age. The overlap in differentially expressed proteins was cor-
rected to account for the direction of change for all compar-
isons and found to range from 0 to 29% with the lowest being
between 6 and 8 weeks of age (Table VIIA). Although an
expression overlap of up to 29% is still large, overall between
71 and 100% of the proteins that were differentially expressed
were stage-specific (Table VII).

Early Changes in Energy Metabolism during HD Patho-
logy—To obtain a deeper understanding of the processes

involved in disease progression it is important to determine
whether specific pathways are enriched within the altered
protein data set for which we carried out a KEGG analysis (46).
We analyzed all time points separately and only included path-
ways where at least three proteins were enriched. This cutoff
was chosen to ensure that a reasonable number of proteins
were altered for a given pathway thereby providing strong evi-
dence for altered regulation. Pathways enriched in up-regulated
and down-regulated proteins were identified (Table VIII). Inter-
estingly glycolysis/gluconeogenesis was found to be at the top

FIG. 3. Longitudinal changes of protein expression during de-
velopment. Changes in protein expression per day in terms of num-
ber of proteins (A) and protein concentration (B) were determined.
Total brain extracts of embryonic day 16 and 18 and neonate P0, P7,
P14, and P28 wild-type C57BL/6 mice were compared. Altered pro-
tein numbers and concentration were calculated for all significantly
altered protein isoforms (p � 0.05, �0.9- or �1.1-fold change). For a
complete list of all alterations see Table VI.
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of the up-regulated categories at all stages except at 12 weeks
of age when most up-regulated proteins were found in path-
ways involving proteasome function. In contrast some proteins
involved in glycolysis/gluconeogenesis were down-regulated at
12 weeks. Of other down-regulated pathways, the “regulation of
actin cytoskeleton” was at the top of the list at 2 and 12 weeks
of age, and proteasome function was down-regulated at 2
weeks of age. In summary, “glycolysis/gluconeogenesis” was
mostly up-regulated, whereas “regulation of cytoskeleton” was
down-regulated. The regulation of proteasome function seems
to be stage-specific.

When the overlap between proteins of altered expression
was considered, those overlapping between 2 and 12 weeks
of age (Table VII) belong to glycolysis/gluconeogenesis, the
“pentose phosphate pathway,” and “proteasome”. In con-
trast, when the protein expression overlap from 8 and 12
weeks was compared, glycolysis/gluconeogenesis was still
the top ranking enriched pathway followed by “Parkinson
disease” (Ube1x and Uchl1), and “metabolism of xenobiotics
by cytochrome P450” as well as “MAPK signaling pathway”
were also included. At the level of individual proteins, only
nine gene names, Cops4, Efhd2, Mtpn, Phpt1, Sept7,
Slc25a12, Stmn1, Tppp, and Uchl1, were identified in the
expression overlap data sets of 2 versus 12 weeks and 8
versus 12 weeks. Therefore, because a total of 49 genes

overlapped between 2 and 12 weeks and 35 overlapped
between 8 and 12 weeks, there is an overlap of 23% between
both data sets at the individual protein level.

We now investigated the possibility that because some
proteins within an altered pathway may be up-regulated and
others may be down-regulated those pathways may be lost in
an analysis that separates up- and down-regulated proteins.
Table X shows that all pathways found with separate analysis
(Table VIII) were also found when up- and down-regulated
proteins were subjected to KEGG analysis simultaneously.
Because some numbers of proteins of the pathways involved
are higher in Table X, proteins of the same pathway show
opposite regulation. Still most proteins were either up- or
down-regulated. Still more altered pathways per stage were
found with simultaneous analysis, and importantly in addition
to glycolysis/gluconeogenesis, “oxidative phosphorylation”
was found to be altered at all stages except 6 weeks (Table X).

TABLE VII
Protein expression overlap between R6/2 stages investigated

A, non-redundant proteins (Table III) were compared between the
time points indicated. Note that the time point with the lower number
of differentially expressed proteins was set to 100% to ensure that
changes can reach 100%. B, the number of overlapping protein
changes (A, overlapping) was investigated for changes sharing the
same or opposite direction of expression (up/down). Only proteins
altered by �10% of spot volume and p � 0.05 are indicated. An
unpaired Student’s t test was used to determine statistical significance.

Age
A. Number of non-redundant

protein isoforms

Overlapping Total Relative overlapa

weeks %

2/4 10 33 30 (18)
4/6 3 18 16 (11)
6/8 1 18 6 (0)

8/12 35 106 33 (29)
2/12 46 124 38 (27)

Age
B. Number of overlapping

protein changes

Same Opposite Relative similarity

weeks %

2/4 6 4 60
4/6 2 1 67
6/8 0 1 0

8/12 31 4 89
2/12 32 14 70

a The expression overlap corrected by the relative similarity of
expression orientation between mRNA and protein datasets (number
in parentheses).

TABLE VIII
Pathways enriched at each stage and during disease progression

A KEGG pathway analysis was carried out, and only pathways with
three or more proteins and p � 0.01 were included. Pathways marked
bold were altered in at least four of five time points studied.

Age Pathways Number of
proteins

weeks

A. Pathways
up-regulated

2 Glycolysis/gluconeogenesis 9
Pentose phosphate pathway 4
Citrate cycle (tricarboxylic acid

cycle)
4

Glutamate metabolism 4

4 Glycolysis/gluconeogenesis 3
Oxidative phosphorylation 3

6 No pathways

8 Glycolysis/gluconeogenesis 5
Citrate cycle (tricarboxylic acid

cycle)
4

Proteasome 3
Tryptophan metabolism 3

12 Proteasome 10
Glycolysis/gluconeogenesis 5
Citrate cycle (tricarboxylic acid

cycle)
3

Cell communication 3
B. Pathways

down-regulated
2 Regulation of actin cytoskeleton 3

Proteasome 3

4 Gap junction 2

6 No pathways

8 Oxidative phosphorylation 3

12 Regulation of actin cytoskeleton 6
Glycolysis/gluconeogenesis 5
Axon guidance 3
Pyruvate metabolism 3
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This common enrichment in altered pathways is clearly
contrasted by the fact that only two proteins, represented by
the gene names glyceraldehyde-3-phosphate dehydrogenase
(Gapdh) and pleckstrin homology (PH) and SEC7 domain-
containing protein 3 (Psd3), were altered at four of the stages
and that none were altered in all five stages. Gapdh catalyzes
D-glyceraldehyde 3-phosphate, phosphate, and NAD	 to
3-phospho-D-glyceroyl phosphate and NADH and is involved
in glycolysis, but a nuclear function has also been described.
Psd3 acts as a guanine nucleotide exchange factor for ARF6
and is located at cell junctions, the presynapse, the postsyn-
aptic cell membrane, and the postsynaptic density.

In summary, when analyzing our proteomics data set, we
found two peaks in protein alteration, one early (5.4% of all
protein isoforms changed, 2 weeks) and one late in disease
(5.6%, 12 weeks). In addition, most changes at each time point
investigated were stage-specific (71–100%; see Table VII).

Correlation of mRNA Expression Kinetics during HD Pro-
gression in R6/2 Mice—Recently mRNA expression data for
R6/2 mice at 6, 9, and 12 weeks of age have been published
(22, 47), and we used these data sets to compare mRNA and
protein expression data to determine the degree by which
altered mRNA regulates protein expression. The data sets
were generated from the striatum of 6-, 9-, and 12-week-old
R6/2 mice. Of the 371 non-redundant proteins that we iden-
tified, only 39 were not represented in the mRNA data. There-
fore we were able to correlate the expression profiles of 328
mRNAs (88% of the proteins) with their protein expression.
Only two of the stages studied at the mRNA level (6 and 12
weeks) coincided directly with the stages studied on the pro-
teome level (2, 4, 6, 8, and 12 weeks). We compared the
mRNA expression data with adjacent protein expression data
on the single mRNA/protein level. 6-week mRNA expression
data were compared with 4-, 6-, and 8-week protein data, the
9-week mRNA data were compared with 8- and 12-week
protein data, and the 12-week mRNA data were compared
with 8- and 12-week protein data.

The comparison of altered mRNAs and proteins at 6 weeks
revealed an overlap of 3 of 13 (23%), and at 12 weeks the
overlap was 42% when the direction of alteration was not
taken into account. At 6 weeks all three mRNAs that showed
a statistically significant alteration were regulated in the
opposite direction to the alteration in protein expression
(up/down). At 12 weeks this was the case for 16 of the 58
altered mRNAs. Interestingly this opposite regulation was
lower, 3 of 31 (10%), when the 9-week mRNA data set was
considered (Table IX). Because the pathways that are dif-
ferentially regulated at 2 and 12 weeks of age are quite
similar, mRNA alterations at 12 weeks were compared with
the proteins that were altered at 2 weeks. 42% of the
mRNAs altered at 12 weeks were also altered at the protein
level at 2 weeks. If those changing in the opposite direction
are excluded the overlap is still 23% (Table IX). Therefore
although there is co-regulation between protein and mRNA

expression it is generally low on the level of individual
proteins/mRNA.

We now investigated the overlap between pathways of the
mRNA and protein data sets. We determined the number of
differentially expressed proteins considering mRNAs with p �

0.05. Subsequently we carried out a KEGG analysis using
2775, 4338, and 2940 significantly altered, non-redundant
genes for 6, 9, and 12 weeks, respectively. We compared up-
and down-regulated mRNAs and proteins for each stage to-
gether (Tables X and XI). Stage “8 weeks” of the protein data
set was compared with “9 weeks” of the mRNA data set, and
stage “12 weeks” of the protein data set was compared with
12 weeks of the mRNA data set. We found an overlap of 6 of
8 pathways at 8/9 weeks and 6 of 10 pathways at 12 weeks.
No pathways were altered in the protein data set at 12 weeks.
The top five pathways in Table XI are those listed at the top of
a KEGG pathway analysis when using the mRNA datasets for
each of the three age stages investigated. The additional
pathways listed are altered in at least one of the stages from
the protein data set. Interestingly the top scoring pathways of
the mRNA data set such as oxidative phosphorylation and
regulation of actin cytoskeleton were also altered in the pro-
tein data set (Tables X and XI).

DISCUSSION

In this study we investigated early changes in protein
expression and followed these during disease progression
in the R6/2 HD mouse model. We observed two peaks of
altered protein expression, one at 2 weeks of age prior to
the onset of phenotypes and one at 12 weeks when symp-
toms are pronounced. These changes corresponded to
about 6% of the entire proteome (protein isoforms) studied.
Although most alterations were stage-specific, in some
cases e.g. proteins involved in glycolysis/gluconeogenesis
were dysregulated at every stage. In addition there was a
pronounced similarity between early and late changes at the
protein and mRNA level. When comparing the mRNA and
protein changes they showed a small overlap (�30%); that

TABLE IX
Comparison of significantly altered protein with mRNA expression in

R6/2 mice

Age
Number of mRNAs

Total mRNAsa 6 weeksb 9 weeksb 12 weeksb

weeks

2 112 (12) NDc ND 47 (21)
4 33 (0) 5 (2) ND ND
6 13 (5) 3 (3) 6 (4) ND
8 99 (7) 15 (5) 25 (10) 35 (6)

12 137 (21) ND 31 (3) 58 (16)
a Total mRNAs were determined by using the number of non-

redundant proteins (see also Table IIIA (Total)) minus the number that
are not represented in the mRNA data set (parentheses).

b Number of mRNAs regulated in the opposite direction (up/down)
to the proteins is indicated.

c ND, not done.
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is over 70% of the changes were specific to mRNAs or
proteins.

The identification of early disease-related alterations will
play a key role in our understanding of HD. However, most
studies focus on late stages of disease in mouse models once
an overt phenotype has occurred or study patients with man-
ifest disease or postmortem brains of people who have died at
late stage disease. In this study, we investigated the disease
kinetics of altered protein expression levels, starting prior to
phenotype onset and continuing through known stages of the
disease.

Peak in Early Changes at 2 Weeks of Age—The most star-
tling result of this study was the extent to which protein
alterations had already occurred at 2 weeks of age. The
number of protein alterations was almost equivalent to those
found at a late stage of disease and showed a significant

overlap in terms of gene names. The pathway identified using
the KEGG database that is most altered during disease pro-
gression is glycolysis/gluconeogenesis. Interestingly at 2
weeks, almost all glycolytic enzymes (phosphofructokinase
(Pfkm), aldolase (Aldoa and Aldoc), Gapdh, phosphoglycerate
kinase 1 (Pgk1), and pyruvate kinase (Pkm2)) were up-regu-
lated in their expression level (supplemental Table 1). In ad-
dition, an up-regulation of energy metabolism was further
supported by up-regulation of key enzymes of the citrate

TABLE X
Pathways enriched at each stage and during disease progression: all

proteins

A KEGG pathway analysis was carried out, and only pathways with
three or more proteins and p � 0.01 were included. Pathways marked
bold were altered in at least four of five time points studied.

Age Pathways
Number of

proteins

weeks

2 Glycolysis/gluconeogenesis 9
Citrate cycle (tricarboxylic acid cycle) 6
Regulation of actin cytoskeleton 5
Proteasome 5
Oxidative phosphorylation 5
Pentose phosphate pathway 4
Glutamate metabolism 4
Propanoate metabolism 4
Pyruvate metabolism 4
Fructose and mannose metabolism 4

4 Glycolysis/gluconeogenesis 4
Oxidative phosphorylation 4

6 No pathways

8 Glycolysis/gluconeogenesis 6
Oxidative phosphorylation 6
Citrate cycle (tricarboxylic acid cycle) 5
Glutathione metabolism 4
Fatty acid metabolism 3
MAPK signaling pathway 3
Proteasome 3
Valine, leucine, and isoleucine degradation 3

12 Glycolysis/gluconeogenesis 10
Proteasome 10
Regulation of actin cytoskeleton 7
Pyruvate metabolism 6
Fructose and mannose metabolism 5
Axon guidance 4
Cell communication 4
Oxidative phosphorylation 3
Focal adhesion 3
Neurodegenerative disorder 3
Parkinson disease 3

TABLE XI
Pathways enriched at each stage and during disease progression:

mRNA

The first five pathways selected were the top pathways in the KEGG
analysis of the mRNA data set. The following pathways are those that
overlap with any pathway in the protein data sets. The cutoff for
inclusion into the table for the mRNA data sets was 10 mRNAs.
Pathways marked bold overlap with protein expression data at 8
weeks (mRNA at 9 weeks) and 12 weeks. Only pathways with three or
more proteins and p � 0.01 were included. Numbers in parentheses
were obtained from a second dataset for 12-week-old R6/2 mice.

Age Pathways
Number of

proteins

weeks

6 MAPK signaling pathway 70
Regulation of actin cytoskeleton 43
Insulin signaling pathway 40
Focal adhesion 40
Neuroactive ligand-receptor interaction 38
Axon guidance 27
Oxidative phosphorylation 26
Cell communication 15
Glycolysis/gluconeogenesis 10
Fatty acid metabolism 10
Neurodegenerative disorders 10
Proteasome 10

9 MAPK signaling pathway 102
Focal adhesion 68
Regulation of actin cytoskeleton 64
Insulin signaling pathway 56
Calcium signaling pathway 52
Oxidative phosphorylation 49
Axon guidance 44
Cell communication 20
Glycolysis/gluconeogenesis 16
Citrate cycle (tricarboxylic acid cycle) 15
Neurodegenerative disorders 14
Glutamate metabolism 13
Fatty acid metabolism 10

12 MAPK signaling pathway 64 (80)
Focal adhesion 51 (50)
Regulation of actin cytoskeleton 46 (55)
Purine metabolism 41 (47)
Cell cycle 39 (44)
Axon guidance 32 (43)
Oxidative phosphorylation 19 (23)
Cell communication 17 (23)
Valine, leucine, and isoleucine

degradation
13 (17)

Proteasome 14 (16)
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cycle: aconitase 2 (Aco2), fumarate hydratase 1 (Fh1), and
malate dehydrogenase 2 (Mdh2). This is in accordance with a
weight loss that occurs early in HD despite a high caloric
intake (48). Weight loss has clearly been established in pre-
and early symptomatic patients, and a significant reduction in
the concentration of branched chain amino acids could be
detected in their plasma by nuclear magnetic resonance spec-
troscopy suggesting that a perturbed mitochondrial energy me-
tabolism is relevant to early pathogenesis (49). These changes
are also consistent with an early disturbance of the transcription
factor PGC-1�. The suppression of PGC-1� leads to mitochon-
drial dysfunction and therefore a dysfunction of the energy
metabolism and neurodegeneration (50, 51).

At 2 weeks of age, an increase in “glutamate metabolism”
was observed (Table VIIIA). Glutamate-ammonia ligase (Glul),
glutamate dehydrogenase 1 (Glud1), glutamate oxalacetate
transaminase 2 (Got2), and 4-aminobutyrate aminotrans-
ferase (Abat) were all up-regulated in expression. Glul con-
verts glutamate to glutamine in astrocytes after glutamate-
mediated neuronal signaling. Glutamate is removed by
astrocytes after signaling from the synaptic cleft (52, 53), and
glutamate conversion to glutamine is directly coupled to glu-
tamate signaling (52, 53). Consequently this increased Glul
activity may indicate an increase in glutamate signaling at a
very early stage in HD progression at least in the R6/2 mouse
model studied. Increased glutamate signaling at the N-meth-
yl-D-aspartate subclass of ionotropic glutamate receptors has
been linked to excitotoxicity, especially in striatal neurons,
which has been proposed as a pathogenic disease mecha-
nism for HD (54).

Furthermore at 2 weeks of age proteins involved in exo- and
endocytosis were altered in expression. Cplx1, Cplx2 (both
down-regulated), Syn1, and Syn2 (both up-regulated) are in-
volved in exocytosis. Pacsin1 (up-regulated; three isoforms) and
Dnm1 (down-regulated) are involved in endocytosis (55). In ad-
dition, Arpc1a and Arpc5, members of the Arp2/3 complex
linking Pacsin1 and N-Wasp to actin to ensure functional endo-
cytosis (56), were up- and down-regulated, respectively. Hom-
er1 (two isoforms) located in the postsynaptic density (57) was
up-regulated in expression. This dysregulation of proteins in-
volved in exo- and endocytosis suggests that synapses are
perturbed early in the R6/2 HD model. These changes were not
detected by KEGG pathway analysis because up- and down-
regulated proteins were investigated separately.

So far up- and down-regulated pathways were studied
separately. Because proteins may be up- or down-regulated
in the same pathways in disease we also considered pathway
changes when up- and down-regulated proteins were sub-
jected to KEGG analysis simultaneously. We found all path-
ways altered when we studied up- and down-regulated pro-
teins separately. In addition we found that not only glycolysis/
gluconeogenesis but also “oxidative phosphorylation” was
altered at all stages except 6 weeks (Table X). In summary the
changes observed may be due to a disturbance of the deli-

cate equilibrium during development because of the large
amount of changes naturally occurring at this time (Tables IV
and V), or it is conceivable that the early changes act as a
compensatory mechanism for early transgene Htt expression
already in the absence of symptoms.

When considering the base-line level of false positives of 39
proteins per stage (see “Experimental Procedures” for more
information) it becomes obvious that the protein alterations
found at 4 and 6 weeks that are just above this level (Table I)
should be treated with caution, whereas the other three time
points that are more than 4-fold above this threshold are far
more reliable. When considering this and the number of path-
ways altered at 2, 8, and 12 weeks in addition to confirmatory
literature data the results of this study provide a valuable
contribution to unraveling the dynamic protein changes in HD.

Changes Are Stage-specific on the Individual Protein Level
but Overlapping in Terms of Metabolic Pathways—Unexpect-
edly we found that most of the changes identified at each
stage were stage-specific. The degree of specificity ranged
from 71 to 100% (Table VII). One important conclusion of this
finding is that a disease is a complex process that is not
represented by linear changes in protein expression starting
early at low levels, e.g. 2 weeks, increasing steadily to high
levels close to terminal disease (12 weeks; Fig. 1). However,
the groups of metabolic pathways altered are relatively con-
stant, especially glycolysis/gluconeogenesis and those in-
volved in proteasome function. It is interesting that the num-
ber of changes varies considerably between stages ranging
from 18 non-redundant proteins at 6 weeks to 158 at 12
weeks (Table III).

Proteasomal Alterations Dominate Late Changes—Alter-
ations in the expression levels of proteins involved in protea-
some function dominated at 12 weeks of age. Although pro-
teasomal changes have already occurred at 2 weeks these
were down-regulated. At 8 weeks they were up-regulated but
less numerous, and at 12 weeks the following proteins repre-
sented by their gene names were up-regulated: PSMA3,
PSMA5, PSMB1, PSMB3, PSMB4, PSMB5, PSMC3, PSMC5,
PSMD4, and PSMD7. PSMA3 and PSMA5 are members of
the 20 S proteasome �-subunits, whereas PSMB1, PSMB3,
PSMB4, and PSMB5 are 20 S proteasome �-subunits (58).
The �-subunits are catalytically active and responsible for
proteasome specificity (58). So far 11 �-subunits have been
identified in mice of which four were up-regulated in our
study. In addition, all of the dysregulated subunits are essen-
tial subunits in yeast that are functionally conserved in hu-
mans (58). PSMC3, PSMC5, PSMD4, and PSMD7 belong to
the regulatory or 19 S proteasome, which together with the 20
S complex forms the 26 S proteasome in eukaryotes (58–60).
PSMA3, PSMB4, and PSMD4 were already up-regulated at 8
weeks of age. In contrast, PSMA5, PSMA6, and PSMB6 were
down-regulated at 2 weeks. Only PSMA5 was later up-regu-
lated at 12 weeks. Therefore, proteasomal changes are spe-
cific to certain stages of disease. Global changes to the
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ubiquitin proteasome system have already been reported in
HD at intermediate and late stages of disease at the functional
level (61). In this context it is interesting that UBE1X (UBA1)
was up-regulated in R6/2 mice at 8 and 12 weeks of age.
UBE1X is currently thought to be the sole E1 for charging E2s
with ubiquitin in mammals (62, 63). E1, E2, and E3 are en-
zymes that conjugate ubiquitin to cellular proteins in a multi-
step pathway prior to their degradation (64). In addition
UCHL1, which has already been shown to be involved in the
pathology of Parkinson disease and exhibits a ligase as well
as a ubiquitin hydrolase activity, was down-regulated at 2
weeks of age but up-regulated at 8 and 12 weeks (supple-
mental Table 1). In summary components of the ubiquitin/
proteasome pathway are up-regulated in symptomatic dis-
ease. This may reflect efforts to remove protein aggregates
that are a hallmark of HD and other neurodegenerative dis-
eases (65–67).

Relatively High Degree of Overlap between Early and Late
Changes—When comparing changes at 2 and 12 weeks of
age many of the protein changes can be observed at both
stages (Table VIIB). It is interesting that this overlap exists at
the level of pathways as well as at the level of individual
proteins (Tables VIII and IX). However, the regulatory pattern
of alterations is different at all stages (Tables VIIIB and IX).
This may be caused by different types of perturbation in early
and late stage disease that is reflected by the differential
changes. This is supported by the changes observed in gly-
colysis/gluconeogenesis that were strictly up-regulated at 2
weeks of age but that were divided (five versus five proteins)
at 12 weeks. An early effort to compensate for increased
energy requirement early in disease (2 weeks) may be fol-
lowed by a general deterioration of energy metabolism later
prior to death.

No Protein Was Altered in All and Only Two Proteins Were
Changed at Four Stages—After comparing the proteins
changed at each stage it became obvious that only two pro-
teins, Psd3 and Gapdh, were changed at four of the five
stages investigated, and none were altered at all five stages.
Interestingly Gapdh has not only been reported to be involved
in the pathology of HD (68, 69) but also in Alzheimer and
Parkinson diseases (68). The number of proteins changed is
therefore of more interest than the protein identities. The
number of proteins investigated by a 2-DE proteomics ap-
proach is limited to up to 10,000 protein isoform spots
depending on the application (18). The total number of
proteins of the mouse proteome affected by HD is consid-
erably larger than the number investigated in our study, but
the ratio of changed proteins compared to unchanged pro-
teins may remain approximately the same; that is the rela-
tive number of protein changes for each time point remains
constant between our study and all proteins in the pro-
teome. Therefore this study argues against a model in which
there is a gradual increase in the number and magnitude of
protein changes during disease progression and suggests a

more dynamic regulatory pattern. We suggest that early
changes affect late stage disease by changing processes in
the mouse brain irreversibly. Our group has already shown
that acute and long term proteome changes can be induced
by oxidative stress in the developing brain (70). Oxidative
stress has been proposed as a pathogenic mechanism for
neurodegenerative disease in general. Early energy deficits
or structural changes (Table VIII) may act in the same way.

High Correlation between Altered mRNA and Protein Ex-
pression on the Pathway Level—In the past, a large number of
mRNA expression studies were done for HD mouse models
(14, 21, 22, 43, 47, 71) as well as human tissue (26, 47) and
blood samples (27). All studies so far used intermediate or late
stage disease samples starting for the R6/2 mouse model
used in our study at 6 weeks of age (22, 24). This means that
the two earliest time points, 2 and 4 weeks, used in our study
could not be correlated to mRNA expression, and it was not
possible to investigate whether the early rise in differential
protein expression was mirrored by a rise in altered mRNA
expression. Still we found that the correlation between mRNA
and protein expression changes was very low in our study on
the level of individual proteins and did not exceed 30%,
although 88% of the differentially expressed proteins were
represented by mRNAs. This is consistent with previous stud-
ies in which mRNA data did not necessarily correlate well with
protein data (72–76), although these studies did not investi-
gate changes due to disease. In a recent study using brain
cortex tissue, we found a 60–70% overlap between mRNA
and protein changes during embryonic development where
processes are highly predetermined and may be regulated to
a large degree by mRNA expression with subsequent protein
changes (35). Changes from three time points in embryonic
development, embryonic days (ED) 9.5, 11.5, and 13.5, were
compared with each other. Unfortunately the study investi-
gates only changes up to ED 13.5, ending about 7 days before
birth at ED 21 after gestation. Still during disease progression
in contrast to development a cell or tissue may have to react
to complex, unforeseen, and highly dynamic protein changes
that are not predetermined by altered mRNA expression as
they are in embryonic development. mRNA changes may be
largely the result of pathological processes at the protein level
such as protein aggregation or aberrant interactions of Htt
that perturb transcription (77, 78).

After studying the overlap on the level of individual proteins
we tested the pathway overlap between protein and mRNA
data. We compared altered pathways at 8 and 12 weeks of
the protein data set with 9 and 12 weeks of the mRNA data set
(Tables X and XI). We found that the overlap of the pathways
involved was actually very high. Therefore it is important to
consider functional units such as pathways to measure the
overlap between mRNA and protein data sets and not indi-
vidual proteins or mRNAs.
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In addition, a recent mRNA expression study of total brain
extracts from R6/2 mice at 12 weeks of age revealed an
alteration of 42 transcripts (see Fig. 1A of Ref. 79) that were all
down-regulated in expression (79). When comparing the gene
names from this study with our protein expression results we
found no overlap on the single gene/protein or pathway level.
Using the KEGG pathway analysis tool we found that the five
most prominently altered pathways in the mRNA data set (79)
were all related to neuronal signaling (“neuroactive ligand-
receptor interaction” (six mRNAs), MAPK signaling pathway
(six mRNAs), “cytokine-cytokine receptor interaction” (six
mRNAs), “long term potentiation” (five mRNAs), and “GnRH
signaling pathway” (five mRNAs)). Interestingly when consider-
ing the mRNA data investigated in this study (Table XI) we found
that the MAPK signaling pathway was altered in both mRNA
studies. Upon a more detailed inspection of the KEGG analysis
of mRNA data for 12 weeks (data not shown), neuroactive
ligand-receptor interaction (39 mRNAs), cytokine-cytokine re-
ceptor interaction (34 mRNAs), long term potentiation (22
mRNAs), and GnRH signaling pathway (25 mRNAs) were also
altered on the mRNA level in our study. The most likely expla-
nation for the discrepancy between mRNA and protein data is
that most altered signaling mRNAs found in the study of Luthi-
Carter et al. (79) are proteins that are either hydrophobic (recep-
tors) and/or low in abundance (ligands) and can therefore not be
detected by 2-DE. Importantly it would be of tremendous value
to study mRNA and protein expression in the same tissue and
time points in parallel because only then will we be able to
determine the true correlation between differential mRNA and
protein expression overlap without confounding influences such
as different time points investigated (8 versus 9 weeks) or brain
regions (total brain versus striatum).

In summary, we used a large 2-D gel/mass spectrometry-
based proteomics approach to investigate HD-induced pro-
tein expression alterations and their kinetics prior to the onset
of phenotypes and during the course of disease. Unexpect-
edly we found that protein changes were largely stage-spe-
cific (71–100%), and a drastic alteration (almost 6% of the
proteome) in protein expression that occurred as early as 2
weeks of age predominantly included up-regulation of glycol-
ysis/gluconeogenesis and down-regulation of the actin skel-
eton. This suggests a period of highly variable protein expres-
sion that precedes the visible HD phenotype. Although an
up-regulation of glycolysis/gluconeogenesis-related protein
alterations remained dominant during HD progression, late
stage alterations at 12 weeks showed an up-regulation of
proteins having proteasomal function. Our observations sug-
gest that HD is characterized by a highly dynamic disease
pathology not represented by linear protein concentration
alterations over the course of the disease. Detailed time
course studies for disease progression with emphasis on
early and very early stages are important to understand dis-
ease pathology and determine the time for intervention when
considering HD therapy.

Acknowledgments—We acknowledge the technical assistance by
Janine Stuwe. We are indebted to Dr. Fanny Mochel for critically
reading the manuscript and the valuable suggestions for improving
the discussion of the data.

* This work was supported by the German Ministry for Education
and Research (BMBF) within the National Genome Research Network
(NGFN2) program.

This work is dedicated to the memory of our valued colleague and
friend Maik A. Wacker who died too early in an accident.

□S The on-line version of this article (available at http://www.
mcponline.org) contains supplemental material.

§ Both authors contributed equally to this work.
¶ To whom correspondence should be addressed: Inst. for Human
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Treatment of mice by 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridene hydrochloride (MPTP) is a
well established animal model for Parkinson’s disease (PD), while overexpression of L1 cell adhe-
sion molecule (L1cam) has been proposed to attenuate the degeneration of dopaminergic neurons
induced by MPTP. To gain insight into the role of L1cam in the pathomechanism of PD, we
investigated protein expression patterns after MPTP-treatment in both C57BL/6 (wild-type) and
transgenic mice overexpressing L1cam in astrocytes. Our results showed that during the acute
phase, proteins in functional complexes responsible for mitochondrial, glycolysis, and cytoskeletal
function were down-regulated in MPTP-treated wild-type mice. After a recovery phase, proteins
that were down-regulated in the acute phase reverted to normal levels. In L1cam transgenic mice, a
much higher number of proteins was altered during the acute phase and this number even
increased after the recovery phase. Many proteins involved in oxidative phosphorylation were still
down-regulated and glycolysis related protein were still up-regulated. This pattern indicates a
lasting severely impaired energy production in L1cam mice after MPTP treatment.
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1 Introduction

Parkinson’s disease (PD) is one of the most common neuro-
degenerative disorders [1]. Approximately 3% of a population
beyond the age of 65 years are affected by PD. One hallmark of
PD is the degeneration of dopamine neurons in the substantia
nigra pars compacta. An important clinical symptom is

impaired motor function, manifested by resting tremor,
rigidity, bradykinesia and postural instability [2]. Post mortem
samples of affected brain areas of many affected individuals
contain also Lewy bodies [1]. It has been demonstrated in
previous studies that gene mutations ina-synuclein (PARK1),
Parkin (PARK2), PTEN-induced kinase 1 (PINK1, PARK6)
and DJ-1 (PARK7) lead to familial PD showing Mendelian
inheritance patterns [3, 4]. However, the cause of sporadic PD,
which accounts for 95% of all cases, is unknown.

1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridene hydrochlo-
ride (MPTP) is a neurotoxin that causes PD-like symptoms
in mammals and humans [5–9]. MPTP injection or con-
sumption impairs motor function, decreases striatal dopa-
mine levels as a result of degeneration and loss of dopami-
nergic neurons in the ventral mesencephalon (midbrain),
predominantly in the substantia nigra pars compacta and
ventral tegmental area. MPTP exerts its toxic effects on the
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dopaminergic nigrostriatal system by a cytotoxic metabolite,
1-methyl-4-phenylpridium ion (MPP1), which is generated
by monoamine oxidase B in astrocytes [6]. When delivered to
neurons, MPP1 is toxic to multiple types of neurons, among
which dopaminergic neurons are the most susceptible.
Within dopaminergic neurons, MPP1 inhibits complex I of
the mitochondrial electron transport chain and thus impairs
oxidative phosphorylation. Impairment of oxidative phos-
phorylation results in leakage of ROS, and finally in the
death of dopaminergic neurons [5–9].

