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Abstract: 

The vast majority of mitochondrial proteins is encoded by nuclear genes and then 

imported into the organelle. The TOM complex mediates the import of all proteins of 

mitochondria into the intermembrane space and also the insertion of proteins into the 

outer membrane. TOM40 comprises the main component of the TOM complex as it 

forms the general import pore. Recent reports showed that in human Alzheimer’s 

disease (AD) brains amyloid precursor protein (APP) accumulates in the TOM40 

import channel and thereby inhibits the entry of various nuclear-encoded proteins. 

Moreover, a variant in the TOM40 gene has been associated with age of onset in AD. 

The Tom40 mutant mouse line was generated by gene trap mutagenesis using a 

non-retroviral pT1ßgeo vector. Homozygous Tom40-/- mice are not viable, embryos 

die before E3.5. Heterozygous Tom40+/- mice with a 50% reduction of expressed 

Tom40 mRNA showed normal development but a reduced life span with a 30% 

higher mortality after two years. Systemically analysis of mice at different time points 

during their life time revealed a mild cardiac dysfunction already early in young age 

and slowly progressing neurological impairments in mutant mice. Young 

heterozygous Tom40 mutants showed a subtle heart phenotype in the 

electrocardiogram (ECG) analysis. A decreased P-wave duration and prolonged Q-T 

and S-T intervals in the mutants indicate conduction impairments. Electron 

microscopic images of heart tissue illustrate several alterations concerning structure 

and arrangement of mutant mitochondria. Despite this alteration, the composition and 

function of the respiratory chain in the inner mitochondrial membrane was not 

affected at all in young mutant mice, indicating that the animals were able to 

compensate the defect to a great extent. With aging, this compensation seemed to 

fail more and more. Evaluation of basic neurological functions showed no differences 

in locomotor activity and muscle force but a slight sensorimotor impairment in motor 

coordination and balance tasks. Motoric nerve conduction velocity (NCV) in the 

sciatic nerve of mutants was markedly reduced compared to wildtypes, suggesting 

that there is a peripheral neuropathy already very early in development. There were 

very subtle alterations in the enzyme activity of mutant brain mitochondria, while the 

abundance of the respiratory chain complex (RCC) subunits still was normal. 

However, respirometric analyses of isolated mitochondria revealed a strong 

genotype-dependant worsening of mitochondrial function in mutants, both in heart 

and in brain. The same effect could be shown for the motor and the 
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electrophysiological phenotypes. Irrespective of genome-wide association studies 

(GWAS) which stated a possible association to AD, there was no evidence for the 

development of AD specific phenotypes like a memory loss. Tyrosin-hydroxylase 

(TH) positive neurons in the substantia nigra of aged mutants revealed a reduced 

number compared to age-matched wildtypes. Since alterations in the abundance of 

TH-positive neurons and the consequent impairment of the dopaminergic system in 

the brain are a common phenotype observed in patients suffering of Parkinson’s 

disease (PD), the Tom40 mouse model may serve as model for the development of 

neurodegenerative diseases like Parkinsonism. Systemic reduction of the main 

import protein Tom 40 is sufficient to cause cardiac symptoms and progressive 

neurological impairment. 
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1 Introduction 

1.1 Mitochondria 

The term “mitochondria” was introduced by Benda in 1898 for cell organelles that 

were first described by Kölliker (Von Kölliker, 1856) and later studied by Altmann 

(Altmann R, 1890). Since the recognition that these small cell organelles are 

responsible for energy production (Hogeboom GH et al., 1946) they have been 

intensively studied. Using electron microscopy, it was possible to examine the 

double-membraned structure consisting of outer and inner membrane with its cristae, 

characteristically invaginations for surface area amplification, building the 

compartments matrix and intermembrane space (IMS). (Palade GE, 1956; Sjöstranda 

FS and Hanzon V, 1954). Referring to the endosymbiont theory mitochondria 

developed about 1.5 billion years ago from a symbiotic association between a 

glyolytic proto-eukaryotic cell and an oxidative bacterium (Scheffler IE, 2007). The 

assembly of mitochondria still reflects their endosymbiontic origin, as these cell 

organelles for example have a double membrane and β-barrel transmembrane 

proteins (Dyall SD et al., 2004; Wallace DC, 1994). Additional, they have their own 

small circular genome (Nass S and Nass MMK, 1963). During evolution, the 

mitochondrial genome size was reduced to 16569 base pairs, that code for 13 of 

about 1500 mitochondrial proteins: 22tRNAs, 2rRNAs and 13 polypeptides, which are 

all components of the respiratory chain (Anderson S et al., 1981; Wallace DC, 1999). 

Mitochondria comprise highly dynamic cell organelles that can regulate their 

morphology, distribution, and activity by fusion and fission (Bereiter-Hahn J and Vöth 

M, 1994; Chan DC, 2006). These processes to be balanced  to maintain normal 

mitochondrial morphology and function; disturbed mitochondrial fusion for example 

can be followed by neurodegenerative diseases, such as Charcot-Marie-Tooth 

disease (Züchner S et al., 2004). Fusion in mammals is mainly regulated by the 

mitofusins Mfn1 and Mfn2 (Santel A and Fuller MT, 2001) and by OPA1 (Delettre C 

et al., 2000). Fission is mainly controlled by the dynamin-related protein 1 (Drp1) and 

Fis1 (James DI et al., 2003; Smirnova E et al., 2001b).  

Mitochondria are the central part of nearly every metabolic process. Building on the 

work of Albert Szent-György, Krebs postulated 1937 the tricarboxylic acid (TCA) 
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cycle which is the key component of the metabolic pathway by which all aerobic living 

organisms generate energy. The TCA cycle is part of the carbohydrate catabolism. 

During glycolisis glucose is cleaved to pyruvate (C6H12O6 � CH3COCOO− + H+), a 

process which happens outside of the mitochondria. After import into mitochondria, 

pyruvate is converted into acetyl-CoA by decarboxylation. Acetyl-CoA itself enters the 

Krebs cycle, were it condensates with oxalacetate to build citrate, catalyzed by citrate 

synthase. In the end, 3 nicotinamide adenine dinucleotide (NADH) molecules, 1 flavin 

adenine dinucleotide (FADH2) molecule, 2 carbon dioxide (CO2) molecules and 1 

guanosine triphosphate (GTP) result from one cycle (Krebs HA and Weitzman PDJ, 

1987; Lowenstein JM, 1969). 

Additional, the fatty acid cycle is located within mitochondria (Kennedy EP and 

Lehninger AL, 1949), a metabolic pathway opening up another important source of 

energy. By lipolysis, fatty acids are broken down from lipids and beta oxidation splits 

long carbon chains into acetyl-CoA, which itself can enter the TCA cycle (Nelson DL 

and Cox MM, 2008; Scheffler IE, 2007). Other important reactions and pathways 

inside mitochondria include the urea cycle, which was discovered and described by 

Krebs together with Henseleit in 1932 (Graßhoff G and May M, 2003) and were 

ammonia is converted to urea, or for example in the heme biosynthesis, the 

cardiolipin and lipid metabolism, the ubiquinol biosynthesis and the iron sulfur center 

biosynthesis (Scheffler IE, 2007).  

Mitochondria are further involved in thermoregulation: uncoupling protein 1 (UCP1), a 

protein located in the inner mitochondrial membrane is mainly contained in brown 

adipose tissue (BAT); it uncouples the oxidation of substrates from energy production 

and thus is responsible for non-shivering thermogenesis (Argyropoulos G and Harper 

ME, 2002). 

Defects of energy metabolism are involved in a variety of human diseases 

manifesting preferentially in tissues with high aerobic demand such as brain and 

muscle. Mitochondrial dysfunction is discussed as a key player in neurodegeneration 

and aging (Leeuwenburgh C et al., 2011; Petrozzi L et al., 2007; Zeviani M and Di 

Donato S, 2004).There is also e.g. increasing evidence that impaired mitochondrial 

function is strongly implicated in the development of insulin resistance and Type-2-

diabetes aetiology (Patti M-E and Corvera S, 2010).  

Moreover, mitochondria are involved in programmed cell death. Two biochemical 

cascades lead to apoptosis, on the one hand the extrinsic or death receptor pathway 
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which is triggered by receptors and their corresponding ligands (for example 

receptors, which oligomerize in the presence of their ligand) and on the other hand 

the intrinsic mitochondrial pathway (Brenner C and Kroemer G, 2000; Elmore S, 

2007). Mitochondrial membrane permeabilisaton cancels mitochondrial bioenergetic 

function; proteins from the inter membrane space (IMS) are released to the cytosol 

where they initiate cell death by several mechanisms (Kroemer G et al., 2007). There 

is increasing evidence that the extrinsic and the intrinsic pathway are linked with each 

other (Igney FH and Krammer PH, 2002) 

1.2 The mitochondrial respiratory chain 

Mitochondria provide cellular energy in form of Adenosine-tri-phosphate (ATP). As 

stated in Mitchells’ chemiosmotic theory in 1961, an electrochemical proton gradient 

is established with the energy harvested from braking down high-energy molecules 

like glucose in order drive mitochondrial ATP-production (Mitchell P, 1961). The 

process of oxidative phosphorylation takes place in the inner mitochondrial 

membrane. Electrons from NADH are transferred to O2 across the respiratory chain 

complexes I-V. The first enzyme complex, the NADH : ubiquinone oxidoreductase 

(EC 1.6.5.3; NADH dehydrogenase or complex I) was first isolated in 1962 (Hatefi Y 

et al., 1962) and represents the entry site for the electrons into the respiratory chain. 

The NADH dehydrogenase is the largest, most complex and best studied enzyme 

among the complexes of the respiratory chain, consisting in mammals of 46 subunits, 

of which seven are mitochondria encoded, and comprising a molecular mass of 

980kDa (Carroll J et al., 2003; Carroll J et al., 2002; Hirst J et al., 2003; Walker JE et 

al., 1992; Walker JE et al., 1995). Electrons received by the oxidation of NADH are 

transferred to the primary electron acceptor flavin mononucleotide (FMN) and 

subsequently passing eight iron-sulfur (Fe-S) clusters to the final electron acceptor 

ubiquinone (UQ) (Janssen RJ et al., 2006). UQ is reduced to ubiquinol, and in 

parallel four protons (H+) are translocated from the negative charged inner to the 

positive charged outer membrane, thus producing a proton gradient and the proton-

motive force that is used to synthesize ATP (Walker JE et al., 1992; Weiss H and 

Friedrich T, 1991; Weiss H et al., 1991) . Complex I is discussed to be one of the 

major sources in the respiratory chain for superoxide formation (Turrens JF and 

Boveris A, 1980).  
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The enzyme succinate dehydrogenase (SDH; EC 1.3.5.1; succinate-coenzyme Q 

reductase (SQR) or Complex II) takes part in the Krebs cycle by converting succinate 

to fumerate (Ackrell BAC et al., 1992; Kita K et al., 1990). It consists of four nuclear 

encoded polypeptides. Two are peripheral membrane proteins, a flavoprotein with a 

covalently bound flavin (Fp, 64-79 kDa; subunit A (SDHA)) and an iron-sulfur protein 

containing three iron-sulfur clusters (27-31 kDa; subunit B (SDHB)), the other two are 

integral membrane proteins with a size of 13-18kDA (subunit C (SDHC) containing a 

heme group) and 11-16kDa (subunit D (SDHD) containing the ubiquinone binding 

site), both together functioning as anchor (Ackrell BAC, 2000; Hägerhäll C, 1997). 

Complex II of aerobic organisms share similar structural and catalytic properties to 

quinol:fumarate oxidoreductases of anaerobic organisms (Ackrell BAC, 2000). 

Electrons obtained by the oxidation of succinate are delivered into the quinone pool 

(UQ). The third component of the respiratory chain is the ubiquinol cytochrome c 

reductase (complex II, EC 1.10.2.2) which consists of 10 are nuclear encoded 

subunits (for example the cytochrome c1 (cyt c1) with one covalently bound haem c 

or the Rieske iron-sulphur protein (ISP) containing a single [Fe2S2] cluster) and the 

mitochondrial encoded cytochrome b, carrying a low- (bL) and a high-potential (bH) 

haem group (Iwata S et al., 1998; Rieske JS, 1976; Schägger H et al., 1986). Peter 

Mitchell was the first one who described a series of reactions called ubiquinone or Q-

Cycle where a lipophilic electron carrier is consecutively oxidized and reduced in 

order to act as proton pump across a lipid bilayer (Mitchell P, 1975). The reaction 

mechanism of complex III is a modified version of this principle, with coenzyme Q10 

acting as mobile electron carrier between complex I / complex II and complex III 

(Crofts AR, 2004). The enzyme contains two separate ubiquinone binding sites, 

called Qo (quinol-oxidising site) and Qi (quinone-reducing site): ubiquinol is oxidized 

at the Qo site of the enzyme, one of the resulting electrons is transferred to the Fe-S 

cluster of the Rieske protein and afterwards to the c haem group of the cytochrome 

c1 subunit where it is used to reduce a cytochrome c molecule, while the other 

reduces first the bL haem and then the bH heme, which in turn transfers the electron 

to the ubiquinone bound at the Qi site and reduces ubiquinone in two cycles to quinol 

(Crofts AR, 2004; Palsdottir H et al., 2003; Zhang Z et al., 1998). During this process, 

two protons are taken from the matrix and 4 are released into the IMS (Crofts AR et 

al., 1999). Complex III is another important source of reactive oxygen species (ROS) 

(Muller FL et al., 2004).  
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The large transmembrane cytochrome c oxidase (COX; EC 1.9.3.1; complex IV) is 

the last enzyme in the electron transport chain; it consists of 3 mtDNA and 10 nuclear 

DNA (nDNA) gene products (Grossman LI and Lomax MI, 1997; Kadenbach  B et al., 

1983). It catalyzes the final electron transfer step from cytochrome c to the final 

acceptor molecular oxygen and transferring 4 protons to the IMS (Branden G et al., 

2006; Scheffler IE, 2007). In eukaryotic mitochondria cytochrome c oxidases contain 

four redox-active metal centres (heme a, heme a3, CuA, and CuB) with heme a3 and 

CuB forming the binuclear reaction centre (Babcock GT and Wikström M, 1992). 