L1 cell adhesion molecule (L1cam, L1) has been de-
scribed to enhance neuronal survival and neurite outgrowth
of dopaminergic neurons in vitro [10]. L1 acts as a homo-
philic cell adhesion molecule. When triggered by a trans-
interacting L1 molecule from a neighbouring cell or in the
extracellular matrix, L1 induces signal transduction in L1-
expressing neurons, which results in cell survival and neur-
itogenesis [11, 12]. L1 is also involved in various aspects of
synaptic plasticity. Defects in L1 expression cause reduced
long-term potentiation and impaired learning and memory
in transgenic mice [13]. Transgenic overexpression of L1 in
astrocytes under the control of a murine glial fibrillary acidic
protein (GFAP) promoter enhances homophilic interactions
with neighbouring L1-expressing neurons, which in turn
improved learning and memory [14].

Based on these findings we performed a proteome anal-
ysis [15–18] to identify differential protein expression in the
acute phase of MPTP toxicity (1 day after MPTP injection)
and after a recovery phase (7 days after MPTP treatment) by
2-DE and MS [19] using both C57BL/6 (wild-type) and L1cam
transgenic C57BL/6 mouse midbrain samples. We were
especially interested to identify how proteins were affected
by MPTP treatment in these two different groups of mice
and probe for a protective mechanism in L1cam mice.

2 Materials and methods

Animal experiments were carried out in accordance with
State of Hamburg and European Community guidelines and
were approved by University and State of Hamburg Animal
Care Committees. Mice of C57BL/6J background (Charles
River, Hanover, Germany) were used for this study. They
were maintained in a 12 h light–dark cycle with free access to
food and water.

2.1 Generation of transgenic mice

Standard molecular biology protocols were used for the gen-
eration of phGFAP-L1, a modified pKO-V924 plasmid (Lex-
icon genetics, The Woodlands, TX, USA) containing cDNA
of murine full length L1 [20] controlled by a 2.2 kb fragment
of the human glial fibrillary acidic protein promoter [21]. The
4.05 kb L1 cDNA contains the entire protein coding
sequence and a 250 bp 30-nontranslated region. A 6.5 kb
fragment was excised from p924-hGFAP-L1 by NotI and

HpaI digestion, followed by electrophoresis and electroelu-
tion from an agarose gel. Purified DNA was diluted to a final
concentration of 100 ng/mL in TE buffer (10 mM Tris-HCl,
0.2 mM EDTA, pH 7.5). Approximately 0.2 fg of DNA was
injected into the male (strain CBA) pronucleus of fertilized
(superovulated) C57BL/6J eggs. The eggs were subsequently
transferred into oviducts of pseudopregnant foster mothers.
The genotyping of transgenic mice was performed by PCR
and Northern blot analysis. Before starting the experiments,
heterozygous (CBAxC57BL/6J) females were backcrossed to
C57Bl/6J for at least eight generations.

2.2 Drug treatment and tissue preparation

We used midbrain tissue from six male, 10–15-wk-old mice in
each of the following groups: C57BL/6 1 day after treatment,
C57BL/6 7 days after treatment, GFAP-L1 1 day after treat-
ment and GFAP-L1 7 days after treatment. For drug treat-
ment, MPTP hydrochloride (Sigma–Aldrich, Taufkirchen,
Germany) was dissolved in saline and administered four
times intraperitoneally at 2 h-intervals using 15 mg MPTP/kg
body weight [8]. The control groups were matched for genetic
background, sex and age and were injected with saline. Only
L1cam transgene or wild type mice were compared to investi-
gate how the introduction of a transgene affects MPTP treat-
ment. Total brains were transferred into a mouse brain matrix
(World Precision Instruments, Berlin, Germany) and two
transversal cuts were performed through slots of the matrix
that were 2 and 4 mm caudally from the optic chiasm. The
tissue pieces were then placed on a precooled coverslip and
the ventral midbrain was dissected from the 2-mm thick
transverse slice by a horizontal cut along the middle of the
midbrain. Subsequently, tissue sections were stored at –807C
until the protein extraction procedure was performed.

2.3 PCR analysis

Mice were tested for transgene integration by PCR analysis
of genomic DNA isolated from tail biopsies. The PCR was
performed using 50-GTACCACCTGCCTCATGCAG-30 and
50-TCGTCCAGCGGAACTCCACT-30 primers, which specifi-
cally recognize transgenic animals by amplifying a 500 bp
fragment spanning the 30-end of the human GFAP promoter
and 50-end of mouse L1 cDNA present only in transgenic
animals. As internal control, a 1 kb fragment of genomic L1
DNA was amplified applying 50-GGTAGGCAGGAGA-
TAAGGTCA-30 and 50-CAGTCATTGATCCTGGAGTGC-30

primers.

2.4 Northern blot analysis

Anesthetized adult mice (8-wk old) were sacrificed by a lethal
dose of pentobarbital and brains were removed and imme-
diately frozen in liquid nitrogen. Total cellular RNA was iso-
lated applying RNeasy Mini kit (Qiagen, Hilden, Germany)
according to manufacturer’s instructions after pulverizing
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the tissue in liquid nitrogen. RNA yields were estimated by
absorbance at 260 nm. Fifteen micrograms of RNA were run
on 1% agarose–formaldehyde gels for Northern blot analysis
[22]. Randomly primed L1 cDNA probes were used to simul-
taneously detect endogenous L1 mRNA of 6 kb [23] and
transgene-derived L1 mRNA of 4.2 kb. Human GFAP pro-
motor drives expression in radial glia cells starting at day
E13.5 and in astrocytes at later stages of development [21,
24]. We therefore used a glia cell specific promoter to direct
expression of the neural cell adhesion molecule L1 to astro-
cytes and radial glia cells. Northern blot analysis of total RNA
from the entire brain of transgenic animals revealed L1
transcripts of 4 kb for transgene-derived mRNA which are
clearly distinct from the endogenous neuron-derived L1
mRNA of 6 kb (Fig. 1).

Figure 1. Northern blot analysis of an L1cam mouse showing
transgene expression. Fifteen micrograms of total RNA from
adult brains was loaded in each lane and probed with murine
L1cam cDNA. Endogenous neuron-derived L1 mRNA resulted in
a 6 kb band, whereas transgene-derived mRNA yielded a 4 kb
signal. Lane 1, C57BL/6 wild-type (control); lane 2, L1cam trans-
genic animal.

2.5 Sample preparation for 2-DE

Midbrain total protein extracts for 2-DE were prepared for each
sample separately as described previously (n = 6 for each
group) [19]. Briefly, about 25 mg midbrain was ground in an
Eppendorf tube submersed in liquid nitrogen adding 2.2 parts
v/w of 50 mM Tris buffer (pH 70.5) containing 50 mM KCl,
20% v/v glycerol, 4% w/v CHAPS and a protease inhibitor
cocktail (Complete™, according to manufacture’s instruction,
Roche Applied Science, Mannheim, Germany). Finally, a
number of glass beads (1.5–1.7 mm diameter, Wolf Glasku-
geln, Mainz, Germany) equivalent to 0.034 times of sample
weight was added to the mixture and samples were sonicated
six times (20 s each) in a water bath at 07C. The resulting
homogenate was stirred for 30 min at 47C after adding 0.025
parts v/v DNase (Merck, Darmstadt, Germany). Subsequently,
6.5 mol/L urea and 2 mol/L thiourea was added to the sample.
Total protein concentration was determined using a Roti-
Nanoquant kit (Roth, Karlsruhe, Germany). Samples were
stored at 2807C or analysed immediately.

2.6 2-D DIGE and protein pattern evaluation

Our sample labelling did not include Cy2. We labelled both
our controls and treated samples with Cy3 and a pooled sam-
ple with Cy5. The pooled sample consisted of equal amounts
of protein from each sample used in an experiment [25]. This

control pool was used as internal standard to match controls
to treated samples by our 2-D gel evaluation software. Cy3/
Cy5 cross overlabelling was therefore unnecessary. Eighty
micrograms control, treated and pooled protein samples were
labelled for 2-D DIGE with Cy5 or Cy3 according the manu-
facturer’s instructions for CyDye DIGE Flours minimal dyes
for Ettan DIGE (GE Healthcare, Munich, Germany). Proteins
were separated by 2-DE as described previously [19, 26]. The
gel format was 40 cm (IEF)630 cm61.5 mm (SDS-PAGE).
Capillary tube gels for IEF were prepared with a special mix-
ture of carrier ampholytes covering a pH range of 3.5–9.5. The
gels were scanned using a Typhoon 9400 laser scanner (GE
Healthcare). Image analysis was performed with Delta2D
software (version 3.4, DECODON, Greifswald, Germany).
Sixteen bit tiff grey scale images were imported into the pro-
gram. Delta2D software contains a special feature to handle
DIGE gels which was employed to process the gels. Cy5 sam-
ples (pooled samples) were used as standard and matched to
each other. A fusion image was generated and employed for
spot detection. After manual spot editing to reduce the num-
ber of inaccurate spots, the spot pattern was transferred to all
images in the project. Subsequently, Student’s t-test
(unpaired) was used to determine the significance of group-
to-group difference. Differences were considered to be statis-
tically significant when p,0.05. Only proteins with over 10%
expression change compared to controls were used for further
analysis. SD for relative spot intensities was reported in this
study (Supporting Information Table S1).

2.7 Protein identification using MS

A total of 500 mg mouse midbrain protein was used for
protein identification as described previously [16]. Briefly,
proteins were separated by 2-DE and visualized using MS-
compatible silver staining [27]. Protein spots of interest
were excised from the 2-DE gel and in-gel trypsin digestion
was performed. Tryptic fragments were analysed either by a
Reflex IV MALDI-TOF mass spectrometer (Bruker Dal-
tonics, Bremen, Germany) or LCQ Deca XP nano-HPLC/
ESI IT mass spectrometer (Thermo Fisher Scientific, Wal-
tham, MA, USA). Mass spectra were analysed using in-
house licensed MASCOT (version 2.1, Matrix Science, Lon-
don, UK) by automatic searches in NCBI nonredundant
databases restricted to taxonomy Mus musculus. Search pa-
rameters allowed for one miscleavage, for oxidation of
methionine and propionamidation of cysteine. Criteria for
positive identification of proteins with MS were set accord-
ing to the probability based MOWSE score algorithm deli-
neated in MASCOT [28].

3 Results

In the current study, protein expression patterns of mouse
midbrain at two different time points after MPTP-treatment
were compared in wild-type and transgenic mice over-
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expressing L1cam. Sham treated mice matched for age, sex
and presence of transgene were used as controls. Differences
in protein expression kinetics after MPTP treatment de-
pendent on the L1cam transgene were determined. Both
mouse models were of the same genetic background
(C57BL/6). Around 4500 protein spots could be reproducibly
detected in each 2-DE pattern. This enabled us to obtain
genius expression alterations induced by MPTP between
analytical time points and between mouse strains. In Fig. 2,
representative 2-DE protein patterns of each of the experi-
mental groups are shown in parallel.

A comparative proteomics approach across four different
groups of mice revealed 459 protein spots-of-interests. All
these protein spots were subjected to mass spectrometric
protein identification. Among them, 118 protein spots con-
tained more than one protein according to MASCOT eva-
luations. Although all protein identifications are presented
in the Supporting Information table (Table S1) protein spots
containing considerable protein mixtures were not taken
into account in the subsequent analysis due to their ambig-
uous nature.

A comparison of MPTP- and saline-treated wild-type
mice at 1 day after treatment revealed 153 differentially
expressed protein spots. MPTP-treatment induced increased
expression of 66 and decreased expression of 87 protein
spots (Fig. 2a, Table 1). Among the variant spots, 102 were
successfully identified and represent 36 distinct proteins
(Table 1). Seven days after MPTP-application, 99 protein
spots showed altered expression in treated wild-type mice.
45 protein spots increased and 54 decreased in their
expression. Forty-eight of the differentially expressed pro-
tein spots were identified and constitute 30 distinct pro-
teins.

L1cam transgenic mice showed 443 differentially
expressed protein spots 1 day after MPTP treatment. Among
them, 127 were increased and 316 decreased in expression as
compared to untreated controls. A total of 114 protein spots

Table 1. Number of proteins differently expressed at 1 and
7 days after MPTP-treatment in wild-type and L1cam
mice

Mouse model treated with MPTP (n = 6) Number of
altered spots

Wild-type 1d 66 :
87 ;

7d 45 :
54 ;

L1cam 1d 127 :
316 ;

7d 277 :
388 ;

; down-regulation, : up-regulation; sham treated control mice
served as reference to determine up- or down-regulation of spot
intensity.

were identified, representing 46 different proteins. Seven
days after MPTP-treatment 665 differentially expressed
spots were found in treated L1cam transgenic mouse. Two
hundred and seventy-seven protein spots were up- and 388
down-regulated in expression. 195 protein spots could be
identified. They represent 72 distinct proteins (Fig. 2d,
Table 1). Figure 2e summarizes the number of up- or
down-regulated proteins under different experimental con-
ditions.

Figure 2e shows that wild-type mice of 1 day after MPTP-
treatment displayed a considerable difference in the number
of up- and down-regulated protein spots (66 up-regulated vs.
87 down-regulated protein spots). Interestingly, this differ-
ence was drastically reduced on day 7 after MPTP-treatment,
accompanied by a drastic decline in the number of altered
proteins (153 at 1 day vs. 99 at 7 days). Comparing the con-
sequences of MPTP treatment for wild-type and transgenic
mice it is obvious that significantly more proteins were
altered in L1cam transgenic than in wild-type mice (252 vs.
1108 for wild-type and transgenic mice, respectively). Speci-
fically, more than twice as much down-regulated than up-
regulated protein spots were detected in treated L1cam mice.
When comparing the two time points investigated, the
number of variant proteins in transgenic mice continued to
increase from days 1 to 7 after MPTP-treatment, with a per-
sisting large difference in the number of up- and down-
regulated proteins. A similar phenomenon was not observed
in treated wild-type mice.

Subsequently, we examined whether there was an over-
lap in protein expression alteration between the different
conditions (different time points after drug treatment,
transgene yes/no). A comparison of both time points from
both mouse strains to each other revealed no common pro-
tein alteration (Table 2, bottom). However, three proteins
were consistently dysregulated in MPTP-treated wild-type

Table 2. Number of protein spots with cochanged expression

Comparison Number
of altered
spots

Between two models

Wild-type 1d vs. wild-type 7d 3
Wild-type 1d vs. L1cam 1d 14
Wild-type 1d vs. L1cam 7d 11
Wild-type 7d vs. L1cam 1d 2
Wild-type 7d vs. L1cam 7d 8
L1cam 1d vs. L1cam 7d 49

Between three models

Wild-type 1d vs. wild-type 7d vs. L1cam 1d 0
Wild-type 1d vs. wild-type 7d vs. L1cam 7d 1
Wild-type 1d vs. L1cam 1d vs. L1cam 7d 11
Wild-type 7d vs. L1cam 1d vs. L1cam 7d 2
Wild-type 1d vs. wild-type 7d vs. L1cam 1d

vs. L1cam 7d
0
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Figure 2. Large-gel 2-DE of the mouse midbrain proteome. Representative Cy3 stained 2-DE pattern of (a) a C57BL/6 mouse brain extract,
1 day and (b) 7 days after MPTP-treatment; (c) a L1cam transgenic mouse, 1 day and (d) 7 days after treatment are shown. (e) Bar charts
showing the number of up- and down-regulated proteins on days 1 and 7 after MPTP-treatment in wild-type and L1cam transgenic mice.
Saline-treated groups were used as control.
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mice regardless of time point of investigation. More signifi-
cantly, a much larger number of protein variants (49 protein
spots) were commonly altered in MPTP-treated transgenic
mice, independent of time after treatment. In addition, six
distinct proteins cochanged in expression in the following
three groups: L1cam transgenic mice 1 and 7 days after
treatment, and wild-type mice 1 day after treatment (Tables 2
and 3). The expression fold changes of all altered protein
spots are summarized in Table S1 of Supporting Informa-
tion.

Differentially expressed proteins detected in this study
were now subjected to an analysis determining their func-
tional and structural category annotation [29]. Using the Uni-
Prot Knowledgebase, we calculated the percentage of changed
proteins that belonged to each category among all changed
proteins. The following three categories were strongly en-
riched in our set of variant categories: ‘mitochondrial pro-
teins’, ‘cytoskeletal proteins’ and ‘proteins involved in neuro-
genesis’ (Fig. 3). In wild-type mice, the fraction of mitochon-
drial proteins increased from 1 (13%) to 7 days after MPTP-
treatment (27%). The percentage of cytoskeletal proteins
decreased from 1 (7%) to 7 days after treatment (2%). In con-
trast, the percentages of proteins that are involved in neuro-
genesis remained constant at both time points (2%). Rather
different results were obtained for L1cam transgenic mice:
The percentage of mitochondrial proteins was similar at both
days 1 (28%) and 7 (25%) after MPTP-treatment, The per-
centage of cytoskeletal proteins remained the same (5%) be-
tween the two time points investigated. However, proteins
involved in neurogenesis increased from 1 to 3% as time after
MPTP-treatment progressed.

4 Discussion

In an attempt to define the molecular targets of MPTP
induced pathology at the protein expression level, and to
investigate the effect of L1cam on the MPTP response, we
investigated proteins that were dysregulated in ventral mid-
brain of MPTP-treated wild-type and transgenic mice. The
transgenic mice neural cell adhesion molecule L1cam was
overexpressed. Our high resolution large-gel 2-DE technique
offered us a uniform and reproducible platform to investi-
gate the extent to which MPTP modifies protein expression
in these two mouse models. Importantly C57BL/6 mice but
not L1cam transgenic mice did recover after MPTP treat-
ment as determined by the number of differentially expres-
sed proteins.

A standard MPTP injection protocol results in an acute
reduction of locomotor activity in mice, which returns to
normal levels after about 4 days [6, 7, 30]. This phenomenon
has been attributed to a potential regeneration of the
nigrostriatal dopaminergic system, despite a persistent
reduction in the number of (TH positive) dopaminergic cell
bodies [5]. In order to capture the kinetics of this process,
we collected and analysed samples from both acute phase of
impairment (1 day after injection) and after a recovery
phase (7 days post-treatment). This approach gave us a
novel opportunity to study the influence of a transgene on
MPTP pathology at two different stages of pathology. At this
point we did not focus on differences between C57BL/6 and
L1cam mice since the aim of this study was to establish or
refute differential protein expression kinetics after MPTP
caused by L1cam.

Table 3. Overview of cochanged proteins in midbrain samples of MPTP-treated mice

Comparison Protein name Gene name Expression

Wild-type 1d vs. 7d Voltage-dependent anion channel 1 Vdac1 Higher
Creatine kinase brain Ckb Higher
Phosphofructokinase, platelet Pfkp Lower

L1cam 1d vs. 7d Synuclein, beta Sncb Lower
Peroxidase Prdx2 Lower
Pyruvate kinase muscle Pkm2 Higher
Phosphofructokinase, muscle Pfkm Higher
Cytochrome c oxidase subunit 5A, mitochondrial precursor Cox 5a Lower
ATP synthase, H1 transporting, mitochondrial F1 complex,

alpha subunit, isoform 1
Atp5a1 Lower

Vacuolar H1 ATPase E1 Atp6v1e1 Lower
Atp5b protein Atp5b Lower
ATPase, H1 transporting, V1 subunit F Atp6v1f Lower

Wild-type 1d
vs. L1cam 1d
and L1cam 7d

Small nuclear ribonucleoprotein polypeptide F Snrpf Lower
A-synuclein Snca Lower
Stathmin1 Stmn1, 4 isoforms Lower
Actin related protein 2/3 complex, subunit 5-like Arpc5l Lower
Transketolase Tkt Higher in L1cam

Lower in wild-type
Tubulin polymerization-promoting protein Tppp, 3 isoforms Lower
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Figure 3. Percentage of proteins
with altered expression profile
in MPTP-treated mice assigned
to different cellular compart-
mental and functional cate-
gories. 1d wild-type: C57BL/6
mice, 1 day after treatment; 7d
wild-type: C57BL/6 mice, 7 days
after treatment; 1d L1cam:
L1cam transgenic mice, 1 day
after treatment; 7d L1cam:
L1cam transgenic mouse,
7 days after treatment.

In wild-type mice, there was a considerable difference
in the numbers of up- and down-regulated proteins during
the acute phase. However, 7 days after treatment, the total
number of variant proteins decreased and the number of
up- and down-regulated proteins was balanced again. This
could be considered as an indication of a recovery, which is
in line with previous observations on the regeneration of
the nigrostriatal dopaminergic system during a recovery
phase [5]. In contrast, the number of variant proteins in
MPTP-treated transgenic mice was, at day 1, three-fold that
of treated wild-type mice; and at day 7, even seven times
higher compared to treated wild-type. Furthermore, the
discrepancy between the number of up- and down-regu-
lated proteins was much higher in treated transgenic than
in wild-type mice. This discrepancy persisted throughout
our investigation. These observations indicate a much
stronger response to MPTP in transgenic than in wild-type
mice. These transgenic mice showed virtually no tendency
towards normalization within the recovery phase. In sum-
mary, our current observations clearly oppose previous
descriptions on the protective effect of L1cam on PD
pathology [14].

As has been described previously, overexpression of en-
dogenous proteins alone could be sufficient to cause neuro-
degeneration [31], possibly due to a disturbed cellular home-
ostasis. The drug treatment on mice overexpressing L1cam
could require additional compensatory efforts of the affected
tissue. This may explain an exaggerated response of L1cam-
transgenic mice to MPTP-treatment. In an alternative sce-
nario, the increased number of differentially expressed pro-
teins could be due to a protective response which does not
manifest itself readily at the level of molecular phenotype –
that is the identities of the proteins do not suggest the type of
response. To gain insight into the molecular basis of this
observation, we sorted the variant proteins according to their
functional categories.

4.1 Mitochondrial dysfunction

In the transgenic as well as wild-type mice a significant
number of mitochondrial proteins were down-regulated
during the acute phase after MPTP-treatment. This confirms
previous observations that MPTP targets predominantly
mitochondrial proteins [4, 32]. This altered expression was
much more pronounced in the L1cam transgenic mice,
which showed a larger number of down-regulated mito-
chondrial proteins after MPTP-treatment. Specifically, a sig-
nificant number of variant proteins detected in the trans-
genic mice during the recovery phase were involved in oxi-
dative phosphorylation. Among them, Atp5a1, Atp6v1e1,
Atp5b and Atp6v1f are subunits of the respiratory complex V,
whereas COX5a is a component of complex IV. All five pro-
teins, which are downstream to complex I (the primary target
of MPTP) were decreased in expression compared to saline-
treated controls. This may suggest that a decrease in ATP
production by oxidative phosphorylation could be more pre-
valent in treated transgenic mice.

4.2 Glycolysis pathway

In MPTP-treated wild-type mice, numerous proteins of the
glycolysis pathway were altered at both time points. For
instance, Pkm2 and Pfkc were both up-regulated after MPTP-
treatment. Similar observations have already been made by
Ryu et al. [33, 34], who reported previously that several gly-
colysis genes, including G6pd, Pfkc, Pkm2 and Ldha, were
up-regulated in a PD induced by 6-OHDA. These authors
proposed that an up-regulation of glycolysis related genes
compensates a decrease in ATP production, which is a result
of mitochondrial dysfunction in PD. In the same line of evi-
dence, the down-regulation of glycolysis after MPTP-treat-
ment conforms well with a previous finding of Fornai, who
observed that glucose uptake was increased in MPTP-treated
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mice [35]. It is noteworthy that more proteins of the glyco-
lysis pathway were up-regulated in transgenic mice than in
wild-type mice during the recovery phase. This could indi-
cate a stronger impairment of oxidative phosphorylation in
these mice which will result in a decrease of ATP production.

4.3 Cytoskeleton

A substantial number of cytoskeletal proteins maintaining
cell structure were down-regulated in the acute phases of
both wild-type and transgenic mice. In contrast, a divergent
regulation was observed during the recovery phase. For
instance, tubulins (Tuba2, Tuba4a and Tuba1a) were con-
sistently down-regulated in the acute phase of wild-type
mice. During the recovery phase, Tuba1c, Tuba1a and a cap-
ping protein of actin filament (Capzb) were up-regulated.
Contrary to this, tubulin proteins remained down-regulated
in L1cam transgenic mice throughout the experiment.
Tubulin is involved in microtubule-mediated cell movement
[33]. Decreased expression of tubulin has also been described
in the substantia nigra of human PD, postmortem brains
[36, 37] or in dopaminergic cells after oxidative stress [38].
The up-regulation of tubulin in wild-type mice may be
closely related to cytoskeleton mediated structural recovery
mechanisms within the affected brain region after MPTP-
treatment. This sign of recovery was absent in L1cam trans-
genic mice.

4.4 Ubiquitin pathway

One of the consistent findings across all MPTP-treated mice
was a down-regulation of proteins involved in the ubiquitin
pathway. Several genes causative for PD are tightly involved
in the ubiquitin-proteasome pathway. Among them, Parkin
and UCH-L1 are two prominent examples which, when
mutated, may cause familial PD [17, 39]. Here, we observed
that alpha-synuclein, an interaction partner of UCH-L1, was
down-regulated during the acute phase in wild-type mice and
at both time points in L1cam transgenic mice. Alpha synu-
clein is known to be involved in the formation of Lewy bodies
in PD [40]. Tanaka et al. [41] described that expression of a
mutant alpha synuclein led to neuronal cell death through
mitochondrial abnormalities. To our current knowledge, no
Lewy-body related pathology has been described in PD mod-
els induced by transient MPTP-treatment. However, con-
tinuous administration of MPTP induced neuronal inclu-
sions in substantia nigra and locus coeruleus that are char-
acteristic of PD [35]. These authors suggested that chronic
MPTP toxicity caused prolonged inhibition of the mitochon-
drial respiratory chain and ubiquitin-proteasome activity,
which could be prerequisites for the formation of inclusion
bodies. Down-regulation of alpha synuclein in MPTP-treated
mice may suggest that the dysregulation of the ubiquitin-
proteasome pathway in PD was common to both MPTP
induced PD models investigated.

4.5 Neurogenesis

Several proteins that are important for neurogenesis (e.g.
Stmn1 and Dpysl2) were down-regulated at both time points
in MPTP-treated wild-type mice. A more complicated phe-
nomenon was observed in L1cam transgenic mice: in the
acute phase, Ulip2 was up-regulated and Stmn1 down-regu-
lated. During the recovery phase, three neurogenesis-asso-
ciated proteins (Stmn1, Ina and Gap43) were down-regu-
lated, whereas Dpysl2 was up-regulated. Stathmin is neces-
sary for tubulin polymerization and microtubule assembly,
which is essential for mitosis-related processes [42]. If there
is a decrease in microtubule growth and assembly, the mito-
tic spindle cannot be formed which results in cell cycle arrest
[42]. In this study, four different isoforms of this protein
detected on the 2-DE gels were persistently down-regulated
in MPTP-treated mice. These findings are in line with the
persistent reduction of dopaminergic cell bodies in MPTP-
treated mice described previously [5]. Notice that stathmin is
known to have at least 12 phosphorylated and unpho-
sphorylated isoforms [43, 44]. This hints that MPTP might
induce certain dysfunctions mediated by protein PTM,
rather than at the level of transcription. Moreover, this
reiterates the notion that all protein variations found in our
2-DE experiments could be the result of changes of protein
isoforms and not the total protein.

In summary, MPTP-treatment disrupts multiple cellular
pathways such as glycolysis, cytoskeleton, ubiquitin system
and neurogenesis. Moreover, wild-type mice may be much
better protected against a MPTP insult than L1cam mice.
Apart from profound proteomic alterations, L1cam transgenic
mice respond to MPTP with a stronger impairment of oxida-
tive phosphorylation, and less apparent tubulin remodelling
in the recovery phase. All these findings indicate that the
transgenic mice are less efficient in coping with MPTP toxicity.
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Mouse embryonic brain development involves sequential differentiation of multipotent progeni-
tors into neurons and glia cells. Using microarrays and large 2-DE, we investigated the mouse
brain transcriptome and proteome of embryonic days 9.5, 11.5, and 13.5. During this develop-
mental period, neural progenitor cells shift from proliferation to neuronal differentiation. As
expected, we detected numerous expression changes between all time points investigated, but
interestingly, the rate of alteration remained in a similar range within 2 days of development.
Furthermore, up- and down-regulation of gene products was balanced at each time point which
was also seen at embryonic days 16–18. We hypothesize that during embryonic development, the
rate of gene expression alteration is rather constant due to limited cellular resources such as
energy, space, and free water. A similar complexity in terms of expressed genes and proteins sug-
gests that changes in relative concentrations rather than an increase in the number of gene prod-
ucts dominate cellular differentiation. In general, expression of metabolism and cell cycle related
gene products was down-regulated when precursor cells switched from proliferation to neuronal
differentiation (days 9.5–11.5), whereas neuron specific gene products were up-regulated. A
detailed functional analysis revealed their implication in differentiation related processes such as
rearrangement of the actin cytoskeleton as well as Notch- and Wnt-signaling pathways.
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1 Introduction

Neurons and glia located in the mammalian CNS are gener-
ated by neural progenitor cells (NPC) in a stepwise differ-
entiation process. In early mouse brain development

(expansion phase), NPCs increase in number by mitotic
divisions. At embryonic day 11.5 (E11.5), NPCs make a
switch from expansion to neurogenesis when an NPC subset
starts to differentiate into neurons and self-renews simulta-
neously via asymmetric divisions. In later stages, NPCs
switch to symmetrical divisions, producing only neurons.
Glia cells are generated as early as E17 although the bulk of
gliogenesis occurs after birth [1–3]. Thus, proliferation and
neuronal differentiation occur simultaneously during the
neurogenic phase whereas the former dominates in earlier
stages. Proliferation of precursor cells is a key process nec-
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essary to produce a sufficient number of cells for brain
development. Hence, many complex cellular mechanisms
have been shown to be involved in the spatiotemporal
orchestration of proliferation versus differentiation of NPCs
(reviewed in Ref. [4]). However, our understanding of neuro-
nal and glial differentiation is still limited.

The investigation of these mechanisms is of great
interest, e.g., because neurogenesis was shown to be
implicated in neurodegenerative diseases such as Alzhei-
mer’s disease, Parkinson’s disease, and Huntington’s dis-
ease [5].

In this study, gene expression during early embryonic
mouse brain development was investigated at the tran-
scriptome and proteome level, focusing on the shift from
NPC expansion to neurogenesis. For transcriptome analy-
sis, we used whole genome Affymetrix GeneChips, con-
taining about 45 000 probesets. For proteome analysis, two
dimensional DIGE combined with MS was applied. We an-
alyzed protein and mRNA abundance at E9.5 where mostly
undifferentiated NPCs are present, E11.5 with NPCs start-
ing to differentiate into neurons, and E13.5 when neuro-
genesis is peaking [1, 2]. Interestingly, we found that total
protein concentration as well as the number of transcripts
remained constant during differentiation. Moreover, the
number of gene products altered in expression during
2 days of development was similar. Our results contribute to
understanding the dynamic processes involved in neuro-
genesis.

2 Materials and methods

2.1 Embryonic tissue collection

Pregnant C57Bl/6 mice were sacrificed according to the
German Animal Protection Act to obtain embryonic mouse
brain tissue. Heads of embryos were cut following a straight
line delineated by the following two positions: postotocyst
until just past the mandible anlage. Embryonic head tissue
was shock frozen in liquid nitrogen and stored at –807C until
protein or mRNA extraction was performed. Embryos were
staged according to somite number and morphological cri-
teria. For proteome analysis, two pooled samples containing
12 embryo heads each were prepared for E9.5, E11.5, and
E13.5, respectively.

2.2 Transcriptome analysis

2.2.1 RNA isolation

Total RNA was isolated employing the Lipid Rich Tissue
Mini kit (Qiagen). Briefly, Qiazol reagent was added to frozen
tissue, followed immediately by Ultraturrax homogeniza-
tion. After purification the RNA was incubated with DNase
(turbo DNA-free, Ambion) and RNA quality was assessed
using the RNA 600 Pico Assay (Agilent).

2.2.2 Expression profiling

High quality total RNA (1 mg) was amplified with the
MessageAmp II-Biotin Enhanced Single Round aRNA
Amplification kit (Ambion) according to manufacturer’s
instructions. Amplified aRNA (10 mg) was hybridized on
Affymetrix MOE430 2.0 GeneChips® containing about
45 000 probesets. Staining and scanning were done
according to the Affymetrix expression protocol. In total,
16 embryo heads distributed over three developmental
stages (six heads at E9.5, four at E11.5, and six at E13.5)
were analyzed.

2.2.3 Statistical transcriptome analysis

Statistical analysis of the microarrays was performed by
utilizing the statistical programming environment R (R
Development Core Team [6]), using packages available
from http://cran.r-project.org and mips.gsf.de/mips/staff/
mader/software. Briefly, probeset summaries were calcu-
lated according to RMA. A log-scale transformation (log,
basis 2) using normalization against mean of all E9.5
samples employing the loess smoother [7] operating on M-
A scale was carried out. Genewise testing for differential
expression with Welch’s t-test and Benjamini–Hochberg
multiple testing correction (FDR,0.05), and application of
nonstringent filters for basal expression and fold-change
(mean�100, ratios of means�1.5, both on linear scale) was
used.