Reduced cytochrome c, originating from complex III, binds near the CuA binuclear 

centre where it is oxidized, the reduced CuA binuclear centre transfers the electron to 

six-coordinate heme a in subunit I, and then to the binuclear reaction centre, where 

oxygen is reduced to water (Ferguson-Miller S and Babcock GT, 1996; Hosler JP et 

al., 2006). 

The mitochondrial ATP synthase (EC 3.6.3.14; F1FO – ATPase) is sometimes 

described as Complex V of the electron transport chain as it couples the electron 

transport chain with oxidative phosphorylation by using the established proton 

gradient and membrane potential to synthesize ATP from adenosine-di-phosphate 

(ADP) and inorganic phosphate (Pi) (Scheffler IE, 2007). The protein was first 

isolated and described as “oligomycin sensitive conferral protein” by Tzagoloff and 

his team (MacLennan DH and Tzagoloff A, 1968; Tzagoloff A et al., 1968). It 

comprises a rather complex structure, with two main regions (F1 which rises into the 

mitochondrial matrix and FO which is embedded into the inner membrane) consisting 

of several subunits: the FO region contains subunits c (building a c-ring in the 

membrane), a, b, d, F6 and OSCP and the accessory subunits e, f, g and A6L, with 

subunits b, d, F6 and OSCP forming the peripheral stalk, while the F1 region is 

composed of three copies of subunit α, three β, one γ, one δ, and one ε, with 

subunits γ, δ and ε constituting the central stalk (Galante YM et al., 1979; Hatefi Y, 

1985; Jonckheere AI et al., 2011). Subunit a and subunit A6L of the FO sector are 

mitochondrial encoded by the ATP6 and ATP8 genes (Anderson S et al., 1981). 

Building of ATP takes place in the F1 sector. A protonmotive force is established by 

the proton gradient, consisting of two components: a pH difference between the 

matrix and the IMS and an electrical membrane potential (∆ψm) (Campanella M et 

al., 2009). Nowadays it is widely accepted that ATP hydrolysis drives the 360° 

rotation of the centrally located γ subunit relative to the α3β3 complex (Nakamoto RK 
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et al., 1999). The c-ring is closely attached to the γ subunit. When protons are 

transferred through the c-ring, they cause a rotation of the ring and additional of the 

attached subunit. The active site of a β subunit undergoes three conformational 

changes (Gresser MJ et al., 1982). First, ADP and Pi enter the open and empty 

active site (“βE”) causing a change in protein conformation (“βDP”). The enzyme again 

changes its conformation and binds these molecules tightly together (“βTP”). Finally, 

the active site cycles back to the open state, releases the synthesized ATP 

(Nakamoto RK et al., 1999).  

1.3 Mitochondrial dysfunction, aging and disease 

Mitochondrial defects are involved in a variety of diseases and due to their function 

they can be considered as the main cause for inherited metabolic disorders. One of 

the first diseases that were understood also on the molecular level was Leber’s 

hereditary optic neuropathy (LHON). MtDNA mutations and the resultant 

mitochondrial dysfunction are the cause for LHON which leads to a vision (Leber T, 

1871). Wallace et al. were the first who identified an guanine (G) to adenine (A) 

transition at position 11778 of the mitochondrial encoded NADH dehydrogenase 

subunit 4 of complex I gene, resulting in a conversion of a highly conserved arginine 

to histidine at codon 340 and this way to a complex I deficiency (Wallace DC et al., 

1988). Indeed, it is well known that a complex I deficiency can be detected in various 

diseases such as Parkinson’s disease (PD) (Schapira AH et al., 1990). Additional, 

complex I as a major source for oxidative stress was discussed to have an extensive 

influence on cardiac failure by damaging the myocardium (Ide T et al., 1999). 

Besides LHON, there are several other diseases known that are caused by mtDNA 

mutations, like chronic progressive external opthalmoplegia (CPEO) and the Kearns 

Sayre syndrome (KSS) (Holt IJ et al., 1988). In the mid 90’s it was clarified, that not 

only the mtDNA can be responsible for mitochondrial diseases but also nuclear 

encoded gene defects affecting the mitochondrial proteome. Mutations in the SDHA 

were the first nuclear encoded gene defects to cause respiratory chain deficiencies 

(Bourgeron T et al., 1995). Mutations in this gene were found in a patient suffering of 

the encephalopathy Leigh syndrome (Parfait B et al., 2000). Nowadays it is well 

known that mutations in subunits B, C and D cause paraganglioma, generally benign, 

vascularised tumours in the head and the neck, or phaeochromocytomas (Astuti D et 
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al., 2001; Baysal BE et al., 2000; Niemann S and Müller U, 2000). Additional, these 

three genes were suggested to act as tumor suppressor genes (Baysal BE et al., 

2001; Rustin P et al., 2002) 

Autosomal recessive Friedreich’s ataxia is characterized by cerebral ataxia, 

peripheral neuropathy, hypertrophic cardiomyopathy and sometime diabetes mellitus 

(Bauer MF et al., 1999). The responsible protein is the nuclear encoded frataxin that 

seems to be involved in mitochondrial iron transport. A large expansion of GAA 

repeats in the first intron of the frataxin has been identidied as underlying gene defect 

in most cases (Bit-Avragim N et al., 2001; Campuzano V et al., 1996; Marmolino D, 

2011). 

Mitochondrial diseases have complex inheritance patterns as they are on the one 

hand maternally inherited, on the other hand due to the mendelian schema or even in 

a combination of both (Wallace DC, 1999). Each mitochondrion contains 2-10 copies 

of mtDNA (Wiesner RJ et al., 1992). The mutation rate of mtDNA is much higher than 

in nuclear DNA, because of the lack of efficient repair mechanisms, the absence of 

histone protection and the persistent exposure to oxygen radicals arising from the 

respiratory chain (Ames BN et al., 1993; Brown MD et al., 1992; Wallace DC et al., 

1992). After a mutation, a cell usually contains mutated and non-mutated mtDNA, a 

state that is also known as heteroplasmy (Wallace DC, 1994). During cell division, 

the ratio between wildtype and mutant mtDNA can drift towards the one or the other 

genotype (homoplasmy) by replicative segregation. For heteroplasmic mutations 

there are distinct thresholds, and clinical manifestation only occurs after exceeding a 

critical level whereupon this threshold could vary between different organs and 

tissues (Ames BN et al., 1993; Wallace DC, 1994). To make the whole story even 

more complex, one mutation can cause different phenotypes and a distinct 

phenotype can be caused by different mutations.  

Somatic mtDNA mutations are not transmitted to the next generation, but they play 

an important role in aging and cancer development (Wallace DC, 1999). The widely 

accepted mitochondrial free radical theory of aging (MFRTA) was seriously 

challenged by various studies with long-living vertebrates and although it is clear that 

the number of mtDNA damage increases with age and therefore has an influence on 

mitochondrial dysfunction, it seems that this theory is widely refuted (Lapointe J and 

Hekimi S, 2010). There were attempts to increase the maximum life-span of mice by 

feeding them with antioxidants, as for example with coenzyme (Co) Q10 (Sohal RS et 
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al., 2006). However, there were no detectable effects of this treatment on life-span, 

although the endogenous content of both CoQ9 and CoQ10 were significantly 

increased. Recent reports suggest a role of mitochondria in aging independently of 

reactive oxygen species (ROS) formation (Leeuwenburgh C et al., 2011). One 

example for a current hot topic in aging research is the role of mitochondrial 

biogenesis. One of the major regulators of this process is the peroxisome-proliferator-

activated receptor gamma co activator 1-alpha (PGC-1α) and its role in aging and 

therapy is studied intensely (Wenz T, 2011). Altered mitochondrial biogenesis and 

function caused by altered PGC-1α expression is also involved in the development of 

metabolic diseases (Lowell BB and Shulman GI, 2005). For example, it has been 

shown in microarray studies that PGC-1α–responsive genes are down-regulated in 

obese Caucasians with impaired glucose tolerance and type 2 diabetes (Mootha VK 

et al., 2003). 

1.4 Mouse models for mitochondrial diseases 

The mouse is the most popular model organism to study human diseases. In the past 

years several mitochondrial mouse models were generated in order to identify the 

underlying pathomechanisms. Most of these models were generated via mutation of 

nuclear encoded mitochondrial proteins. For example Ant -/- mice are used as mouse 

model for chronic ATP-deficiency (Graham BH et al., 1997). The nuclear encoded 

adenine nucleotide translocator (ANT) is knocked-out selectively in heart and muscle 

of these mice, leading to a mitochondrial myopathy and hypertrophic 

cardiomyopathy. The animals show elevated serum lactate, alanine and succinate 

levels which go along with an inhibited Krebs cycle and respiratory chain. A result 

from the impaired ETC is a massive increased ROS production that accounts for 

massive heart mtDNA damage (Esposito LA et al., 1999). 

Tfam-deficient mice serve as a model for the mtDNA depletion syndrome (Larsson 

NG et al., 1998). Tfam is a nuclear encoded mitochondrial transcription factor and its 

inactivation in all tissues is embryonic lethal. Heterozygous (het) mice however were 

viable but with reduced mtDNA copy number and transcription. Homozygous 

embryos showed massively enlarged, COX negative mitochondria with abnormal 

cristae. By selectively knocking out Tfam only in heart and muscle tissue, 

homozygous embryos with morphological and biochemical normal hearts were born 
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but died three weeks after birth of dilated cardiomyopathy (Wang J et al., 1999). They 

showed reduced complex I and IV activities and COX deficiency resembling the 

human phenotype.  

Mitochondrial dysfunction is discussed to be causative or at least to have an 

important impact in neurodegenerative diseases like Parkinson’s disease (PD) or 

Alzheimer’s disease (AD). PD has been modeled in animals using the chemical 

MPTP (1-methyl 4-phenyl-1,2,3,6-tetrahydropyridine), whose metabolite MPP+ 

inhibits complex I of the respiratory chain (Fornai F et al., 2005). Mice that were 

exposed to the drug developed PD phenotypes and nigral degeneration with 

cytoplasmic inclusions of alpha-synuclein and ubiquitin. Complex I inhibition with 

rotenone had the same effect (Betarbet R et al., 2000), probably caused by oxidative 

stress (Sherer TB et al., 2003), both of which already has been found in the 

substantia nigra of PD patients (Schapira AH et al., 1989). Oxidative stress seems to 

be involved in AD, too. It has been shown for manganese superoxide dismutase 

(MnSOD) heterozygous mice, a critical antioxidant enzyme, that brain Aβ-amyloid 

levels and plaque depositions were significantly increased (Li F et al., 2004). 

Moreover mice with an impaired energy metabolism show elevated β-secretase 

levels and activity and Aβ levels (Velliquette RA et al., 2005). It has been proven to 

be challenging to generate mouse models for mutations in the mtDNA, because of 

the fact that a cell contains hundreds of these organelles (Tyynismaa H and 

Suomalainen A, 2009). As direct manipulation failed (McGregor A et al., 2001), 

indirect approaches to damage mtDNA were tested. Transmitochondrial models and 

mice with increased mtDNA copy number were generated as well as mice with 

modified nuclear genes to target the mtDNA (Tyynismaa H and Suomalainen A, 

2009). Transmitochondrial mito-mice are heteroplasmic, they were generated by 

isolating mouse cells without mtDNA, fusing them with rmtDNA from somatic tissues, 

searching for respiration-deficient cybrids and introduced this mtDNA into fertilized 

eggs (Inoue K et al., 2000). The accumulation of the mutated mtDNA induced 

mitochondrial dysfunction in various tissues like the heart, muscle or kidney and mice 

developed severe renal failure and additional anaemia, myopathy, cardiomyopathy, 

deafness and early death (Nakada K et al., 2001; Nakada K et al., 2004). 
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1.5 Generation of mutant mice 

With the availability of complete DNA sequences for the mouse (Church DM et al., 

2009) and human genome as reviewed by Little (Little PFR, 2005), the focus of the 

studies changed to the annotation of each given gene to its physiological function. 

Unfortunately, natural mouse mutants are relatively rare (Green MC, 1989). There 

are various different approaches to introduce mutations into the mammalian genome. 

One of the most popular phenotype-driven approaches is the ENU mutagenesis 

where the chemical ethylnitrosourea is used to generate point mutations in 

spermatogonial stem cells (Russell WL et al., 1979). Some years ago, a large scale 

approach was started at the Helmholtz Zentrum in Munich to produce and screen 

ENU derived mouse models in a systemic manner (Hrabé de Angelis MH et al., 

2000). Even though there are many advantages, the method faces some limitations, 

as for example it could be rather tedious to identify the causative gene (Antoch MP et 

al., 1997; Balling R, 2001; O’Brien TP and Frankel WN, 2004). 

Targeted mutagenesis strategies have opened up the possibility to set definied 

mutations to the genome, to investigate recessive mutations and to create mouse 

models of human diseases (Capecchi MR, 1989; Smithies O, 1993; Williams RW, 

1999). Early attemps were performed by the laboratory of Charles Weissmann who 

used the chemical N4-hydroxycytidine which induces transition of GC to AT (Flavell 

RA et al., 1975; Müller W et al., 1978). Nowadays, there is the possibility to create 

knock-out, knock-in and knock-down mice by targeted mutagenesis (Manis JP, 

2007). In knock-out mice coding exons of a gene are replaced or disrupted and 

therefore the loss of function of a gene can be studied, in knock-in mice a specific 

mutation can be determined exchanging endogenous with mutated DNA sequences 

and finally in knock-down mice RNA interference is used to silence genes (Manis JP, 

2007).  

A widely used genotype-driven approach is the insertional mutagenesis via gene 

trap. The gene reporter constructs, also called entrapment vectors were originally 

developed in bacteria (Bedell MA et al., 1996). Gossler et al. pioneered in combining 

ES cells and insertional mutagenesis in mammalian cells (Gossler A et al., 1989). 

Friedrich and Soriano were the first ones who mutagenated embryonic stem cells 

with vectors based on the Moloney leukemia virus (Friedrich G and Soriano P, 1991). 

Three different classes of trap vectors that can be introduced into the genome either 

by electroporation or retroviral infection were developed simultaneously: enhancer, 
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promoter and gene trap vectors. For details see review of Stanford (Stanford WL et 

al., 2001). Promoterless enhancer traps have to integrate near a cis-acting enhancer 

element to drive the expression of their reporter gene. They are not suitable for 

eukaryotes because enhancer sequences are often far away from the regulated gene 

and enhancers are in general not mutagenic (Gossler A et al., 1989). Promoter traps 

also consist of a promoterless reporter gene linked to a selectable marker (Friedrich 

G and Soriano P, 1991; Reddy S et al., 1991; von Melchner H and Ruley HE, 1989). 

Promoter traps insert into the coding sequence of a gene and thereby generate a 

fusion transcript. However, the trapping frequency is very low (von Melchner H et al., 

1992; von Melchner H and Ruley HE, 1989). Due to the constrictions of the other 

vector classes, gene trap vectors are the mostly common used tools in eukaryotic 

genomes. The gene trapping cassette that consists of a promoterless reporter gene 

and often a selectable genetic marker is flanked by an upstream 3’ splice acceptor 

site (SA) and a downstream polyadenylation (pA) sequence (Gossler A et al., 1989; 

Skarnes WC et al., 1992). When inserted into an intron of an expressed gene, the 

gene trap cassette is transcribed from the endogenous promoter and forms a fusion 

transcript. Friedrich and Soriano generated various mouse lines to proof the 

mutagenicity of the integrated vector (Friedrich G and Soriano P, 1991). Meanwhile, 

there exist several laboratories worldwide which perform a large-scale gene trap 

mutagenesis e.g. the German Gene Trap Consortium 

(http://tikus.gsf.de/ggtc/aboutus/consortium.php; GGTC) or the European Conditional 

Mouse Mutagenesis Program (http://www.knockoutmouse.org/about/eucomm; 

EUCOMM) which is founder member and European cornerstone of the International 

Knockout Mouse Consortium (IKMC).  

1.6 German Mouse Clinic  

Given the increasing number of mutant mice the comprehensive phenotyping of 

those mice is still a crucial step in the evaluation of disease models. The German 

Mouse Clinic (GMC) offers systemic examination of mouse mutants using a broad 

standardized phenotypic check-up with more than 550 parameters. The screens in 

the German Mouse Clinic are designated according to medical disciplines to the 

areas of behaviour, bone and cartilage development, neurology, clinical chemistry, 

eye development, immunology, allergy, steroid metabolism, energy metabolism, lung 
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function, vision and pain perception, molecular phenotyping, cardiovascular analyses 

and pathology (Fuchs H et al., 2011). 

For the next level of mouse phenotyping a Challenge platform is currently established 

in the GMC. In order to mimic, analyze and understand complex human diseases it is 

necessary to decipher interactions between genome and environmental factors like 

nutrition, exercise, air, stress and infection with different standardized experiments 

(Beckers J et al., 2009). The neurological screen of the GMC established an 

oxidative stress platform. Oxidative stress is caused by an imbalance between the 

generation and the scavenging of ROS which are produced as a side product by the 

mitochondrial respiratory chain during energy metabolism (Keaney JF Jr, 1999). 

With the induction of oxidative stress it is possible to mimic acquired mitochondrial 

dysfunctions by environmental influences. Oxidative stress has an important impact 

on the development of several human diseases. The herbicide Paraquat (PQ) is 

known to cause increased ROS formation and hence cause mitochondrial damage 

due to oxidative stress (Castello PR et al., 2007).  

1.7 The mitochondrial import system 

The vast majority of mitochondrial proteins is encoded by nuclear genes, synthesized 

in the cytosol and then imported into the organelle by a complex import machinery as 

pictured in figure 1 (Hermann JM and Neupert W, 2000; Neupert W, 1997; Schatz G, 

1996). The high-molecular weight TOM (translocase of the outer mitochondrial 

membrane) complex is responsible for the import of almost all mitochondrial 

precursor proteins to the IMS and also for transport and insertion of outer-membrane 

proteins (Pfanner N et al., 1997; Rapaport D, 2002). Import into or across the inner 

membrane is achieved in cooperation with the two TIM (translocase of the inner 

mitochondrial membrane) complexes TIM22 and TIM23 (Jensen RE and Dunn CD, 

2002; Neupert W and Herrmann JM, 2007).  
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Figure 1: The mitochondrial import system 
The components of the outer membrane (OM) are the TOM complex and the TOB/SAM complex, 
Tim9-Tim10 and Tim8-Tim13 hexamer rings are located in the inter membrane space (IMS) and in the 
inner membrane (IM) there is TIM23, TIM22, TIM40/MIA40 and OXA (picture is taken from the review 
by Endo and Yamano, 2009) 
 

The TOM complex consists of seven components, combining the surface receptors 

Tom70, Tom22 und Tom20 with a translocation pore that is composed of Tom40, 

Tom5, Tom6 and Tom7 (Hines V et al., 1990; Künkele K et al., 1998; Mayer A et al., 

1995a; Moczko M et al., 1993 ; Schneider H et al., 1991 ; Söllner T et al., 1989). 

Tom40 represents the channel-forming subunit and therefore the main component of 

the TOM complex that constitutes a 22Ǻ wide, hydrophilic pore (Baker KP et al., 

1990; Hill K et al., 1998; Kassenbrock CK et al., 1993; Vestweber D et al., 1989). It 

has been demonstrated that it plays an active role in sorting the imported proteins 

(Gabriel K et al., 2003). The small TOM proteins 5,6 and 7 interacts with TOM40, the 

surface receptors and the precursor proteins (Alconada A et al., 1995; Dembowski M 

et al., 2001; Hönlinger A et al., 1996; Moczko M et al., 1992; Söllner T et al., 1992). 

TOM22 seems to be the central part of the receptor complex as it is responsible for 

the transfer of the precursors from the receptors to the import pore itself (Kiebler M et 

al., 1993). Precursor proteins with N-terminally targeted presequences and β-barrel 

outer-membrane proteins are preferentially recognized by Tom20 and Tom22 

whereas inner-membrane proteins containing internal targeting signals more likely 

interact with Tom70 (Ramage L et al., 1993 ; Rehling P et al., 2004; Ryan MT et al., 

2000; Söllner T et al., 1989, 1990; Steger HF et al., 1990). After passing the TOM 

complex, proteins carrying a presequence are bound to the trans receptor site of the 
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TOM40 pore (Mayer A et al., 1995b). The presequence of the bound precursor 

protein is recognized by the Tim50 subunit of the presequence translocator TIM23 

(Geissler A et al., 2002; Mokranjac D et al., 2003; Yamamoto H et al., 2002). Tim50 

interacts with Tim23, whose inner membrane part forms the import channel of the 

TIM23 complex (Mokranjac D et al., 2009; Tamura Y et al., 2009; Truscott KN et al., 

2001). Translocation across the TIM23 complex is an energy-driven process, energy 

sources are the membrane potential across the inner mitochondrial membrane (∆ψ) 

and ATP in the mitochondrial matrix (Mokranjac D and Neupert W, 2005). The 

preproteins are afterwards bound to mitochondrial Heat Shock protein 70 (mtHsp70) 

that is bound to the TIM complex via Tim44 and belongs together with the 

mitochondrial Hsp70-associated motor and chaperone (MMC) / presequence 

activated motor (PAM) proteins Tim14 (Pam18), Tim16 (Pam16), Pam17 and Mge1 

to the import motor part of the translocase and is responsible for protein unfolding 

(Endo T and Yamano K, 2009). It has been proven that TIM23 is not a static complex 

but switches between TOM tethering and PAM binding in a reaction cycle which 

involves the peripheral subunits Tim21 and Tim17: Tim21 interacts with the TOM 

complex and promotes inner membrane insertion, while Tim17 is involved in inner 

membrane sorting and is bound to Pam18 to form the functional TIM-PAM complex 

(Chacinska A et al., 2005). Inner-membrane proteins containing internal targeting 

signals, for instance proteins belonging to the solute carrier family and components of 

the TIM translocases with multiple transmembrane segments are imported via TIM22 

(Bauer MF et al., 2000). The 300kDa complex is constituted by three membrane 

proteins (Tim22, Tim54 and Tim18) and three small Tim proteins (Tim9, Tim10 and 

Tim12) (Mokranjac D and Neupert W, 2005; Neupert W and Herrmann JM, 2007). 

After translocation across the outer membrane, the highly hydrophobic proteins are 

bound by Tim9-Tim10 or Tim8-Tim13 hexamer rings which probably function as 

chaperones and prevent the precursors from aggregating (Webb C et al., 2006). 

Tim22, which is homologue to Tim23, mediates the import of carrier proteins into the 

inner membrane in an ∆ψ dependant manner (Sirrenberg C et al., 1996). Tim54, 

which is essential for translocase functionality but not for cell viability, is supposed to 

be involved in tethering Tim9-Tim10-Tim12 to the TIM22 complex (Kovermann P et 

al., 2002). The function of Tim18 is still under investigation.  

Mitochondrial β-barrel precursors are transferred by Tim9-Tim10 or Tim8-Tim13 to 

the outer membrane complex topogenesis of mitochondrial outer membrane β-barrel 
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proteins (TOB) / sorting and assembly machinery (SAM) (Paschen SA et al., 2003; 

Wiedemann N et al., 2003). The TOB/SAM complex consist of the core subunits 

Tob55/Sam50, Tom38/Tob38/Sam35 and Mas37/Tom37/Sam37 (Becker T et al., 

2008b; Paschen SA et al., 2005). The integral membrane protein Tob55 forms a pore 

and there is increasing evidence that it assembles β-strands into a barrel structure 

and thereby forces the insertion into the outer membrane (Endo T and Yamano K, 

2009; Kozjak V et al., 2003). The peripheral, cytosol exposed Tob38 was proposed to 

function as a receptor (Kutik S et al., 2008). While Tob38 is essential for cell growth, 

a depletion of Mas37 is not deleterious, although it has an influence on correct 

insertion of β-barrel precursors (Habib SJ et al., 2005; Waizenegger T et al., 2004a). 

Additional, the mitochondrial morphology and distribution protein Mdm10 was found 

to be associated with the TOB/SAM complex and contributing to the late TOM 

complex assembly steps (Meisinger C et al., 2004; Sogo LF and Yaffe MP, 1994). 

Mim1 or Tom13 is another component of the TOB/SAM complex which has been 

shown to be involved in the assembly of the TOM complex; it is required for a step 

after the Tom40 precursor interacted with the TOB complex and depletion results in 

Tom40 accumulation (Ishikawa D et al., 2004; Waizenegger T et al., 2004b). It has 

been demonstrated that it not only promotes the insertion and assembly of Tom40 

but also of the signal-anchored Tom receptors (Becker T et al., 2008a).  

A recently identified pathway is the Oxidase Assembly (OXA) pathway which is used 

by the mtDNA encoded protein COX2 to get inserted from the mitochondrial matrix 

into the inner membrane (Bonnefoy N et al., 2009; Neupert W and Herrmann JM, 

2007). Another rather new pathway is the TIM40/MIA40 import pathway, with Tim40 

introducing disulfide bonds into small proteins in the IMS and this way facilitating their 

import and folding (Banci L et al., 2009; Chacinska A et al., 2004; Mesecke N et al., 

2005). 

1.8 The translocase of the outer membrane 40 (Tom40) 

Tom40 was previously identified as ISP42 in yeast and it has been demonstrated, 

that this protein is absolutely essential for cell viability (Baker KP et al., 1990). The 

same was demonstrated for Neurospora crassa by the generation of a Tom40 null 

mutant (Taylor RD et al., 2003 ).  
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In humans, some studies showed an association between Tom40 and an increased 

risk of developing late-onset Alzheimer's disease (LOAD) (Grupe A et al., 2007; 

Takei N et al., 2009). Tom40 risk alleles seem to be approximately twice as frequent 

in AD subjects as controls (Potkin SG et al., 2009 ). Moreover, a variant in the 

TOM40 gene has been associated with age of onset in AD. There is another study 

available suggesting that the statistically significant correlation of Tom40 with 

Alzheimer's disease arises from linkage disequilibrium to the closely adjacent APOE 

gene (Yu CE et al., 2007). The Tom40 gene is located only 15kb upstream to APOE, 

a gene whose ε4 allele is a well-characterized genetic risk factor for the development 

of LOAD (Farrer LA et al., 1997; Gibson GE et al., 2000; Kamboh MI, 2004). 

Neuropathological features of Alzheimer’s disease include intracellular neurofibrillary 

tangles (NFTs) and extracellular senile plaques within the brain accompanied by 

extensive neuronal loss (Grundke-Iqbal I et al., 1986; Sisodia SS and Price DL, 

1995). The senile plaques are composed of Amyloid-beta protein, a 39-43 amino acid 

peptide derived from amyloid precursor protein (APP) (Glenner GG and Wong CW, 

1984; Masters CL et al., 1985; Selkoe DJ et al., 1987). Mutations in the APP gene 

together with mutations in the two Presenilin genes 1 and 2 (PS1 and PS2) are 

considered to be the main risk factors for the rare familial form of Alzheimer’s disease 

with an early-onset (FAD or EOAD) which accounts for just 1-2% of all AD cases 

(Price DL and Sisodia SS, 1998). Devi et al. were able to show that in brains of 

LOAD patients amyloid precursor protein (APP) accumulates in the TOM40 import 

channel and thereby inhibits the entry of various nuclear-encoded proteins (Devi L et 

al., 2006).  