2.3 cDNA synthesis and quantitative PCR analysis

cDNA was synthesized from the RNA samples used for
microarray analysis using the SuperScript II First-Strand
Synthesis System (Invitrogen). Real-time PCRs (qPCR) were
performed according to the manufacturer’s recommenda-
tions using Power SYBR Green PCR Master Mix (Applied
Biosystems) on an Applied Biosystems 7300 System. Primer
dimer melting temperatures were determined in order to
exclude primer dimers from the analysis. The housekeeping
gene Uqcrfs1 [8] was used for normalization of the target
gene’s expression. A second gene (Lrrc41) was selected as
housekeeping gene based on its constant expression in our
array data and performed similar to Uqcrfs (data not shown).
Three biological replicates were used for each embryonic
stage and typical ratios from multiple experiments are
shown. Primer sequences are given for forward (F) and
reverse (R) primers:

Uqcrfs1 (F: ACCTGTTCTGGATGTGAAGC, R: ACC-
TTGACATCTGTATGGGAAA), Lrrc41 (F: GAGGATTCT-
TCCTCTTCTCTCTGT, R: CAGTTCTGGAAGAGGCG-
TAG), Notch1 (F: AACAAGGACATGCAGAACAAC, R:
CAACACTTTGGCAGTCTCATAG), Rhoa (F: GACTCCA-
GAAGTCAAGCATTTC, R: ATCTCTGCCTTCTTCAGGT-
TTTAC), Cdc42 (F: ACAAACAGAAGCCTATTACTCCAG, R:
ATTCTTTAGGCC-TTTCTGTGTGAG), Hes5 (F: GTCAGC-
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TACCTGAAACACAGC, R: AGTAGCC-CTCGCTGTAGT-
CCT), Neurog1 (F: CTTAAAAAGGAGCCACAAGGAGT, R:
ATA-GCTATGCTAGCACTCAGGTTC), Neurog2 (F: CTCT-
CTGATGTGCACTTTGTTT, R: ACTTCTAACCTGGCCCT-
CTAAC).

2.4 Proteome analysis

2.4.1 Protein extraction and labeling

Protein extracts were prepared from individual embryo
heads and pooled in two samples. Due to small sample
size, E9.5 tissue material was pooled before protein
extraction. Our published protein extraction procedure [9]
was slightly altered. Briefly, tissue was ground to fine
powder in a sample tube precooled in liquid nitrogen and
only one part v/w of sample buffer (50 mM TRIZMA
Base (Sigma–Aldrich, Steinheim, Germany), 50 mM KCl
and 20% w/v glycerol at pH 7.5) was added. Samples were
labeled by Cy3 minimal dye (GE Healthcare, Munich,
Germany). An E11.5 pool sample aliquot was used as
internal standard and labeled by Cy5 minimal dye (GE
Healthcare). Labeling was carried out according to manu-
facturer’s instructions adding 400 pmol fluorescent dye per
50 mg of protein. Each Cy3-labeled sample was mixed with
the same amount of internal standard. The protein
extracts were mixed with 70 mM DTT (BioRad, Munich,
Germany), 2% v/w of ampholyte mixture Servalyte pH 2–
4 (Serva, Heidelberg, Germany) and stored at 2807C. For
protein spot counting in 2-D gels (Fig. 1), saturation dye
labeled E9.5 and E11.5 samples were utilized (Cy3, GE
Healthcare).

2.4.2 2-DE

Protein samples were separated by the large-gel 2-DE tech-
nique developed in our laboratory as described previously
[10]. The gel format was 40 cm (IEF)630 cm (SDS-
PAGE)61.0 mm (gel width). For visualization of protein
spots, gels were scanned at a resolution of 100 mm using a
532 nm and 633 nm laser for Cy3 and Cy5 labeled samples,
respectively (Typhoon 9400, GE Healthcare).

2.4.3 Spot evaluation procedure

Protein spot patterns were evaluated by Delta2D imaging
software version 3.4 (Decodon, Greifswald, Germany).
Briefly, spot patterns of in-gel standards were matched
using the Delta2D “exact” mode matching protocol. Using
“union” mode a fusion image was generated, including the
visible spots from all 2-D gels within the project. The fusion
image was used for spot detection (settings: local back-
ground region 100, average spot size 1, sensitivity 100%)
followed by manual spot editing. A spot pattern containing
2004 protein spots was transferred from the fusion image to
all other 2-D gel images to make sure that the spot identifi-
cation number for each spot is the same for every gel in the
project. Relative spot volume intensities (fractions of 100%)
were used for quantitative protein expression analysis. After
background extraction, normalized values were exported in
spreadsheet format from Delta2D for statistical analysis.
Data sets were analyzed applying a one-way ANOVA. Sub-
sequently individual groups were compared by a Bonferroni
post hoc test (SPSS version 14.0, Chicago, USA). Sample
size comprised n = 6 for E9.5, n = 8 for E11.5, and n = 5 for
E13.5.

Figure 1. CyDye labeled 2-DE patterns of brain proteins from mouse embryos at stages E9.5 (a) and E11.5 (b). The complexity of the protein
patterns is similar between stages; 3.350 protein spots are visible at E9.5 and 3.147 at E11.5, respectively.
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2.4.4 Protein identification

For protein identification by MS, 40 mL extract was separated
by 2-DE and stained using an MS-compatible silver staining
protocol [11]. In order to assign corresponding protein spots
from analytical fluorescent to quantitative silver stained 2-D
gels, spot patterns were matched using Delta2D. Protein
spots of interest were excised from 2-D gels and subjected to
in-gel tryptic digestion. Peptides were analyzed by a Reflex 4
MALDI-TOF mass spectrometer (Bruker Daltonics, Bremen,
Germany) as described previously [11]. Alternatively, ESI-MS
and -MS/MS on an LCQ Deca XP ion trap (Thermo Finnigan,
Waltham, MA) was applied. Mass spectra were analyzed using
our in-house MASCOT software package license version 2.1
automatically searching NCBI databases. MS/MS ion search
was performed with this set of parameters: (i) taxonomy: Mus
musculus, (ii) proteolytic enzyme: trypsin, (iii) maximum of
accepted missed cleavages: 1, (iv) mass value: monoisotopic,
(v) peptide mass tolerance 0.8 Da, (vi) fragment mass toler-
ance: 0.8 Da, and (vii) variable modifications: oxidation of
methionine and acrylamide adducts (propionamide) on cys-
teine. Only proteins with scores corresponding to p,0.05,
with at least two peptides identified in two independent iden-
tifications were considered. Furthermore, theoretical and
practical molecular weight and pI for each protein identified
by database search were compared. Our results are summa-
rized in Supporting Information Table 6.

2.4.5 Immunoblotting

Brain protein extracts were separated using 12% SDS-PAGE
gels, blotted to PVDF membranes and probed with anti-
TCTP; (Abcam, Cambridge, UK), anti-RhoA and anti-NICD
(Cell Signaling, Danvers, MA, USA) antibodies according to
standard immunoblotting procedures. Protein concentration
was determined using a Roti-Nanoquant assay (Carl Roth,
Karlsruhe, Germany).

2.4.6 Analysis of correlation and biological functions

Official gene symbols and gene names (MGI, http://www.in-
formatics.jax.org/) were used to match our transcriptome and
proteome datasets. Only differentially expressed probesets
and protein spots (between embryonic stages) which were
statistically significant were compared. CarmaWeb [12] was
used for enrichment analysis of statistically significant Gene
Ontology (GO) terms (p,0.05) for transcriptome data. Where
indicated, groups of functionally related GO terms were
defined with biological expert knowledge (Supporting Infor-
mation Table1). Genes were tested for significant enrichment
in a group by a hypergeometric distribution requiring that any
of four entry counts was larger than two. For proteome data,
GOTM [13] tools were used. To conduct hypergeometric
probability analysis (p�0.01), protein groups were analyzed
for the expected number of members as compared to a mouse
genome reference gene set supplied by GOTM.

3 Results

3.1 Analysis of mRNA and protein abundance

Mouse brain development at embryonic stages E9.5, E11.5,
and E13.5 was investigated using large-scale methods in
mRNA and protein analysis. To study changes in gene
expression at the transcriptome level, whole genome Affy-
metrix MOE 430 2.0 GeneChips were used. Cluster analysis
of the data separated the three embryonic stages into three
clusters according to their age (Supporting Information
Fig. 1). Further statistical analyses to detect differentially
expressed genes revealed 4311 significantly (p,0.1) regu-
lated probesets between E9.5 and E11.5. These probesets
accounted to about 10% of all probesets available on an array
and correspond to 3426 individual genes. When comparing
E11.5–E13.5 a similar number of alterations was found (4683
probesets; 12%; Table 1, Supporting Information Table 2).

To analyze overall signal distribution, we investigated the
number of probesets detected at various expression levels.
We observed that among embryonic stages, the expression
distribution was remarkably similar (Fig. 2). We detected
7640, 7585, and 7592 probesets with an expression level
higher than 250 arbitrary units for E9.5, E11.5, and E13.5,
respectively. Probeset numbers with an expression level
.2000 units were also very similar (821, 855, and 861)
showing a maximum difference of ,5%. Therefore, we con-
clude that the complexity of the transcriptome was similar at
all embryonic stages.

For proteome analysis, we used our large 2-DE method in
combination with DIGE. First of all, the total number of
protein spots on fluorescence stained 2-DE gels was counted
(Fig. 1) to determine proteome complexity. We found similar
spot numbers on gels of all three stages investigated
(3560 6 649 spots at E9.5, 3832 6 166 spots at E11.5, and
3769 6 107 spots at E13.5).

Using Delta2D, 2004 protein spots were quantified on
every gel at stages E9.5, E11.5, and E13.5. Statistical analysis

Table 1. Numbers of proteins and mRNAs altered in expression
among stages

Stages of
development
compared

% of protein spots altered in expression

Up-regulation Down-regulation

E 9.5 vs. E 11.5 11.08 7.68
E 11.5 vs. E 13.5 7.88 7.19
E 16 vs. E 18 8.67 7.88
E 9.5 vs. E 13.5 15.42 13.92

% of probesets altered in expression

E 9.5 vs. E 11.5 5.70 3.88
E 11.5 vs. E 13.5 5.12 6.49
E 9.5 vs. E 13.5 7.51 6.49
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Figure 2. mRNA expression
levels in mouse developmental
stages E9.5, E11.5, and E13.5.
Numbers of expressed probe-
sets are shown. The x-axis indi-
cates discrete, expression level
cut-offs.

(one-way ANOVA, p�0.05) revealed 379 (19%) proteins sig-
nificantly altered in expression in E11.5 compared to E9.5;
302 (15%) altered proteins in E13.5 compared to E11.5; and
588 (29%) alterations in E13.5 compared to E9.5 (Table 1).
Interestingly, we obtained similar results when we analyzed
two additional stages, E16 and E18 (4430 protein spots were
analyzed, 733 or 17% were altered in expression) using sil-
ver staining of gels and Proteomweaver (Definiens AG,
Munich, Germany, version 3.2.0.5) analysis software (data
not shown). In total, about 17% of all proteins were altered
in expression within 2 days of embryonic development,
which was consistently found between all time points
investigated.

Then we determined spot volumes (relative quantity of a
protein spot in gray units on the 2-DE gel without back-
ground noise) of all significantly altered protein spots. We
found no statistically relevant difference (Students t-test;
p,0.05) among total volumes (equivalent to the total pro-
tein amount) altered between E9.5 and E11.5 (48.8 6 3.1
gray units at E9.5 vs. 52.2 6 2.0 gray units at E11.5), indi-
cating that up- and down-regulated proteins were in equi-
librium. Similar results were obtained comparing E11.5–
E13.5 (37.3 6 1.9 gray units at E11.5 and 41.4 6 2.6 gray
units at E13.5) and E9.5–E13.5 (79.8 6 4.8 gray units at E9.5
and 78.3 6 3.3 gray units at E13.5), respectively. When total
spot volumes altered in the first (E9.5–E11.5) and second
(E11.5–E13.5) developmental step were considered, we
found that a significantly higher spot volume was changed
in the former compared to the latter step (50.5 6 3.1 gray
units or 13% at E9.5/E11.5 and 39.4 6 3.0 gray units or
10% at E11.5/E13.5), although the number of altered pro-
teins was similar. When comparing the sum of all spot
volumes among embryonic stages, no significant difference
was detected (400.9 6 0.8 gray units). In summary, our
results indicate that up- and down-regulation of protein
expression was in equilibrium between all stages although
total volume alteration was slightly larger between E9.5 and
E11.5 than E11.5 and E13.5.

3.2 Correlation analysis of gene and protein

expression

We randomly selected 300 protein spots from our 2-DE gels
for identification by MS. Identified protein spots were
equally distributed among pI-values and molecular masses
on 2-DE gels and assigned to 213 different proteins (Sup-
porting Information Table 6). Within this dataset, 72 proteins
were significantly (p,0.05) altered in expression between
E9.5 and E11.5 (21 up- and 51 down-regulated), 51 proteins
(25 up- and 26 down-regulated) between E11.5 and E13.5 and
72 proteins (27 up- and 45 down-regulated) between E9.5 and
E13.5 whereas 119 proteins remained unchanged.

Then it was determined if alterations in gene expression
were consistent between protein and mRNA data (Fig. 3;
details in Supporting Information Tables 3–5). Therefore,
probesets were matched to proteins according to their gene
names. We found a remarkable 60–70% coregulation be-
tween mRNA and protein data. Only 20–30% showed a clear
opposite regulation. A small percentage of mRNAs and pro-
teins showed ambiguous regulation, that is, two protein
spots of the same protein showed opposite regulation and
consequently a probeset and one or more protein spots but
not all were coregulated.

3.3 Functional analysis of protein and mRNA data

GO term analysis was used to estimate biological functions
of our mRNA/protein data. Comparison of mRNA expres-
sion between E9.5 and E11.5 revealed a prominent increase
in GO terms associated with neurogenesis and associated
functions, such as axon outgrowth, dendrite morphogenesis,
and synapse formation among transcripts with higher
abundance in E11.5. Pathways implicated in differentiation
processes like Notch- and Wnt-signaling were also enriched
in E11.5. In contrast, metabolic pathway and cell cycle asso-
ciated GO terms were enriched among transcripts with
increased abundance at E9.5 (Fig. 4a). Analysis of E13.5 vs.
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Figure 3. Comparison of transcriptome and proteome data.
Mouse brains at E9.5, E11.5, and E13.5 were analyzed. Only
expression ratios of significantly altered genes and proteins be-
tween embryonic stages indicated were used. In case of similar
expression, all probesets and all protein spots corresponding to a
gene were either both up-regulated (.1) or down-regulated (,1).
Inverse: the ratios of all probesets were ,1 and all protein spots
were .1 (or the vice versa). Ambiguous: at least one probeset
and protein spot had a similar ratio, but other probesets or pro-
tein spots were regulated in the opposite direction.

Figure 4. Analysis of enriched GO terms based on transcriptome
data. Significantly altered genes from a comparison of (a) E9.5 vs.
E11.5 and (b) E11.5 vs. E13.5 were used to analyze associated GO
terms. Only significantly enriched GO terms are shown (p,0.05)
and the number of genes (of our analysis) associated with each
term is indicated. Black bars indicate higher gene expression at
(a) E9.5 or (b) E11.5 and gray bars indicate higher gene expres-
sion at (a) E11.5 or (b) E13.5 (Chi test p-values are indicated as **
p,0.05, * p,0.1). { indicates the statistical analysis of grouped
GO terms (see Section 2 details).

E11.5 (Fig. 4b) showed enrichment for similar biological
functions, but the difference between the two stages was less
pronounced.

Among significantly altered proteins (data of GO term
analysis not shown), we found an enrichment of the GO

term nervous system development within proteins stronger
expressed at E13.5 compared to E11.5. When the earlier
stages were analyzed (E9.5 vs. E11.5 and at E11.5 vs. E13.5),
we found an enrichment of mainly metabolism related terms
within proteins of increased expression. It is noteworthy that
the same GO terms were enriched within unchanged pro-
teins, indicating that with developmental progression, me-
tabolism related proteins decrease in abundance whereas cell
type specific proteins are up-regulated. In general, house-
keeping proteins were either not changed in expression or
down-regulated whereas neuron-specific proteins were up-
regulated during development. In addition we found that
many cytoskeleton related proteins were significantly altered
in the course of development. Using GO term analysis of
microarray data, we detected that genes related to the Notch-
and Wnt-signaling pathways were enriched in the group of
up-regulated genes at E11.5 compared to E9.5. A summary of
selected key players in both processes is provided in Table 2.
Altered expression of some key proteins was verified either
by immunoblotting or quantitative PCR (Fig. 5).

4 Discussion

Microarray studies are widely used to investigate brain
development [14–16]. However, gene expression at the
mRNA level does not necessarily correlate with protein
abundance, e.g., due to post-transcriptional control mechan-
isms [17–19]. Combined transcriptome and proteome stud-
ies have previously shown that the degree of concordant
regulation is highly dependent on the system under investi-
gation, and can be as high as 80% [19]. Others reported little
or no similarity between gene and protein expression, but
did find significant similarity on the level of gene functions
[20]. In the study presented here, we analyzed early embryo-
nic brain development on the transcriptome and proteome
level and found 60–70% concordant regulation of mRNAs
and corresponding proteins, whereas only 20–30% showed
clear opposite regulation.

Since alterations in protein expression and PTMs are
ultimately responsible for changes in cellular phenotype and
function, a proteome analysis is highly valuable to obtain
insights into complex processes such as brain development.
When investigating embryonic mouse brain development at
stages E9.5, E11.5, and E13.5, we consistently found that 10–
13% of all proteins (considering protein concentrations) and
mRNAs were changed in expression during 2 days of devel-
opment. This was confirmed on the proteome level for two
additional stages of development, E16 and E18. We suggest
that keeping the rate of expression alterations constant
might restrict the ultimate speed of development. Compre-
hensive changes in gene expression have to occur during
development in order to facilitate cellular differentiation. A
high rate of alteration, however, requires a large amount of
cellular resources such as energy, precursor molecules,
space, and free water. We hypothesize that during embryonic
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Figure 5. Expression patterns of key gene products analyzed by (a) quantitative PCR or (b) immunoblotting. (a) Comparison of expression
ratios derived from microarray analyses and quantitative PCRs, (b) immunoblotting of E11.5 (left lane) and E13.5 (right lane) protein
extracts confirmed results for proteins TCTP (gene name Tpt1), RhoA, and Notch intracellular domain (cleaved Notch).

development, the alteration of protein expression is restrict-
ed by the maximum rate still compatible with available cel-
lular resources. Furthermore, we observed that up- and
down-regulation of protein expression was always in equi-
librium between stages. Since additional proteins have to be
produced by the cell to promote differentiation, we suggest
that the concentration of others must decrease in order to
keep the total protein concentration constant. Protein over-
expression at constant cell volume can result in conforma-
tional changes of proteins resulting in protein aggregation
and loss of function, as observed in neurodegenerative dis-
eases [21, 22]. Taken together, we propose that the overall rate
of gene expression change might be one of the factors that
determine developmental velocity, which would be therefore
limited by the availability of cellular resources.

We found that the complexity (total number of gene
products) of mRNAs and proteins was similar among stages.
Therefore, we assume that differentiation is driven by cell type
specific changes in protein concentrations rather than merely
by an increase in the number of cell type specific proteins. To
characterize functional changes during cellular differentia-
tion, we analyzed our datasets for enriched GO terms asso-
ciated with differentially regulated gene products. At E9.5 we
observed a stronger expression of transcripts and proteins
associated with the terms “metabolism” and “cell-cycle” com-
pared to E11.5. This result is consistent with previous findings
[1, 2] demonstrating that NPCs mainly proliferate at E9.5.
Proteins associated with metabolism and cell cycle were also
enriched in the group of unchanged proteins. In contrast, at
E11.5 and E13.5, when a larger subset of NPCs differentiates
into neurons [1, 2], we observed an enhanced abundance of
mRNAs and proteins related to neuronal differentiation. A
proteomics study, where in vitro cultured murine embryonic
stem cells were compared to differentiated dopaminergic
neurons, revealed similar results [23]. Consistent with this
study we also observed a significant down-regulation of
translationally controlled tumor protein (TCTP; gene name
Tpt1) during development. The relevance of this finding is
supported by a recent publication showing that mice deficient

in TCTP were embryonic lethal. The authors suggested that
TCTP plays a vital role in embryonic cell proliferation and is
linked to the regulation of the cell cycle machinery [24].

Neuronal morphogenesis is mainly facilitated by a rear-
rangement of the actin cytoskeleton architecture [25, 26].
Newly generated neurons start to form neurites at thin actin-
rich peripheral protrusions which then grow larger driven by
a structure known as the “growth cone.” Most of the motile
activities of the growth cone are dependent on high actin
turnover. Actin turnover is assisted by a variety of actin-bind-
ing proteins, not only their activity but also their expression
levels are thought to be critical for neuronal morphogenesis
[25, 27]. We found that actin-related protein 2/3 complex sub-
unit 5 (gene name Arpc5) was significantly up-regulated in
expression during development. Arpc5 is known to be
involved in the initiation of new filamental actin to grow as a
branch on the side of an existing filament. Furthermore, we
found that neuromodulin (gene name Gap43) and myr-
istoylated alanine-rich C kinase substrate (gene name Marcks)
were up-regulated during development. Together with brain
acid soluble protein 1 (gene name Basp1), which was also up-
regulated, all three proteins were recently described to reg-
ulate actin dynamics by a common mechanism [26]. In sum-
mary, we found that actin-binding proteins were up-regulated
in expression during the developmental period E9.5–
E13.5, a period where actin cytoskeleton rearrangements
create the scaffolding for neuronal morphogenesis.

Actin cytoskeleton rearrangement is orchestrated by a
number of signaling pathways. Key players that were shown
to be involved in actin cytoskeleton regulation are largely
members of the Rho family of small GTP-binding proteins
(gene names RhoA, Cdc42, and Rac1) [28]. These signaling
molecules couple cell surface receptor activation to actin
cytoskeleton regulation. Indeed, we found that RhoA (protein
name ras homolog gene family, member A) as well as Cdc42
(protein name cell division cycle 42 homolog) expression was
up-regulated during development, although Rac1 (protein
name RAS-related C3 botulinum substrate 1) expression was
not significantly altered.
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Table 2. Expression ratios of selected mRNAs and proteins
among embryonic stages

Gene name Expression ratio (mRNA)

E9.5/E11.5 E11.5/E13.5 E9.5/E13.5

Cytoskeleton

Arpc5 0.9** 0.9 0.8
Marcks 0.4** 1.4 0.5**
Gap43 0.7 0.2** 0.2**
Basp1 0.6 0.8 0.5**
Tpt1 0.9 1.0 1.0
RhoA 1.2 0.6* 0.7
Cdc42 0.4* 0.4* 1.5*; 0.1*
Rac1 0.7 1.3 0.9

Notch- and Wnt-signaling

CtBP1 0.7 1.1 0.8
Notch1 0.5** 1.8** 0.5**
Hes5 0.4** 3.6** 1.4
Hes1 1.6** 0.6** 0.9
Rest 2.3** 0.4** 0.9
Neurog1 1.1 4.3** 4.8**
Neurog2 0.2 0.9 0.2**

Expression ratio (protein)

Cytoskeleton

Arpc5 0.75* 1.01 0.76**
Marcks 0.52 0.48 0.25
Gap43 0.98 0.83 0.82**
Basp1 0.47** 0.82 0.38
Tpt1 1.43** 1.50** 2.15*

Notch- and Wnt-signaling

CtBP1 0.70* 1.15 0.8

* p�0.05; ** p�0.1.

Using GO term analysis, we found that mRNAs impli-
cated in Notch- and Wnt-signaling pathways were altered in
abundance during development. The Notch-signaling path-
way plays an important role during the neurogenic phase of
brain development [4] and Notch1 (protein name Notch1 pro-
tein) is a key component required for the maintenance of the
NPC proliferative state. Loss-of-function mutations in Notch1
result in precocious initiation of neurogenesis in the early
embryonic neural tube at the expense of NPC proliferation
and gliogenesis. For embryonic brain development, the most
important downstream targets of Notch signaling are tran-
scription factors of the Hes (Hairy and enhancer of split)
family [29]. Their transcription is positively regulated by Notch
and, in the nervous system, their predominant function
seems to be the repression of proneurogenic basic helix-loop-
helix (bHLH) genes such as Neurogenin 1, and 2 (gene names
Neurog1/2) [29]. Notch1-expression is spatiotemporally corre-
lated with neurogenesis and may be required for NPCs
undergoing asymmetric but not symmetric divisions [29].
Consistent with this model, we found that Notch1 (as well as
the Notch intracellular domain, NICD, cleaved fragment of

Notch1) and its downstream target Hes5, were up-regulated at
E11.5, when NPCs start to divide asymmetrically. Both,
Notch1 and Hes5 were down-regulated at E13.5, where neuro-
genesis is on its peak and NPCs divide symmetrically pro-
ducing only neurons. Interestingly, we found that the expres-
sion of Hes1 showed the opposite regulation, indicating that
Hes1 might have functions independent from Notch-signal-
ing. Nevertheless, the controversial regulation of Hes1 and
Hes5 might be of interest especially because it was shown that
Hes1 expression starts at the early neuroectoderm and might
be involved in Notch-independent proliferation of NPCs via
symmetric divisions. Hes5 expression starts only later in
development, between E8.5 and E9 and was shown to be di-
rectly correlated to Notch1 expression [29, 30]. Furthermore,
C-terminal binding protein 1 (gene name CtBP1) which acts
as corepressor of the CSL family of transcriptional regulators
(gene names RBP-jk, Su(H), and Lag-1, downstream of Notch
and other signaling pathways) was up-regulated at E11.5 as
compared to E9.5. CtBP1 also acts as repressor of the Wnt-
signaling pathway and its up-regulation might be due to its
general role in differentiation related processes [31].

Besides Notch signaling, canonical Wnt signaling has also
been shown to spatiotemporally regulate brain development.
It was reported to promote progenitor proliferation at early
stages of brain development whereas at later stages (after
murine E13.5), a shift in Wnt-signaling activity promotes
neurogenesis instead [4]. It was shown in vitro that under
conditions where NPC proliferation is favored, Wnt-signaling
mediates the up-regulation of the neuron restrictive silencer
factor/repressor element 1 transcription factor (gene name
Rest) [32]. We found that Rest related mRNA was down-regu-
lated from E9.5 to E11.5, indicating that its high expression
might indeed play a role in NPC proliferation at E9.5. In con-
trast, Wnt signaling was also proposed to promote neuronal
differentiation in an instructive way by controlling the
expression of proneurogenic genes [4]. Proneurogenic genes,
such as neurogenin 1 and 2 were shown to be affected down-
stream of both, the Notch- and Wnt-signaling pathway. More-
over, overexpression of proneurogenic genes turned out to be
sufficient to promote the differentiation of cultured NPCs
into neurons. We found that Neurog2 related mRNA was up-
regulated from E9.5 until E11.5, the time period when the
switch towards neurogenesis occurs. In contrast, Neurog1
related mRNA was massively down-regulated at E13.5.

In summary, we used transcriptome and proteome anal-
ysis as complementary approaches to analyze early mouse
brain development. Interestingly, we observed that the rate of
gene expression alteration was almost constant and a balance
in up- and down-regulation was observed between E9.5 and
E13.5. Furthermore, the complexity (number of gene prod-
ucts) of mRNAs and proteins was similar among stages.
When cytoskeleton reassembly or Notch- and Wnt-signaling
pathways were analyzed in more detail, we found many
similarities to published data, validating the significance of
the large number of mRNA and protein changes found in
our study.
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Abstract

The amyloid precursor protein (APP) was assumed to be an important neuron-morphoregulatory protein and plays a central
role in Alzheimer’s disease (AD) pathology. In the study presented here, we analyzed the APP-transgenic mouse model APP23
using 2-dimensional gel electrophoresis technology in combination with DIGE and mass spectrometry. We investigated
cortex and hippocampus of transgenic and wildtype mice at 1, 2, 7 and 15 months of age. Furthermore, cortices of 16 days old
embryos were analyzed. When comparing the protein patterns of APP23 with wildtype mice, we detected a relatively large
number of altered protein spots at all age stages and brain regions examined which largely preceded the occurrence of
amyloid plaques. Interestingly, in hippocampus of adolescent, two-month old mice, a considerable peak in the number of
protein changes was observed. Moreover, when protein patterns were compared longitudinally between age stages, we
found that a large number of proteins were altered in wildtype mice. Those alterations were largely absent in hippocampus of
APP23 mice at two months of age although not in other stages compared. Apparently, the large difference in the
hippocampal protein patterns between two-month old APP23 and wildtype mice was caused by the absence of distinct
developmental changes in the hippocampal proteome of APP23 mice. In summary, the absence of developmental proteome
alterations as well as a down-regulation of proteins related to plasticity suggest the disturption of a normally occurring peak
of hippocampal plasticity during adolescence in APP23 mice. Our findings are in line with the observation that AD is
preceded by a clinically silent period of several years to decades. We also demonstrate that it is of utmost importance to
analyze different brain regions and different age stages to obtain information about disease-causing mechanisms.

Citation: Hartl D, Rohe M, Mao L, Staufenbiel M, Zabel C, et al. (2008) Impairment of Adolescent Hippocampal Plasticity in a Mouse Model for Alzheimer’s Disease
Precedes Disease Phenotype. PLoS ONE 3(7): e2759. doi:10.1371/journal.pone.0002759

Editor: Ashley I. Bush, Mental Health Research Institute of Victoria, Australia

Received April 18, 2008; Accepted June 23, 2008; Published July 23, 2008

Copyright: � 2008 Hartl et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: This work was supported by the German ministry for education and research (BMBF) within the German National Genome Research Network (NGFN2)
program.

Competing Interests: The authors have declared that no competing interests exist.

* E-mail: claus.zabel@charite.de

Introduction

The Amyloid precursor protein (APP) plays a central role in

Alzheimer’s disease (AD) pathology. It was implicated in a variety

of cellular processes such as axonal transport, cell adhesion,

cholesterol metabolism or gene transcription and assumed to be an

important neuro-morphoregulatory protein [1]. Furthermore,

APP is already expressed at high levels in the developing nervous

system where it is localized at regions of neuronal motility and

synapse formation [2–4]. In addition, APP is also considered to act

as a ‘‘molecular hub’’ protein in the cellular protein network [5].

According to scale-free interaction network theory, the disruption

of a hub which possesses many connections will have a more

drastic impact on the entire network than disruptions at sites with

few connections. In line with this, mutations in APP or the APP-

cleaving enzymes presenilin 1 and 2 are implicated in early-onset

familial AD cases, whereas the numerous risk factors identified for

non-familial AD cases characterize late onset disease.

In order to study AD, numerous mouse models are available. In

these mice, a gene of particular interest such as APP is knocked

out, mutated and/or overexpressed. When the effect of genome

modifications is subsequently screened at the molecular level,

usually a large number of mRNA and protein changes are

observed [6–8]. The cellular proteome is a highly interconnected

protein network that is among other restrictions dependent on

resources such as space, metabolites and unbound water to allow

protein diffusion. If the concentration of one protein or a larger

number of proteins is altered, this affects functionally linked

proteins by altering relative concentrations of those proteins to

avoid macromolecular crowding [9,10].

When analyzing the proteome of human patients or animal

models for neurodegenerative diseases, the specificity of a disease

(i.e. Alzheimer’s, Huntington’s or Parkinson’s disease) is more

likely determined by the affected brain region and not by the

identity of altered proteins in the brains of patients or genetically

modified mice [11]. Moreover, massive proteome alterations

occur during normal development and aging in the animal

model studied. Therefore, the impact of mutations on the

proteome might be strongly age-dependent. Disease models are

conventionally investigated at age stages where the disease

phenotype is prominent. However, these analyses may be already

biased by secondary effects of pathogenesis and may therefore

obscure the causative process for disease occurring earlier in

development.

PLoS ONE | www.plosone.org 1 July 2008 | Volume 3 | Issue 7 | e2759



In the study presented here we investigated APP-transgenic

mice (APP23) expressing human APP751 which contains the

Swedish double mutation [12]. In APP23 mice, transgene

expression is sevenfold higher than endogenous APP. APP23 mice

develop an AD-like pathology (ß-amyloid depositions) at 6 months

of age. Plaques increase dramatically in size and number at older

stages, occupying a substantial area of the cerebral cortex and

hippocampus at 24 months of age [13,14]. Furthermore, region-

specific neuronal loss [7] and progressive age-related impairment

of cognition [15–18] were observed with increasing age.

To analyze the age-specific impact of transgenic APP on the

brain proteome, we designed a time course starting at very early

stages where no phenotypes were reported so far. We investigated

age-stages spanning adolescence (1 and 2 months of age) and

adulthood (7 and 15 months of age) of mice [19]. Furthermore, the

embryonic stage at day 16 post coitum (ED16) which represents late

neurogenic phase of mouse brain development [20], was

investigated. To analyze the tissue-specificity of transgenic APP

in different brain regions, hippocampal (H) as well as cortical (C)

proteomes of APP23 mice were investigated.

Our results show a large number of protein changes in the

proteomes of APP23 mice at prenatal stages. However, the largest

number of alterations was observed during adolescence in the

hippocampal region, where brain plasticity is predominant.

Together, our results indicate a perturbance of hippocampal

plasticity in adolescent APP23 mice which may result in the

development of memory deficits later during disease progression.

Results

In the study presented here, we analyzed the cortical and

hippocampal proteomes of the AD mouse model APP23 using a 2-

dimensional gel-electrophoresis (2-DE) based proteomics ap-

proach. Protein spot patterns of cortex and hippocampus obtained

from transgenic and wildtype mice at 1, 2, 7 and 15 months of age

as well as cortices of 16 days old embryos were investigated (n = 6).