The neurological screen of the GMC analyzes several mouse lines with defects in 

nuclear encoded mitochondrial proteins, especially concerning the import system. 

Recently, the results of the Tim23 mouse model were published, the first mouse 

model with an impaired mitochondrial import (Ahting U et al., 2009). Mice showed a 

markedly decreased life span and a neurological phenotype.   

 

In mice the TOM40 protein was first cloned and characterized as MOM35 by Rivera 

and colleges (Rivera IL et al., 2000 ). Since there was no animal model available a 

Tom40 knock-out mouse model was created in collaboration with the German Gene 

Trap Consortium (GGTC) and systemically analyzed in the GMC and with additional 

collaborators from outside to get further insights about this essential import pathway. 
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2 Animals and materials 

2.1 Compounds 

• Acetic acid      Merck, 100058 
• Acrylamide/Bis-acrylamide, 30% solution Sigma, A3449 
• ADP (Adenosin5’diphosphate, potassium salt) Sigma, A 5285 
• Ampuwa water     Frisenius-Kabi 
• Antimycin A      Sigma, A 867 
• Ascorbate sodium salt    Sigma, A 4034 
• Boric acid      Sigma, B6768 
• 5-Bromo-4-chloro-3-indolyl α-D-   Sigma, 16555 

galactopyranoside 
• BSA, essentially fatty acid free 1 g/l   Sigma, A 6003 
• Chloroform      Carl Roth, 6340.2 
• Cis-aconitic acid     Aldrich, A3412 
• Coomassie Brilliant Blue R-250    Thermo Fisher Scientific Inc 
• Cytochrome c     Sigma, C 7752 
• 3,3'-Diaminobenzidine (DAB)   Sigma, D3939  
• Diethylpyrocarbonate    Aldrich, 159220-25G 
• Dimethyl sulfoxide (DMSO)   Sigma, D4540 
• DNTB (5,5′-Dithiobis(2-nitrobenzoic acid)) Aldrich,D218200 
• EDTA       Aldrich, 431788 
• EGTA       Aldrich, E 4378 
• Ethanol      Merck, Emplura 108543 
• FCCP       Sigma, C 2920 
• L-Glutamic acid sodium salt   Sigma, G 162 
• Glycine      AppliChem, A1067 
• Glycerol      Sigma, G5516 
• Hydrochloric acid (HCl)    Merck, 109058 
• HEPES      Sigma, H 7523 
• Isocitric Dehydrogenase (NADP)   Fluka, 58775 

from porcine heart 
• KCl       Merck, 104938 
• KCN       Fluka, 6017 
• Ketamin 10%      Pharma Partner 797-468 
• K-lactobionate      Sigma Aldrich, 153516 
• K2HPO4      Merck 105109  
• KH2P04      Merck, 104873 
• M2 medium      Sigma, M7167 
• L-Malic acid      Sigma, M 1000 
• Manganese(II) chloride    Aldrich, 450995 
• D-Mannitol      Sigma , M9647 - ACS reagent 
• β-Mercaptoethanol      Sigma, M7154 
• Methanol      Merck, Emplura 822283 
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• MgCl2       Scharlau, MA 0036 
• β-Nicotinamide adenine dinucleotide   Sigma, N803 

phosphate sodium salt 
• Nonidet™ P 40 Substitute    Sigma, 74385 
• Oxaloacetate     Aldrich, 171263 
• Paraformaldehyde (PFA)    Sigma, 16005 
• Paraquat dichloride     Fluka, 36541 
• Protease Inhibitor Cocktail    Sigma, P8340 
• 2-Propanol      Merck, Emplura 818766 
• Protein Assay Dye Reagent Concentrate Biorad, 500-0006 
• Rompun 2% injection solution   Bayer 
• Rotenone      Sigma, R 8875 
• Saline(isotonic)     Fresenius Kabi 
• Sodium dodecyl sulphate (SDS)    Sigma, L4390 
• Sodium chloride (NaCl)    Sigma, S3014 
• Sodium deoxycholate    Sigma-Aldrich, D6750 
• Sodium hydroxide (NaOH)    Sigma-Aldrich, S8045 
• Sodium phosphate dibasic dehydrate  Sigma, 71643 

(Na2HPO4 *2H2O) 
• Succinate disodium salt hexahydrate  Sigma, S 2378 
• Sucrose       Roth, 4621.1 
• Taurine       Sigma, T 0625 
• TMPD       Sigma, T3134 
• Tris/HCl      Sigma, T5941 
• Triton® X-100     Sigma, T8787  
• Trizma Base      Sigma, T1503 
• TRIzol® Reagent     Invitrogen, 15596-026 
• Tween 20       Sigma, 63158 
• All primers used for genotyping were distributed by Metabion international AG, 

Martinsried, Germany 
• Used kits: 

o High Pure PCR Template Preparation Kit (Roche, Basel, Switzerland) 
o SequalPrep™ Long PCR Kit with dNTPs (A10498; Invitrogen, Carlsbad, 

USA) 
o BigDye® Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems, 

Foster City, USA) 
o Taq DNA Polymerase (Qiagen, Germany) 
o QIAamp® DNA Micro kit (Cat.no.: 56304; Qiagen, Germany) 
o SuperScript™ First-Strand Synthesis System (Cat. No: 11904-018, 

Invitrogen, Carlsabd, USA) 
o DNA Qiagen HotStarTaq DNA Polymerase kit 
o TaqMan® Probe-Based Gene Expression Analysis Kit and Probes 

(Applied Biosystems, Foster City, USA) 
o QIAGEN RNeasy® MIDI Kit (cat. no.: 75144; Qiagen, Germany) 
o QIAGEN QIAamp®DNA Mini and Blood Mini Kit (cat. no.: 51104; 

Qiagen, Germany) 
o Restore Plus Western Blot Stripping Buffer (Thermo Fisher Scientific 

Inc, USA) 
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2.2 Technical equipment 

• 3730 DNA Analyzer (Applied Biosystems, Foster City, California, USA) 
• Mastercycler Gradient (Eppendorf, Hamburg, Germaby) 
• StepOne™ Real-Time PCR System 
• Heidolph DIAX 900 
• TissueLyser II system (Qiagen, germany) 
• POTTER S Homogenisator (Braun Biotech International, Göttingen, Germany) 
• Oroboros Oxygraph (Oroboros, Innsbruck, Austria) 
• Odyssey® Infrared Imaging System (LI-COR Biotechnologies, USA) 
• Vortex genie, Scientific Industries (New York, USA) 
• NanoDrop 1000 Spectrophotometer 
• Centrifuges 

o Standard tabletop centrifuge (Eppendorf, Hamburg, Germany) 
o Kendro Laborytory products Multifuge 3LR Heraueus (VWR, USA) 
o Biofuge fresco (Heraeus; Hanau, Germany) 
 

• GMC primary screen: 
o Faxitron X-ray Model MX-20 (Specimen Radiography System, Illinois, 

USA) 
o NTB Digital X-ray Scanner EZ 40 (NTB GmbH, Diepholz, Germany) 
o pDEXA Sabre X-ray Bone Densitometer (Norland Medical Systems 

Inc., Basingstoke, Hampshire, UK) 
o Open field test apparatus from ActiMot, TSE systems, Bad Homburg, 

Germany (45.5 x 45.5 x 39.5 cm), illumination: 150lux (periphery), 
200lux (centre) 

o Rotarod (Bioseb, Chaville, France) 
o Grip Strength Meter (TSE systems, Germany) 
o Indirect ophthalmoscope (Sigma 150 K, Heine Optotechnik, Herrsching, 

Germany) in conjunction with a condensing lens (90D lens, Volk, 
Mentor, OH, USA) 

o “AC Master” (Meditec, Carl Zeiss, Jena, Germany) 
o Hot plate system (TSE systems, Bad Homburg, Germany) 
o Minispec TD-NMR Analyzers (Brucker Optics, Germany) 
o Accu-Chek Aviva glucose analyzer (Roche/Mannheim) 
o Olympus AU 400 autoanalyzer (Olympus, Hamburg, Germany) 
o ABC-Blutbild-Analyzer (Scil Animal Care Company GmbH; Viernheim, 

Germany) 
o LSRII flow cytometer (Becton Dickinson, USA) 
o Bioplex reader (Biorad, USA) 
o MC4000 Blood Pressure Analysis Systems (Hatteras Instruments Inc., 

Cary, North Carolina, USA) 
o ECG-auto (EMKA technologies, Paris, France) 
o Lung function: system of Buxco® Electronics (Sharon, Connecticut) 
o GenePix Pro6.1 image processing software (Axon Instruments, USA) 
 

• DigiGait System (Mouse Specifics, Inc., USA) 
• Running wheel system (TSE Systems, Bad Homburg, Germany) 
• Oculus Pentacam (Oculus GmbH, Wetzlar, Germany) 
• Spectralis OCT system (Heidelberg Engineering, Germany) 
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• Reichert ultramicrotom (Ultraacut E; Fa. Reichert-Jung, Wien, Austria) 
• Transmission electron microscope EM 10 CR (Zeiss, Oberkochen, Germany) 
• Toennies Neuroscreen (Jaeger-Toennies, Hoechberg, Germany) 
• Disposable syringe filter (PTFE membrane), 5996.1 (Carl Roth, Karlsruhe) 
• Syringe Omnifi x®-F, 9161406V (B.Braun, Sempach, Switzerland) 
• Cryostat (Microm International GmbH, Walldorf, Germany) 

2.3  Standard Buffers and Solutions 

DEPC-H2O: 

0,2ml   Diethylpyrocarbonate  
fill-up to 1l with ddH2O  
Stirring over night at 37°C and autoclaved 
 

0,5M EDTA 

186.1 g  EDTA 
700ml ddH2O and NaOH pellets added until whole EDTA was dissolved 
adjusted to pH 8.0 with HCl or NaOH 
ddH2O was added to receive 1 l 
 

5M NaCl    

292,2g  NaCl  
ddH2O was added to receive 1ml 
 
PBS (10x) 

80 g   NaCl 
2 g  KCl 
17.8 g  Na2HPO4 *2H2O 
2.72 g  KH2PO4 
dissolved in ddH2O and adjusted to pH 7.3 
ddH2O was added to receive 1 l 
 

PBS-T (0,05%) 

100 ml  10x PBS 
500 µl  Tween20 (f.c. 0.05%) 
900 ml ddH2O 
 

4% Paraformaldehyde (PFA) 

20g PFA  dissolved in 400ml 65°C ddH2O 
NaOH pH7.0 was adjusted with NaOH 
50ml 10XPBS (pH 7.6) was added and ddH2O was added to a final volume of 500ml 
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20% SDS    

100g   SDS (sodium dodecyl sulfate) 
ddH2O was added to receive 500ml 
 
Tail Buffer 

10ml   Trizma Base pH 8,0 
40ml   0,5M EDTA  
4ml    5M NaCl 
10ml   20% SDS 
 

TBE-Puffer (10x) 

108g  Trizma Base   
55g   boric acid 
40ml   0,5M EDTA pH 8,0 
ddH2O was added to receive 1 l 
 

TBS (10x) 

80 g  NaCl 
2 g  KCl 
30 g  Trizma Base 
dissolved in ddH2O and adjusted to pH 7.4  
ddH2O was added to receive 1 l 
 

1M Tris-HCl 

121.1 g Trizma Base 
dissolved in ddH2O and adjusted to pH 7.0, 7.5 and 8.0 with HCl 
ddH2O was added to receive 1 l 

 

 

Western Blot  

Gel buffer (Schaeger&Jagow) 

3M Tris/HCl pH 8,45 
0,3% SDS 
 

1X anode buffer (Schaeger&Jagow) 

0,2 M  Tris/HCl  
Adjust to pH 8,9 
 

1X cathode buffer (nach Schaeger&Jagow) 

0,1 M Trizma base 
0,1 M Tricin 
0,1% SDS 
Adjust to pH 8,25 
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Blot buffer (BioRAD Trans-Blot) (pH 9,2) 

5,8g   Trizma base  
2,9g   Glycine 
3,75 ml  10% SDS 
200 ml MetOH  
add ddH2O to recieve 1l  

 

 

Staining solutions 

Coomassie staining solution   500ml 

50%  methanol     250ml 
10%  acetic acid     100ml 
0,05%  Coomassie Brilliant Blue R-250   250mg 
ddH2O was added to recieve 500ml 
 

Destaining solution     500ml 

5% methanol     25ml 
7% acetic acid     35ml 
ddH2O was added to recieve 500ml 
 

K3[Fe(CN)6]
e Ferricyanide Potassium 0,5M  

8.2g     dissolved in 50ml ddH2O  
Aliquoted and stored at -20°C, light protected 
 

K4[Fe(CN)6]
f*3H2O Ferrocyanide Potassium 0,5M  

10.5g     dissolved in 50ml ddH2O  
Aliquoted and stored at -20°C, light protected 
 

Bromo-chloro-indolyl-galactopyranoside (X-Gal)  

50mg/ml    1g dissolved in 20ml DMSO 
Aliquoted and stored at -20°C, light protected 
 
 

Isolation buffers 

IB buffer     250ml 

215mM mannitol    9.19g 
75mM sucrose    6.42g 
20mM HEPES    1.19g 
1mM EGTA     95.1mg 
0.1% BSA     250mg 
pH 7.4 
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M2 buffer     500ml 

600mM sucrose    102.57g 
5mM EDTA     5ml 
1mM PMSF     5µl (100mM PMSF stock) 
50mM Tris/HCl (pH 7.5)   3.025g 
 

SET buffer     500ml 

250mM sucrose    42.76g 
5mM Tris/HCl    303.5mg 
2mM EGTA     380.4mg 
0.1% BSA     500mg 
pH 7.4  
 

 

Respirometry and enzyme kinetics 

 

K-lactobionate (0.5M) 

35.83g  K-lactobionate  
Dissolved in 100ml ddH2O 
pH 7.0 with KOH 
 

Miro5 buffer (Oroboros) 

110 mM sucrose     37.65 g 
20 mM taurine     2.502 g 
20 mM Hepes     4.77 g 
10 mM K2HPO4     1.361 g 
60 mM K-lactobionate    120 ml of 0.5 M stock solution 
0.5mM EGTA     0.190 g 
3mM MgCl2       0.610 g 
ddH2O was added to receive 1l , pH 7.3was adjusted 
aliquoted to 10ml and stored at -20°C 
 

Potassium phosphate buffer (100mM, pH7,4) 

80.2ml  1M K2HPO4 (17.418g in 100ml) 
19.8ml  1M KH2PO4 (16.609g in 100ml) 
 

Citrate synthase buffer 

1ml   1M Tris/HCl 
200µl  Triton-X 
ddH2O was added to receive 100ml; pH 7,4 
buffer was stored in aliquots of 10ml at -20°C 
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1M MgCl2 

95.21g MgCl2 (water free) 
Dissolve in 1l ddH2O 
 
Complex I buffer        final conc. 