We used our highly reproducible and extensively validated

large-gel 2-DE technology [21] in combination with 2-D

fluorescence difference gel electrophoresis (DIGE). Wildtype and

transgenic samples were always labeled with the same dye (Cy3) to

avoid dye-specific spot abundance variations (false positives). To

allow data comparison among groups, we predefined a fixed group

of 1769 spots (figure 1) that was analyzed at all age stages and

brain regions. Thus, every protein spot had the same spot

identification number (ID) on spot patterns of all stages and brain

regions. Only 2-D patterns of embryonic day 16 brains were

analyzed separately due to major differences of the embryonic

compared to adult spot patterns.

Alterations in protein abundance
When comparing 2-DE spot patterns of APP23 versus wildtype

brain tissues, we found that many protein spots were significantly

(p#0.05) altered in abundance in APP23 brain tissue even as early

as in ED16. At this stage, expression of transgenic APP was

already present (figure 2, figure 3A and B).

When comparing the total number of variant proteins at each

stage, we made an interesting observation. A considerable peak in

protein alterations was detected in hippocampus of 2 months old

APP23 mice. At this stage, 140 protein spots (7.9%) were altered in

contrast to 51 spots (2.9%) at 1 month, 72 spots (4.1%) at 7 months

and 82 spots (4.6%) at 15 months (figure 3B). In cortex, a smaller

peak of alterations was detected at the same age. 79 spots (4.5%)

were altered at 2 months in contrast to 62 spots (3.5%) at 1 month

and 63 spots (3.6%) at 7 and 15 months (figure 3A). Similar results

were obtained when the relative protein concentration instead of

the number of variant proteins was analyzed (figure 3C, 3D). Total

protein amounts changed at each stage were calculated as sums of

the spot volumes of all significantly altered spots. This sum

corresponds to the total change in protein concentration.

When comparing the numbers of up- versus down-regulated

protein spots (figure 3A and B) as well as their protein concentrations

Figure 1. Standard pattern of protein spots analyzed. A protein spot pattern comprising 1769 spots (indicated with blue circles on a
hippocampus spot pattern of a 7 months old wildtype mouse) was analyzed on all gels within this study.
doi:10.1371/journal.pone.0002759.g001
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(figure 3C and D), we observed that down-regulation predominated

up-regulation at early stages. In hippocampus, this was observed in 1,

2 and 7 months old APP23 mice. In cortex, predominant down-

regulation was observed in ED16 and in 1 month old mice. In older

stages, up- and downregulation was more balanced.

In order to monitor proteome alterations related to develop-

ment, age stages 1 versus 2, 2 versus 7 and 7 versus 15 months

were compared. Comparisons were made within wildtype, trans-

genic, cortex and hippocampus groups.

As shown in figure 4A, a higher number of proteins was generally

altered within transgenic mice when compared to wildtype mice.

However, in hippocampus, both stage comparisons including the 2

months-stage showed a remarkable exception to this rule. There the

number of altered protein spots was considerably lower within the

transgenic group (figure 4B). Only about 9% of investigated proteins

were altered in APP23 mice whereas 23% of proteins were altered in

wildtypes during the same period. In detail, 328 (wildtype mice) and 486

(APP23 mice) protein spots were altered in cortex between 1 and 2

months of age, respectively. During the same time period, 373 spots

were altered in hippocampus of wildtype mice, but only 158 spots

were altered in APP23 mice. Between 2 and 7 months of age, 615

(wildtype mice, cortex), 783 (APP23 mice, cortex), 437 (wildtype mice,

hippocampus) and only 162 (APP23 mice, hippocampus) spots were

altered. In the later time points studied (7 to 15 months), fewer

proteins were altered in comparison to the younger stages. In cortex,

566 (wildtype mice) and 623 (APP23 mice) spots were altered and in

hippocampus, 571 (wildtype mice) and 672 spots (APP23 mice) were

altered, respectively.

Of the proteome alterations during development, 38% to 67%

of proteins that were altered in APP23 mice during aging were also

altered in wildtype mice (figure 4 C).

To exclude the possibility of systematic bias introduced by

differences in spot pattern quality, mean standard deviations of

spot volumes were compared between all groups. However, no

significant differences were detected (data not shown).

In summary, when comparing cortex spot patterns of APP23

versus wildtype mice, we found that a fraction of 3.2% to 4.5% of

investigated protein spots was significantly altered at all stages. In

Figure 2. Trangenic APP expression at ED16. Immunoblot of
human APP (antibody clone 6E10) with APP23 (Trans) and wildtype (WT)
cortex tissue of 16 days old mouse embryos. A strong signal of human
APP is seen on the left lane. This signal is absent in wildtype tissue
(middle lane). The right lane shows the human APP-signal of a positive
control sample (cortex tissue, 7 months, APP23-mouse).
doi:10.1371/journal.pone.0002759.g002

Figure 3. Alteration in protein number and concentration during disease progression in APP23 mice. Numbers (A and B) or volumes
(corresponding to relative protein amounts; C and D) of protein spots significantly altered in APP23 mice are shown for different ages (x-axis) and
brain regions (cortex: A and C; hippocampus: B and D) investigated. The values supplied represent the numbers of significantly changed spots (A and
B) or a percentage of the spotvolume for 1769 spots (C and D). Upregulated spots are shown in cross striated bars, downregulated spots are shown in
horizontally striated bars and the sum of both is shown by dotted bars. Many spots were altered at all stages but 2 months of age, where a peak in
alteration was observed in hippocampus tissue.
doi:10.1371/journal.pone.0002759.g003
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hippocampus patterns, 2.9% to 7.9% of investigated protein spots

were altered. Interestingly, in hippocampus of 2 months old mice, a

significant peak in variant proteins was observed. When investigating

proteome alterations related to development, we found that the

observed peak in hippocampus of 2 months old mice was mainly

caused by alterations in the proteome of wildtype mice during

adolescence. These alterations were largely absent in APP23 mice.

Functional analysis of altered proteins
65% of the protein spots altered significantly between transgenic

and wildtype mice were identified by mass spectrometry which

amounts to 293 non-redundant proteins as determined by their

different gene names (details in supplementary table S1).

About 90% of the identified proteins were subsequently grouped

into seven functional categories. The categories were then

hierarchically listed according to the percentage of altered proteins

they include. This was possible since the distribution of proteins over

categories was relatively similar among adult age stages. With the

exception of ED 16, the most abundant category was ‘‘metabolism’’,

followed by ‘‘cytoskeleton’’, ‘‘signal transduction’’, ‘‘transcription,

translation and nucleotide metabolism’’, ‘‘degradation’’ and ‘‘fold-

ing, sorting’’. The last category was ‘‘cell growth and death’’ (table 1).

Within proteins altered in ED16, the category ‘‘transcription,

translation and nucleotide metabolism’’ accounted for the most

pronounced protein group and no protein was included in the

categories ‘‘cytoskeleton’’ and ‘‘cell growth and death’’.

Although the functional distribution was similar in different age

stages and brain regions, most proteins (126 proteins) were altered

only at a single stage and brain region, that is, they were stage

specific. Only 80 proteins were altered in two conditions (stages

and/or brain regions), 46 proteins were altered in three and 28

proteins were altered in four conditions. Only thirteen proteins

were found to be altered in five or more conditions (table 2).

To test the impact of our results on human AD, we compared

our data to three 2-DE-based proteomic studies of human AD. All

three studies yielded a total of 30 disease-related proteins in

human brain tissue of AD patients. We found 22 of the 30 proteins

in our study (table 3).

Furthermore, since APP is thought to be involved in neuronal

plasticity, we determined all proteins which were altered in APP23

mice and might indicate changes in neuronal plasticity. Proteins

were selected if they are structural components of synapses or if they

are implicated in the dynamics of neurogenesis and synaptogenesis

(table 4). Those proteins were termed neuron-specific because they

have neuron-specific functions in the brain and may thus help to

identify the role of mutated APP towards neuronal plasticity.

Within neuron-specific proteins, twelve proteins were altered in

hippocampus of two-month old APP23 mice. In cortex of two-

month old APP23 mice, eight neuron-specific proteins were altered.

In the cortex and hippocampus of the other age-stages, always four

or five neuron-specific proteins were altered, respectively. In brain

regions of all age-stages, down-regulation of neuron-specific proteins

was predominant. In hippocampus of two-month old APP23 mice

for example, nine proteins were down-regulated and only two

proteins were up-regulated. One protein, Synapsin Ib, which occurred

as more than one spot on the 2-DE pattern was up- and down-

regulated depending on the protein isoform.

We analyzed the expression profiles of the two very important

neuron-specific proteins Neuromodulin (Gap43) and Post-synaptic

density protein 95 (PSD95, Dlg4) in more detail. As shown in

figure 5, the expression of Gap43 was significantly down-regulated

during aging in hippocampus and cortex of wildtype mice from 2 to

Figure 4. Developmental changes in APP23 and wildtype mice. Numbers of (y-axis) protein spot alterations associated to development are
shown for wildtype (light grey bars) and transgenic (dark grey bars) cortex (A) and hippocampus (B) 2-D spot patterns. In (C), the fraction of proteins
altered in transgenic mice that were also found in wildtype mice is shown. The x-axis indicated the age stages which were compared.
doi:10.1371/journal.pone.0002759.g004
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7 (pHip = 0.04) as well as from 7 to 15 months of age (pHip = 0.002;

pCor = 0.005). In APP23 mice, Gap43-expression was also down-

regulated during aging (7 to 15 months) in both brain regions

(pHip = 0.001; pCor = 0.008). It was also down-regulated between 1

and 2 months of age in cortex (p = 0.025) but not hippocampus.

Moreover, Gap43 was down-regulated in hippocampus of one

(p = 0.03) and two (p = 0.004) months old APP23 when compared

to wildtype mice. Figure 5B shows the expression profile of PSD95

during disease progression. This protein was significantly down-

regulated in the cortex of APP23 mice when comparing 1 and 2

months old mice (p = 0,007) and in the cortex of APP23 as well as

wildtype mice when comparing 7 and 15 months old mice

(pAPP23 = 0.032; pwt = 0.017). Furthermore, expression of PSD95

was significantly down-regulated in APP23 mice as compared to

wildtype mice at 1 month in cortex (p = 0.049) and at 2 months of

age in hippocampus (p = 0,019) and cortex (p = 0.043).

Discussion

In this study, the APP23 mouse model for AD was investigated

using a 2-DE proteomics approach. We analyzed the neocortex

and hippocampus of 1, 2, 7 and 15 months old mice. In addition,

the neocortex of 16 days old mouse embryos was investigated.

When comparing the 2-DE protein patterns of APP23 mice

against those of wildtype mice, we detected that about 4% (70

protein spots) of all protein spots were altered in abundance. This

large number of protein expression changes was observed at all

age stages and brain regions except for hippocampus of two-

month old mice. Here, twice as many (8%) protein spots were

altered. To elucidate this unexpected observation we compared

protein patterns of APP23 or wildtype mice longitudinally between

all ages investigated. Interestingly, we found a large number of

proteome alterations related to development including the two-

Table 1. Percentages of proteins altered in hippocampus (H) and cortex (C) of ED16 or 1, 2, 7 and 15 months old transgenic mice,
grouped into functional categories.

Functional category 1H 2H 7H 15H ED16 1C 2C 7C 15C

1. Metabolism 34 25 33 35 16 34 23 30 40

1.1 CH Metabolism 13 9 15 19 10 16 7 10 13

1.2 Energy Metabolism 10 4 5 2 3 9 3 7 6

1.3 AA Metabolism 5 2 7 6 3 5 5 9 4

1.4 Lipid Metabolism 7 9 5 8 0 5 8 5 17

2. Cytoskeleton 10 10 14 19 0 8 13 10 13

3. Signal Transduction 7 9 13 15 13 6 8 13 2

4. Folding, Sorting 7 11 7 8 3 9 12 9 8

5. Transcription, Translation, Nucleotide Metabolism 3 8 10 2 39 14 13 9 4

6. Degradation 5 8 8 6 19 8 0 10 10

7. Cell Growth and Death 2 2 3 4 0 6 2 2 6

doi:10.1371/journal.pone.0002759.t001

Table 2. Proteins altered in five or more conditions (time points and tissues): cortex (C) or hippocampus (H) of ED16, 1, 2, 7 and 15
months old APP23 mice.

Protein name Gene name 1H 2H 7H 15H ED16 1C 2C 7C 15C

Apolipoprotein E precursor (Apo-E) Apoe m m m m m m

ATP synthase subunit beta, mitochondrial [Precursor] Atp5b . & . & .

ATP synthase D chain, mitochondrial Atp5h m m m m m

diazepam binding inhibitor isoform 2 Dbi m . . . m

Dihydropyrimidinase-related protein 2 Dpysl2 m m m m .

enolase 2, gamma neuronal Eno2 . m & m m m m

Guanine nucleotide-binding protein G(I)/G(S)/G(T) subunit beta 1 Gnb1 . . . . . .

L-lactate dehydrogenase B chain Ldhb . . . . .

Phosphoglycerate kinase 1 Pgk1 . . . . .

protein (peptidyl-prolyl cis/trans isomerase) NIMA-interacting 1 Pin1 m m . . m

Transcriptional activator protein Pur-alpha Pura m m m m m m

Septin-7 . . . m . m

triosephosphate isomerase Tpi1 m & m m . .

mupregulated.
.downregulated.
&up- and downregulated.
doi:10.1371/journal.pone.0002759.t002
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month age stage in the wildtype hippocampus but not in the

hippocampus of APP23 mice. This may indicate that impairment

of brain maturation precedes the intrinsic disease process.

Beta-amyloid deposits first appear when APP23 mice are six

months old. Deposits occupy a substantial area of the cerebral

cortex and hippocampus at 21 months of age. In those old-aged

animals, a very large number of protein expression differences can

be observed (data not shown) but they might rather be the

consequence of secondary alterations due to inflammatory

reactions as well as neuritic and synaptic degeneration [22].

According to our results, brain maturation might be impaired at

much younger age stages preceding beta-amyloid deposition. This

is in line with findings that synaptic dysfunction, synaptic loss and

learning deficits in transgenic mouse models of AD appear prior to

amyloid plaque deposition [23–26].

The developmental period around two months of age represents

adolescence in mice. During that age, mesocorticolimbic brain

regions are exceedingly plastic in terms of synaptic reorganization

and adult neurogenesis [27–29]. With the transition to adulthood

and during subsequent aging, brain plasticity is gradually reduced.

APP was assumed to be a neuron morphoregulatory protein and is

therefore involved in plasticity associated dynamics [5,30]. This

would imply that when APP function is disturbed, this might

predominantly affect the brain during adolescence - the age phase

of enhanced plasticity. Accordingly we observed a significant

reduction in proteome alterations related to development which

resulted in a large difference between the proteomes of APP23 and

wildtype mice. Importantly, this was observed in adolescent but not

in adult mice.

Processes that contribute to brain plasticity are the formation

and degradation of synapses, modulation of synaptic strength as

well as neurogenesis. Of all proteins changed in APP23 mice, those

which are most likely involved in neuronal plasticity due to their

selective expression at synapses or their up-regulation during

neurogenesis were analyzed in more detail. Interestingly, the

majority of these proteins were altered in hippocampus of two-

month old APP23 mice. Furthermore, those proteins were

predominantly down-regulated in APP23 mice. For example,

neuromodulin (gene name Gap43), which is widely used as marker

protein for neurogenesis and synaptic plasticity [31], was down-

regulated in hippocampus of one and two-month old APP23

versus wildtype mice. During aging (7 to 15 months of age),

neuromodulin expression was down-regulated to the same

expression level in both, APP23 and wildtype mice. Another

synaptic protein, PSD95 was down-regulated in hippocampus and

cortex of APP23 mice during adolescence. In addition, this protein

was later down-regulated after 7 months in cortex of both, APP23

and wildtype mice and was expressed on the same level in both

mice. Therefore differential expression of PSD95 and Gap43

between APP23 and wildtype mice was specific to adolescence.

Taken together, the absence of developmental proteome

alterations as well as the predominant down-regulation of

neuron-specific proteins in APP23 mice indicate an interference

of transgenic APP with mechanisms that generate the naturally

Table 3. Proteins altered in APP23 mice (cortex (C) or hippocampus (H) of 1, 2, 7 or 15 months old mice) and human post mortem
AD brains.

Reference Protein name Gene name 1H 2H 7H 15H 1C 2C 7C 15C

[35] Gamma-actin Actg1 . & . m

[34] Adenylate kinase 1 Ak1 .

[34] Aldolase 1, A isoform Aldoa m m m m

[34] Aldolase 3, C isoform Aldoc .

[33] ATP synthase, H+ transporting, mitochondrial F1 complex, alpha subunit, isoform 1 Atp5a1 &

[33] ATP synthase subunit beta, mitochondrial Atp5b . & . & .

[35] NG,NG-dimethylarginine dimethylaminohydrolase 1 Ddah1 . . .

[34] Dihydropyrimidinase-related protein 2 Dpysl2 m m m m .

[34] Enolase 1, alpha non-neuron Eno1 m m m m m

[35] Enolase 2, gamma neuronal Eno2 . m & m m m m

[33] Fatty acid-binding protein, heart Fabp3 . . m

[34] Glyceraldehyde-3-phosphate dehydrogenase Gapdh m . . .

[33] Glial fibrillary acidic protein Gfap . m . m

[33] Guanine nucleotide-binding protein G(I)/G(S)/G(T) subunit beta 1 Gnb1 . . . . . .

[34] Heat shock protein 8 Hspa8 m m m

[33] Heat shock protein 65 Hspd1 m m m m

[33] Alpha-Internexin Ina .

[34] Pgam1 protein Pgam1 .

[34] Protein (peptidyl-prolyl cis/trans isomerase) NIMA-interacting 1 Pin1 m m m . m

[34] Peroxiredoxin-2 Prdx2 . m

[34] Triosephosphate isomerase Tpi1 m & . m . .

[34,35] Ubiquitin carboxy-terminal hydrolase L1 Uchl1 & . .

mup-regulated.
.down-regulated.
&up- and down-regulated.
doi:10.1371/journal.pone.0002759.t003
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occurring peak in hippocampal plasticity during adolescence in

wildtype mice.

Recently, it was reported that low concentrations of natural,

soluble Aß (which is enhanced in many mouse models for AD,

such as APP23) can alter dendritic spine number, morphology and

dynamics in hippocampal neurons [32,33]. Accordingly Lanz et al.

made an interesting observation when counting dendritic spines of

hippocampal CA1-neurons in two different mouse models for AD.

They observed the greatest loss of dendritic spines in adolescent

transgenic mice. Differences in the number of dendritic spines

then disappeared in older, plaque-bearing transgenic mice [25].

When the behavior of APP23 mice was investigated, major

learning and memory deficits were found as early as 3 months

[17]. Those results are quite compatible with our observations on

the proteome level.

In the neocortex, we did not detect a general decrease in

proteome alterations related to development in APP23 mice. In

this brain region, progression of brain maturation during

adolescence appears to be very region-specific. Moreover, differing

types of neurons and synapses show differences in vulnerability to

Aß-induced degeneration [34]. In line with this, a decrease in the

total neocortical synapse number has not been detected in APP23

mice [35]. In contrast, only in neocortical pyramidal neurons has a

decrease in spine density been demonstrated in mice carrying

human APP bearing the Swedish mutation [36]. We therefore

speculate, that since the neocortex is a very heterogenous brain

region, observations concerning a disturbed plasticity might be

hard to detect when the entire cortex is analyzed.

We identified 293 proteins altered in the APP23 mouse model

for AD. Comparing our data to proteomic studies performed with

post mortem human brain tissue of AD patients [37–39] we found

that 22 out of 30 published proteins were altered in both, human

AD patients and in our study of APP23 mice. In addition, we

identified many proteins such as Apolipoprotein E (gene name Apoe)

[40], Peptidyl-prolyl cis/trans isomerase NIMA-interacting 1 (gene name

Pin1) [41], and numerous other proteins that have already been

implicated in AD. Although the distribution of altered proteins

over functional categories was similar among all postnatal stages,

most protein alterations were stage and/or brain region specific.

The latter fact also demonstrates that the effect of a mutation on

the proteome is highly age- and tissue- dependent.

In conclusion, we found a large number of protein expression

differences throughout the entire lifespan of APP23 mice,

beginning at ED16, a phase where neurogenesis is predominant

in the developing mouse brain suggesting an early impact of

transgenic APP. This finding correlates with the observation that

APP has an important role during embryonic neurogenesis [30].

Interestingly, during adolescence, rather specific proteome alter-

Table 4. Neuron-specific proteins altered in cortex (C) or hippocampus (H) of 1, 2, 7 or 15 months old APP23 mice.

Protein name Gene name Protein function in neurons 1H 2H 7H 15H 1C 2C 7C 15C

Brain abundant, membrane attached
signal protein 1

Basp1 Regulation of the synaptic cytosceleton [42] . .

Complexin-1 Cplx1 Modulation of neurotransmitter release, more
abundant in inhibitory synapses [43,44,45,46,47]

. .

Complexin-2 Cplx2 Modulation of neurotransmitter release, more
abundant in excitatory synapses [43,44,45,46,47]

m m

Diazepam binding inhibitor isoform 2 Dbi Modulation of the GABA(A) receptor,
overexpression in mice is associated to deficits
in hippocampal learning [48,49]

m . m . m

Postsynaptic density protein 95 Dlg4 Structural component of the postsynaptic
compartment [50]

. . .

Dihydropyrimidinase-related protein 2 Dpysl2 Regulation of microtubule assembly in neurons
[51]

m m m m .

Neuromodulin Gap43 Regulation of the cytosceleton, marker for
neurogenesis and synaptic plasticity [27]

. . . .

Beta-soluble NSF attachment protein Napb Component of the SNARE complex[52] .

Gamma-soluble NSF attachment protein Napg Component of the SNARE complex[53] . . .

Neuron derived neurotrophic factor Nenf Role in cell proliferation and differentiation
during neurogenesis [54]

.

Protein kinase C and casein kinase
substrate in neurons 1

Pacsin1 Role in endocytosis of synaptic vesicles [55] . . .

Septin-7 Sept7 Structural component of dendritic spines [56,57] . . . . . m

Synaptosomal-associated protein 25 Snap25 Component of the SNARE complex [58] .

Syntaxin-binding protein 1 Stxbp1 Regulation of the SNARE complex [59] m . .

Synapsin I Syn1 Synaptic protein, involved in synaptogenesis
and neurotransmitter release [60]

m

Synapsin-2 Syn2 m . m

Synapsin Ib SynI & & .

mup-regulated.
.down-regulated.
&up- and down-regulated.
doi:10.1371/journal.pone.0002759.t004
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ations were observed in the hippocampus. Based on the cellular

localization of the proteins altered we conclude that a naturally

occurring peak in hippocampal plasticity was absent in APP23

mice. This might be a transient effect of mutated APP on

adolescent plasticity. Still, the deficiency may cause a longterm

perturbance of the neuronal network finally resulting in memory

impairment in aging APP23 mice.

Our findings illuminate the process during the clinically silent

period of several years or decades in AD. Synaptic degeneration,

which is the major structural correlate to cognitive dysfunction is a

slow process initiated by a failure of local regulatory mechanisms

of synaptic plasticity [42] which we demonstrated in adolescent

APP23 mice. Nevertheless, we need more information to elucidate

how exactly the changes found on the proteome level translate to

alterations in cellular morphology and phenotype which finally

lead to AD.

Materials and Methods

Mouse models and tissues
We investigated the APP23 mouse model for AD with a 7 fold

over-expression of hAPP751 carrying the Swedish double-

mutation [12]. These mice have been backcrossed to the

C57Bl/6 strain for over 20 generations. We investigated cortices

of mouse embryos (E16) as well as cortices and hippocampi of 1, 2,

7 and 15 months old male APP23 mice as well as wildtype

littermates. Sample size was n = 6 (biological replicates) for all

groups within the study.

Protein Extraction and Separation Procedure
Each protein extract was prepared from individual brain regions

of single mice according to our updated protein extraction

protocol [10]. Briefly, frozen tissue samples together with sample

Figure 5. Expression levels of Neuromodulin (Gap43) and Post-synaptic density protein 95 (PSD95) during disease progression.
Expression for APP23 (solid squares) and wildtype mice (open circles) is shown. A: Two Gap43 spots (Spots SID15193 and SID873) in hippocampus
(left) and cortex (right) are shown. Significant differences (p#0.05; Student’s t-test) in spot abundance were observed in the hippocampus and cortex
between 2 and 7 months of age (only wildtype mice) and between 7 and 15 months of age (wildtype and APP23 mice) as well as in the cortex
between 1 and 2 months of age (only APP23 mice). Between wildtype and APP23 mice, significant differences in Gap43-expression were observed at 1
and 2 months of age in both brain regions. In general, expression of Gap43 was higher in younger wildtype as compared to APP23 mice. During
aging, expression of Gap43 decreased in both, APP23 and wildtype mice and differences disappeared. B: Expression of PSD95 in hippocampus (left)
and cortex (right). Significant differences in spot abundance were observed in the cortex between 1 and 2 (only APP23 mice) as well as between 7
and 15 months of age (wildtype and APP23 mice). Between wildtype and APP23 mice, significant differences in PSD95-expression were observed at 1
(only cortex) and 2 months (hippocampus and cortex) of age.
doi:10.1371/journal.pone.0002759.g005
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buffer (50 mM TRIZMA Base (Sigma-Aldrich, Steinheim,

Germany), 50 mM KCl and 20% w/v glycerol at pH 7.5) as well

as a proteinase inhibitor cocktail (Complete, Roche Diagnostics)

were ground to fine powder in liquid nitrogen and subsequently

sonicated on ice (0uC). Afterwards, DNAse and urea were added

to the samples. Individual transgenic and wildtype tissue samples

were then labeled by Cy3 minimal dye (GE Healthcare, Munich,

Germany). A pooled wildtype tissue sample of the relevant age and

tissue was used as internal standard and labeled by Cy5 minimal

dye (GE Healthcare). Labeling was carried out according to

manufacturer’s instructions (400 pmol fluorescent dye per 50 mg

of protein). Each Cy3-labeled sample was mixed with the same

amount of internal standard. The protein extracts were then

supplied with 70 mM dithiothreitol (Biorad, Munich, Germany),

2% v/w of ampholyte mixture Servalyte pH 2–4 (Serva,

Heidelberg, Germany) and stored at 280uC.

Two-Dimensional Gel Electrophoresis (2-DE)
Protein samples were separated by the large-gel 2-DE technique

developed in our laboratory as described previously [43]. The gel

format was 40 cm (isoelectric focusing)630 cm (SDS-PA-

GE)61.0 mm (gel width). Two dimensional fluorescent protein

patterns were obtained by fluorescent image acquisition at a

resolution of 100 mm (laser scanner Typhoon 9400, GE Healthcare).

Spot evaluation procedure
Protein spot patterns were evaluated by Delta2D imaging software

(version 3.4 Decodon, Greifswald, Germany). Briefly, protein

patterns of internal standards were matched to each other using

‘‘exact’’ mode of Delta2D. Subsequently, a fusion image was

generated employing ‘‘union’’ mode, creating a protein pattern

containing all spots from all 2D gels (cortex as well as hippocampus

at all age stages except ED16, internal standard gels were not

included) within the project. Digital spot detection was carried out on

the fusion image, followed by manual spot editing. The spot pattern

containing 1769 protein spots was then transferred from the fusion

image to all other 2-DE images. In this way, each spot on every gel of

the project had the same spot identification number.

Percent volume of spot pixel intensities was used for quantitative

analysis of protein expression. Normalized values (after background

extraction and normalization to internal standard) were exported

from Delta2D in spreadsheet format for statistical analysis. Data sets

were analyzed applying paired students t-test (wildtype and transgenic

samples were handled in pairs from protein extraction to 2-D gel

runs) when transgenic groups were compared to wildtype groups

(n = 6). Unpaired students t-test was performed when wildtype or

transgenic groups of different age stages were compared (n = 6). Only

fold changes over 10% were considered for graphs shown but results

were similar when all significantly altered spots were included. All

significantly altered proteins that were identified by mass spectrom-

etry are listed in supplementary table S1.

Protein Identification
For protein identification by mass spectrometry, 640 mg protein

extract was separated on 2-D gels and stained with a mass

spectrometry-compatible silver staining protocol [44]. In order to

assign corresponding protein spots between analytical fluorescent

and quantitative silver stained 2-D gels reliably, spot patterns of

silver stained gels were matched to CyDye stained gels using

Delta2D. Protein spots of interest were excised from 2-D gels and

subjected to in-gel tryptic digestion. Peptides were analyzed by a

Reflex 4 MALDI-TOF mass spectrometer (Bruker Daltonics,

Bremen Germany) as described previously [44]. Alternatively,

ESI-tandem -MS/MS on a LCQ Deca XP ion trap instrument

(Thermo Finnigan, Waltham, MA, USA) was applied. Mass

spectra were analyzed using our in-house MASCOT software

package (version 2.1) automatically searching NCBI databases.

MALDIM-MS ion search was performed with this set of

parameters: (I) taxonomy: Mus musculus, (II) proteolytic enzyme:

trypsin, (III) maximum of accepted missed cleavages: 1, (IV) mass

value: monoisotopic, (V) peptide mass tolerance 0.8 Da, (VI)

fragment mass tolerance: 0.8 Da, and (VII) variable modifications:

oxidation of methionine and acrylamide adducts (propionamide)

on cysteine. Only proteins with scores corresponding to p,0.05,

with at least two peptides identified by two independent

identifications each were considered. Furthermore, the molecular

weight and pI of each protein identified by database search was

compared to values obtained from our 2-D patterns.

Analysis of biological functions
Gene symbols and SwissProt accession numbers were used to

investigate proteins with altered expression profile in this study.

Furthermore, proteins were grouped according to functional

categories using parameters like GO and KEGG terms (retrieved

by WEBGESTALT [45]) and by literature search.

Immunoblotting
Protein concentration was determined using a Roti-Nanoquant

assay (Carl Roth, Karlsruhe, Germany). Brain protein extracts were

separated using 12% SDS-PAGE gels, blotted to PVDF membranes

and probed with human Aß-antibody (clone 6E10) (Abcam,

Cambridge, UK) according to standard immunoblotting procedures.

Supporting Information

Table S1 Proteins significantly altered in transgenic mouse brain

regions hippocampus (H) and cortex (C) of different ages (1, 2, 7

and 15 months) as well as in cortex of 16 days old APP23 mouse

embryos (ED16).

Found at: doi:10.1371/journal.pone.0002759.s001 (2.33 MB

DOC)
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Proteomic Shifts in Embryonic Stem Cells with Gene
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Proteins in Protein Regulatory Networks
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Large numbers of protein expression changes are usually observed in mouse models for neurodegenerative diseases, even
when only a single gene was mutated in each case. To study the effect of gene dose alterations on the cellular proteome, we
carried out a proteomic investigation on murine embryonic stem cells that either overexpressed individual genes or displayed
aneuploidy over a genomic region encompassing 14 genes. The number of variant proteins detected per cell line ranged
between 70 and 110, and did not correlate with the number of modified genes. In cell lines with single gene mutations, up and
down-regulated proteins were always in balance in comparison to parental cell lines regarding number as well as
concentration of differentially expressed proteins. In contrast, dose alteration of 14 genes resulted in an unequal number of up
and down-regulated proteins, though the balance was kept at the level of protein concentration. We propose that the
observed protein changes might partially be explained by a proteomic network response. Hence, we hypothesize the existence
of a class of ‘‘balancer’’ proteins within the proteomic network, defined as proteins that buffer or cushion a system, and thus
oppose multiple system disturbances. Through database queries and resilience analysis of the protein interaction network, we
found that potential balancer proteins are of high cellular abundance, possess a low number of direct interaction partners, and
show great allelic variation. Moreover, balancer proteins contribute more heavily to the network entropy, and thus are of high
importance in terms of system resilience. We propose that the ‘‘elasticity’’ of the proteomic regulatory network mediated by
balancer proteins may compensate for changes that occur under diseased conditions.

Citation: Mao L, Zabel C, Herrmann M, Nolden T, Mertes F, et al (2007) Proteomic Shifts in Embryonic Stem Cells with Gene Dose Modifications
Suggest the Presence of Balancer Proteins in Protein Regulatory Networks. PLoS ONE 2(11): e1218. doi:10.1371/journal.pone.0001218

INTRODUCTION
Investigations of etiology and pathogenesis of human diseases are

frequently performed using suitable animals as a model system.

Most commonly mice are employed where a gene of particular

interest is knocked out, mutated or overexpressed. When the effect

caused by genome modification is subsequently studied in these

mice at the molecular level, usually a large number of changes are

observed on the mRNA and protein levels, in spite of the fact that

only a single gene was altered. For example, in protein patterns

obtained by two-dimensional gel electrophoresis (2-DE) of brain

proteins from a mouse model for Parkinson’s disease deficient of

the parkin protein [1] and from a transgenic mouse model for

Huntington’s disease [2], we detected 15 and 40 variant proteins,

respectively [3,4]. Using more sensitive protein detection methods,

such as the differential in-gel electrophoresis (DIGE) technique

and analyzing two different brain regions at two different age

stages, 87 quantitatively variant proteins were detected in the

parkin knock-out mouse [5]. In investigations of a transgenic

mouse model for Alzheimer’s disease that overexpressed mutated

human amyloid precursor protein (App) [6] using our large-gel 2-

DE [7,8] and DIGE technique, we detected more than one

hundred variant proteins (Hartl D. et. al., unpublished results). On

the mRNA level, Miller and colleagues observed over 600 changes

in a single gene modified Parkinson disease mouse model [9].

Similar results were also obtained in other single gene knock-out

mouse models [10].

Apparently, the molecular response to a single gene mutation is

of considerable complexity, and certainly much more complex

than detectable using current experimental approaches. We have

previously compared the protein changes detected in mouse

models for different neurodegenerative diseases and, in addition,

mouse models of non-neurodegenerative disorders [11]. We found

that up to 36% of variant proteins were shared among these

different disease models and hypothesized that these protein

alterations were not disease-specific. Unexpectedly, when we

compared wild-type mice of different inbred strains, we found that

most of these putative disease-unspecific protein alterations also

occurred as polymorphisms that distinguished strains of mice. This

suggested that some, if not most of the protein changes observed

when investigating disease models might not be genuinely

informative regarding etiology or pathogenesis of the disease

under consideration.

To investigate the significance of protein changes under disease

conditions, we have chosen a more systematic and simplified

approach by using mouse embryonic stem (ES) cells with highly
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defined modifications in a controlled environment. Six mutant cell

lines were investigated. All of them contained gene modifications

relevant to neurodegenerative diseases. Four cell lines contained

one single overexpressed gene, i.e. App (a cell surface receptor),

Snca with changes relevant to Alzheimer’s and Parkinson’s disease,

respectively [9,12] and Dyrk1a (a nuclear kinase) as well as Dopey2

(a leucine zipper-like protein) both relevant to Down syndrome

[13,14]. In two other cell lines, a segment encompassing 14 genes

relevant to Down syndrome was duplicated (trisomic) in one case

and deleted (monosomic) in the other [15]. The six mutant cell

lines were investigated by 2-DE and altered protein expression was

recorded by comparison with the respective parental lines. Many

variant proteins showing up or down-regulation were observed.

Profound quantitative analysis of protein changes led us to the

hypothesis that the cellular proteome is kept quantitatively in

balance by a particular class of proteins to which we refer as

‘‘balancer proteins’’. Accordingly, we assume that when the

quantitative arrangement of the proteome is perturbed by gene

dosage effects, it will be subjected to a rearrangement in order to

achieve a new balance. Thus, the many protein changes observed

may reflect the rearrangement of the proteome to protect the cell

from deleterious effects of gene dosage mutations.

RESULTS
Proteins expressed in ES cells were separated by large-gel 2-DE.

On a representative 2-DE pattern of total protein extract from ES

cells, a total of 4958 protein spots could be scored visually

(Figure 1). Using Delta2D imaging software (see Methods), over

5500 protein spots were detected. Six different transgenic cell lines

were investigated in this study. These comprised two cell lines in

which one single gene was duplicated (mES_Dyrk1a_Tris or

mES_Dopey2_Tris), and two cell lines in which one gene was

overexpressed (5.5 times more than wild-type in mES_hAPP or 1.6

times in mES_Snca). In two cell lines gene dosage was altered over

a chromosomal region that spanned 14 genes on mouse

chromosome 17. A hemizygous deletion line was monosomic for

the interval (mES_14_Mono). The other line contained an

engineered duplication of the segment, and thus was trisomic

(mES_14_Tris). No difference was observed between transgenic

and parental cell lines with respect to cellular morphology and

growth behavior. The six cell lines were compared to their

parental cell lines with regard to their protein expression profiles.

The number of proteins that showed significantly increased or

decreased expression, when compared to their expression in

parental cell lines, was in the range of 70 to 110 variants per cell

Figure 1. Representative protein expression pattern of mouse embryonic cell lines as revealed by large-gel 2D-electrophoresis. Over 5500
proteins (including protein isoforms) were resolved on a single gel. Highlighted spots correspond to spot ID of candidate balancer proteins detailed
in Table 2.
doi:10.1371/journal.pone.0001218.g001
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line (Table 1). In total, 255 distinct variant proteins were observed

in the six cell lines (Table S1). The data-adjusted modified t-test

SAM (Significance Analysis of Microarrays) was used to calculate

that the false discovery rate for obtaining a comparable result was

less than 1 %.

In the four cell lines that overexpressed a single gene, 40 to 50

proteins were up-regulated. This was always accompanied by

a similar number of down-regulated proteins. A quite different

situation was found for the two cell lines with the dosage alteration

in 14 genes: If duplicated, 60% of proteins were up-regulated and

40% were down-regulated (40%). In case of deletion, a similar

imbalance was found, but in the opposite direction, i.e. about 60%

of the variant proteins showed decreased expression, while only

about 40% were over-expressed (Figure 2A). The observations

described above were based on the number of proteins showing

altered expression profiles in the transgenic cell lines. In the next

step, we investigated the total protein amount showing altered

expression within each cell line by determining relative protein

concentrations (protein spot volumes) across all altered proteins.

This resulted in a balanced picture, i.e. no significant difference

could be detected in the protein amount undergoing up and down-

regulation (Figure 2B). Most importantly, this was even true for the

two cell lines with 14 genes altered, which showed a drastic

imbalance in the number of proteins that underwent up or down-

regulation (see above).

When we compared proteins that showed quantitative changes

among the six cell lines, we found that many of these proteins were

altered in several cell lines. Specifically, 38 proteins showed

changes in more than three cell lines. Among them, the expression

of three proteins changed in all six cell lines, eight proteins

changed in five, while 27 proteins changed in four of six different

transgenic ES cell lines. In contrast, 114 proteins were altered only

in one cell line. In order to test to which extent changes of

expression in the same proteins may occur by chance in multiple

cell lines independently, the numbers of observed co-changed

proteins in different numbers of cell lines were compared to

theoretical numbers of co-changed proteins, assuming that a total

of 800 protein spots were investigated, among which 10% were

differentially expressed in transgenic and control cell lines

(Figure 3). Our calculation showed that the occurrence of the

same protein alteration in more than three cell lines was unlikely to

be coincidental (p,0.001).

An interesting observation was made when we considered

proteins that were only altered in both mES_14_Mono and

mES_14_Tris: Two thirds of them showed the same change

tendency, i.e., either up-regulated in both cell lines, or down-

regulated in both cell lines, despite opposite gene dose alteration

(trisomy versus monosomy). This suggested that many changes

could be unrelated with respect to the gene(s) that caused the

dosage imbalance. Hence, we hypothesize that the proteins

showing changes in several cell lines (38 proteins, see above)

represent a particular class of proteins, which we propose to call

‘‘balancer’’ proteins (Table 2). Different from that, proteins that

were altered only in a single cell line are called here ‘‘cell line-

specific proteins’’ to denote protein alterations specific to a cell line

characterized by a distinct genetic alteration (114 proteins, see

above).

Among the candidate balancer proteins, seven of them were

always increased in their expression in our experiment (Table 2).

They are: Atp6v1c1, Ccdc25, Eno1, Nudt16l1, Psmb7, Ranbp5 and

S100a11. On the other hand, three balancer proteins (Bat2d, Psmb6

and Tceb2) were consistently down-regulated in their expression.

One protein (Psme1) was down-regulated in three cell lines with

transgene overexpression (mES_14_Tris, mES_Dyrk1a_Tris and

mES_Snca), while it was up-regulated in mES_14_Mono. To

determine whether putative balancer or cell line-specific proteins

might be direct interaction partners of genes mutated in the six cell

lines, we queried all mutated genes, balancer proteins and cell line-

specific proteins in the KEGG pathway database. No overlapping

KEGG pathway entries were detected between balancers and

mutated genes. On the contrary, four KEGG pathway terms of

cell line-specific protein overlapped with that of mutated genes in

our six ES cell lines. These included methionine metabolism,

selenoamino acid metabolism, ABC transporters and purine

metabolism. Similar conclusions could be drawn from Biocarta

pathway database queries.

In order to investigate whether balancers and cell line-specific

proteins might represent two different classes of proteins with

certain biochemical and biophysical properties, we compared

these two sets according to different parameters. The spectrum of

biochemical and biophysical criteria selected for characterization

included molecular weight, isoelectric point, predicted protein

instability, aliphatic index, hydrophobicity, cellular abundance,

polymorphisms (i.e. allelic diversity) and number of direct protein

interaction partners. As summarized in Table 3, balancers and cell

line-specific proteins showed no perceivable difference in their

molecular weights and isoelectric points, neither in their instability,

nor regarding aliphatic index or hydrophobicity. However,

balancer proteins were significantly more abundant in the cell

(p = 0.008). Furthermore, cell line-specific proteins were found to

have twice as many interaction partners as balancer proteins

(p = 0.004) (Figure 4B). We then queried the Mouse Genome

Informatics Database (www.informatics.jax.org) for the occurrence

of single nucleotide polymorphisms (SNPs) in balancer and cell

line-specific proteins as a measure of their allelic diversity.

Interestingly, the potential balancers had significantly more non-

synonymous SNPs in coding regions than potential cell line-

specific proteins (Table 3), while no significant difference could be

established for other SNP evaluations (total number of SNPs,

proportion of synonymous SNPs in the coding regions and the

frequency of SNPs in the 59-UTR, 39-UTR, introns and sequences

flanking upstream and downstream of a locus).

To assign functional categories, a Gene Ontology (GO) term

enrichment analysis was performed. Tables 4 and 5 give

Table 1. Number of quantitatively variant proteins in six transgenic mouse embryonic stem cell lines.
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Quantitative changes Number of variant proteins in different transgenic cell lines

mES_14_Mono* mES_14_Tris* mES_Dopey2_Tris mES_Dyrk1a_Tris mES_hAPP mES_Snca

Up-regulated 44 44 37 41 46 52

Down-regulated 62 26 45 37 47 57

Total 106 70 82 78 93 109

*The segment from mouse chromosome 17 includes 14 genes.
doi:10.1371/journal.pone.0001218.t001..
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a summary of GO-terms that occurred more frequently in

balancers or cell line-specific proteins, respectively, based on

human GOA database searches (see Methods for details). Eight

GO-terms were specifically over-represented in balancer candi-

dates. They comprise protein degradation, disulfide modification

and electron carrier processes. In contrast, over 33 GO-terms were

enriched in cell line-specific proteins. Notably, a large part of them

were involved in mRNA processing and related functions. These

two GO-term sets overlap by participating in protein chaperoning

of catabolism processes.

Next, we undertook an analysis of protein-protein interactions

that balancer and cell line-specific proteins participate in, chiefly

based on the Human Reference Protein Database (see methods for

details). The protein-protein interaction graph constructed from

our ES cell data comprised 2677 nodes (distinct proteins, indicated

by gene symbol). This interaction graph shared the common

feature of scale-free geometry with other protein interaction

networks, such as that of E. coli or Saccharomyces cerevisiae [16,17].

Among all protein nodes, 2565 (96%) of them could be linked to

a giant network component with heterogeneous degree distribu-

tion. The remaining 112 proteins formed 41 isolated components,

with the number of nodes varying from one to twelve. Figure 5

shows a subset of the protein-protein interaction network centered

around the proteasome subunits. In the entropy analysis of the

network, we focused on the giant network component, since the

network entropy is only defined for the strongly connected

components of the network. All 38 balancer proteins belonged

to the giant network component, as well as 79 out of 114 cell line-

specific proteins.

As network entropy is a measure of system homeostasis, we may

expect high-ranking proteins to be affected more frequently as the

cell responds to various stimuli. Through a direct comparison of

balancers to cell line-specific proteins using their entropic

Figure 2. Proteins that showed altered expression in transgenic ES cell lines. (A) Number of altered proteins in each transgenic cell line, expressed
as percentile of total number of altered proteins. (B) Amount of proteins that underwent altered expression in each cell line, represented as percent
of total spot volume that was up or down-regulated in transgenic cell lines. Dose alteration of 14 genes could no longer be balanced by an equivalent
number of variant proteins. However, a balance remained at the level of protein concentration.
doi:10.1371/journal.pone.0001218.g002

Figure 3. Comparison of observed number of co-changed proteins
against a theoretical calculation of co-changed proteins across six
different transgenic cell lines. It was assumed that a total of 800
protein spots were investigated, among which 10% of the proteins
change in their expression profile. This comparison shows that the
occurrence of the same protein alteration in more than three cell lines is
unlikely to be coincidental.
doi:10.1371/journal.pone.0001218.g003
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contribution, we found that balancers, on average, possess

significantly higher values of entropic contribution than cell line-

specific proteins (p = 0.02, Wilcoxon rank test, Figure 4). Alterna-

tively, we ask to what extent the entropic measurement can

distinguish between cell line-specific proteins and balancers within

the background of all proteins in the giant component. To this

end, we took the same number of top-ranking proteins based on

their entropic contribution and studied their overlap with our 38

balancers or 79 cell line-specific proteins, respectively. Assuming

a hypergeometric distribution over a total of 2526 proteins, this

corresponds to p = 0.018 and p = 0.094 for balancers and cell line-

specific proteins, respectively. This illustrates that the entropic

ranking of proteins selects balancers preferentially, thus it validates

our previous observation that proteins with high contribution to

network entropy are enriched in the set of balancer proteins.

DISCUSSION
We investigated the effect of gene dosage alterations on the

proteome of mouse embryonic stem (ES) cells. Using our large-gel

2-DE, extraordinary in its high resolution and reproducibility [7],

total protein extracts from six different ES cell lines were analyzed.

In four of them, one single gene was overexpressed either by gene

duplication (Dyrk1a, Dopey2) or by conventional stable gene

Table 2. Proteins changed in more than three transgenic ES cell lines (proposed balancer proteins).
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Spot ID Protein Name Gene Symbol Behavior

B125 aminolevulinate, delta-, dehydratase Alad 3 q, 2Q

S37 albumin Alb 1 q, 3Q

B40 ATPase, H+ transporting, lysosomal V1 subunit C1 Atp6v1c1 always up

S34 BAT2 domain containing 1 Bat2d always down

B96 carbonic anhydrase 2 Car2 1 q, 3Q

B476 calcium response factor Carf 2 q,2Q

B72 coiled-coil domain containing 25 Ccdc25 always up

B178 eukaryotic translation elongation factor 1 alpha 1 Eef1a1 1 q, 3Q

B70 enolase 1, alpha non-neuron Eno1 always up

S10 fatty acid binding protein 3, muscle and heart Fabp3 2 q, 4Q

B110 guanine nucleotide binding protein (G protein), beta polypeptide 2 like 1 Gnb2l1 1 q, 3Q

S98 golgi autoantigen, golgin subfamily b, macrogolgin 1 Golgb1 1 q, 4Q

B175 glutamate oxaloacetate transaminase 2, mitochondrial Got2 3 q, 1Q

B121 glyoxylate reductase/hydroxypyruvate reductase Grhpr 3 q, 2Q

S160 histone cell cycle regulation defective interacting protein 5 Nfu1 2 q, 2Q

B154 heterogeneous nuclear ribonucleoprotein A2/B1 Hnrpa2b1 4 q, 1Q

B134 LIM and SH3 protein 1 Lasp1 2 q, 4Q

B123 mitochondrial ribosomal protein L39 Mrpl39 3 q, 2Q

S38 nucleophosmin 1 Npm1 1 q, 3Q

B62 nudix (nucleoside diphosphate linked moiety X)-type motif 16-like 1 Nudt16l1 always up

B475 polyribonucleotide nucleotidyltransferase 1 Pnpt1 1 q, 3Q

S238 pyrophosphatase (inorganic) 1 Ppa1 2 q, 2Q

B45 PPAR-alpha interacting complex protein 285 Pric285 4 q, 1Q

S557 proteasome (prosome, macropain) subunit, beta type 6 Psmb6 always down

B77 proteasome (prosome, macropain) subunit, beta type 7 Psmb7 always up

S90 proteasome (prosome, macropain) 28 subunit, alpha Psme1 1 q, 3Q

B43 RAN binding protein 5 Ranbp5 always up

S6 S100 calcium binding protein A11 (calgizzarin) S100a11 always up

B203 serine (or cysteine) peptidase inhibitor, clade H, member 1 Serpinh1 1 q, 3Q

B422 single-stranded DNA binding protein 1 Ssbp1 2 q, 2Q

B50 transgelin Tagln 1 q, 3Q

B124 transaldolase 1 Taldo1 3 q, 2Q

S32 transcription elongation factor B (SIII), polypeptide 2 Tceb2 always down

S204 thimet oligopeptidase 1 Thop1 1 q, 3Q

S100 tropomyosin 1, alpha Tpm1 1 q, 4Q

S395 Thioredoxin-like 2 Txn1 2 q, 2Q

S4 Thioredoxin 1 Txn1 2 q, 2Q

S99 Thioredoxin-related protein Txnl1 2 q, 2Q

doi:10.1371/journal.pone.0001218.t002..
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transfection (App, Snca). In two other cell lines, the dosage of

a whole set of 14 genes was altered so that the segment was either

duplicated (trisomic) or deleted (monosomic). According to our

observations, dose alteration of a single gene led to quantitative

changes in a large number of proteins. Surprisingly however, altering

the dosage of 14 genes instead of one gene did not increase the

number of altered proteins accordingly. In effect, the frequency of

protein variations induced by one or 14 altered gene dosages was in

a similar range. Hence, we propose that the protein changes

observed might not completely reflect reactions of proteins

functionally linked with the genes whose dosage was altered. Rather,

these changes may at least be partially explained as a global response

of the cellular proteome to the gene dosage defect.

Considering the protein changes observed in our ES cell lines in

more detail, we found that in all cases where a single gene was

overexpressed, the number of proteins which were up-regulated

was always in equilibrium with the number of down-regulated

proteins (Figure 2A). Moreover, when we measured up and down-

regulation of proteins in terms of protein amount instead of

number of proteins, a balance in up and down-regulation was also

observed. The situation was different in the two cell lines carrying

alterations in 14 genes. Here, the number of proteins up or down-

regulated was no longer in equilibrium: In mES_14_Tris, about

60% of the altered proteins were up-regulated, whereas about

40% of the proteins were down-regulated. The changes in the

mES_14_Mono showed the same ratio, but in reversed direction

(ca. 60% down, 40% up). However, regarding the protein

variations at the level of protein amount, a balance reoccurred

even in cell lines with 14 genes altered (Figure 2B).

We therefore hypothesize the existence of a proteome-wide

acting regulatory mechanism that leads to a compensation of an

imbalance in the quantitative arrangement of the cellular

proteome. Within the proteome of a cell, the relative concentra-

tion of each particular protein should be precisely arranged and

well balanced. In consequence, aberrant quantitative changes,

even in a single protein, may alter the relative concentration of

many other proteins, thereby disturbing the overall proteomic

balance. In this situation, the first response of the cell could be

towards restoring the balance in the cellular proteome in order to

maintain normal cellular operations. As a result, below certain

thresholds, a rebuild of system homeostasis by quantitative

rearrangement of the proteome may be achieved.

Several considerations that originate from theoretical biology

and experimental model systems are in line with our hypothesis

outlined above: The theory of protein minimization [18] states

that all protein levels within a cell are maintained at the minimum

level compatible with function, while metabolic pathway fluxes are

maintained at the maximum. This is explained as a consequence

of an increasing number of proteins occurring in the course of

evolution, e.g. by gene duplication, that needed to be accommo-

dated in the cells. Since the resources of a cell (such as space,

energy, metabolites e.g. amino acids and unbound water to allow

diffusion) did not increase accordingly, the occurrence of new

proteins in evolution was always accompanied by a concentration

reduction of proteins that already present. In order to keep cellular

functions intact in spite of protein concentration reduction, the

functional efficiency of the already established proteins (e.g. the

specific activity of enzymes) had to increase. Another theory, the

excluded volume theory established by A.P. Minton [19,20] deals

with the high degree of macromolecular crowding in cells. If

a protein is overexpressed in a cell, movement of this and

surrounding proteins becomes restricted due to excluded volume.

Thus the distance between protein molecules becomes smaller

than the diameter of moving protein molecules. Proteins react to

this situation with conformational changes and tend to aggregate

and to lose their function. Apparently, active or passive regulatory

mechanisms exist that keep the cellular protein concentrations

within a physiologically buffered range.

When the relative cellular proteome composition is disturbed,

probably not all proteins are changed in their quantitative

Table 3. Comparison of protein properties of balancer and cell line-specific proteins.
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Protein properties Balancers Cell line-specific proteins p-value

Molecular weight (kD) 47.2642.5 48.3647.3 0.906

Isoelectric point 6.5261.68 6.9861.71 0.14

Instability 41.3612.8 41.8611.2 0.81

Aliphatic index 79.7614.2 77.7616.8 0.51

Gravy score 20.44960.337 20.44460.357 0.94

Cellular abundance (% volume of protein spot) 0.15860.169 0.11860.116 0.0082

No. of interaction partners(3) 4.9 7.8 0.0048

Total No. of SNPs per locus 29.5640.1 30.6658.7 0.46

No. of upstream SNPs (1) 2.764.7 1.964.9 0.53

No. of SNPs in 59-UTR 1.062.3 1.964.9 0.76

No. of SNPs in introns 18.8631.3 20.5648.1 0.43

No. of synonymous SNPs in ORF 1.363.1 1.460.5 0.12

No. of nonsynonymous SNPs in ORF 2.861.83 0.761.8 0.026

No. of SNPs in 39-UTR 2.164.6 1.163.2 0.0855

No. of SNPs downstream (2) 2.665.4 3.265.3 0.89

Entropic contribution(3) 1.51 0.97 0.02

Values in bold indicate significant difference between balancer and cell line-specific proteins
(1)Interval up to a position 2000 bp upstream of the transcription start site
(2)Interval from polyadenylation site to a position 2000 bp downstream
(3)Standard errors not shown since the distributions are tend to be screwed.
doi:10.1371/journal.pone.0001218.t003..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

Balancing Proteomic Networks

PLoS ONE | www.plosone.org 6 November 2007 | Issue 11 | e1218



occurrence to the same extent. Regarding our hypothesis, we

suggest the existence of a special class of proteins that are

particularly effective in such rebalancing approaches. This led us

to propose discrimination between balancer and cell line-specific

proteins. We hypothesize that balancers are proteins that buffer or

cushion a cellular system by common properties, i.e., properties

not necessarily related to their specific functions. Accordingly, the

same proteins may change when different system disturbances

have caused protein imbalance. In line with these definitions, we

found no considerable overlapping functions between balancer

proteins and the transgenes. In contrast, the expression alterations

of cell line-specific proteins could more likely have been directly

induced by gene dosage modifications. This finding further

supports the notion that the changes of balancer proteins represent

more peripheral cellular affairs.

To find out whether balancer proteins might have further

distinct properties, we analyzed them using multiple categories

outlined in tables 3, 4 and 5. We found that potential balancers

seem to be of high cellular abundance. This is plausible as very low

abundance proteins (e.g. regulatory proteins, transcription factors

and receptors) are possibly present only in a few copies per cell and

thus have no real buffer capacity to compensate imbalance at the

proteomic scale. In retrospect, it is known that all proteins visible

on 2-DE patterns are relatively abundant [21]. Still, even under

these preconditions, balancer proteins seem to be more abundant

than cell line-specific proteins. Moreover, potential balancers

turned out to be more polymorphic in their coding regions than

cell line-specific proteins. Protein polymorphisms indicate proteins

which became less constrained in the course of evolution [22]. As

a consequence, proteins bearing a higher degree of polymorphisms

(including balancers) may tend to be more flexible in quantitative

changes, whereas cell line-specific proteins may require a stronger

connection between expression level and function.

Another trait of our candidates for balancer proteins was found

by screening a protein-protein interaction database available online

(HPRD). Here, balancers possessed less direct interaction partners

than cell line-specific proteins. Interestingly, in the protein in-

teraction network published by Stelzl et al. for human proteins [23],

disease-related proteins annotated in the Online Mendelian Inheritance in

Man database (OMIM) were located almost exclusively in the area of

low connective level. This correlation may indicate a particular role

of balancer proteins in diseases conditions, but at the same time

raises our suspicion that balancer proteins are more likely to be

identified as disease-associated proteins partially due to their

frequent and reproducible alterations.

Towards understanding how balancer proteins in their

functional properties may impart elasticity to the proteomic

Figure 4. Cumulative fraction plots of ‘‘balancer’’-‘‘cell line-specific
protein’’ comparison. (A) Entropic contribution.; (B) Number of direct
protein interaction partners. Compared to cell line-specific proteins,
balancers possess significantly higher values of entropic contribution
and a low number of direct interaction partners.
doi:10.1371/journal.pone.0001218.g004

Table 4. GO-terms enriched among balancer proteins detected in the proteome of mouse ES cells.
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

GO-ID Count1 Total# p-Value GO-term Category*

GO:0009056 7 877 0.002 catabolism BP

GO:0006091 7 1028 0.003 generation of precursor metabolites and energy BP

GO:0030508 2 5 0.001 thiol-disulfide exchange intermediate activity MF

GO:0015035 3 73 0.003 protein disulfide oxidoreductase activity MF

GO:0016836 3 81 0.003 hydro-lyase activity MF

GO:0016835 3 92 0.004 carbon-oxygen lyase activity MF

GO:0015036 3 96 0.004 disulfide oxidoreductase activity MF

GO:0009055 4 289 0.007 electron carrier activity MF

1Number of balancer proteins bearing this GO-term.
#Total number of proteins in the human GOA database annotated with this GO-term.
*BP: biological process; MF: Molecular function.
doi:10.1371/journal.pone.0001218.t004..
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system, we queried what kind of shared functional categories these

proteins may possess (biological process and molecular function

GO terms). Compared to the candidate balancers, cell line-specific

proteins were associated with a much broader spectrum of GO-

categories (Table 4 and 5). In addition, cell line-specific proteins

but not balancers were highly involved in mRNA-related

processes. This is in line with the fact that these processes are

tightly regulated. Proteins involved therein are thus prone to

concentration alteration, a property incompatible with a role as

balancers. Moreover, our set of putative balancer proteins was

enriched in stress and metabolic proteins compared to the

remaining proteins altered. The physiological activity of a signif-

icant subset of cellular proteins is modified by the redox state of

regulatory thiol groups. The cellular redox homeostasis depends

on the balance between oxidation of thiols through oxygen and

reactive oxygen species and reduction by thiol-disulfide transfer

reactions. In this respect, it would make sense that potential

balancer proteins are enriched in GO categories implicated in

disulfide oxidoreductase and thiol disulfide exchange.

One particularly important feature of a living system is its

resilience against external and internal changes, which, at the

molecular level, amounts to perturbations in network parameters.

In an attempt to analyze this robustness of the cellular system, we

applied a network analysis, which is motivated by concepts from

statistical mechanics and dynamical systems theory. Our approach

is based on the assumption that biological processes often operate

at steady state, which corresponds to the observed phenotype [24].

It has been shown that changes in network entropy, a fundamental

statistical property, are positively correlated with system robust-

ness. In turn, the entropic contribution of a protein describes its

impact on network integrity. Removal of nodes with high entropic

contribution more often result in lethal phenotypes from yeast and

Table 5. Enriched GO-terms among cell line-specific proteins detected in the proteome of mouse embryonic stem cells.
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

GO-ID Count1 Total# p-Value GO-term Category*

GO:0043170 41 7475 7.85E-07 macromolecule metabolism BP

GO:0006396 11 503 3.49E-06 RNA processing BP

GO:0044238 53 11859 3.83E-06 primary metabolism BP

GO:0016070 12 662 4.71E-06 RNA metabolism BP

GO:0008152 57 13425 4.76E-06 metabolism BP

GO:0008614 2 2 1.72E-04 pyridoxine metabolism BP

GO:0008615 2 2 1.72E-04 pyridoxine biosynthesis BP

GO:0042816 2 2 1.72E-04 vitamin B6 metabolism BP

GO:0042819 2 2 1.72E-04 vitamin B6 biosynthesis BP

GO:0043283 24 4377 0.001 biopolymer metabolism BP

GO:0006139 27 5422 0.002 nucleobase, nucleoside, nucleotide and nucleic acid metabolism BP

GO:0016071 6 292 0.002 mRNA metabolism BP

GO:0006397 5 243 0.006 mRNA processing BP

GO:0006511 5 248 0.006 ubiquitin-dependent protein catabolism BP

GO:0019941 5 248 0.006 modification-dependent protein catabolism BP

GO:0043632 5 248 0.006 modification-dependent macromolecule catabolism BP

GO:0044260 25 5232 0.007 cellular macromolecule metabolism BP

GO:0019538 26 5543 0.007 protein metabolism BP

GO:0000375 4 148 0.007 RNA splicing, via transesterification reactions BP

GO:0000377 4 148 0.007 RNA splicing, via transesterification BP

GO:0000398 4 148 0.007 nuclear mRNA splicing, via spliceosome BP

GO:0006564 2 16 0.009 L-serine biosynthesis BP

GO:0030530 2 16 0.009 heterogeneous nuclear ribonucleoprotein BP

GO:0044257 5 288 0.009 cellular protein catabolism BP

GO:0051603 5 287 0.009 proteolysis during cellular protein catabolism BP

GO:0003723 14 930 3.83E-06 RNA binding MF

GO:0008266 2 2 1.72E-04 poly(U) binding MF

GO:0016018 2 6 0.002 cyclosporin A binding MF

GO:0050662 5 193 0.002 coenzyme binding MF

GO:0000166 21 3851 0.003 nucleotide binding MF

GO:0048037 5 220 0.004 cofactor binding MF

GO:0003727 2 12 0.006 single-stranded RNA binding MF

GO:0008144 2 17 0.010 drug binding MF

1Number of cell line-specific proteins bearing this GO-term.
#Total number of proteins in the human GOA database annotated with this GO-term.
*BP: biological process; MF: Molecular function.
doi:10.1371/journal.pone.0001218.t005..
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C. elegans [25]. Our ranking analysis shows that there is a difference

between balancers and cell line-specific proteins: Compared to cell

line-specific proteins, balancers possessed a higher entropic

contribution. This structural property suggests that balancers

might be able to attenuate system disturbance more efficiently.

The existence of balancer proteins could therefore be responsible

for the elasticity of a cellular system.

For example, a number of proteins representing proteasome

subunits showed altered expression in our transgenic cell lines.

Five of them belong to balancer candidates, while three other

proteasome subunits belong to cell line-specific proteins. Consid-

ering the proteasome sub-interaction network in detail (Figure 5),

we noticed that Psma2 and Psma3, which are local hubs in the

subgraph, both belong to candidate cell line-specific proteins. On

the other hand, Psmb6 is a candidate balancer protein connecting

between two different nodes of a higher order. This example

supports our assumption that balancer proteins could be

connective hubs between different modules. Such ‘‘bridges’’ are

probably heavily utilized during balancing processes. It is worth

noting that the concept of ‘‘bridges’’ discussed here resembles that

of ‘‘high betweenness’’ of previous studies on protein interaction

networks using graph theory [26,27]. If two clusters of interacting

proteins are joined together only through a mutual interacting

protein, this protein would have a ‘‘high betweeness’’ measure.

‘‘High betweeness’’ thus indicates the importance of a node within

the wider context of the holistic network [27]. Here, the entropic

contribution captures this property not in terms of shortest pats (as

betweenness), but in terms of random walks inside the network. In

this sense, network entropy and entropic contribution provide

a conceptual framework to understand the role of the heuristic

centrality indices, such as node degree and betweenness.

We are aware that our conclusion provides only one qualitative

interpretation of the experimental observations. Under the

assumption that gene dosage modifications in the ES cell lines

represent small perturbations to the cellular system, more detailed

theoretical interpretations can also be sought. For example,

previous studies have described that cellular fates such as

differentiation, growth, quiescence, or apoptosis may represent

the convergence of stochastic cellular program onto a small set of

common self-stabilizing ‘‘attractors’’ states [28–30]. These attrac-

tor states, which are robust to small perturbations, may also

explain our observation that the transgenic ES cells remained in

their original steady state as undifferentiated ES cells. However,

we are cautious with respect to such a general conclusion,

considering that our sample set is very limited, both in terms of

sample dimension and its representative nature. Importantly, most

of the current network data is of purely structural character, and

does not allow for a more detailed understanding of the underlying

dynamics, or even its logical abstraction. Moreover, the protein

property information was obtained from current protein database

entries that are incomplete and may be biased towards intensively

studied proteins. Furthermore, due to our small sample sizes, the

p-value estimations are not very robust, and may affect our

assignment of significance for observed differences. Possible future

experiments to test our hypothesis could be, for example, to

analyze transgenic cell lines overexpressing one of the candidate

balancer proteins in the same in vitro system.

In summary, based on our results we hypothesize that the large

number of variant proteins detected in mutant ES cells does not

necessarily reflect disease-related dysfunctions of these proteins,

but rather a quantitative rearrangement of the proteome in

response to a disturbance induced by gene dosage alterations. We

postulated a regulatory mechanism established in a cell that

protects it from deleterious effects of mutations by keeping the

macromolecular composition of a cell quantitatively in balance.