2.5ml   Potassium phosphate buffer (100mM, pH7,4)  25mM 
50µl   1M MgCl2       5mM   
25mg  BSA        5mg/ml 
30µl  AA (1mg/ml)       3µg/ml   
20µl  1M KCN       2mM 
ddH2O was added to recieve 10ml 
 

Complex II/III buffer 

2.5ml   Potassium phosphate buffer (100mM, pH7,4)  25mM 
50µl   1M MgCl2       5mM  

200µl  succinate  
ddH2O was added to recieve 10ml 
 

Complex IV buffer 

2.5ml   Potassium phosphate buffer (100mM, pH7,4)  25mM 
50µl   1M MgCl2       5mM  

30µl   AA (1mg/ml)       3µg/ml 
ddH2O was added to recieve 10ml 
 

Aconitate buffer        final conc. 

100µl   Tris/HCl pH8.0      100mM  
7.5µl  cis-aconitate (20mM)     0.15mM 
10µl  MnCl2 (50mM)      0.5mM 
5µl  NADP solution (200mM)     1mM 
7.5µl  IDH solution (40 U/ml)     0.3U 
5µl  20% TritonX100      0.1% 
Finally 850µl ddH2O were added. 
 

Oxaloacetate (OAA) 

50mM OAA    0.0441g in 6.68ml ddH2O 

 

DNTB (Ellman`s reagent) 

100mM DNTB   0.099g in 5ml Tris-HCl pH8.0 

 

Reduced cytochrome C (cyt C) 

2mM CytC(equine heart)  0.124 g in 5ml 1,25mM Tris/HCl pH8 
Reduction with sodium dithionite powder 
Aliquoted and stored at -20°C protected from light 
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Decylubiquinone 

50mM decylubiquinone   0.025g in 1.55ml EtOH (100%) 
Aliquoted and stored at -20°C 
 
Aconitate solution  

20mM cis-aconitate    0.00348g in 1ml ddH2O 
Preparation immediately before experiment! 
 

Manganese (II) chloride solution 

50mM MnCl2    0.0063g in 1ml ddH2O 

 

Nicotinamide adenine dinucleotide phosphate (NADP) solution 

200mM NADP   0.0153g in 1ml ddH2O 

Preparation immediately before experiment! 

 

Isocitrate dehydrogenase (IDH) solution 

40 U/ml    0.001g in 1ml ddH2O 
Preparation immediately before experiment! 
 

20% TritonX100 solution 

Add 20ml TritonX100 to 80ml ddH2O 

 

 

Substrates 

ADP 

500mM ADP     0.491 g dissolved in 2ml ddH2O 
Neutralized with 5 N KOH (approx.450 µl), aliquoted into 0.2 ml portions and stored 
at -80°C 
 

Ascorbate  

800mM Ascorbate sodium salt 1.584g dissolved in 10 ml ddH2O 
To prevent autooxidation, pH was adjusted to 6 with ascorbic acid (pH ~2)  
Divided into 0.2 ml portions and store frozen at -20 °C protected from light 
 

L-Glutamic acid (glutamate) 

2M Glutamate   3.742g dissolved 10 ml ddH2O 
Neutralize with 5 N KOH, divide into 0.5ml portions and stored at -20 °C 
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L-Malic acid (malate) 

800mM malate    1.073g dissolved in 10ml ddH2O 
Neutralized with 10N KOH and divided into 0.5ml portions. Stored at -20 °C. 
 

Succinate 

1M succinate    2.701g dissolved in 10ml ddH2O 
Adjusted pH to 7.0 with 37% HCl, divided into 0.5 ml portions and stored at -20 °C 
 

TMPD 

200mM    47.4mg dissolved in 1ml ddH2O 

To prevent autooxidation 0.8M ascorbate were added to a final concentration of 10 
mM. Divided into 0.2ml portions and stored at -20 °C 
 

 

Inhibitors: 

Antimycin A (AA) 

1mg/ml AA    dissolved in 40ml EtOH (100%) 
Aliquoted and stored at -20°C 
 

Rotenone 

1mg/ml Rotenone   disolved in 40ml EtOH (100%) 
Aliquoted and stored at -20°C 
 

KCN 

1M KCN     1.3g in 20ml ddH2O, pH8.0 
Aliquoted and stored at -80°C 
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2.4 Animals 

2.4.1 Generation of a Tomm40 knock-out mouse 

The ES cell clone W037F03 was generated in collaboration with the GGTC by gene-

trap mutagenesis as described (Hansen J et al., 2003; Wiles MV et al., 2000). The 

non-retroviral pT1βgeo gene trap vector, containing a β-galactosidase/neomycin 

phosphotransferase fusion gene, was electroporated into tbv-2 ES cells (129S2). 

Gene-trap expressing ES cell clones were selected in 200 µg/ml G418 (GIBCO/BRL), 

manually picked and expanded. The gene-trap integration site was identified due to 

the results of 5’ Rapid Amplification of cDNA ends (5’RACE)-PCR and the direct 

sequencing of the PCR products. C57BL/6 blastocysts were injected and resulting 

male chimeras were bred to C57BL/6 females (Hansen J et al., 2003).  

2.4.2 Breeding and housing of animal cohorts 

Within the GMC all animals are housed in type II polycarbonate cages in individually 

ventilated caging (IVC) systems (VentiRack Bioscreen TM, Biozone, Margate, UK) on 

wood fiber (Altromin, Lage, Germany). In the GMCII rooms where challenge 

experiments are performed, the used IVC system is provides by Tecniplast (Aero - 

Mouse IVC Green Line Cages, Tecniplast, Buguggiate (VA) Italy). Cages are 

changed in every week in Laminar Flow Class II changing stations. Mice get 

irradiated standard rodent high energy breeding diet (Altromin 1314) and 

semidemineralized filtered (0.2 µm) water ad libitum. Outbred 8-week-old male SPF 

Swiss mice are used as sentinels. They are housed on a mixture of new and soiled 

bedding (50:50) from all cages of the IVC rack, and they are exposed to the soiled 

air. Health monitoring is carried out according to FELASA recommendations 

(www.felasa.org) by onsite examination of the sentinel mice by certified laboratories 

(Brielmeier M et al., 2002). 

Chimeric mice deriving from a mutated 129S6/SvEvTac ES cell clone were 

backcrossed into C57BL/6J for several generations. The parental mice for breeding 

the GMC cohort were backcrossed to C57BL/6J for seven generations. 21 breeding 

pairs were set, heterozygous females were mated with heterozygous males for four 

days and then the males were removed from the cages to avoid large age differences 
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in the offspring. Finally, 40 mutant (20 males, 20 females) and 40 wildtype (wt) 

animals (20 males, 20 females) entered the primary screen of the GMC (see chapter 

3.9).  

For breeding the aging cohort, 13 breeding pairs were used to generate at least 37 

male (21 wildtype, 16mutant) and 38 female (17 wildtype, 21mutant) mice. Animals 

were used for secondary screening and cold challenge (see chapters 3.10 and 

3.11.2). 

For the oxidative stress challenge cohort only the male offspring of fourteen breeding 

pairs was used. In the end, 13 wildtypes and 15 mutants were used for these 

experiments (see chapter 3.13.1). 
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3 Methods 

3.1 Determination of the exact integration site of clone W037F03 

3.1.1 Preparation of DNA template for sequencing 

Genomic DNA of five mice was isolated from mouse tails using a High Pure PCR 

Template Preparation Kit from Roche. Tails were incubated in 200µl Tissue Lysis 

Buffer + 40µl Proteinase K on a shaker at 55°C over night. After lysis the samples 

were mixed with a syringe and 200µl binding buffer plus 100µl absolute isopropanol 

were added. The tubes were centrifuged with a standard tabletop centrifuge 

(Eppendorf, Hamburg, Germany) at 13000XG for 5min. The liquid phase was pipeted 

into the reservoir of the high pure filter tube that was out into a collection tube before. 

Centrifugation to collect DNA was done at 8000XG. A gradient PCR with annealing 

temperatures ranging from 52°C-60°C was performed, using Seq-Prep Taq DNA 

Polymerase High Fidelity (Invitrogen: SequalPrep™ Long PCR Kit with dNTPs).  

The initial denaturation at 93°C for 3min was followed by 35 cycles with 93°C for 15 

sec, 52°C-60°C for 30sec and 68°C for 4min. Final extension was done at 68°C for 

7min.  

Used primers:  

Tom40-I12-E2-R: 5’-GTATctgcgaggggaaaggt-3’ and Race-lacZ-R: 5’-

CAAGGCGATTAAGTTGGGTAACG-3’ (product size: 2262bp) or alternatively 

EnSA1500-R: 5’-CCTAGGGAAAGGGTCGAGAG-3’ (product size: 1644bp). 

Resulting PCR products were used as template for sequencing.  

3.1.2 Sequencing  

For sequencing, the product resulting from long range PCR first had to be purified. 

Contaminants like primers, dNTPs and salts were filtered to waste under vacuum. 

Therefore, the PCR product first had to be filled up to a volume of 100µl with H2O 

(HPLC grade), spun-down and transferred to a NucleoFast clean-up plate 

(NucleoFast 96 PCR Plates; Macherey-Nagel). The plate was placed on a vacuum 

manifold. Ultrafiltration was acquired applying a vacuum for 5-10min (20 inches Hg). 
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The bottom of the plate was dried carefully. For recovery of the PCR product, 30µl 

water was dropped directly onto the filter and incubated for 10min on a shaker 

(200rpm). The cleaned-up PCR product then was transferred to a new 96-well plate.  

The sequencing reaction was performed using BigDye® Terminator v3.1 Cycle 

Sequencing Kit (Applied Biosystems).  

 

Reaction mastermix: 

• 0,5µl BIG DYE Terminator (BDT) 
• 1,5µl BIG DYE Buffer 
• 1µl forward primer or reverse primer  
• 1 µl H2O (HPLC grade) 
• 1µl PCR-product 
 

For precipitation of the substrate 25µl 100% EtOH was added to the sequencing 

product. After 15min incubation at room temperature (RT) the dark plates were 

centrifuged at 3000xG for 30min. Supernatant was discarded and 50µl 70% EtOH 

was added to the wells. Plates were centrifuged at 2000xG for 15min and 

supernatant was discarded. After air drying for 10min at RT pellet was solved in 50µl 

AMPUWA-H2O, transferred to the sequencing plate and sequenced using a 3730 

DNA Analyzer (Applied Biosystems, Foster City, California, United States). 

3.2 Genotyping  

3.2.1 Isolation of tail DNA 

For routine genotyping genomic DNA from mouse tails (0.5-1cm) was isolated using 

a standard protocol: tails were incubated in 700µl tail buffer + 40µl proteinase K 

(10mg/ml) over night at 55°C. After adding 240µl 5M NaCl, samples were vortexed 

thoroughly and centrifuged at 13000rpm for 10min. 700µl of the supernatant was put 

to a new 1,5ml safe-lock tube (Eppendorf, Hamburg, Germany) and 500µl 

isopropanol was added. Samples were vortexed and centrifuged (13000rpm, 10min). 

Afterwards, supernatant was discarded and pellet was washed in 1ml EtOH (70%). 

Samples again were centrifuged (13000rpm, 5min) and supernatant was discarded. 

After air drying pellets were dissolved in 200µl AMPUWA H2O over night at room RT. 

Samples were stored at 4°C. 
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3.2.2 Routine genotyping 

Routine genotyping of the mouse line was done with following primers and 

conditions: 

Wildtype:  

Primer 1 (Forward primer) 5’-aatgagcaggtaggcgtgtc-3’  
Primer 2 (Reverse primer) 5’-gttcggtgtcctccgagat-3’ (product size: 248bp)  
Mutant:  

Primer 2 (Reverse primer wt): 5’-gttcggtgtcctccgagat -3’  
Primer 3 (Reverse primer mut): 5’-CTTCACATCCATGCTGAGGA-3’ (product size: 
400bp).  
 
Routine genotyping was performed with Taq DNA polymerase (Qiagen, Germany) in 

a 35µl reaction volume: 

 

Component 
Volume / 

reaction [µl] 
Final concentration 

primer 1 [10µM] 1 0,3µM 

primer 2 [10µM] 1 0,3µM 

primer 3 [10µM] 1 0,3µM 

25mM MgCl2 solution 2 ~2.9mM 

10x CoralLoad buffer (contains15 
mM MgCl2) 

3,5 1x 

5x Q-Solution 7 1x 

dNTP mix (10mM of each dNTP) 1 ~0.3mM of each dNTP 

H2O 15,5  

Taq Polymerase (5units/µl) 0,2 1 unit 

Template DNA (10-100ng/µl) 3  

 
∑ 35 µl 

 

Thermal cycler conditions:  

94°C for 2:00 min   

94°C for 0:30 min 

55°C for 0:40 min 

72°C for 1:00 min 

 
40 cycles 

 

72°C for 5:00 min   

10°C for 1:00 min   

 

PCR products were checked on a 1.5% TBE-agarose gel (120V, 1h). 
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3.2.3 Embryo and blastocyst genotyping 

Heterozygous female mice were injected intraperitoneally (i.p.) with pregnant mares’ 

serum gonadotropin (PMSG) two days before mating to a heterozygous male in order 

to synchronize the their estrus and additional with the glycoprotein hormone human 

chorionic gonadotropin (HCG) immediately before mating to induce superovulation 

(Fowler RE and Edwards RG, 1957). Embryos were dissected at E9.5, lysed and 

genotyped using routine genotyping conditions (see chapter 2.3.1). Blastocysts were 

harvested by uterine flushing with M2-Buffer (Sigma) 3.5 days after a vaginal plug 

was observed and separated individually into 1.5ml safelock tubes (Eppendorf 

Hamburg, Germany). Blastocyst DNA was purified with the QIAamp® DNA Micro kit. 

The very small amount of used tissue requires the application of carrier RNA to buffer 

AL, which enhances the binding of DNA to the column membrane. Thus before 

starting the purification it was necessary to prepare the also supplied lyophilized 

carrier RNA (310µg) with 310µl buffer AE to obtain aliquots with a concentration of 

1µg/µl that could be stored at -20°C until usage. In this experiment, the use of 1µg 

carrier RNA per blastocyst was sufficient. Buffers AW1 and AW2 had to be prepared 

before use with ethanol (96-100%) (Carl Roth) because they were delivered as 

concentrates. 25ml ethanol (Carl Roth) was added to AW1 and 30ml to AW2. 

Purification itself was done according to the instruction manual. Briefly, 15µl buffer 

ATL was carefully dropped into the tube without touching the bottom. After 10µl 

Proteinase K was added to each sample and they were mixed by pulse-vortexing for 

15sec. The tubes then were incubated in a thermomixer (Thermomixer compact, 

Eppendorf) for 3h at 56°C. 25µl buffer ATL and 50µl buffer AL containing 1µl carrier 

RNA. 50µl ethanol absolute (Carl Roth) was added to the sample, mixed thoroughly 

by 15sec pulse vortexing and incubated at room temperature for 5min. To remove 

drops from the lid, the tubes were shortly spun down. The lysate had to be 

transferred to QIAamp MiniElute Columns and centrifuged at 6000xG (8000rpm) for 

1min. The columns were placed in a clean collection tube and 500µl buffer AW1 was 

pipeted onto the column membrane. The samples were spun down at 6000xG 

(8000rpm) for 1min. whereas the filtrate was discarded, the column was again placed 

in a clean collection tube and 500µl buffer AW2 was added. To get the membrane 

completely dry, centrifugation at full speed (13000rpm) was done for 3min. Columns 

were placed in a 1,5ml Eppendorf (Hamburg, Germany) tube. 30µl buffer AE was 

carefully applied dropwise to the centre of the membrane. After incubation for 1min at 
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room temperature, the samples were centrifuged at full speed (13000rpm) for 1min. 

Due to the very small eluation volume, DNA concentrations were not determined. 

Additional, only wildtype genotyping was performed. Mutant PCR would have been 

added if necessary (if there would have been samples were no wildtype band would 

have been visible). For genotyping of blastocyst DNA Qiagen HotStarTaq DNA 

Polymerase kit was applied.  

 

Reaction mastermix: 

Component 
Volume / 

reaction [µl] 
Final concentration 

primer 1 [10µM] 1 0,3µM 

primer 2 [10µM] 1 0,3µM 

25mM MgCl2 solution 1,5 ~2.9mM 

10x CoralLoad buffer (contains15 
mM MgCl2) 

2,5 1x 

5x Q-Solution 5 1x 

dNTP mix (10mM of each dNTP) 0,5 ~0.3mM of each dNTP 

H2O 8,2  

Taq Polymerase (5units/µl) 0,3 1 unit 

Blastocyst DNA  5  

 
∑ 25 µl 

For each reaction, 20µl mastermix was given to a PCR tube (Greiner Bio-One GmbH, 

Frickenhausen, Germany) and 5µl template DNA was added. PCR was performed 

using a thermocycler (Mastercycler Gradient, Eppendorf). 

 

Thermo cycler conditions:  

95°C for 15min 
Initial incubation to activate 
HotStarTaq DNA Polymerase 

94°C for 0:30 min 

54°C for 0:45 min 

72°C for 1:00 min 

 
35 cycles 
 

72°C for 10:00 min Final extension 

10°C for 1:00 min  

 

Used primers:  

Tom40-wildtyp1-F: 5’- aat gag cag gta ggc gtg tc -3’  
Tom40-wildtype1-R : 5’-gtt cgg tgt cct ccg aga t -3’ (product size: 248bp) 
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3.3 Determining expression patterns using LacZ staining 

To determine the expression pattern of the Tom40 allele carrying the gene-trap 

mutation embryos in different stages were dissected of the female Uteri and a LacZ 

staining was performed. Mutant female mice were treated with PMSG and HCG as 

described in chapter 2.4.4 and mated to mutant males. Uteri of pregnant females 

were removed at E9.5, E10.5 and E11.5 and stored in 1xPBS on ice. Embryos were 

dissected and fixed in 4% PFA for 15min. Then they were washed in Washing Buffer 

for 10 min. For staining, embryos were incubated in LacZ Staining buffer over night at 

30°C protected from light. After washing, they were examined with the binocular and 

stored in 4% PFA at 4°C. 

 

LacZ Wash      100ml 

1M MgCl2     200µl   (final 0,002M) 
5% Deoxycholate    200µl   (final 0,01%) 
10% NP40     200µl   (final 0,02%) 
Add 1xPBS to 100ml 
 

LacZ Staining    50ml 

0,5M K3Fe(CN)6    500µl   (final 0,005M) 
0,5M K4Fe(CN)6    500µl   (final 0,005M) 
X-Gal     50mg in 2ml DMF  (final 0,1%) 
Add lacZ wash buffer to 50ml 
 

3.4 mRNA expression analysis 

3.4.1 Isolation of mRNA from mouse heart tissue 

Total RNA of nitrogen frozen mouse hearts was extracted using the TRIzol 

(Invitrogen, Karlsruhe, Germany) chloroform standard protocol and purified with 

QIAGEN RNeasy® MIDI Kit. According to manufactures’ instruction, RLT buffer had 

to be prepared with 1µl β-Mercaptoethanol per 1ml buffer just before needed (only 

stable for one month after addition of β-Mercaptoethanol). Buffer RPE is supplied as 

a concentrate, 4 volumes of ethanol absolute (Carl Roth) had to be added before first 

usage. Kit is suitable for 20-250mg tissue, so whole hearts could be used. The 

nitrogen frozen tissue was transferred to sterile 15ml BD Falcon™ Blue Max 
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Centrifuge Tubes filled with 4ml buffer RLT (+β-Mercaptoethanol) and homogenized 

for 1min with Heidolph DIAX 900 at highest level. Machine was cleaned with 0.1% 

DEPC water (Diethylpyrocarbonate, Sigma; RNase free water). Homogenized organs 

were kept on ice and incubated for at least 5min before centrifuging at 4000rpm for 

15min at 4°C. Supernatant was transferred to clean 15ml BD Falcon™ Blue Max 

Centrifuge Tubes. Afterwards 0,2ml chloroform (Carl Roth, Karlsruhe, Germany) per 

ml supernatant was added, shaken gently for 15sec and centrifuged for 15min at 

4000rpm and 4°C. Supernatant again was transferred to clean 15ml falcons. Ethanol 

absolute (Carl Roth) was added to the sample (same volume like the supernatant), 

mixed by pipeting and transferred to the RNeasy MIDI column. After a centrifugation 

step (5min, 4000rpm, room temperature) the flow-through was discarded and 4ml 

buffer AW1 added. The samples were centrifuged at 4000rpm/5min/room 

temperature, flow through again discarded and 2,5ml buffer RPE added to the 

column. After centrifugation at 4000rpm/2min/room temperature, 2,5ml RPE was 

added for the second time and centrifuged at 4000rpm for 6min (room temperature). 

To elute, the columns were thereafter placed in a new falcon and 70µl RNase free 

water was directly dropped onto the filter (carefully, without touching) and incubated 

for 1min at room temperature. After centrifugation at 4000rpm for 6min at room 

temperature, the flow through was transferred to a presterilized 1,5ml safelock tube 

(Eppendorf, Hamburg, Germany). Samples were freezed as quick as possible in 

liquid nitrogen and stored at -80°C. RNA concentration was determined 

spectrophotometrically. 

3.4.2 cDNA Synthesis  

For cDNA synthesis with Invitrogens’ SuperScript™ First-Strand Synthesis System, 

2µg RNA was implemented. Method was performed following the manufacturers’’ 

instructions. 

 
Mastermix1:  

Oligo(dt)12-18 (500ng/ml) Primer (Invitrogen)   1µl 
dNTP mix (Fermentas)     1µl 
 

Mastermix 2:  

5X First Strand Buffer (Invitrogen)   4µl 
0,1M DTT (Invitrogen)     2µl 
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2µl of mastermix1 was pipeted to a PCR cup; 2µg RNA and RNase free water to an 

amount of 12µl were added. 

For reaction, samples were incubated at 65°C for 5min using a thermocycler 

(Mastercycler Gradient, Eppendorf) and afterwards kept on ice. 6µl of mastermix 2 

were mixed with the sample and incubated for 2min at 42°C. Finally PCR reactions 

was started by applying 1µl SuperScript® II Reverse Transcriptase to the sample and 

incubate it in the thermocycler at 42°C for 50min. Reaction inactivated by a final 

incubation step at 70°C for 15min. cDNA-samples were stored at -20°C.  

3.4.3 Real-time quantitative PCR  

Real-time quantitative PCR was performed with the TaqMan® Probe-Based Gene 

Expression Analysis from Applied Biosystems.  

 

Probes:  

TaqMan®Gene Expression Assay for Mouse Tomm40 (20x; Cat. no.: 4331182) 
TaqMan®Gene Expression Assay for Mouse ApoE (20x; Cat. no.: 4331182) 
TaqMan®Gene Expression Assay for Mouse Actinβ (Actb) (20x; Cat. no.: 4331182) 
 

All working steps were done in an aura PCR bench. Before starting, the whole 

equipment inside the bench (pipettes, tips, water, racks, and plates) was irradiated 

with ultraviolet light for at least 30min.  

 

Reaction Mastermix: 

TaqMan Universal Mastermix II, no UNG  10µl 
Ctr Primer Probe:       1µl   
DEPC-H2O:        7µl 
Template DNA:       2µl 
 
Mastermix was applied to a Micro Amp Fast Optical 96 Well Reaction Plate. Samples 

were diluted 5ng/µl with DEPC-water; the final cDNA concentration in the reaction 

well was therefore 10ng. All samples were analyzed by double estimation. Plates 

were covered with Micro Amp Optical Adhesive Film (PCR compatible 

DNA/RNA/RNase free) and briefly spun down (Kendro Laborytory products Multifuge 

3LR Heraueus). A StepOne™ Real-Time PCR System was used. Data were 

analyzed by StepOne Software v2.0.  
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Relative quantification was done using the 2^- ∆∆CT method (Livaka KJ and 

Schmittgen TD, 2001): 

dCT = CT (Tom40) - CT (Actb)  

ØdCT of all wildtypes was calculated 

 ∆∆CT= dCT – ØdCT 

Relative expression: 2^- ∆∆CT 

3.5 mtDNA copy number and deletion analysis 

3.5.1 Extraction of DNA from heart and brain tissue  

For extraction of the nucleic acids less than 25mg of nitrogen frozen mouse heart and 

brain tissue were used for optimal yield. Purification was done using QIAGEN 

QIAamp®DNA Mini and Blood Mini Kit. Therefore a small slice of mouse heart and 

brain tissue was placed into presterilized 1,5ml safelock tubes (Eppendorf, Hamburg, 

Germany) with 180µl ATL-buffer and 20µl Proteinase K. After vortexing, the tubes 

were incubated on a shaker at 56°C over night for tissue lysis. To remove drops from 

the lid, the tubes were briefly centrifuged before adding 200µl AL-buffer. To obtain a 

homogenous solution 15sec pulse-vortexing to mix thoroughly was performed. The 

samples were incubated at 70°C for 10min and briefly spun-down afterwards. 200µl 

ethanol absolute (Carl Roth) was added; the sample was again pulse-vortexed for 

15sec and briefly centrifuged. The resulting mixture was then transferred to the 

QIAamp Mini Spin column with collection tube and centrifuged at 6000xG (8000rpm) 

for 1min. The collection tube with the filtrate was discarded, the column placed in a 

new collection tube. A volume of 500µl buffer AW1 was added to the column, 

followed by centrifugation (6000xG (8000rpm) for 1min). The resulting filtrate was 

discarded; the column was placed in a clean collection tube and 500µl buffer AW2 

added. Centrifugation at full speed (13000rpm) was done twice. After the first 3min 

centrifugation step the used collection tube was discarded and the column put in a 

new collection tube. The second centrifugation step (1min) had the purpose to avoid 

possible contamination of the sample with buffer AW2. Finally, the QIAamp Mini Spin 

column was placed in a clean 1.5ml safelock tube (Eppendorf, Hamburg Germany), 

200µl AMPUWA water was added, incubated for 1min at RT and spun down 6000xG 

(8000rpm) for 1min. This elution step was repeated with another volume of 200µl 
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AMPUWA water to increase overall DNA yield. Concentrations and quality were 

measured with a NanoDrop 1000 Spectrophotometer (~30ng/µl with an A260/A280 ratio 

of 1.7-1.9). 