MATERIALS AND METHODS

Transgenic ES cell line construction
Pluripotent mouse ES cells were genetically manipulated on single

or a set of genes involved in neurodegenerative diseases. A

plasmid-mediated gene insertion protocol was used to generate

App and Snca-overexpressing cell lines (mES_hAPP and mES_Snca,

respectively), with CGR8 as parental line [31,32]. For this

purpose, a transfer vector based on pMSCV (BD BioSciences

Clontech Heidelberg, Germany), which contained a puromycin

resistance gene, was modified by inserting a 1.3 kb fragment of the

rat promoter for translation elongation factor 1 alpha 1 (Eef1a1).

This promoter has been shown to be suitable for protein

overexpression in ES cells [33]. cDNA of a target gene (human

App or mouse Snca) was inserted in frame with the initiating

methionine specified by the rat Eef1a1 promoter. The vector was

electroporated into the ES cells at standard conditions (250V,

500 mF). 24h after electroporation, seven days of puromycin

selection followed to select stably transformed ES cell lines.

Western blotting was carried out to confirm protein overexpres-

sion (monoclonal mouse IgG against human amyloid b peptide,

amino acids 1–17, clone 6E10; monoclonal mouse IgG against a-

synuclein, clone 5D6, Signet Laboratories, Berkeley, USA). The

MICER strategy was used to generate ES cell lines bearing

segmental deletion or duplication of Abcg1-U2af1 on mouse

chromosome 17 (30333543 to 31387432 bp), using ES cell line

HM-1 as parental line [13,15,34,35] (mES_14_Mono and

mES_14_Tris, respectively). This chromosome segment contains

the following genes: Abcg1, Tff3, Tff2, Tff1, Tmprss3, Ubash3a,

Figure 5. A protein-protein interaction subgraph showing the
proteasome subunits, where nodes denote proteins and the edges
describe protein-protein interaction. Two local hub proteins of this
subgraph (Psma2 and Psma3) belong to cell line-specific proteins, while
a candidate balancer protein (Psmb6) represents a connection between
these two modules (see discussion for details). This supports our
assumption that balancer proteins could be connective hubs between
different modules. Protein marked in green: Psma2; yellow: Psmb6;
magenta: Psma3.
doi:10.1371/journal.pone.0001218.g005

Balancing Proteomic Networks

PLoS ONE | www.plosone.org 9 November 2007 | Issue 11 | e1218



Tsga2, LOC667056, Slc37a1, Pde9a, Wdr4, 1500032D14Rik, Pknox1,

Cbs and LOC623242. The bordering gene Abcg1 was deleted in the

monosomy, but unaffected in the trisomy cell line. ES cell lines

trisomic for murine Dyrk1a (mES_Dyrk1a_Tris) or murine Dopey2

(mES_Dopey2_Tris) were generated using a BAC gene transfer

protocol [36], with D3 as parental cell line (for Dyrk1a: BAC

189N10 from the CT7 library, pBeloBac11 vector, 94672437 to

94823558 bp on MMU16; for Dopey2: PAC 186P4 from the RP21

library, pPAC4 vector, 93576842 to 93751423 bp on MMU16)

[37]. All ES cell lines were able to give germ-line transmission

[14,15], except for the CGR8 subclone used, which is primarily

intended for work in vitro (Savatier, personal communication).

Maintenance of ES cells
ES cell lines were grown in Dulbecco’s Modified Eagle Medium

(DMEM; Invitrogen, Karlsruhe, Germany) supplemented with

15% fetal calf serum (Biochrom, Berlin Germany), 2mM L-

glutamine (Invitrogen), 0.1mM non-essential amino acids (Invitro-

gen), 1mM sodium pyruvate (Invitrogen), 0.1 mM 2-mercap-

toethanol (Invitrogen) and 100U/ml leukemia inhibitory factor

(LIF, Chemicon, Hampshire UK) under standard cell culture

conditions (37uC, 5% CO2, 95% humidity). Modified and control

cell lines were always cultured in parallel. CGR8-derived ES cell

lines were maintained on gelatine-coated (0.1% v/v) cell culture

plates. ES cells with E3 or HM-1 as parental line were maintained

on mitotically inactivated murine embryonic fibroblasts. Prior to

cell harvest, these cells were grown for three further passages on

gelatine-coated plates to eliminate feeder cells. Cells were grown to

70–90% confluence and met morphological criteria for undifferen-

tiated ES cells at the time of harvest (tightly packed cells forming

round colonies). ES cells of three independent 10cm culture dishes

were gently dissociated in ice cold PBS containing 5mM EDTA.

This resulted in three biological replicates for each cell line.

Trypsinization was avoided to preclude protein alteration artifacts.

2D-Electrophoresis
ES cell total protein extraction was carried out using our standard

protocol [8]. 70 mg of protein was separated in each 2-DE-run as

described previously [7]. Transgenic and their parental cell lines

were always run in parallel. Two technical repeats were conducted

for each cellular protein extract. Silver staining protocol was

employed to visualize protein spots [38]. Computer-assisted

manual gel evaluation was performed after scanning of the gel

images (600 dpi, UMAX, Willich Germany) (Delta2D version 3.4,

Decodon, Greifswald Germany) [39]. Briefly, corresponding gel

images were first warped using ‘‘exact mode’’ (manual vector

setting combined with automatic warping). A fusion gel image was

subsequently generated using union mode, which is a weighted

arithmetic mean across the entire gel series. Spot detection was

carried out on this fusion image automatically, followed by manual

spot editing. Subsequently, spots were transferred from fusion

image to all gels. The signal intensities of each spot was computed

as a weighted sum of all pixel intensities (volume of protein spot).

Percent volume of spot intensities calculated as a fraction of the

total spot volume of the parent gel was used for quantitative

analysis of protein expression level. Ninety-five percent of the

protein spots on the 2D gels that did not vary in their

concentration and spot intensity served as reference. Thus, the

balancing phenomenon is not due to a normalization artifact that

could have arisen from global normalization to a mean or median.

Normalized values after local background subtraction were

subsequently exported from Delta2D in spreadsheet format for

statistical analysis.

Mass spectrometric protein identification
For protein identification by mass spectrometry, 2-DE gels were

stained with a mass spectrometry compatible silver staining

protocol [40]. Protein spots of interest were excised from 2-DE

gels and subjected to in-gel trypsin digestion without reduction and

alkylation. Tryptic fragments were analyzed on a LCQ Deca XP

nano HPLC/ESI ion trap mass spectrometer (Thermo Fisher

Scientific, Waltham, MA, USA) as described previously [11]. For

database-assisted protein mass finger printing, monoisotopic mass

values of peptides were searched against NCBI-nr (version

20061206, taxonomy: Mus musculus), allowing one missed cleavage.

Peptide mass tolerance and fragment mass tolerance were set at

0.8 Dalton. Oxidation of methionine and arylamide adducts on

cysteine (propionaide) were considered as variable peptide

modifications. Criteria for positive identification of proteins were

set according to the scoring algorithm delineated in Mascot

(Matrix Science, London, UK) [41], with individual ion score cut-

off threshold corresponding to p,0.05.

Annotation of biochemical properties and

functional categories to proteins
Public database queries were performed for the characterization of

proteins with altered expression profiles in transgenic ES cells. For

this purpose, GOstat (http://gostat.wehi.edu.au) was employed to

annotate and search against the human GOA database (www.ebi.

ac.uk/GOA) in order to determine highly represented functional

categories for our proteins of interests [42]. This tool integrates

a Fisher’s exact test that decides whether the observed GO-term

over-representation is significant. p,0.01 was set as statistical

significance threshold. ProtParam was used to predict the protein

instability, aliphatic index and Gravy scores (www.expasy.org/

tools/protparam). The Human Reference Protein Database (www.

hprd.org) was used to access the number of direct protein

interaction partners. Batch searches of overall protein-protein

interaction network information were performed via the meta-

database UniHi (http://theoderich.fb3.mdc-berlin.de:8080/

unihi). Subsequently, information originating from HPRD, BIND,

DIP and Reactome, which are curated manually, was extracted.

The visualization of the protein interaction network was

performed using Cytoscape (www.cytoscape.org) [43]. The Mouse

Genome informatics database (MGI 3.5) was used to access the

number of SNPs across 86 inbred mouse strains (www.informatics.

jax.org). Biological pathway analyses were performed using

KEGG (www.genome.ad.jp/kegg) and Biocarta pathway data-

bases (www.biocarta.com). Protein abundance information was

extracted from 2-DE data.

Statistics
To assess statistical significance of expression differences between

transgenic and control cell lines, Student’s T-test was carried out

for control vs. transgenic groups (pair-wise, two sided, n = 6).

p,0.05 was used as statistical significance threshold. Only protein

expression changes over 30% compared to control were retained

for further analysis. As a post hoc control analysis, protein

expression data generated from 2DE were scrutinized using the

Significance Analysis of Microarrays tool (SAM, www-stat.stan-

ford.edu) to identify the false detective rate required to gain the

comparable set of altered proteins (100 permutations) [44]. Protein

expression alteration (fold change against wild-type controls) was

reported with standard error of means (SEM). Due to their non-

parametric distribution nature, protein property data (protein

cellular abundance, biochemical properties and entropic contri-

bution) were visualized as cumulative fraction plots. Differences of

Balancing Proteomic Networks

PLoS ONE | www.plosone.org 10 November 2007 | Issue 11 | e1218



datasets between balancer and cell line-specific proteins were

assessed with the Wilcoxon sum rank test (p,0.05).

Network-based approach for system robustness

analysis
Many aspects of cellular behavior are mainly determined by the

structural properties of the underlying molecular network. In order

to characterize the macroscopic resilience properties of the

proteomic system, we adopted a network approach which is based

on molecular protein interactions. This approach utilizes a fluctu-

ation theorem [24], which states that the resilience of macroscoptic

network observables is positively correlated with the pathway

diversity, a property which can be measured by network entropy.

In this context, network entropy appears as the dynamical entropy

of a stochastic process defined on the network, i.e the weighted-

average Shannon entropy, H~
X

i
piHi, where pi is the

stationary distribution of the stochastic process (Pij) and Hi is the

standard Shannon entropy defined by:

Hi~{
X

j

PijLogPij

i.e., the uncertainty about the next step of a random walk

operating on the network. The stochastic process, Pij, is defined

through a variational principle for the leading eigenvalue, which,

for unweighted networks, maximizes the overall network entropy

[24]. Thus, ‘‘H’’ denotes the network entropy of the whole protein-

protein interaction network, whereas ‘‘Hi’’ denotes the entropic

contribution of each individual protein (see Methods S1 for

details). This entropic characterization leads to a natural impor-

tance ranking of proteins within the context of resilience of the

global protein interaction network [25]. For this purpose, a pro-

tein-protein interaction network was generated from all proteins

identified from the 2-DE protein pattern of ES cells. This

generates an undirected, un-weighted information transfer graph

where nodes denote proteins and the edges describe protein-

protein interaction. The topological structure of the graph can be

described by an NxN adjacency matrix A = (aij). The entropic

contribution of each protein to the global network entropy was

calculated as in [25].

SUPPORTING INFORMATION

Table S1 Protein expression profile changes in transgenic ES

cell lines.

Found at: doi:10.1371/journal.pone.0001218.s001 (0.11 MB

XLS)

Methods S1 Supplementary method of network entropy

calculation

Found at: doi:10.1371/journal.pone.0001218.s002 (0.05 MB

PDF)
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Abstract

The accumulation of mitochondria containing mutated genomes was proposed to be an important factor involved in aging. Although the level of

mutated mtDNA has shown to increase over time, it is currently not possible to directly measure the mtDNA mutation rate within living cells. The

combination of mathematical modeling and controlled experiments is an alternative approach to obtain an estimate for the mutation rate in a well-

defined system. In order to judge the relevance of mitochondrial mutations for the aging process, we used a mouse model to study age-related

alterations of the mitochondrial proteins. Based on these experimental data we constructed a mathematical model of the mitochondrial population

dynamics to estimate mtDNA mutation rates. Mitochondria were isolated from mouse brain and liver at six different ages (newborn to 24-months).

A large-gel 2D-electrophoresis-based proteomics approach was used to analyze the mitochondrial proteins. The expression of two respiratory

chain complex I subunits and one complex IV subunit decreased significantly with age. One subunit of complex III and one subunit of complex V

increased in expression during aging. Together, these data indicate that complex I and IV deficiency in aged tissues might be accompanied by

feedback regulation of other protein complexes in the respiratory chain. When we fitted our experimental data to the mathematical model, mtDNA

mutation rate was estimated to be 2.7!10K8 per mtDNA per day for brain and 3.2!10-9 per mtDNA per day for liver. According to our model

and in agreement with the mitochondrial theory of aging, mtDNA mutations could cause the detrimental changes seen in mitochondrial

populations during the normal lifespan of mice, while at the same time ensure that the mitochondrial population remains functional during the

developmental and reproductive period of mice.

q 2005 Elsevier Inc. All rights reserved.

Keywords: Mitochondria; Aging; Proteome; Large-gel 2D electrophoresis; Mouse model; Mathematical modeling.
1. Introduction

Aging is associated with a gradual decline of the

organism’s capacity to respond to environmental stress

(Toescu et al., 2000). An increasing body of literature

suggests a pivotal role of mitochondria in aging and age-

related diseases (Harman, 1972; Richter, 1988; Linnane

et al., 1989; Wallace, 1997; Kowald and Kirkwood, 1999).
0531-5565/$ - see front matter q 2005 Elsevier Inc. All rights reserved.
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The mitochondrial theory of aging proposes that the

accumulation of impaired mitochondria caused by free-

radical-induced mutations is one of the driving forces of

aging (Richter, 1988; Linnane et al., 1989; Kowald and

Kirkwood, 1999). Over the past years, this theory gained

further appreciation. Several lines of evidence support the

view that the bio-energetic function of mitochondria

deteriorates with age, accompanied by the accumulation of

mtDNA mutations (Boffoli et al., 1994; Brierley et al.,

1998; Kopsidas et al., 1998). The theoretical contributions

of deGrey and Kowald showed that this theory can explain

diverse age-related phenomena, including mitochondrial

dysfunction in aging, the clonal expansion of a single

deletion mutation and the differences observed between

dividing and post-mitotic cells (de Grey, 1997; Kowald and

Kirkwood, 2000). In two recent important experiments
Experimental Gerontology 41 (2006) 11–24
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the groups of Trifunovic and Kujoth observed a strong

increase of mtDNA mutations and several phenotypic

changes of premature aging in knock-in mice bearing a

proofreading deficient version of the mtDNA polymerase

(Trifunovic et al., 2004; Kujoth et al., 2005).

Although these observations hint at a causative link between

mtDNA mutations and aging, no hard evidence is available that

link mtDNA mutations per se to aging. Since most cells contain

hundreds to thousands of mtDNA molecules, it is unclear

whether a small number of mutated mitochondria could

influence the physiology of the entire cell and play a role in

aging (Coller et al., 2002). Previous investigation provided

information on mitochondrial mutations at the genetic level

(Brierley et al., 1998; Kopsidas et al., 1998), but it is doubtful

whether genomic information alone is sufficient to clarify the

mechanisms of aging.

There is a range of factors that can potentially influence the

impact of mitochondria bearing mutated mtDNA. These

include tissue metabolic state, efficiency of mtDNA repair,

propagation capability of mutant relative to that of normal

mtDNA, effect of mtDNA mutation on mitochondrial

proliferation and function, as well as the rate of mitochondrial

degradation. These and further factors build a system of

complex interactions that cannot be understood by verbal

argumentation alone. The real influence of mtDNA mutations

on the aging process cannot be assessed without quantitative

discussion.

Although the mitochondrial mutation rate is estimated to be

10 times higher than that of nuclear DNA (Osiewacz and

Hamann, 1997; Zeviani et al., 1998; DiMauro et al., 2000),

currently only few solid data regarding the mitochondrial

mutation rate exist. One problem contributes to this lack of data

is the heteroplasmic state of the mitochondrial genome in the

cells, which makes the mtDNA mutation rate practically

inaccessible.

Previous observations indicate that via the stoichiometry

of the assembly process of complex I and IV a reduction of

mitochondrial encoded protein subunits leads to a reduction

of nuclear encoded protein subunits in the mitochondrial

membrane (Bentlage et al., 1996; Bruno et al., 1999;

Rahman et al., 1999; Remacle et al., 2004). Based on this

observation we try to access the mtDNA mutation rate

indirectly through changes of nuclear encoded respiratory

chain subunits.

A combination of computational methods and experimen-

tal investigations can be useful for probing into the details of

complex systems (Swat et al., 2004). In this study, a mouse

model was used to gain quantitative data on age-related

mitochondrial respiratory protein alterations that are encoded

by nuclear DNA. In parallel, we converted the hypothetical

mechanisms involved in the mitochondrial theory of aging

(Kowald and Kirkwood, 2000) into a simplified mathemat-

ical model. By fitting our experimental data to this model,

the mtDNA mutation rates of mouse brain and liver tissue

were estimated. Our results show that mitochondrial

mutations could, in principle, be of considerable importance

for aging.
2. Material and methods

If not indicated otherwise, all chemicals and reagents were

purchased from Merck (Darmstadt, Germany).

2.1. Animals and tissues

The experimental protocol of this study was approved by the

Institutional Review Committee of Charité, University Medi-

cine of Berlin, according to German Animal Protection Law

(TSchG). Specific-pathogen-free C57BL/6 mice were pur-

chased from Charles River Germany (Sulzfeld, Germany).

Healthy mice of mixed sex with equal number of male and

female animals at various ages were used: newborn (0–2

weeks), 5-, 10-, 15-, 20- and 24-months. Eight mice were used

in each age group, except for newborns, where thirteen mice

were used (mixed sexes). Animals were sacrificed by swift

decapitation. The use of anesthetics was avoided to eliminate

possible influence on mitochondrial protein level. Mouse liver

was perfused through the portal vein with 5 ml 0.9% (w/v)

NaCl before removal. Mouse brain tissue was obtained

according to an already published protocol (Klose, 1999).

2.2. Mitochondria isolation

Mitochondria were isolated as described in detail previously

(Jungblut and Klose, 1985). Except for newborn tissue, which

was pooled due to the small sample quantity, mitochondria of

each organ (either brain or liver) were isolated separately.

Electron microscopic analysis was carried out as previously

described to assess purity and structure integrity of isolated

mitochondria. For this purpose, mitochondria were fixed in

2.5% glutaraldehyde/PBS and embedded in Epon (Bachmann

et al., 2004).

2.3. Two-dimensional gel electrophoresis

Mitochondrial proteins were extracted as previously

described (Klose, 1999). Protein extracts were separated by

large-gel two-dimensional electrophoresis (30!40 cm)

(Klose, 1999; Klose and Kobalz, 1995), which involves the

isoelectric focusing at the first dimension and SDS-PAGE at

the second dimension. Multiple gels (nZ3–6 for each time

stage) were run for each sample to ensure reproducibility of

the 2D-gels. Analytical silver staining was performed as

described elsewhere (Klose, 1999). Preparative silver staining

was carried out using the protocol of Giavalisco (Giavalisco

et al., 2005). Gel images were digitalized using a densitometer

(Umax Mirage-II DIN A3 scanner, Willich, Germany).

Protein expression differences were determined by compari-

sons of 2D-gels from mitochondrial protein extracts at

different ages. Due to the overall similarity of gel patterns,

the majority of spots were assigned to their respective

counterparts on each gel manually according to relative

identity of position and spot form. Spot differences were

determined by evaluating alterations in spot intensity and

appearance.
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Protein spots found to be reproducibly altered among

different age groups were further evaluated with Proteinweaver

imaging software (version 2.1, Definiens, Munich, Germany).

Manual corrections were applied after automatic spot

recognition. In order to reduce in-group gel-to-gel variation,

one average gel was generated for each age group using

Proteinweaver. Average gels from six different ages were

matched to each other, and the gel-matching pattern was

controlled and edited manually (Challapalli et al., 2004). For

spot quantification, spot volumes were calculated by a build-in

feature of the software. Subsequently, spot information was

extracted from Proteinweaver. Spot intensities were

normalized by calculating the ‘relative intensity’, which was

defined as percentage to the total spot volume on its parent gel.

Ultimately, spot differences detected by visual gel evaluation

were quantified and subjected to statistical analysis to

determine significance. Kruskal–Wallis test was employed to

access multiple-groups variation. If a significant difference was

detected (p!0.05), a non-parametric Mann–Whitney U test

was conducted to gain group-to-group difference information.

Standard error of mean (meanGSEM) of relative spot

intensities were presented in this study.

2.4. Mass spectrometric protein identification

Protein identification was carried out using to MALDI-Tof

mass spectrometry. Identification of each protein spot was

carried out at least twice. Briefly, protein spots of interests were

manually excised from 2D-gels and in-gel digested with

trypsin (Seq. Grade modified Porcine trypsin, Promega WI,

USA) with ZipPlate (Millipore, Schwalbach Germany),

according to the manufacture’s instruction. Subsequently,

peptides were recovered in 15 ml 50% (v/v) acetonitril with

0.1% (v/v) trifluoracetic acid (TFA). 1.5 ml of peptide extract

was mixed with 1.5 ml matrix solution (3.3 g/l solution of 2,

5-dihydroxybenzoic acid in one part of acetonitril and two parts

of 0.1% TFA) directly on the MALDI target (Anchor Chip,

Bruker, Bremen, Germany). Mass spectra from peptide

mixtures were generated using MALDI-TOF mass spec-

trometer (Bruker Reflex IV, Bruker, Bremen, Germany),

operated in reflector mode. Signals corresponding to mass-to-

charge (m/z) ranging from 0 to 3500 were monitored. The

XMASS/NT software package (version 5.1.16, Bruker, Bre-

men, Germany) was used for data processing. Internal

calibration against the mass peaks derived from autolytic

trypsin fragments was employed. A mass list of the first of each

set of monoisotopic peaks was searched against the NCBInr

protein databases (National Center for Biotechnology Infor-

mation, Bethesda, USA, mouse database) using Mascot (http://

www.matrixscience.com). Search parameters allowed for one

miscleavage, peptide mass tolerance was set to 100 ppm.

Methionine oxidation and cysteinyl-S-propionamide were

considered as possible modifications. Criteria for positive

identification of protein with peptide mass fingerprinting were

set according to the scoring algorithm delineated in Mascot

(p!0.05) (Pappin et al., 1993). Additionally, the molecular

weight and isoelectric point of each protein determined through
the Database search were compared to the observed range

during electrophoresis. Identified spots on one gel of the

matched group were considered to be the same on the other gel

and therefore considered to be indirectly identified.
2.5. Model description

Our mathematical model was constructed based on the

following assumptions and Fig. 4a gives an overview of the

current model.

† Free radicals induce mtDNA deletions and mitochondrial

membrane damage.

† Mitochondria with an intact genome have a growth

advantage over mitochondria bearing deletions.

† Mutated mitochondria produce less free radicals than wild

type mitochondria. For a detailed justification of this

assumption see (de Grey, 1997; Kowald and Kirkwood,

2000).

† Accumulation of membrane damage is proportional to the

free radical level.

† The degradation rate of mitochondria is positively

correlated to their membrane damage level.

The mitochondrial replication process is relaxed in that it is

independent of the cell cycle (Chinnery and Samuels, 1999;

Garesse and Vallejo, 2001). However, on average the number

of mitochondria has to double for each cell division. This

influences also the mitochondrial turnover rate, which is

therefore different for post-mitotic and mitotic tissues (Neubert

et al., 1966; Dallman, 1967). Accordingly, we set the turnover

rate for mouse brain and liver to 21 and 8.4 days, respectively

(Korr et al., 1998).

Mitochondria are not fully autonomous entities, but depend

on the cytosolic protein synthesis machinery (most mitochon-

drial proteins are imported from the cytosol). Consequently,

mitochondria do not show exponential growth, but the

production of mitochondria has an upper limit depending on

cellular housekeeping (Brown, 1991; Kowald and Kirkwood,

2000). The mathematical construct used to simulate this

behavior is given by the following expression:

Current proliferation rate

Z maximum proliferation rate!ðAKMw KMmÞ; (1)

where ‘A’ is the maximum number of mitochondria in a cell,

Mw are wildtype mitochondria and Mm are mutant organelles.

The maximum proliferation rate is different for intact and

damaged mitochondria and is represented by a and b, in Eqs.

(2)–(4). This construct reflects the dependency of the

mitochondrial proliferation rate on the synthetic capacity of

the cell and leads to a declining proliferation rate the closer the

total number of mitochondria comes to this limit.

The rate of mitochondrial degradation is assumed to be

proportional to the level of mitochondrial membrane damage

(Kowald and Kirkwood, 2000). Since mitochondria with

mtDNA deletions have a defective respiratory chain and

http://www.matrixscience.com
http://www.matrixscience.com
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a reduced proton gradient, it is assumed that they generate less

of the reactive perhydroxyl radical, HO$
2, (de Grey, 1997;

Kowald and Kirkwood, 2000). This leads to a reduced

accumulation rate of membrane damage and hence causes a

slower degradation rate of defective mitochondria compared to

wildtype (41O42 Eqs. (2) and (3), where 41 and 42 are the

degradation rates of wild type and mutated mitochondria,

respectively). This is deGrey’s idea of the ‘Survival of the

Slowest’ or the SOS hypothesis (de Grey, 1997).

Through the continuous exposure to free radicals, mito-

chondrial genomes are continuously accumulating damage

during the aging process. This process is described by mutation

terms in the reaction system. Free radicals can damage mtDNA

with a rate ‘k’, converting intact mitochondria into defective

ones. The mutation rate is proportional to the free radical level

and the amount of intact mitochondria.

As a side-product of respiratory chain enzyme activities,

free radicals are produced by all mitochondria during the

oxidative phosphorylation process. It is assumed that wild type

mitochondria generate more radicals than mutated mitochon-

dria due to their higher respiratory activity (f1Of2 in Eq. (4),

where f1 and f2 are the free radical production rates of wild type

and mutated mitochondria, respectively). In our simplified

mathematical model it is assumed that the cell has a constant

antioxidant capacity to remove radicals. The detoxification rate

is therefore proportional to the amount of existing radicals

(Eq. (4)).

Within the framework of compartmental analysis (Jaequez,

1985), our model represents a non-linear single compartment

model. Using the above assumptions a set of ordinary

differential equations can now be developed that govern the

behavior of the system. In these equations, ‘Mw’, ‘Mm’ and
(a) (

(c)

Fig. 1. Electronic micrographs of isolated mitochondria using continuous gradient ce

magnification). Scale bar: 100 nm. (c) Percentage of mitochondria, lysosomes and
‘Rad’ are the number of wildtype mitochondria, mutated

mitochondria and free radicals in the cell, respectively.

dMw

dt
Z aMwðAKMw KMmÞKk Rad Mw K41Mw (2)

dMm

dt
Z bMmðAKMw KMmÞCk Rad Mw K42Mm (3)

d Rad

dt
Z f1Mw C f2Mm K43Rad (4)

The first and third term in Eq. (2) and (3) represent the

synthesis and degradation rates of the healthy and defective

mitochondrial sub-populations, respectively. The second term

in Eq. (2) and (3) describes the mutation reaction that transfers

wild type mitochondria into the pool of mutated mitochondria.

Table 2 lists the actual values used for the different parameters.

Where possible, known values from the literature have been

used.
2.6. Simulation and model fitting

The set of differential equations was solved numerically

using the software package Mathematica (NDSolve, which

employs fourth order Runge-Kutta method. Default parameter

setting). The initial values for wild type mitochondria, mutated

mitochondria and free radicals were set to 1000, 0 and 0,

respectively. This assumes that there were 1000 intact

mitochondria in the cell at time point zero, whereas no mutated

mitochondria or free radicals exist in the system.

To determine the mtDNA mutation rate that optimally fits

the experimental data, a parameter scan regarding the value of
b)

Mitochondria

Lysosomes

Others

ntrifugation. (a) Brain mitochondria, (b) Liver mitochondria (10,000!original

debris in the mitochondria fraction accounted 94%, 3% and 3%, respectively.
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‘k’ was performed. For this purpose, the equation system was

solved for ‘k’ values ranging from 10K3 to 10K12 per day and

the values of Mw(tZnewborn), Mw(tZ5-months), Mw(tZ10-months),

Mw(tZ15-months), Mw(tZ20-months) and Mw(tZ24-months) were

recorded from the simulation. These data points were then

compared to the set of experimentally obtained data by

calculating the sum of square deviations.

The ‘k’ resulting in the minimal sum of squares was

treated as the estimated mtDNA mutation rate of our mouse

model. Statistical significance of the fits was analyzed using

ANOVA test (using StatView, Abacus, NC, USA). Pearson’s

correlation coefficient was recorded to report the proportion

of variation in the experimental data that could be explained

by our simulation model. The corresponding experimental

data set consisted of the alterations of respiratory chain

complex I and IV subunits at those six time points, which

were found to change significantly during aging using 2D-

electrophoresis.
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Fig. 2. 2D-gel images of mouse mitochondrial proteins. Mouse brain (a) and liver (b

large-gel 2D-electrophoresis. Representative analytical silver stained 2D-gels with a

spot patterns of a 2D-electrophoresis are shown with the low, acidic isoelectric point

indicate positions of protein spots that have been identified with peptide mass fing

mitochondria.
3. Results

3.1. Mitochondrial protein separation

Mitochondria were isolated from mouse brain and liver tissues

using a combination of gravity and gradient centrifugation. Using

electron microscopy, representative sections of isolated

mitochondria showed a highly homogeneous population

(94.2G0.7%, nZ6) with inner and outer membranes intact

(Fig. 1). Fig. 2 shows a typical 2D-gel pattern generated from

brain (Fig. 2a) and liver (Fig. 2b) mitochondrial total protein

extract, respectively. Typically, around 800 protein spots were

found on the 2D-gel map of mitochondrial total protein extract.

3.2. 2D-gel evaluation and protein identification

In order to obtain age-related changes in mitochondrial

proteins, we evaluated two-dimensional mitochondrial protein
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protein load of 100 mg are shown. By convention, the resulting high-resolution

s to the left and the lower molecular weight proteins at the bottom. The numbers

erprinting. Two spots (spot 29 and 30) were visible only on 2D-gels of liver
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patterns of six different age groups. 2D-gels generated from the

same samples during independent gel runs were first compared.

They were found to be highly reproducible, yielding similar

2D-gel spot pattern. Through visual comparison of the

mitochondrial protein spot patterns of different age groups

bearing the same organ type, numerous differences among the

different age groups were detected in both brain and liver

mitochondria. Intensities of 22 spots were observed to decrease

or increase with age, indicating the concentration change of the

corresponding proteins in mitochondria during aging, while 16

proteins showed irregular profiles. All these 38 spots under-

went mass spectrometric identification. From these 36 spots

were successfully identified. They represent 30 different

proteins (indicated in Fig. 2). Two protein spots showing

irregular change profile were determined to be cytoplasmic

proteins, while all other protein spots represented mitochon-

drial proteins. Detailed information of protein identification is

given in Table 3.

All identified spots with regular quantitative changes

were subjected to computer-aided spot volume quantification

(20 spots). Interestingly, inconsistencies between visual gel

evaluation and computer-aided gel evaluation were observed.

According to protein quantification using the ProteomWea-

ver software, four protein spots showed a fluctuating

behavior inside certain age groups that were evaluated

visually to either decrease or increase with age. This further

reduces the number of spots showing a consistent decrease

or increase to 16.

The concentration changes of these remaining 16 protein

spots were subjected to statistical analysis. Among them, ten

proteins showed statistically significant changes with p!0.05.

Table 1 shows the ratio of the amount of these proteins in 24

months old mice compared to newborns. Since our main

interest was the estimation of the mtDNA mutation rate we
Table 1

Mitochondrial proteins showing altered expression during aging

Protein name NCBI Acc** Change ratio*

Brain Liver

NADH-ubiquinone oxidoreductase

13 kDa—a subunit

38075371 0.713 0.861

NADH-ubiquinone oxidoreductase 1

alpha subcomplex 5

13386100 0.188 ND

Cytochrome c oxidase, subunit Vb 6753500 0.913 0.817

Ubiquinol–cytochrome c reductase

binding protein

133885726 ND 4.6

ATP synthase, HC transporting,

mitochondrial F0 complex, subunit F

7949005 3.1 ND

Mitochondrial ribosomal protein L12 22164792 ND 1.5

10 kDa Mitochondrial heat shock

protein

6680309 0.58 0.20

Regucalcin 6677739 ND 0.62

Alpha-synuclein 6678047 1.7 ND

Peroxiredoxin 1 6754976 ND 0.66

*Ratios of 24-month stage protein concentration to that of newborn stage are

presented. **CBI Accession number (gi number).
describe in the following only the changes of mitochondrial

respiratory chain proteins.
3.3. Down-regulation of complex I and IV components

in old mice

Expression of four protein subunits of complex I (NADH-

ubiquinone oxidoreductase) decreased with age. Among these,

changes of two proteins were of statistical significance. The

reduced expression of NADH-ubiquinone oxidoreductase

13 kDa—a subunit (gi: 38075371) was observed in brain and

liver mitochondria (Fig. 3a), whereas a diminished expression

of NADH-ubiquinone oxidoreductase 1 alpha subcomplex 5

(gi: 13386100) was detected only in the brain mitochondria

(Fig. 3b).