3.5.2 Analysis of mtDNA copy number 

Heart and brain DNA samples were diluted to 1 ng/µl. Copy number variations of 

mtDNA molecules were defined by quantifying the mtDNA ND1 (NADH 

dehydrogenase 1) gene copies (He L et al., 2002) relative to the nuclear encoded 

house keeping gene Actb using real-time quantitative PCR (for technical details see 

chapter 2.3.5). ), Additional, CYTB (cytochrome b) and COX3 (cytochrome c oxidase 

subunit 3) gene copies were also quantified.  

A standard curve for each gene was made using DNA extracted from blood of a 

wildtype C57BL/6J mouse. The following dilutions were used: 1:1, 1:10, 1:100, and 

1:1000. dCT values of the standards were calculated by subtracting (ND1- Actb, 

COX3-Actb, and CYTB-Actb). Linear equations were produced from the dCT values 

of the standards (y=mx+b, with m=slope, b=intercept). Samples were analyzed in 

double estimation. Afterwards, the CT value specific dCT values were calculated (in 

comparison with the standards). Therefore, following formula was used: 

i.e. dCT of ND1-CYTB=(CTND1-CT- Actb)-((mND1-- Actb * CT ND1)+ bND1-- Actb)  

Copy number was calculated using following formula: 

i.e. ND1-CYTB=2^ dCT of ND1- Actb) 

 

Used probes:  

Actb: TaqMan®Gene Expression Assay for Mouse Actb (20x)  

ND1: Custom Taqman(R) Gene Expression Assay Service (20X);  

Mouse_ND1_F: GAGCCTCAAACTCCAAATACTCACT 
 Mouse_ND1 _R: GAACTGATAAAAGGATAATAGCTATGGTTACTTCA 
 5`- Reporter Dye: 6-carboxy-fluorescein (FAM); TCCAACAGGAATTTCA 

3`- Quencher: nonfluorescent quencher (NFQ)  
   

3.5.3 Searching for deletions in the mtDNA 

The principle of analyzing the number of mtDNA deletions was described before 

(Bender A et al., 2006). In brief, mt ND1 (NADH dehydrogenase 1), CYTB 
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(cytochrome b) and COX3 (cytochrome c oxidase subunit3) gene copies were 

quantified relative to Actb. 0.5ng DNA was implemented.  

A standard curve for each gene was made using DNA extracted from blood of a 

wildtype C57BL/6J mouse. The following dilutions were used: 1:1, 1:10, 1:100, and 

1:1000. dCT values of the standards were calculated by subtracting (ND-COX3, ND1-

CYTB, ND1- Actb, COX3-ND1, COX3-CYTB, COX3-Actb, CYTB-ND1, CYTB-COX3, 

and CYTB-Actb). Linear equations were produced from the dCT values of the 

standards (y=mx+b, with m=slope, b=intercept). Samples were analyzed in double 

estimation. Afterwards, the CT value specific dCT values were calculated (in 

comparison with the standards). Therefore, following formula was used: 

i.e. dCT of ND1-CYTB=(CTND1-CTCYTB)-((mND1-CYTB * CT ND1)+ bND1-CYTB )  

 

Deletion values were calculated using following formula: 

i.e. ND1-CYTB=(1-2^ dCT of ND1-CYTB))*100 

 

For each animal, the maximum value of all calculated deletion values was taken for 

comparison with the other animals.  

Used probes:  

• Cytb: Custom Taqman(R) Gene Expression Assay Service (20x) 

Mouse_cytb-ANY_F GGAACAACCCTAGTCGAATGAATTTG 
Mouse_cytb-ANY_R GGCCGCGATAATAAATGGTAAGATG   
5`- Reporter Dye: FAM TTGACCCGATTCTTCG   
3`- Quencher: NFQ  
         

• Cox3: Custom Taqman(R) Gene Expression Assay Service (20x) 

Mouse_COX3 _F CCTCGTACCAACACATGATCTAGGA 18 
Mouse_COX3 _R AGTGGGACTTCTAGAGGGTTAAGTG 18  
5`- Reporter Dye: FAM TCCAACAGGAATTTCA  
3`- Quencher: NFQ  
         

• Actb : TaqMan®Gene Expression Assay for Mouse Actb (20x)  

• ND1: Custom Taqman(R) Gene Expression Assay Service (20X);  

Mouse_ND1_F: GAGCCTCAAACTCCAAATACTCACT 
 Mouse_ND1 _R: GAACTGATAAAAGGATAATAGCTATGGTTACTTCA 
 5`- Reporter Dye: 6-carboxy-fluorescein (FAM); TCCAACAGGAATTTCA 

3`- Quencher: nonfluorescent quencher (NFQ)  
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3.6 Protein extraction from different tissues 

Mice were sacrificed by cervical dislocation before organ withdrawal. Organs were 

either put in ice cold buffer and processed immediately or frozen in liquid nitrogen 

and stored at -80°C. 

3.6.1 Total protein extraction from liver tissue 

Frozen tissue (20-402µg) was placed in 2ml safelock tubes (Eppendorf, Hamburg, 

Germany). 1.5ml SET buffer containing 1% protease inhibitor cocktail (Sigma, 

P8340) was added and a stainless steel bead (5 mm diameter – QIAGEN). With the 

TissueLyser II system, samples were simultaneously disrupted through high-speed 

shaking (two times: 30Hz, 45sec). Homogenates were spun down (800xG, 5min, 

4°C), supernatant was aliquoted into new tubes and protein concentration was 

determined using Bradford assay (see chapter 3.6.4).  

3.6.2 Isolation of heart mitochondria  

For respirometric measurements in the oxygraph, mouse hearts were dissected, 

washed in ice-cold 1XTBS and homogenized in 2ml M2 buffer with 3-4strokes using 

a POTTER S Homogenisator (B. Braun Biotech International, Göttingen, Germany) at 

500rpm. Unbroken cells and cell nuclei were spun down at 650xG for 7min at 4°C for 

three times. Protein concentration of the supernatant was determined using Bradford 

assay (see chapter 3.6.4).  

3.6.3 Isolation of brain mitochondria  

Mouse brains were dissected, washed in ice-cold 1XTBS and homogenized in 13ml 

IB buffer with 3-4strokes using a POTTER S Homogenisator (B. Braun Biotech 

International, Göttingen, Germany) at 500rpm. Unbroken cells and cell nuclei were 

spun down at 1300xG for 3min at 4°C for two times. For enzymatic measurements, 

supernatant was frozen in liquid nitrogen, for respirometric measurements 

supernatant was centrifuged at 13000xG for 15min. Pellet was dissolved in 500µl 

Miro5 buffer. Protein concentrations of the samples were determined using Bradford 

assay (see chapter 3.6.4).  
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3.6.4 Bradford assay  

To determine protein concentrations Bio-Rad Protein Assay was applied. Protein 

Assay Dye Reagent Concentrate was diluted 1:5 with ddH2O and filtered with a 

Sterifix® injection filter (B.Braun, Sempach, Switzerland). 1ml of this solution was 

added to polystyrene cuvettes with 1 cm path length (Biorad, USA). Before 

measurement, a standard curve using BSA was constructed (0, 1, 2, 4, 6, 8, 10 µg). 

1µl protein sample was added to the cuvette, mixed thoroughly and incubated 10min. 

Measurement at 595nm was done using a spectrophotometer. 

3.7 SDS PAGE and Western Analysis 

A Tricine-SDS-polyacrylamide gel electrophoresis system developed by Schägger 

&Jagow (Schägger H and von Jagow G, 1987) was used for analyzing protein 

expression.  

An amount of 20µg protein in 10µl isolation buffer was used. 10µl 5x Laemmlli 

loading buffer was added.  

 

12% separation gel    component    4% stacking gel 

6.6 ml     bis-acrylamide   0.67 ml 
6 ml     gel buffer    0.67 ml 
2.5 ml     50% glycerol    - 
1 ml     ddH20     3.67 ml 
0.05 ml     10% APS    0.04 ml 
0.02 ml     TEMED    0.01 ml  
 

The electrophoresis apparatus was set up with cathode buffer inside the negatively 

charged electrode chamber covering the gel, and anode buffer outside. Samples 

were denaturized at 70°C for 10min, spun down and loaded to the gel wells together 

with a prestained molecular marker (Fermentas inc., Maryland, USA). Apparatus was 

connected to a power source (Biorad, USA); running conditions to separate the 

protein bands were 50mA/2h.  

Then, proteins were transferred to a nitrocellulose membrane by Semi Dry Blotting. 

Therefore a stack of 6 filter papers (ALDRICH Whatman® cellulose chromatography 

papers 3MM) was soaked with Blot Buffer and 3 were placed on the anode of a semi 

dry blotter (Biorad, USA). Nitrocellulose membrane was moistened and put on top of 

the filter papers. Gel was incubated in Blot Buffer for 10min and placed on top of the 
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membrane together with the remaining three wet filter papers. Blotter was closed and 

connected to a power source (200mA, 1h). To check efficiency of transfer gel was 

stained with Coomassie Brilliant Blue R250 (Thermo Fisher Scientific Inc, USA) over 

night and destained using an acetic acid solution. Membrane was rinsed with PBS 

and blocked for 1h either in Odyssey Blocking Buffer (LI-COR Biotechnology, USA) 

or in 10% milk powder (Sigma, 70166) diluted in PBS-T. Primary antibodies were 

either diluted in this blocking buffer or in 1% milk powder solution and membranes 

were incubated over night at 4°C on a shaker. After washing 5x5min with PBS-T, 

membranes were incubated for 45min in the secondary antibody solution (for Li-

COR: IRDye® 800CW – anti mouse; IRDye® 700DX – anti rabbit; both diluted 

1:10000 in Odyssey Blocking buffer, protected from light; LI-COR Biotechnology, 

USA; for analysis by enhanced chemilumineszence (ECL): Goat anti-Rabbit IgG 

(H+L), Secondary Antibody, Peroxidase Conjugated (Thermo Scientific Pierce 

antibodies, 32460) diluted 1:10000 and Goat Anti-Mouse IgG (H+L), Secondary 

Antibody, Peroxidase Conjugated (Thermo Scientific Pierce antibodies 32430) diluted 

1:70000). For Li-COR: Membranes were washed 3x15min in PBS-T and 2x10min in 

PBS before starting the scanning procedure using the Odyssey® Infrared Imaging 

System (LI-COR Biotechnologies, USA). Afterwards, membranes were stripped 

20min using Restore Plus Western Blot Stripping Buffer (Thermo Fisher Scientific 

Inc, USA) and reprobed with another primary antibody of a different species. For 

ECL: Membranes were washed 3x15min in PBS-T (for using the TOMM40 antibody, 

membranes were washed in 2% milk powder diluted in PBS-T) and 2x10min in PBS. 

As chemiluminescent substrates for horseradish peroxidase (HRP) the two-

component system of Pierce scientific consisting of a stable peroxide solution and an 

enhanced luminol solution was used (Pierce ECL Plus Western Blotting Substrate 

32132). Solutions were mixed 1:1 and incubated on the membrane for 1min (shaking, 

dark). For detection, the Amersham Hyperfilm ECL (GE Healthcare, 18 × 24 cm, 28-

9068-36) was used.  

 

The following antibodies were used:  

• Anti-TOMM40 (H-300) (sc-11414; Santa Cruz Biotechnology Inc., USA) 
• Anti-TOMM40 (N-15) (sc-11022; Santa Cruz Biotechnology Inc., USA) 
• Anti-TOMM40 (C-15) (sc-11025; Santa Cruz Biotechnology Inc., USA) 
• Anti-TOMM40 antibody (ab51884; Abcam, Cambridge, UK)  
• MitoProfile® Total OXPHOS Rodent WB Antibody Cocktail (Mitosciences, 

USA) – mouse monoclonal; dilution 1: 1000 
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• Anti-VDAC1/Porin antibody - mitochondrial Loading control (ab15895; Abcam, 
Cambridge, UK) – rabbit polyclonal; dilution 1:1000 

• Anti-beta Tubulin antibody [DM1B] - Loading Control (ab7287; Abcam, 
Cambridge, UK) - mouse monoclonal; dilution 1:1000  

 

3.8 Quantification of mitochondrial complexes and isolation of 

supercomplexes 

In order to evaluate import efficiency in mice lacking one TOM40 allele, a quantitative 

analysis of OXPHOS complexes was performed in different tissues with high energy 

demand (see Table below). 

Table 1: Animals for BNE quantification 
Mouse_ID Age [d] Strain Line Genotype 

heart 

30080825 267 C57BL/6J_129/SvJ TOM40 +/+ 
30100169 406 C57BL/6J TOM40 +/- 
30100170 406 C57BL/6J TOM40 +/- 
30100615 398 C57BL/6J TOM40 +/- 
30101453 383 C57BL/6J TOM40 +/+ 
30111422 259 C57BL/6J_129/SvJ TOM40 +/+ 

muscle 

30080825 267 C57BL/6J_129/SvJ TOM40 +/+ 
30094744 218 C57BL/6J TOM40 +/- 
30095575 204 C57BL/6J TOM40 +/- 
30126043 207 C57BL/6J TOM40 +/+ 
30126044 207 C57BL/6J TOM40 +/+ 
30126496 215 C57Bl/6 (129Sv) TOM40 +/- 

brain 

30126043 207 C57BL/6J TOM40 +/+ 
30126496 215 C57Bl/6 (129Sv) TOM40 +/- 
30126044 207 C57BL/6J TOM40 +/+ 
30126498 215 C57Bl/6 (129Sv) TOM40 +/- 
30084385 332 C57BL/6J TOM40 +/+ 
30095575 204 C57BL/6J TOM40 +/- 

liver 

30126043 207 C57BL/6J TOM40 +/+ 
30126496 215 C57Bl/6 (129Sv) TOM40 +/- 
30084385 332 C57BL/6J TOM40 +/+ 
30095413 167 C57BL/6J_129/SvJ TOM40 +/+ 
30126045 218 C57BL/6J TOM40 +/- 
30126042 218 C57BL/6J TOM40 +/- 

Heart of old animals 

30058846 872 C57BL/6J_129/SvJ TOM40 +/- 
30058845 564 C57BL/6J_129/SvJ TOM40 +/+ 
30059583 622 C57BL/6J_129/SvJ TOM40 +/+ 
30059586 622 C57BL/6J_129/SvJ TOM40 +/+ 
30075904 705 C57BL/6J_129/SvJ TOM40 +/- 
30076972 702 C57BL/6J_129/SvJ TOM40 +/- 
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All analyses were done by Dr.Ilka Wittigs’ work group “Mitochondrial proteome 

analysis” from the Institute of Molecular Bioenergetics of the University of 

Frankfurt/Main.  