In brain mitochondria, the expression level of NADH-

ubiquinone oxidoreductase 13 kDa—a subunit initially

increased from newborns to 10-months of age, and then

dropped to significantly lower levels than newborns, at 15-

months of age. This reduced level remained until 24 months of

age. Unlike in brain, liver expression of this protein initially

decreased from newborns to 5-months of age. The level

remained low compared to newborns and showed an additional

mild decrease from 10-months to 24-months. In brain

mitochondria, the expression level of NADH-ubiquinone

oxidoreductase 1 alpha subcomplex 5 decreased significantly

from newborns to 5-months. Expression recovered partially at

10-months of age and remained nearly constant from 10- to 20-

months. Another drastic decrease in expression was detected at

24-months, when only trace amount of the protein were

detectable.

Likewise, three proteins of complex IV (cytochrome c

oxidase, or COX) showed decreasing spot intensity with age.

Among them, the expression level of COX subunit Vb (gi:

6753500) in brain mitochondria was not changed significantly

from newborns until the age of 10-months (Fig. 3c). However,

a pronounced decrease was observed at 15-months of age,

which persisted until 24-months of age. In liver mitochondria,

COX Vb level showed at first a higher level in the 5-months

group. A similar decrease tendency to that of brain

mitochondria sustained until 24-months of age.

The data of these three proteins (NADH-ubiquinone

oxidoreductase 13 kDa—a subunit, NADH-ubiquinone oxido-

reductase 1 alpha subcomplex 5 and COX Vb) were used for

the model fitting procedure.
3.4. Up-regulation of complex III and V subunits

In 2D-gels of liver mitochondria, one subunit of the

cytochrome c reductase (respiratory chain complex III), the

ubiquinol–cytochrome c reductase binding protein (gi:

133885726) showed a significant increase in expression at

20-months of age (data not shown). This level remained high

until at least 24-months of age. In brain mitochondrial 2D-gels,

one complex V (ATP synthase) subunit, the subunit F of ATP

synthase F0 complex (gi: 7949005) showed a fluctuating



(a) (b)

R
at

io
 to

 n
ew

bo
rn

0

.2

.4

.6

.8

1

1.2

1.4

Age (month)

50 2410 15 20

R
at

io
 to

 n
ew

bo
rn

 

0

.2

.4

.6

.8

1

1.2

1.4

Age (month)

Age (month)

R
at

io
 to

 n
ew

bo
rn

(c)

0

.2

.4

.6

.8

1

1.2

1.4

50 2410 15 20

Brain

Liver

50 2410 15 20

Fig. 3. Decreasing expression profiles of respiratory chain complex I and IV subunits in mouse mitochondria during aging. (a) NADH-ubiquinone oxidoreductase

13 kDa—a subunit in brain and liver mitochondria; (b) NADH-ubiquinone oxidoreductase 1 alpha subcomplex 5 in brain mitochondria; (c) Cytochrome c oxidase

subunit Vb only in brain and liver mitochondria.
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pattern, with increased expression at both 5- and 20-months of

age (data not shown).
3.5. Model behavior

We created a mathematical model describing the temporal

development of a cellular population of mitochondria subject

to radical induced mutations. This model is a simplified version

of an earlier, more complex, model (Kowald and Kirkwood,

2000). Using the standard parameters, the equations were

solved numerically and plotted against time. Fig. 4b is an

example of such a numerical calculation. For this simulation

the parameter values shown in Table 2 and a mtDNA mutation

rate, k, of 10K8 per day was used.

This diagram shows the time course of wild type

mitochondria (Mw), mutated mitochondria (Mm) and free

radicals (Rad). Initial values were 1000 for Mw, 0 for Mm

and 0 for Rad. The amount of intact mitochondria showed

initially a stable period from 0 to ca. 400 days. Then, a

progressive decrease appeared. This drastic decrease of intact

mitochondria continued until ca. day 1000, after which no

substantial amount of intact mitochondria remains.

The time-dependent curve of mutated mitochondria behaves

the opposite way. While no mutated mitochondria were

available at the starting time, trace amounts of mutated

mitochondria began to accumulate with time, but at a very
slow pace. This gives a quasi-stable period of low numbers of

mutated mitochondria from 0 to ca. 400 days of life. The

number of mutated mitochondria started to increase drastically

at about 500 days of life. This tendency continued until the

whole mitochondrial population is transformed from intact

(Mw) to mutated organelles (Mm) around day 1000.

Unlike the mitochondrial subpopulations, the level of free

radicals (Rad) changed not that drastically. Although the

simulation started with no radicals, this variable reached

almost instantaneously a quasi steady state where the radical

level remained stable for the first 600 days. The level of free

radicals decreased slightly around day 650, when the majority

of the mitochondrial population consisted of mutated mito-

chondria (Fig. 4b).

Since there exists an accelerating decrease of intact

mitochondria with time, the position of the inflection point is

of special interest to us. As the mutation rate is the driving

force of the decrease of intact mitochondria in our system, we

investigated the effect of varying the mutation rate, k, on the

behavior of the system. Variation of the mutation rate, k, from

10K3 to 10K12 per day, changed the time course of intact and

defective mitochondria dramatically. If ‘k’ is 10-4 per day, the

number of intact mitochondria (Mw) decreases to almost zero

within 300 days. For much smaller values of k, such as 10K11

per day, the fraction of wild-type mitochondria is hardly

affected before day 1200 (data not shown).



Fig. 4. Modeling concept and representative simulation result. (a) Biochemical reactions described by the current model. Two different classes of mitochondria were

considered, those with intact genomes (Mw) and those with mutated genomes (Mm). The different classes produce different amounts of free radicals (f1, f2), which

cause the transition of mitochondria from wild type to mutated type. Mitochondria reproduce with rate constants a, respectively, b and also undergo degradation with

rate constants 41 and 42. Following the ideas of the SOS hypothesis (de Grey, 1997; Kowald and Kirkwood, 2000), we assume that wild type mitochondria are

degraded faster than defective ones. (b) Diagram showing a time course of the components of the model. The population of wild type mitochondria decreased, while

the number of mutated mitochondria in a cell increased with age. For this simulation the standard parameters described in Table 2 (parameters of brain mitochondria)

and a mutation rate kZ10K8 per mtDNA per day was used. Mw, number of intact mitochondria; Mm, number of mutated mitochondria; Rad, number of free radicals.

Table 2

Standard parameters used for the mathematical simulation

Parameter name Value (dK1) Description

a 0.1 Maximum growth rate of healthy mitochondria, according to Kowald (Kowald and

Kirkwood, 1993)

b 0.07 Maximum growth rate of defective mitochondria was set as 70% of that of healthy

mitochondria

A 1000 Maximum number of total mitochondria in a cell (Satoh and Kuroiwa, 1991)

41 Brain: 0.033 Liver: 0.0825 Degradation rate of wild type mitochondria was set at 21 days for brain cells, 8.4 days for

liver cells according to Korr (Korr et al., 1998)

42 Brain: 0.011 Liver: 0.0275 Degradation rate of defective mitochondria, set to one third of that of wild type

mitochondria.

43 7!109 Rate of free radical removal by antioxidants, according to Rotilio (Rotilio et al., 1972)

f1 9!108 Free radical production rate of intact mitochondria, according to Joenje (Joenje et al., 1985)

f2 3!108 Free radical production rate of mutated mitochondria was set to one third that of intact

mitochondria (Kowald and Kirkwood, 2000)

k To be calculated Mutation rate of mouse mitochondrial DNA
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Table 3

Protein spots on the large-gel 2D-gels that have been identified in our study

Spot* ID** NCBI Acc*** Probability based

Mowse score

Matched

Peptide†

Sequence

coverage†

(%)

Mw (kDa) pI Protein name

1 2 18079339 202 26 36 85 8.08 Aconitase 2, mitochondrial

2 2 31980648 186 26 52 56 5.19 ATP synthase, HC transporting mitochondrial

F1 complex, alpha subunit

3 & 4 4 18250284 141 19 40 40 6.27 Isocitrate dehydrogenase 3 (NADC) alpha

5 2 18152793 197 23 60 39 6.41 Pyruvate dehydrogenase (lipoamide) beta

6 2 37589957 92 11 36 36 6.16 Malate dehydrogenase, soluble

7 2 38082750 67 9 37 27 7.63 NADH dehydrogenase (ubiquinone) flavopro-

tein 2

8 2 31981724 161 27 64 25 8.76 Glutathione S-transferase, alpha 3

9 2 21313138 154 19 65 26 8.97 Glutathione S-transferase class kappa

10 2 21759114 131 16 61 27 8.57 Electron transfer flavoprotein beta-subunit

(Beta-ETF)

11 2 20899100 170 19 82 21 8.19 NADH dehydrogenase (ubiquinone) 1 beta

subcomplex, 10

12 3 6754976 197 19 60 22 8.26 Peroxiredoxin 1

13 2 20806153 66 5 30 18 5.16 ATP synthase, HC transporting, mitochondrial

F1 complex, delta subunit

14 3 6678047 186 7 60 14 4.74 Synuclein, alpha; alpha SYN; alpha-synuclein

15 2 226471 127 12 64 16 6.03 Cu/Zn superoxide dismutase

15 2 20896095 126 12 63 16 6.02 Superoxide dismutase 1, soluble

16 2 22164792 109 9 35 22 9.34 Mitochondrial ribosomal protein L12

17 4 13385268 154 11 58 15 4.96 Cytochrome bK5

18 3 6753500 64 8 36 14 8.69 Cytochrome c oxidase, subunit Vb

19 & 20 4 6680986 103 14 62 16 6.08 Cytochrome c oxidase, subunit Va

21 2 6680309 173 14 91 11 7.93 Heat shock protein 1 (chaperonin 10); heat

shock 10 kDa protein 1 (chaperonin 10);

mitochondrial chaperonin 10

22 2 6753498 93 5 46 19 9.25 Cytochrome c oxidase, subunit IVa

23 3 13386100 130 12 78 13 7.82 NADH dehydrogenase (ubiquinone) 1 alpha

subcomplex, 5

24 2 7949005 92 9 55 12 9.36 ATP synthase, HC transporting, mitochondrial

F0 complex, subunit F; mitochondrial ATP

synthase coup

25 4 38075371 103 11 61 18 10.32 NADH-ubiquinone oxidoreductase 13 kDa—a

subunit, mitochondrial precursor

26 2 13385726 126 12 72 14 9.1 Ubiquinol–cytochrome c reductase binding

protein

27 2 13385260 81 9 71 15 8.95 Thioesterase superfamily member 2

28 3 5834958 65 2 57 8 9.88 ATP synthase F0 subunit 8

29 3 6677739 278 24 74 33 5.15 Regucalcin

30 3 8393343 148 22 91 14 8.59 Fatty acid binding protein 1, liver; fatty acid

binding protein liver

*Spot numbers correspond to the numbers annotated on Fig. 2. **Number of identification using mass spectrometry. ***NCBI Accession number (gi number). †The highest Mouse score among multiple

measurements and its corresponding sequence coverage value are shown.
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k, ranging from 10K3 to 10K12 per mtDNA per day. As a measure of fit, the sum

of squares deviations is used.
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3.6. Model fitting

To optimize the fit between experimental data and modeling

data we used regression analysis. For this purpose, all

parameters were kept constant except for the mutation rate,

‘k’, that was varied logarithmically from 10-3 to 10K12 per day.

For the six time points for which experimental data exist, the

corresponding simulation data were obtained and the sum of

squared deviations was calculated. Fig. 5 shows that for brain

and liver there exists a mutation rate for which the sum of

squared deviations is minimized. For brain tissue a mutation

rate of 2.7!10-8 per mtDNA per day was obtained, while for

liver a lower value of 3.2!10K9 was found. Both fits were
(a)

(c)

Fig. 6. Sensitivity tests for uncertain parameters of the model. The values of a, b, 42

‘k’ was calculated in each case. (a) a was varied from 0.01 to 0.5, (b) b from 0.00
shown to be significant (p!0.05 for brain and p! 0.01 for

liver). The corresponding correlation coefficient (r2) was 0.66

and 0.92 for brain and liver, respectively. Accordingly, we

estimate the mitochondrial DNA mutation rate in mice to be

10-8 per mtDNA per day for brain and 10K9 for liver.

For model parameters without experimentally verified

values (a, b, 42 and f2), we performed sensitivity tests to

determine their possible influence on the mtDNA mutation rate

estimation. For this purpose, the value of each uncertain

parameter was varied over a wide range of possible values and

the optimal value for ‘k’ was calculated in each case.

Specifically, a was varied from 0.01 to 0.5, b from 0.007 to

0.098, 42 from 1/4 to 2/3 of 41 and f2 from 1/4 to 2/3 of f1.

Fig. 6 shows the simulation results for all four examined

parameters. As can be seen the optimal value of ‘k’, is not very

sensitive to the chosen parameter values.
4. Discussion

Among the most popular hypotheses of aging are those

involved in the progressive accumulation of error-bearing or

altered macromolecules with advancing age. The model of

Kowald and Kirkwood is a purely theoretical description of the

mitochondrial theory of aging and successfully simulated the

accumulation of mutated mitochondria in the aging process

(Kowald and Kirkwood, 2000). However, validation of such

models is not trivial because of a general lack of experimen-

tally confirmed parameter values.

To challenge the mitochondrial theory of aging (Harman,

1972; Linnane et al., 1989), we employed large-gel

2D-electrophoresis combined with a mathematical model in
(b)

(d)

and f2 were varied over a wide range of possible values and the optimal value for

7 to 0.098, (c) 42 from 1/4 to 2/3 of 41 and (d) f2 from 1/4 to 2/3 of f1.
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order to obtain a more integrated view of the biology of aging.

Phenotypes of senescent cells appear through expressed and

modified protein networks, rather than by genes themselves

(Pirt, 1991). Differential protein expression that went unde-

tected on the gene-level will be accessible by a proteomics

study. In this sense, a quantitative proteomic analysis is a

means of determining the magnitude of influence of

mitochondrial mutations on aging.

For the experiment, at least eight animals of an inbred

mouse strain were employed per time stage. This minimized

the inter-animal variance. Multiple gel runs for each sample

further reduced the gel-induced artifacts. Consequently, we are

confident that genuine differences of biological relevance were

accessed in our study, which represent age-related changes of

mitochondrial proteins.

Four and three protein spots with decreasing spot intensities

were observed in complex I and IV, respectively. Among them,

two subunits of complex I and one subunit of complex IV were

significantly down-regulated during aging. This could indicate

a deficiency in respiratory chain complex subunits induced by

abnormalities of mitochondrial DNA (Bruno et al., 1999;

Rahman et al., 1999). Previous work showed that most mtDNA

deletions occur in the region between the genes of ATP

synthase subunit 8 and cytochrome b, which encodes

predominantly for subunits of complex I and IV (Cortopassi

and Wong, 1999; Vu et al., 2000). Similarly, mitochondrial

tRNA mutations affect most severely complex I and IV

subunits (Arenas et al., 1999; Triepels et al., 2001). An age-

associated progressive impairment of complex I and IV activity

in humans has been documented previously (Yen et al., 1991;

Cooper et al., 1992; Bowling et al., 1993). Our results add

evidence that complex I and IV may be the most vulnerable

mitochondrial protein complexes in aging mice.

In a chain of biochemical reactions it is possible that a

change in the activity of an up-stream enzyme (complex I or

IV) also leads to a change of the down-stream metabolite pools

and enzyme activities (Stryer, 1995). A reduced complex I and

IV functionality triggers a cell response to maintain the

required level of functionality of the respiratory chain.

Although ultimately not effective, this could lead to an

increased synthesis of proteins located downstream of complex

I or IV (Manczak et al., 2005). The observed up-regulation of

several complex III subunits, especially ubiquinol–cyto-

chrome-c binding protein (complex III subunit in liver

mitochondria) and subunit F of ATP synthase F0 complex

(complex V subunit in brain mitochondria) might indicate such

a feedback mechanism.

It has been noticed that changes in expression of only part of

the protein complex subunits were observed in this study. A

similar phenomenon was also reported by other authors

(Marusich et al., 1997; Rana et al., 2000). Since predominantly

hydrophilic proteins are visualized on 2D-gels, it is possible

that certain hydrophobic polypeptides of complex I are missing

(Santoni et al., 2000). Alternatively, this observation could

suggest the essential role of these subunits in the complex

assembly, and their close relation to mtDNA-encoded subunits

either sterophysically or biochemically (Rana et al., 2000;
Manczak et al., 2005). In this vein, the 13 kDa subunit of

complex I is involved in the ion–sulfur cluster fragment, and

thus would be the more likely candidate for a primary alteration

due to mtDNA mutation (Moreadith et al., 1984). Vijayasar-

athy suggested that the association of COX Vb in complex IV,

whose corresponding gene possess a unique promoter

characteristics (it contains an upstream negative enhancer

region) (Basu et al., 1997), is essential for the maintenance of

basal COX activity (Vijayasarathy et al., 1999). This could

explain the high vulnerability of these proteins to age-related

changes.

To validate the idea that the gradual accumulation of

defective mitochondria could be the cause of the aging process,

the quantitative value of parameters can play an important role.

The specific value of the mitochondrial mutation rate is

obviously an important factor, directly influencing the long-

term fate of a mitochondrial population. If the mutation rate is

too small the effects of mitochondrial mutations on the aging

process are negligible, since there is not enough time in the

lifespan of an individual to accrue mitochondrial mutants to a

significant degree. Unfortunately, it is currently difficult to

assess the level of mutant mtDNA within living cells (Linnane

et al., 1989; Chinnery and Samuels, 1999). The major goal of

our current study was therefore to combine mathematical

simulations and experimental data obtained from a proteomics

study to estimate the mitochondrial mutation rate in mice.

Based on previous knowledge (Kowald and Kirkwood,

2000), we have constructed a strongly simplified mathematical

model in order to reduce the number of required parameters.

For example the dependency of mitochondria on the bio-

synthetic machinery of the host cell was reduced to a single

parameter, an upper limit of mitochondria that can be sustained

by the cell. The advantage of this simpler version is that it

contains less free parameters so that the estimation of the

mutation rate is more robust. This strong simplification largely

facilitated the integration of experimental data, and in turn

hypothesis validation. In this model, the accumulation of

mutated mitochondria with time was a possible consequence of

the interplay of the components of the system. This includes

the reactions of free radicals with mitochondria as well as the

competition of intact and mutated mitochondrial sub-

populations.

Fig. 4b shows that our model could still reproduce the

proposed accumulation of mutated mitochondria over time

despite its simple structure. Notice that there exists a ‘quasi-

stable phase’ at the beginning of the simulation period for both

the intact and defective mitochondrial sub-population. There-

after, defective mitochondria accumulated dramatically,

accompanied by a rapid decrease of intact mitochondria.

For modeling purposes we used proteomics data that were

obtained through the examination of the age related decline of

nuclear encoded complex I and IV subunits. The main reason

for choosing nuclear encoded subunits and not mitochondrial

encoded ones, is the generally agreed difficulty to separate

mitochondria-encoded proteins on 2D gels.

A profound study by Nijtmans investigated intrinsic

alterations of COX subunits in an experiment using cultured
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human cells depleted of mitochondrial gene products by

continuous inhibition of mitochondrial protein synthesis. In

their in vitro system, there was a drastic increase of nuclear DNA

encoded proteins turnover rate, as well as a severe reduction of

steady-state level of these nuclear DNA encoded proteins. Using

Blue native electrophoresis, they showed that no assembly of

nuclear DNA encoded proteins occurred. Thus, they concluded

that “the increased turnover of nuclear DNA encoded proteins

was due to increased susceptibility of unassembled nuclear DNA

encoded proteins” (Nijtmans et al., 1995). Based on this and other

(Bentlage et al., 1996; Bruno et al., 1999; Rahman et al., 1999;

Remacle et al., 2004) studies, we think that mitochondrial damage

should also be observable through the nuclear encoded subunits

chosen by us. We did not employ data from complex III and V

subunits. This is due to the suspected feedback regulation and the

unknown strength of feedback.

For efficient parameter scanning, we assumed that the change

of wild type mitochondria was directly correlated with the

change of the respiratory chain complex I and IV subunits. This

was based on the assumption that only wild type mitochondria

contained intact respiratory chain complexes I and IV subunits,

while mutated mitochondria were totally depleted of these

subunits. Assembly of the functional respiratory chain

complexes requires the coordinated contribution of subunits

synthesized in both the cytoplasm and the mitochondria (Hood

et al., 1989; Bentlage et al., 1996; Vijayasarathy et al., 2003). In

case there is a lack of mtDNA-encoded subunits, there should be

correlated lack of nuclear DNA encoded subunits in the same

protein complex (di Rago et al., 1997).

Under the assumptions of our theoretical and experimental

setting we could estimate the mtDNA mutation rate of the

mouse strain C57BL/6 to be 2.7!10-8 per mtDNA per day in

brain tissue and 3.2!10K9 in liver tissue. This corresponds to

3.8!10-7, respectively, 4.4!10K8 per mtDNA replication

(assuming a mtDNA half-life of 14 days). This result is

consistent with data of Shenkar et al., who estimated the

mutation rate of the 4977 bp deletion to be 5.95!10-8 per

mitochondrial genome replication (Shenkar et al., 1996). Our

estimation of mtDNA mutation rate was not significantly

influenced by the free parameters (a, b, 42 and f2).

With this mutation rate, a substantial accumulation of

mutated mitochondria will not appear until approximately

600 days of age in our mouse model. This ensures that the vast

majority of mitochondria remain intact throughout the

developmental and reproduction phase of the mouse. Accord-

ing to our simulation results, at day 800, which is the average

lifespan of the C57BL/6 mouse (Rowlatt et al., 1976), the

mitochondrial population should consist of about 30% intact

and 70% defective mitochondria. This correlates well with the

observation of mitochondrial dysfunction in old age (Sugiyama

et al., 1993). Taken together, our results indicate that the

somatic mitochondrial mutations could be one of the pivotal

factors controlling aging.

Interestingly, the estimated mutation rate for brain is higher

than for liver. The two tissues differ in various ways and thus

more than one explanation is possible. Brain has a high demand

for oxygen, thus it is possible that this leads to increased
oxidative stress and consequently to the observed increased

mutation rate. However, also a more complicated explanation

is possible, which rests on the fact that brain tissue is post-

mitotic while liver is a mitotic organ. According to the SOS

hypothesis defective mitochondria can accumulate faster in

post-mitotic organs because the synthesis rate of mitochondria

is lower than in mitotic tissues where the complete

mitochondrial population has to double once every cell

division. But because no experimental data are available on

this issue, we used the same values for a and b for brain and

liver. Had we used lower values for brain, as proposed by the

SOS hypothesis, defective mitochondria would have had a

stronger selection advantage in the simulations for brain tissue.

Under those circumstances a lower estimated mutation rate

would have been sufficient to fit the experimental data. So the

high mutation rate in brain could be an overestimation since we

used identical mitochondrial growth rates for brain and liver.

Future work (Experimental & Modeling), including more

tissue types could help to clarify this point.

The purpose of this study was to use mathematical modeling

and experimental data to test the mitochondrial theory of aging.

This hypothesis indicates that the initial event leading to

mitochondrial dysfunction could be damage to the mtDNA,

which might cause a continuous, age-related rise of oxidative

damage to mitochondrial components. With the help of a

simplified model, our experimental data give a guess on the

mouse mitochondrial mutation rate, one of the key parameters

of this system. When studying such a complex phenomenon as

the aging process, systems biology approaches (close inte-

gration of modeling and experiment) seem to be very

promising to investigate the behavior of the system. Future

studies of this kind might hopefully provide a deeper

understanding of this fascinating biological process.
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Neurodegenerative disorders (ND) encompass clinically and genetically heterogeneous diseases with
considerable overlap of their clinical, neuropathological and molecular phenotype. Various causes of
neurodegeneration in disease may affect eventually the same proteins within protein networks. To
identify common changes in ND, we compared brain protein changes detected by 2-D electrophoresis
in four mouse models for ND: (i) Parkinson’s disease, (ii) Huntington’s disease, (iii) prion disease Scrapie,
and (iv) a model for impaired synaptic transmission. To determine specificity of these changes for ND,
we extended the scope of our investigation to three neurological conditions that do not result in
neurodegeneration (non-ND). We detected 12 to 216 consistent qualitative or quantitative protein
changes in individual ND and non-ND models when compared to controls. Up to 36% of these proteins
were found to be altered in multiple disease states (at least three) and were therefore termed nodal
point proteins. Alterations in alpha B-Crystallin and splicing factor 3b (subunit 4) occurred in at least
three ND but not in non-ND. In contrast, alterations in peroxiredoxin 1 and 3, astrocytic phosphoprotein
PEA15, complexin 2 and aminoacylase 1 were common to both ND and non-ND. Finally, we investigated
the expression pattern of the nodal point proteins in three inbred mouse strains and found different
protein abundance (expression polymorphisms) in all cases. Nodal point proteins showing expression
polymorphisms may be candidate proteins for disease associated modifiers.

Keywords: neurodegeneration • brain • proteome • mouse model • nodal points • protein network

Introduction

Neurodegenerative disorders (ND) encompass clinically and
genetically heterogeneous diseases of the central and peripheral
nervous system with considerable overlap of their clinical,
neuropathological and molecular phenotype. ND are marked
by selective and progressive neuronal cell death.1 While our
understanding of ND has progressed, the fundamental mech-
anisms that underlie neurodegeneration in these disorders are
unknown.1 In recent years, the study of protein complexes,
protein-protein interactions, signal transduction, and meta-
bolic pathways has disclosed an increasing number of proteins
that interact in networks rather than in singular reactions
within a specific metabolic pathway.2-4 Such molecular net-

works support the existence of nodal point proteins which may
integrate different pathways into one pathway, i.e., the occur-
rence of neuronal degeneration at late stage of genetically
heterogeneous ND where distinct pathological pathways result
in the same endpoint. Altered expression in several disorders
does not necessarily imply physical interaction with other
proteins. According to this model, ND are based on pathologi-
cal modulation of different but finally converging pathways
mediated by nodal point proteins. On the other hand, the
existence of nodal points may also offer an explanation for the
clinical heterogeneity of a genetically distinct disorder through
a divergence of one into several pathways at nodal points.
Moreover, changes in proteins at central network positions may
generate unspecific dysregulation of disease unrelated proteins.
This may explain the difficulties which arise in the attempt to
elucidate the fundamental mechanism that underlie a specific
ND when investigating late stage disease.

We will now consider how a protein network can be
perturbed by disease. Theoretical considerations supported by
experimental results5 suggest that the relative concentration
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of each protein within a cell is subject to constraints deter-
mined by cellular resources such as space (cell size), energy,
free water, and amount of precursor molecules, e.g., amino
acids. Consequently, if a protein is overexpressed in a cell due
to a genetic defect, and this overexpression cannot be balanced
by a down regulation of other proteins in the cell due to
limitations of resources, the cell may enter a disease state due
to disruption of homeostasis. It has been described for Hun-
tington’s, Parkinson’s and other ND that mere overexpression
of a disease related protein causes disease.6 Protein overex-
pression may cause molecular crowding resulting in changes
in protein conformation.7 This may lead to protein aggregation,
inhibition of protein degradation and generation of protein
formations such as inclusion bodies, plaques and fibrillary
structures, i.e., perturbations which promote pathological
processes.7 The significance of these network perturbations for
disease development may, however, differ widely. Changes of
protein expression observed in ND may be (i) detrimental but
specific for one ND (e.g., disease causing gene IT15 for HD8),
(ii) may be detrimental but occur in several ND or/and non-
ND as common nodal point proteins, or may be (iii) disease
unspecific and irrelevant for disease pathology.

Using large gel two-dimensional electrophoresis (2-DE), we
analyzed brain proteome changes in four mouse models for
ND, Parkinson’s disease (PD),9 Huntington’s disease (HD),10

prion disease Scrapie and a model for impaired synaptic
transmission (IST; involved in the pathogenesis of Alzheimer’s
disease (AD) and HD11-15). In addition, three neurological
conditions without neurodegeneration, fragile X syndrome
(FRAXA),16 mice exposed to oxidative stress (OXSTR) and old
aged mice, were studied. This approach allowed for the
identification of both, nodal point proteins specific for ND (as
a group of disorders) and ND-unspecific. We also observed that
nodal point proteins differentially expressed in disease condi-
tions (ND and non-ND) frequently vary in expression between
mouse strains. We hypothesize that protein expression poly-
morphisms occurring in nodal point proteins may be candi-
dates for disease associated modifiers.

Materials and Methods

Experimental Animals. Animal experiments were performed
according to institutional guidelines. We investigated the brain
proteome of various mouse models of ND and non-ND. In all
cases except PD total brain extracts were used. As a mouse
model for HD,10,17,18 we analyzed twelve-week-old R6/2 trans-
genic mice with CBAxC57BL-6 background (n ) 5). Ventral
midbrains from a mouse model for PD,9,19 with 129 genetic
background, containing a disruption of exon 3 of the parkin
gene, were investigated at eight months of age (n ) 10).
Furthermore, we analyzed neuronal cell adhesion molecule (N-
CAM) knock-out mice (IST,13-15) of C57BL/6 background, a
well-established mouse model for impaired synaptic transmis-
sion at 15 weeks of age (n ) 5). A mouse model for FRAXA16 of
C57BL/6 background, where mice carry a dysfunctional fragile
X mental retardation 1 protein FMR1 was studied at 27 weeks
(n ) 3). In all cases, disease models were compared with an
equal number of age, sex and genetic background matched
controls. To create a Scrapie mouse model, six-week old
C57BL/6 (n ) 6, Charles River, Sulzfeld, Germany) mice were
infected through an intraventricular injection of 20 µL brain
homogenate obtained from terminally ill scrapie mouse strain
139A. The injected brain homogenate was prepared by dis-
solving 500 mg sonicated brain tissue in 4.5 mL phosphate-

buffered saline. Scrapie mice were sacrificed 21 weeks post-
infection, close to terminal disease. Age and sex matched
C57BL/6 control mice were injected with 20 µL phosphate-
buffered saline alone (n ) 6). A model for OXSTR20 was created,
when C57BL/6 mice (n ) 6) were exposed four times to an
inspiratory oxygen concentration of 80% in an oxygen chamber
for 24 h every other day at three weeks of age and sacrificed
immediately after the fourth treatment at an age of four weeks.
Controls were kept at room air. This is a modification of a
rodent model for oxidative stress described previously.20 Protein
alterations related to aging were determined by comparing 75
and 100 weeks old to 14 and 22 weeks old C57BL/6 mice (n )
6). To study protein polymorphisms, six 14 to 22 weeks old mice
of the inbred strain Mus spretus (SPR) (n ) 6; MRC, Oxfordshire,
UK) or 129/Sv (n ) 6; Charles River, Sulzfeld, Germany) were
compared to C57BL/6 mice. All brains were removed, snap-
frozen in liquid nitrogen and stored at -80 °C for protein
extraction. Lens tissue was obtained from 100 weeks old
C57BL/6 mice (n ) 6) as described elsewhere.21

Protein Extraction Procedure. Total protein extracts were
prepared from brain tissue. Frozen tissue, 1.6 parts v/w of
buffer P (50 mM TRIZMA Base (Sigma-Aldrich, Steinheim,
Germany), 50 mM KCl and 20% w/v glycerol at pH 7.5),
supplemented with a final CHAPS concentration of 4% w/v in
the sample, 0.08 parts of protease inhibitor solution I (1
Complete tablet (Roche Applied Science, Mannheim, Germany)
dissolved in 2 mL of buffer 1) and 0.02 parts of protease
inhibitor solution II (1.4 µM pepstatin A and 1 mM phenyl-
methylsulfonyl fluoride in ethanol) were ground to fine powder
in a mortar pre-cooled in liquid nitrogen. The tissue powder
was transferred into a 2 mL tube (Eppendorf, Hamburg,
Germany), quickly thawed and supplied with glass beads (0.034
units of glass beads per combined weight of tissue, buffers and
inhibitors in mg; glass beads, 2.5 mm ( 0.05 mm diameter,
Worf Glaskugeln GmbH, Mainz, Germany). Each sample was
sonicated 6 times in an ice-cold water bath for 10 s each, with
cooling intervals of 1 min 50 s in between. The homogenate
was stirred for 30 min in buffer P without CHAPS at 4 °C in
the presence of 0.025 parts v/w of benzonase (Merck, Darm-
stadt, Germany) and a final concentration of 5 mM magnesium
chloride in the sample. Subsequently, 6.5 M urea and 2 M
thiourea were added, and stirring was continued for 30 min at
room temperature until urea and thiourea were completely
dissovled. The protein extract was supplied with 70 mM
dithiothreitol (Biorad, Munich, Germany), 2% v/w of ampholyte
mixture Servalyte pH 2-4 (Serva, Heidelberg, Germany), cor-
rected by the amount of urea added (correction factor ) sample
weight prior to addition of urea/sample weight after addition
of urea), and stored at -80 °C. Protein concentrations were
determined in sample aliquots without urea using Biorad DC
Protein Assay according to the protocol supplied by the
manufacturer. Lens proteins were extracted as described previ-
ously.21

Two-Dimensional Gel Electrophoresis (2-DE). Protein
samples were separated by the large-gel 2-DE technique
developed in our laboratory as described previously.21-23 The
gel format was 40 cm (isoelectric focusing) × 30 cm (SDS-PAGE)
× 0.75 mm (gel width). For isoelectric focusing (IEF) using the
carrier ampholyte technique, we applied 6 µL (∼20 µg/µL)
protein extract of each sample to the anodic end of an IEF-gel
and used a carrier ampholyte mixture to establish a pH-
gradient from 3 to 10. Proteins were visualized in SDS-PAGE
polyacrylamide gels by high sensitivity silver staining.22
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2-DE gels were evaluated visually by a trained observer on a
light box (Biotec-Fischer, Reiskirchen, Germany). Spot changes
were considered with respect to presence/absence, quantitative
variation and altered mobility. Mobility variants are spots that
“move” to a different position in the 2-DE gel indicating a shift
of isoelectric point (pI) and/or molecular weight (Mw). Protein
spots which were reproducibly altered in the protein patterns
of a mouse disease model when compared to control animals
were further evaluated by DELTA2D imaging software version
3.3 (Decodon, Greifswald, Germany). Densitometric measure-
ments of relative spot intensities were statistically analyzed for
matched spots by Student’s t-test to reveal significant differ-
ences between groups.

Protein Identification. For protein identification by mass
spectrometry (MS), 40 µL (∼20 µg/µL) protein extract was
separated on 1.5 mm diameter IEF and 1.0 mm (width) SDS-
PAGE gels, and resulting 2-DE gels were stained with a MS-
compatible silver staining protocol.24

Protein spots of interest were excised from 2-DE gels and
subjected to in-gel trypsin digestion. Tryptic fragments were
analyzed by liquid chromatography (LC)/electrospray ioniza-
tion (ESI) -mass spectrometry (MS) and -MS/MS on a LCQ
Deca XP ion trap instrument (Thermo Finnigan, Waltham, MA).
LC was directly coupled to ESI-MS analysis. Proteinspot eluates
of 15 µL were loaded onto a PepMap C18 Nano-Precolumn (5
µm, 100 Å, 300 µm I.D. × 1 mm; LC Packings, Amsterdam,
Netherlands) using 0.1% v/v tri-fluoroacetic acid at a flow rate
of 20 µL/min. Peptides were separated onto a PepMap C18 100
column (length 15 cm, I.D. 75 µm; LC Packings, Amsterdam,
Netherlands). The elution gradient was created by mixing 0.1%
v/v formic acid in water (solvent A) and 0.1% v/v formic acid
in acetonitrile (solvent B) and run at a flow rate of 200 nL/
min. The gradient was started at 5% v/v solvent B and increased
linearly up to 50% v/v solvent B after 40 min. ESI-MS data
acquisition was performed throughout the LC run. Three scan
events, (i) full scan, (ii) zoom scan of most intense ion in full
scan, and (iii) MS/MS scan of the most intense ion in full scan
were applied sequentially. No MS/MS scan on single charged
ions was performed. The isolation width of precursor ions was
set to 4.50 m/z, normalized collision energy at 35%, minimum
signal required at 10 × 104, zoom scan mass width low/high
at 5.00 m/z. Dynamic exclusion was enabled, exclusion mass
width low/high was set at 3.00 m/z.

Raw data were extracted by the TurboSEQUEST algorithm,
and trypsin auto-lytic fragments and known keratin peptides
were subsequently filtered. All DTA files generated by Tur-
boSEQUEST were merged and converted to MASCOT generic
format files (MGF). Mass spectra were analyzed using our
MASCOT in-house license with automatic searches in NCBI
databases. MS/MS ion search was performed with the following
set of parameters: (i) taxonomy: mammalia, (ii) proteolytic
enzyme: trypsin, (iii) maximum of accepted missed cleav-
ages: 1, (iv) mass value: monoisotopic, (v) peptide mass
tolerance (1 Da, (vi) fragment mass tolerance: (1 Da, and
(vii) variable modifications: oxidation of methionine and
acrylamide adducts (propionamide) on cysteine. Only proteins
with scores of p < 0.01, with at least three peptides identified
and two independent identifications were considered.

Western Blots. For Western blotting, protein samples were
prepared and concentrations determined as described above.
For blots of one-dimensional SDS-PAGE, protein extracts at
equal amounts (∼100 µg) and a Mw marker (Rainbow marker,
Amersham Biosciences, Freiburg, Germany) were dissolved in

Laemmli sample loading buffer (pH 6.8, 50% glycerol, 2% SDS,
5% â-mercaptoethanol, 62.5 mM Tris, 0.1 mg/mL bromophenol
blue), separated by 10% SDS-PAGE at equal protein amounts
and electro-transferred to a polyvinylidene fluoride membrane
(PVDF) (Millipore, Billerica, MA) using a discontinuous semi-
dry blot system (current 0.8 mA/cm2 of gel area). For blots of
large 2-DE gels, gel sections of interest were used. Blotted SDS-
PAGE gels were silver stained to ensure that equal amounts of
protein were transferred to the PVDF membrane.

Subsequently, blotting membranes were rinsed with Tween-
containing Tris-buffered saline (TBST; 10 mM Tris, 133 mM
NaCl, 0,1% Tween 20, pH 7,4) and treated with blocking
solution (10% nonfat milk in TBST) overnight at 4 °C to prevent
nonspecific antibody binding. Membranes were incubated with
alpha B-Crystallin (CRYAB) rabbit polyclonal antibody (SPA-
223, Stressgen, Victoria, Canada) at a dilution of 1:2,500 in
blocking solution for 2 h. For nitro blue tetrazolium (NBT)/5-
bromo-4-chloro-3-indolyl phosphate disodium salt (BCIP)
staining, a polyclonal goat anti-rabbit antibody (SAB-301,
Stressgen) conjugated to alkaline phosphatase at a dilution of
1:2000 in blocking solution was used as secondary antibody.
400 µL BCIP (0.4 mM) in dimethyl sulfoxide (DMSO) and 0.4
mM NBT were added to 100 mM TrisBase, 100 mM NaCl and
5 mM MgCl2. For luminescence staining, a horseradish per-
oxidase conjugated donkey anti-rabbit antibody in 10% w/v
nonfat milk in TBST was utilized that was provided with the
luminescence detection kit (ECL detection reagents, Amersham
Biosciences). Both secondary antibodies were incubated for 1.5
h. Antibody incubations were preceded and followed by three
washes in washing buffer (20 mM TrisBase, 0.9% w/v NaCl,
0.1% w/v Tween 20) of 5 min each. Four brief washes with TBST
prepared for both staining reactions. Luminescence staining
was carried out according to the manufacturer’s protocol and
serial exposures were made on autoradiographic film (X-OMAT
UV Plus Film, EKC, Rochester, NY).

Protein Phosphorylation Assay. Proteins in 2-DE gels were
assayed for phosphorylation using a phospho-staining kit (ProQ
Diamond Phosphoprotein Gel Stain, Molecular Probes, Leiden,
Netherlands) according to the manufacturer’s instructions with
some modifications. Briefly, each 2-DE gel section (30 cm ×
20 cm) was stained in 500 mL phospho-staining solution for 3
h, de-stained in bi-distilled water three times for 1 h, overnight
and for 30 min. Gels were scanned with a green laser (532 nm)
at an intensity of 580 V with a Typhoon 9400 laser scanner
(Amersham Biosciences).

Results

Brain Protein Changes in Neurodegenerative and Non-
neurodegenerative Diseases. To identify protein changes com-
mon to neurodegenerative diseases (ND), we separated total
protein extracts of brain tissue by 2-DE and compared expres-
sion patterns from disease models of Huntington’s disease
(HD), Parkinson’s disease (PD), Scrapie, and impaired synaptic
transmission (IST) with controls. To determine ND-specificity
of protein changes three mouse models representing neuro-
logical conditions which had no neurodegenerative pathology
were investigated: a mouse model for FRAXA, mice subjected
to oxidative stress (OXSTR) and old aged mice. Protein patterns
analyzed revealed approximately 7000 protein spots for each
sample (Figure 1). We were interested in the overall reproduc-
ibility of our data. The HD data were selected in order to
investigate reproducibility. We created a box and whisker blot
for each individual sample (Figure 2). Most spots in all
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individual samples were within the same intensity range
(0.002-0.04 relative spot intensity). The mean for all samples
was about 0.01 of relative spot intensity. The distribution of
the spot intensities was of a similar range. In all mouse models
investigated, we found mostly differences in protein expression
abundance and only to a lower degree presence/absence
changes as compared to controls. Only in very few cases, spot
changes due to altered electrophoretic mobility were found
(Table 19,17,18). In the following section, we will consider only
those proteins which were altered in several NDs but not in
non-NDs. Subsequently, proteins which were altered in both
NDs and non-NDs are considered. To determine the age for
investigation of our mouse models the first and foremost
criterion was to analyze the most severe disease state possible.

Brain Protein Changes Associated With models of ND
Conditions Only. We identified alterations of the two proteins,
alpha B-Crystallin (CRYAB; Swiss-Prot P23927) and splicing
factor 3B, subunit 4 (SF3B4; synonym spliceosome-associated
protein, 49 kD; Swiss-Prot Q8QZY9) in models of ND but not
non-ND (spot nos. 1-3; Table 2), a finding that indicates their
specificity for ND. SF3B4, detected as a single spot, was down-
regulated in mouse models for HD, Scrapie and IST. In PD and
all non-ND its expression was unaltered (Table 2). CRYAB was
the only protein altered in all four models of ND investigated.
Two isospots of this protein were found in the brain. Both spots
were up-regulated in Scrapie but down-regulated in HD, PD,
and IST and remained unchanged in FRAXA, OXSTR, and aging.
With exception of Scrapie, isospot 2 was only detected by
Western blot (Figure 3A and B). Differences in protein spot

intensity on 2-DE gels are difficult to interpret, if several
isospots (“spot family”) for one distinct protein are altered in
response to disease. The quantitative changes may result from
a change in total protein concentration (spot family) or from a
change of only one or several isospots within a spot family.
We therefore analyzed the total amount of CRYAB in ND and
controls by Western blots of one-dimensional SDS-PAGE gels
and confirmed a decrease of total CRYAB abundance in HD,
PD, and IST and a slight increase in Scrapie brains (Figure 3C).
One protein, ATP synthase H+ transporting mitochondrial F0
complex subunit d (ATM, GI:16741459) was altered ND-specific
in two out of four ND studied but not in non-ND (Table 3).

To characterize modification(s) responsible for the occur-
rence of two CRYAB isospots, we determined the phosphor-
ylation status of both brain isoproteins. Phosphorylation is
known to modulate CRYAB function. We suspected a difference
in phosphorylation between the two isospots since this modi-
fication adds negative charges to a protein without changing
its apparent molecular weight on a 2DE gel and we found
differences in the isoelectric point of CRYAB isoproteins (spot
no. 2 has a more negative pI as compared to spot no. 1) without
apparent changes in molecular weight. Large 2-DE gels from
brain total extracts were phospho-stained in order to determine
the phosphorylation status of both CRYAB isoforms. A large
number of stained spots on the 2-DE gels were detected and
the identity of the two CRYAB isospots on the large 2-DE gel
remained ambiguous. Therefore, a means to determine the
phosphorylation status of CRYAB isospots unambiguously had
to be found. Brain tissue contains only a relatively low amount
of CRYAB. However, in lens CRYAB is highly abundant and
therefore its phosphorylation status should be easily detectable.
In addition, lens has only a limited number of other high
abundant proteins and a low protein turnover.25

Total lens extracts of old aged mice (100 weeks) were
separated by large gel 2-DE, gels blotted to identify CRYAB or
stained to determine phosphorylation status. We identified
CRYAB isoproteins (spot nos. 1 and 2) in lens 2-DE gels
corresponding to the two isospots in brain 2-DE gels based on
their pI and Mw as well as similarities in geometry, location
and color of CRYAB spot patterns. Isospot 2 but not isospot 1
was phosphorylated (Figure 4). Interestingly, Western blotting
for CRAYB revealed a total of seventeen isospots in the lens,
six isospots showing phosphorylation. Therefore, lens tissue
showed fifteen isospots more than brain. The identity of all
isospots identified in the lens by Western blot was confirmed
by MS (data not shown). In conclusion, brain tissue possessed
only two CRYAB isoforms (15 less than lens), only one of them
phosphorylated. Since both spots are down-regulated in dis-
ease, altered phosphorylation is not responsible for CRYAB loss
in ND.

Brain Protein Changes Common to ND and Non-ND. We
identified changes in five proteins that were altered in both
models of neurological diseases with and without neurode-
generative pathology: complexin 2 (CPLX2 [2 isospots]), as-
trocytic phosphoprotein PEA15, peroxiredoxin 1 and 3 (PRDX1
[3isospots] and PRDX3) and aminoacylase 1 (ACY1) (Figure 1,
Table 2). In an effort to investigate protein alterations common
to both groups of disorders, we specifically looked only at
proteins that were differentially expressed in at least three of
the seven disease conditions. On the basis of the number of
identified altered proteins in each of the seven conditions, 6
to 36% of the total differentially expressed proteins of a
condition were found in at least three disorders (Tables 1 and

Figure 1. Nodal point protein location on a large 2-DE gel. Total
brain protein extracts were separated according to their isoelec-
tric point (pI) in the first and their molecular weight (Mw) in the
second dimension. Protein spots were revealed by silver staining.
Protein spots altered in several neurodegenerative disorders (ND)
or/and non-ND in mouse disease models were indicated by
numbers and black arrows. For an explanation of the protein
spots 1 to 11 refer to Table 2 and for spots 12 to 14 refer to Table
3. Protein spots 15 to 20 belong to six randomly selected proteins
unaltered in all disorders and between the three mouse strains
studied: Tyrosine 3-monooxygenase/tryptophan 5-monooxyge-
nase activation protein, beta polypeptide (14-3-3b) (Q59EQ2), 14-
3-3 epsilon polypeptide (14-3-3e) (Q5SS40), EF-hand domain-
containing protein 2 (Q9D9Y0), Proteasome subunit alpha type
1 (PSMA1) (Q9R1P4), Synapsin 1 (O88935) and Alpha-Internexin
(P46660). Swiss-Prot. accession number is indicated in brackets
after each protein.
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2). The abundance of dysregulated spots was predominantly
decreased in ND while it was equally decreased and increased
in non-ND. We detected a reduced abundance of a CPLX2
isospot (spot no. 5) in HD and IST, while that of a further CPLX2
isospot (spot no. 4) was increased in PD and decreased in IST.
Similarly, the abundance of PRDX1 isospots differed between
various neurological disorders investigated. The abundance of
one PRDX1 isospot (spot no. 7) was increased in Scrapie and
aging but decreased in OXSTR. On the other hand, the
abundance of PRDX1 spot 8 was only altered (reduced) in PD
and that of spot 9 was increased in HD and FRAXA. Three
proteins were altered in two out of seven disorders investigated
(Table 3). Such a differential regulation of protein isoforms may
contribute to fine-tuning and adjustment of a pathway. Since
the spots so far were evaluated by a trained observer a bias in
terms of protein selection might have been introduced. To test
if a bias in spot selection actually occurred, we evaluated the
HD data set with our spot evaluation software. All six nodal
point proteins were found significantly dysregulated (p < 0.05)
using the standard protocol supplied with the software ex-
cept: CRYAB (-1.98), SF3B4 (-1.43), CPLX2 (-1.68), PEA15
(-1.20), PDX1 (1.21), and ACY1 (-1.36) showed the same
direction and magnitude in dysregulation as with manual spot
selection and editing (Table 2).

Polymorphisms of Proteins Altered in Disease. To deter-
mine whether proteins which were altered in ND and non-ND

show similar or even the same changes between normal mouse
strains due to protein polymorphisms, we compared brain
protein patterns between inbred mouse strains, i.e., C57BL/6
compared to either Mus spretus (SPR) or 129/Sv. We investi-
gated expression levels and positions of the seven proteins
which were altered in ND and/or non-ND and found that all
proteins also displayed differences in their abundance between
normal mouse strains. Spots of CRYAB, SF3B4, CPLX2, PRDX1,
and ACY1 were altered between all strains compared, whereas
PEA15 was altered only between SPR and C57BL/6 and PRDX3
only between 129/Sv and C57BL/6 (Table 2). When considering
a distinct ND or non-ND disorder, several of their nodal point
protein alterations were found to be polymorph simultaneously
between mouse strains. In most cases, the polymorphism of a
protein showed even the same trend in expression variation
as in disease. For example, CRYAB, SF3B, CPLX2, PEA15, and
PDX3 were down-regulated in HD as well as 129/Sv (Table 2).
Interestingly, three proteins changed only in two out of seven
disorders were altered only in one out of two strains studied
as compared to two when three out of seven proteins were
altered (Tables 2 and 3). To obtain an estimate how common
expression changes between mouse strains were we investi-
gated the overall magnitude of change between two strains.
Expression changes were determined by DELTA2D. A maxi-
mum expression change of 34% for Mus spretus and 33% for
strain 129 was determined when spots were included which

Figure 2. Similar quality of disease and conrol HD data set. A box-and-whisker plot of all 2006 spots detectable on the high pH side
of the master gel for the HD data set was created. Five HD (HD1-HD5, left) and five control (CO) (CO1-CO5, right) samples are shown.

Table 1. Number of Brain Protein Alterations Detected in Mouse Models for Neurodegenerative Disorders (ND) and Non-ND

disorder no. of proteins

expression total identified

unspecific

alterations

increased decreased

Huntington’s diseasea 8 32 40 34 7 (21%)
Parkinson’s diseasea 2 14 16 16 3 (18%)
Scrapie 75 18 93 44 4 (9%)
Impaired synaptic transmission 6 6 12 11 4 (36%)

Fragile X-syndrome 11 4 15 15 3 (20%)
Oxidative stress 5 7 12 12 3 (25%)
Aging 141 75 216 64 4 (6%)

a Part of data obtained from refs 9, 17.
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were down-regulated <0.9 or up-regulated >1.1 and p < 0.05
was used as criterion for significance. The maximum of
expression change was 19% in both cases when using <0.5 or
>2.0 (p < 0.05) as selection criterion. These results do not
represent the number of polymorphisms found by Klose et al.
2002.23 There, the number of polymorphisms needs to be lower
since the changes in protein expression have to follow an
inheritance pattern. Our results indicate that the probability
of three proteins changing concomitantly between disease and
control by chance is (0.34 × 0.34 × 0.34 ) 0.039) 3.9% which
is <5%, our selection criteria for differentially expressed spots.
After determining the extent of overall changes, it was of
interest how uniform protein changes occurred within a
species. Individual spot intensities for all seven nodal point
proteins for each M. spretus vs C57BL/6 sample pair were
compared manually. Only in case of SF3B4 one spot intensity
value showed inverse behavior as compared to the overall
trend. All other spot intensities for individual proteins followed
the overall trend of expression for a specific protein. When
comparing 129 and C57BL/6 the proteins PDX1 and ACY1
showed deviant behavior in only one case each. Therefore, the
intra-strain variation can be considered small since out of 84
sample pairs only 3 (3.6%) deviated from the overall trend.
Since all mouse models were of different age, age specific
effects on protein polymorphisms common to certain disease
groups were excluded.

To determine the specificity of expression polymorphisms
between strains we randomly selected six proteins (Figure 1
spots 15-20) which were not altered in the disorders investi-
gated. None of these proteins showed differential expression
between the strains tested. The proteins investigated were
Tyrosine 3-monooxygenase/tryptophan 5-monooxygenase ac-
tivation protein, beta polypeptide (14-3-3b), 14-3-3, epsilon
polypeptide (14-3-3e), EF-hand domain-containing protein 2,
Proteasome subunit alpha type 1 (PSMA1), Synapsin 1 and
Alpha-Internexin, spot nos. 15 to 20 in Figure 1, respectively.

Discussion

In our study, we investigated the brain proteome in mouse
models of four neurodegenerative disorders (HD, PD, and
Scrapie and IST, a condition that is associated with neurode-
generation) and three neurological conditions without neuro-
degeneration (FRAXA, oxidative stress and aging) and compared
the protein changes found in each disease between different
disorders. We identified proteins which were altered in several
neurodegenerative diseases (ND) but restricted in their alter-
ations to ND and proteins which were altered in both ND and
non-ND. In addition, we investigated whether proteins altered
in disease show changes in normal mice due to protein
polymorphisms.23

In all diseases investigated, including old aged mice, numer-
ous changes in protein abundance were found (Table 1).
Interestingly however, up to 36% of abnormal protein changes
occurred in multiple disease states. Seven proteins (11 protein
isospots) were differentially regulated in at least three of seven
investigated neurological conditions (Figure 1, Table 2). Dif-
ferentially regulated proteins in ND displayed a trend to
reduced abundance whereas changes in abundance occurred
with similar frequency in non-ND. Unexpectedly, when inves-
tigating the seven proteins differentially expressed in several
disorders, we observed that all proteins were altered in expres-
sion between different mouse strains as well. These differences
were in some cases very similar to those observed under disease
conditions. Our comparative approach to study neurological
diseases revealed proteins that are altered simultaneously under
quite different diseases and different but normal genotypes.
These proteins may occupy nodal points in the network of
protein-protein interaction and regulation and be responsible
for overlapping metabolic pathways and clinical symptoms of
different genetic disorders. Thus these proteins may have an
important role in disease pathology.

Table 2. Nodal Point Proteins in ND and Non-ND

protein name quantitative and qualitative changes of proteinsa

spot
no.

accession
no.d

neurodegenerative
disordersb

nonneurodegenerative
disordersb

protein

polymorphismc

HD PD Scrapie IST FRAXA OXSTR Aging SPR 129/Sv

Alpha B-Crystallin (CRYAB) 1 P23927 12.3# 11.4 41.2 116.7# 13.6# 110.2#

2 P23927 41.6 15.9#

Splicing factor subunit 4 (SF3B4) 3 Q8QZY9 11.8# 11.2# 11.1# 11.4 11.4

Complexin 2 (CPLX2) 4 P84086 41.2 11.6 12.0#

5 P84086 11.8# 11.6 11.4 41.7# 11.8#

Astrocytic Phosphoprotein (PEA15) 6 Q62048 11.3 41.3# 11.8 11.5 mV

Peroxiredoxin 1 (PDX1) 7 P35700 41.3 11.5 41.4 11.9#

8 P35700 11.4
9 P35700 41.2# 41.2 11.3

Peroxiredocxin 3 (PDX3) 10 6680690 11.2 absent 41.6 11.9# 11.5 absent

Aminoacylase 1 (ACY1) 11 Q99JW2 11.5 11.3# 41.5 13.0# 41.7*

a Quantitative changes: Ratios were calculated by (Higher spot intensity)/(lower spot intensity) and shown as fold change compared to control (p < 0.05,
p < 0.01 indicated by #). 1: down regulation, 4: up regulation. Qualitative changes: mV, variation in electrophoretic mobility. b Abrreviations: HD: Huntington’s
disease, PD: Parkinson’s disease, IST: Impaired synaptic transmission, FRAXA: Fragile X-syndrome, OXSTR: Oxidative stress. c Mouse strain C57BL/6 compared
with strain SPR and strain 129/Sv. d Accession number from Swiss-Prot. database or NCBI (for PDX3).
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Brain Protein Changes Associated only with Models of
Neurodegenerative Disorders. ND such as PD, HD, and Scrapie
are associated with degeneration and death of specific neuronal

cell populations due to mechanisms that include modulation
of molecular chaperones,26 aberration in splicing events,27

misfolding and accumulation of prion proteins,28 disturbed

Figure 3. CRYAB alteration in four neurodegenerative disorders (ND). (A) Comparisons of mouse models of ND and non- non-ND
revealed reproducible changes in the relative abundance of CRYAB in the four ND, HD, PD, Scrapie and IST. CRYAB was unaltered in
three models for non-ND conditions: FRAXA, mice treated with OXSTR and old aged mice (100 weeks). CRYAB is represented by two
isospots (protein isoforms) on brain 2-DE gels. CRYAB isospots are marked by dots on their right side and numbers; the upward and
downward arrows mark an increase or decrease, respectively, of spot intensity in disease mice as compared to controls. Western blot
analysis for CRYAB following 2-DE (B) and one-dimensional SDS-PAGE (C) confirmed the decrease of CRYAB isoforms in HD, PD, and
IST and an increase in Scrapie found in (A).

Table 3. Proteins Altered Twice in ND and Non-ND

protein name quantitative and qualitative changes of proteinsa

spot
no.

accession
no.d

neurodegenerative
disordersb

nonneurodegenerative
disordersb

protein

polymorphismc

HD PD Scrapie IST FRAXA OXSTR Aging SPR 129/Sv

ATP synthase H+ transporting
mitochondrial
F0 complex subunit d (ATM)

12 GI:16741459 1 1.16 1 1.18 41.36#

guanine deaminase (GUAD) 13 Q9R111 1 1.59 41.10 1 3.85#

voltage-dependent anion
channel 1 (VDAC1)

14 Q60932 1 1.16 41.17 1 1.52

a Quantitative changes: Ratios were calculated by (Higher spot intensity)/(lower spot intensity) and shown as fold change compared to control (p < 0.05,
p < 0.01 indicated by #). 1: down regulation, 4: up regulation. Qualitative changes: mV, variation in electrophoretic mobility. b Abrreviations: HD: Huntington’s
disease, PD: Parkinson’s disease, IST: Impaired synaptic transmission, FRAXA: Fragile X-syndrome, OXSTR: Oxidative stress. c Mouse strain C57BL/6 compared
with strain SPR and strain 129/Sv. d Accession number from Swiss-Prot. database or NCBI (for PDX3).
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axonal transport29 and impaired synaptic transmission.12 While
ND have different causes, many of them show strikingly similar
cellular and molecular mechanisms, which promises that
insights found for one ND may be applicable to others as well.
Accordingly, we found alterations of alpha B-Crystallin (CRYAB)
in all four ND investigated and splicing factor 3B, subunit 4
(SF3B4) associated with at least three models of ND tested.

Considering SF3B4, differential splicing is essential in the
central nervous system (CNS) for physiological processes such
as tissue differentiation and development, learning, memory,

neuronal cell recognition, neurotransmission, ion channel
function, and receptor specificity.30 In mouse models of HD,
Scrapie and IST, we observed a down-regulation of SF3B4, a
protein essential for ‘pre-spliceosome’ assembly and recogni-
tion of intron branch points in pre-mRNA splicing.31 Down-
regulation of this protein may be associated with altered
splicing, a pathomechanism implicated previously with ND of
the central and peripheral nervous system: (i) Huntingtin
interacts with spliceosome proteins,32,33 (ii) aberrant tau mRNA
splicing leads to protein aggregation and neurodegeneration
similar to that seen in Alzheimer’s disease,34 and (iii) mutant
spinal muscular atrophy gene, encoding a protein required for
pre-mRNA splicing, causes severe degenerative motor neuron
disease spinal muscular atrophy.35

Many ND have been associated with neuronal death due to
accumulation of abnormal polypeptides indicating an involve-
ment of chaperones and subsequently proteolytic systems in
the pathology of these disorders. The chaperone CRYAB, a
member of the small heat shock protein family, facilitates
protein folding, refolding and degradation of misfolded polypep-
tides, prevents protein aggregation, plays a role in formation
of the aggresome and promotes cell survival.36 Therefore,
chaperone function may have become altered in our ND
models by the dysregulation of CRYAB found in all four models.
Consistent with our finding, CRYAB dysregulation has been
associated previously with several ND such as AD,37 PD,38

amyotrophic lateral sclerosis,39 Alexander’s disease,40 Creutzfeldt-
Jakob disease,41 tauopathies,42 and multiple sclerosis.43,44 Ac-
cumulation of aggregation prone proteins activates signal
transduction pathways that control cell death.45 CRYAB, on the
other hand, has been suggested to interfere with these path-
ways and thereby promote cell survival. The CRYAB reduction
in HD, PD and IST seen in our study may cause cell death and
promote aggregation. The increase in CRYAB in Scrapie may
have been caused by gliosis as indicated by an increase in glial
fibrillary acidic protein (GFAP) in Scrapie brain samples. No
gliosis was detected in HD, PD, and IST (data not shown).
Gliosis, a drastic increase in astrocytes, in diseased Scrapie
brain tissue, may mask a down-regulation of CRYAB per cell
as compared to normal brain tissue. Since even normal
astrocytes contain considerably more CRYAB than neurons,
gliosis increases the glia/neuron ratio and thereby CRYAB
significantly.

The ability to promote cell survival and reduce aggregation
is decreased by phosphorylation: CRYAB oligomerization is
decreased by phosphorylation and leads to impaired chaperone
function.45-47 We therefore analyzed the phosphorylation status
of our CRYAB isoforms altered in ND models. Our results
suggest that only one CRYAB isoform found in the brain is
phosphorylated in ND models and in controls. The higher
abundant isoform is not phosphorylated (Figure 4). Therefore,
a decrease of CRYAB in brain tissue per se and not of
phosphorylated CRYAB seems to be detrimental in ND. Sup-
ported by previous reports, our findings indicate that pre-
mRNA splicing and chaperone function may be involved in the
development of ND and highlight SF3B4 and CRYAB as possible
nodal points common to this group of diseases.

Brain Protein Changes Common to ND and Non-ND. In
our study, the differential regulation of the five brain proteins
PRDX1 (3 isoforms), PRDX3, CPLX2 (2 isoforms), PEA15, and
ACY1 occurred in both ND and non-ND. These proteins may
be nodal points in pathways affected in diseases of the CNS
both with and without neurodegeneration. Oxidative stress has

Figure 4. Phosphorylation of CRYAB isospots in the lens. (A) The
location of CRYAB isospots on a representative silver stained
2-DE gel of lens extracts from 100-week-old C57BL/6 mice are
indicated by a black, solid square. (B) Black circles and numbers
1-9 indicate seventeen single CRYAB spots as revealed by
Western blotting. The identification of these spots was confirmed
by MS. (C) Phosphostaining of the 2-DE gel section shown in
(A) revealed 5 phosphorylated CRYAB isoforms. The numbers
in A, B, and C indicate the same CRYAB isospots. The black,
dotted square indicates the location of the two CRYAB isospots
found in the brain. A comparison of brain (Figures 1 and 2) and
lens 2-D pattern shows that brain CRYAB isospot 2 but not 1 is
phosphorylated.
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been observed in acute and chronic disorders of the CNS such
as ischemia, trauma, inflammation, aging, and various ND.48-50

Since peroxiredoxins protect against oxidative stress through
redox regulation,48 the alteration of PDX1 abundance observed
in all neurological conditions (except for IST), and of PDX3 in
HD and all non-ND may be associated with oxidative stress. A
common disturbance in vesicle trafficking in disorders of the
CNS may cause the dysregulation of CPLX2 in models of HD,
PD, and IST and aging. This protein is highly abundant in the
CNS and is crucial for exocytosis.51 In accordance with our data,
an impairment of exocytosis was implicated in the pathology
of ND,11,12 and CPLX2 was decreased in the brains of HD
transgenic mice and of humans with HD.52 Moreover, mRNA
expression of other genes involved in vesicle trafficking was
decreased in human PD post-mortem brains.53 Cell death by
apoptosis is common in ND such as HD54 and PD.55 Both,
PEA15 and ACY1 protect from apoptosis: (i) PEA15 inhibits
tumor necrosis factor alpha (TNF-R) activity and modulates
extra-cellular signal-regulated kinase mitogen activated protein
kinase (ERK-MAPK) cascade;56 (ii) ACY1 interacts with TRAF2,
up-regulates NF-κB signaling and thereby prevents apoptosis
during TNF-R stimulation.57 The deregulation of PEA-15 in HD,
Scrapie, IST, and OXSTR, and of ACY1 in HD, FRAXA and aging
(and trend to down-regulation in Scrapie and IST; data not
shown) indicate a common pattern of dysregulation of nodal
point proteins involved in cell death.

Protein Networks. Protein expression changes that are not
specific for a single disease may be explained by integration
of proteins within networks. Widespread interaction between
proteins in highly complex protein networks has already been
demonstrated for several organisms such as yeast,58 drosophila3

and humans.4,59 An alteration of one protein in a protein
network may therefore cause changes in many other proteins
within the network by direct or indirect protein-protein
interactions. Thus, while genetic defects, nongenetic disorders
and naturally occurring variations such as polymorphisms may
primarily modulate only one or a few proteins specifically,
many other proteins may become involved due to network
effects. Proteins most frequently targeted may be those which
occupy nodal points in the proteome network. Therefore,
alterations in a tissue or cell induced by conditions that differ
as much as ND, non-ND and normal populations (polymor-
phisms) may, nevertheless, affect to some extent the same
nodal point proteins, which will become obvious by quantita-
tive changes in these proteins. An interesting observation of
our study was that all seven nodal point proteins detected were
also polymorphic between mouse strains. Expression polymor-
phisms of a nodal point protein may be caused by alterations
of proteins interacting with it. Nodal point protein encoding
genes are unlikely to carry mutations themselves since adaptive
evolution suggests that this is least likely for proteins that hold
a high number of interactions.60,61 Between mouse strains
C57BL/6 and SPR, a frequency of 15% protein polymorphisms
was observed, representing a high level of variation between
mouse strains.23 Therefore, many proteins altered by polymor-
phisms may act on nodal point proteins and alter their
expression which is seen as protein expression polymorphisms.
In this way, protein polymorphisms may serve as disease
associated modifiers, e.g., changing the onset of disease.

In conclusion, our investigation has shown that quantitative
changes of proteins in various neurological diseases can be
quite unspecific to a disease under consideration and may even
reflect frequently normal variability of proteins due to poly-

morphisms. Moreover, our investigation demonstrates that
studies of various diseases and other abnormal physiological
conditions within the same biological system, such as the
mouse, may offer a strategy to detect regulatory nodal points
in proteomic networks of the cell.
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