3.8.1 Sample preparation 

Preparation of crude mitochondrial membranes and solubilisation of mitochondrial 

membrane complexes were performed as previously described (Wittig et al. 2006). 

Briefly, tissue samples from skeletal muscle, brain, liver, and heart were 

homogenized in 250mM Sucrose, 10mM Tris-Cl pH7.5, 1mM EDTA, 2mM 

aminocaproic acid using a motor-driven, tightly fitting glass/Teflon Potter-Elvehjem 

homogenizer. Nuclei and unbroken cells were sedimented 15min at 600xG. The 

supernatant was divided into aliquots corresponding to the following wet weights: 

15mg for skeletal muscle, 10mg for brain and liver, 5mg for heart. Aliquots were 

centrifuged 10min at 20000xG to obtain a pellet containing mitochondrial 

membranes. For labelling of mitochondrial proteins with fluorescent dyes, 

membranes were resuspended in 250mM Sucrose, 20mM phosphate buffer pH7.5, 

1mM EDTA and labelled with 10nmol NHS-Fluorescein (Pierce) / 10mg tissue wet 

weight for 120min on ice, and sedimented again to remove dye excess. 

In order to solubilise protein complexes, mitochondrial membranes were 

resuspended in 50mM NaCl, 50mM imidazole pH7, 1mM EDTA, 2mM aminocaproic 

acid. Single OXPHOS complexes were solubilised using 20% dodecylmaltoside stock 

in water (w/v): 2.5µl for heart, 5µl for skeletal muscle, 10µl for liver or brain aliquots. 

Supercomplexes of the respiratory chain and oligomeric ATP synthase were 

solubilised by adding the mild detergent digitonin (20% stock in water (w/v)): 5µl for 

heart, 10µl for skeletal muscle, 20µl for liver or brain aliquots. Samples were 

centrifuged for 20min at 22,000xG and the protein content of the supernatant was 

measured. Equal amounts of protein/lane (50 – 100 µg/sample depending on tissue) 

were mixed with a 5% Coomassie blue G-250 dye stock suspension to obtain a 

detergent/dye ratio of 8/1.  
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3.8.2 Native electrophoresis  

Blue native electrophoresis (BNE) and clear native electrophoresis (CNE) were 

performed as described (Wittig & Schägger, 2005, Wittig et al. 2006). Briefly, gels 

with continuous acrylamid gradients from 3 to 13% and from 4 to 13% were casted 

using gradient mixers, placed to electrophoresis chambers and supplemented with 

anode buffer (25 mM Imidazole, pH 7), cathode buffer B for BNE (50 mM Tricine, 

7.5mM Imidazole, 0.02% Coomassie blue G-250, pH7) and cathode buffer C for CNE 

(50 mM Tricine, 7.5 mM Imidazole, pH 7). Equal protein amounts per sample were 

loaded to allow direct quantification analysis in 1D gels. Electrophoresis was 

performed at 4-7 °C, 15 mA. Cathode buffer B in BNE was changed to cathode buffer 

B/10 (50 mM Tricine, 7.5mM Imidazole, 0.002% Coomassie blue G-250, pH7) after 

the blue front has reached on third of the total gel length. Electrophoresis was 

continued until the front reached the end of the gel. 

3.8.3 2D BN/SDS PAGE 

Following separation of mitochondrial OXPHOS complexes by BNE, subunit 

composition was studied using 2D BN/SDS-PAGE described in Wittig et al. 2006 and 

Schägger, 2006. Briefly, 1D BN-strips were soaked in 1% SDS for a few minutes and 

a SDS-gel was casted below. 1D strips were pushed on top of the 2D gel and SDS 

electrophoresis was performed at room temperature. 2D gels were scanned using a 

Typhoon scanner (GE Healthcare) to detect Fluorescein (excitation 488nm, emission 

filter 520 nm) and same gels were then stained with silver (Rais et. al. 2004). 

3.8.4 Coomassie stain of 1D BN-gels for quantification 

Gels were fixed in 50% methanol, 10% acetic acid and stained with 0.025% 

Coomassie G250 (Serva) in 10% acetic acid. After removal of the dye in 10% acetic 

acid gels were scanned by an office scanner (Epson perfection 2400 PHOTO) for 

documentation and densitometry by Quantity One Software (Bio-Rad). 
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3.8.5 Complex I and V in-gel catalytic activity stains 

In gel activity stains are used as an additional quantification method of isolated 

protein complexes by 1D BNE. The in-gel NADH: nitrotetrazolium blue (NTB) 

reductase and ATP hydrolysis assays followed essentially the protocols described by 

Zerbetto et al. 1997 with some modifications according to Wittig et al., 2007. 

Complex I stain: Complex I in-gel activity stain was done in 1D BN-gels directly after 

electrophoresis. NADH is used as electron donor and via complex I nitrotetrazolium 

blue (NTB) is reduced to formazan, which is purple in colour and stains the position 

of the native enzyme within the gel. 1D BNE gels were incubated in buffer containing 

5mM Tris/HCl, pH7.4, 0.1mg/ml NADH and 2.5mg/ml NTB until the purple colour was 

developed (approx. 30min). Reaction was stopped with 50% methanol, 10% acetic 

acid fixing solution for several hours to remove Coomassie. Gels were placed into 

water and scanned for further densitometric analysis. 

ATP hydrolysis assay: Gels were incubated in 35 mM Tris, 270 mM glycine, pH8.3, 

14mm MgSO4, 0.2% Pb(NO3)2, 8mm ATP, pH8.3 until white lead phosphate 

precipitates developed at positions of ATP synthase (up to 6 hours). The reaction 

was stopped in 50% methanol for 30 min. Gels were placed into water and scanned 

for further densitometric analysis. 

3.9 Functional Analysis 

3.9.1 High-resolution respirometry 

Respiratory Chain Complex (RCC) activity measurement of isolated mitochondria 

from heart tissue was performed by using the OROBOROSTM Oxygraph-2k (with 

DatLab Software for data acquisition and analysis, Oroboros, Oxygraph, Innsbruck, 

Austria) as a highly sensitive tool to evaluate mitochondrial complex activity by 

monitoring oxygen kinetics at low oxygen partial pressure (Gnaiger E et al., 2000; 

Méndez G and Gnaiger E, 1994). The assay medium Miro5 was air-equilibrated for 

30-40min before use. All experiments were carried out at 30°C. Calibration of the 

system, including signal correction for electrode response time, blank controls, 

internal zero calibration, as well as data acquisition and analyses, was carried out as 

described (Gnaiger E, 2010). 200µg of the enriched mitochondria were placed into 
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the 2ml glass chamber. A standard substrate/inhibition titration protocol was applied 

to measure the different segments of the respiratory chain in defined metabolic states 

(Kuznetsov AV et al., 2002). Complex I: rotenone-sensitive oxidation of glutamate 

(10mM) for 1min (shaking, dark) and malate (5mM) in the absence (resting 

respiration, state 2) and presence (active respiration, state 3) of ADP (50mM), 

inhibition with 0,5µM rotenone; Complex II: antimycin A-sensitive oxidation of 

succinate (10mM), inhibition with 2,5µM antimycin A; Complex IV: potassium 

cyanide-sensitive (KCN) oxidation of ascorbate (2mM) and TMPD (0,5mM), inhibition 

with 1µM KCN. To determine the effects of aging to mitochondrial function in our 

animal model we analyzed in addition to young Tom40 mice cohort of aged animals 

(~700d). 

In a second trial, another titration protocol was applied to measure uncoupled 

respiration (state3u) using the ionophore carbonylcyanide p-

trifluoromethoxyphenylhydrazone (FCCP). Respiratory control ratios (RCR) had to be 

around 2-3 for heart mitochondria and 4-5 for brain mitochondria, lower values 

suggest damage by the isolation procedure.  

3.9.2 Determination of specific enzyme activities in isolated mitochondria 

Mitochondria were freeze-thawed to make sure that substrates have full accessibility 

to the mitochondrial inner membrane. The measurement of the specific activity of the 

individual complexes of the respiratory chain and citrate synthase as mitochondrial 

activity marker was performed spectrophotometrically, as described by Sgobbo et al. 

(Sgobbo P et al., 2007). Aconitase activity was determined as a marker for oxidative 

damage (Gardner PR, 2002). Therefore an aconitase isocitrate dehydrogenase 

assay was performed like described in literature with minor modifications (Drapier JC 

and Hibbs JB Jr, 1996; Hausladen A and Fridovich I, 1996; Rose IA and O'Connell 

EL, 1967). All assays were performed at 37°C. The volume of reaction was 1 ml in 

the case of each complex. A hypotonic medium containing 25mM potassium 

phosphate (pH 7.4) and 5mM MgCl2 was used as assay buffer.  

 

NADH-CoQ oxidoreductase  

NADH-CoQ oxidoreductase (complex I) activity was determined by following the 

rotenone-sensitive initial rate of NADH oxidation at 340nm. Therefore, 200µM NADH 
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was applied as donor and 65µM decylubiquinone as acceptor. 2,5mg/ml fatty-acid 

free bovine serum albumin (BSA) (2.5 mg/ml), 2 mM KCN and antimycin A (3 µg/ml) 

were added to the assay buffer before the assay and 50 µg/ml of protein was used. 

In the end, the enzymatic activity was inhibited by Rotenone (2 µg/ml).  

Calculation of enzyme activity U (µmol/min): 

∆ε NADH 340nm= 6.22 mM-1 cm-1 

Vcuvette = 200µl + sample 

d= cuvette thickness (1cm) 

- volume activity (U/l) = ((∆Abs/min - ∆Abs/minrotenone )* Vcuvette) / (ε*d*Vsample) 

- specific activity (U/mg protein) = volume activity/sample concentration 

- rotenone sensitivity: 1 – (∆Abs/min) / (∆Abs/minrotenone ) 

 

Succinate-cytochrome c oxidoreductase 

Succinate-cytochrome c oxidoreductase (complex II + III) activity was measured at 

550nm as initial rate of antimycin-sensitive cytochrome c reduction. Mitochondrial 

proteins (130 µg/ml) were incubated for 10 min in the assay buffer in the presence of 

20 mM succinate before measurement. Rotenone (3 µg/ml), 2 mM KCN and 65 µM 

decylubiquinone were added to the assay buffer. The reaction was started by the 

addition of 20 µM ferricytochrome c. The enzymatic activity was inhibited by 

antimycin A (2µg/ml). 

Calculation of enzyme activity U (µmol/min): 

∆ ε cytochrome c 550nm = 21.1 mM-1 cm-1 

Vcuvette = 200µl + sample 

d= cuvette thickness (1cm) 

- volume activity (U/l) = ((∆Abs/min) * Vcuvette) ε -1 d -1 Vsample
-1

 

- specific activity (U/mg protein) = volume activity/sample concentration 

- antimycin A sensitivity: 1 – (∆Abs/min) / (∆Abs/minantimycin ) 

 

Cytochrome c oxidase 

Cytochrome c oxidase (complex IV) activity was measured by following the oxidation 

of ferrocytochrome c at 550 using 80 µg/ml of protein. The assay buffer was 

supplemented with antimycin A (3 µg/ml). 

Calculation of enzyme activity U (µmol/min): 

∆ε cytochrome c 550nm= 21.1 mM-1 cm-1 
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Vcuvette = 200µl + sample 

d= cuvette thickness (1cm) 

- volume activity (U/l) = ((∆Abs/min) * Vcuvette) / (ε*d*Vsample) 

- specific activity (U/mg protein) = volume activity/sample concentration 

 

Citrate synthase 

Citrate synthase activity was measured following the reduction of 0.2mM DTNB (5, 

5'-dithiobis-(2-nitrobenzoic acid or Ellman's reagent) at 412nm. Proteins (80µg/ml), 

0.25mM acetyl-coenzyme A, and 0.2mM DTNB were added to a Tris–HCl buffer 

(10 mM), pH 7.4, containing 0.2% (v/v) Triton X-100. The reaction was started by the 

addition of 0.4mM oxalacetate. 

Calculation of enzyme activity U (µmol/min): 

∆ε DTNB 412nm= 13.6 mM-1 cm-1 

Vcuvette = 200µl + sample 

d= cuvette thickness (1cm) 

- volume activity (U/l) = ((∆Abs/min) * Vcuvette)/ ε*d*Vsample 

- specific activity (U/mg protein) = volume activity/sample concentration 

 

Aconitase 

Aconitase is a mitochondrial enzyme that converts citrate to isocitrate. Determination 

of aconitase activity was done indirectly by coupling it to the NADP-linked isocitrate 

dehydrogenase (IDH). The rate of NADP+ reduction by conversion of isocitrate to α-

ketoglutarate was recorded at 340nm. Assay buffer contained 100mM Tris/HCl 

pH8.0, 0.15mM cis-aconic acid, 0.5mM MnCl2, 1mM NADP+, 0.3U IDH and 0.1% 

TritonX100. Reaction was started by adding 20µg mitochondria and recorded for 

300sec. 

Calculation of enzyme activity U (µmol/min): 

∆ε NADPH 340nm= 6.22 mM-1 cm-1 

Vcuvette = 200µl + sample 

d= cuvette thickness (1cm) 

- volume activity (U/l) = ((∆Abs/min) * Vcuvette)/ ε*d*Vsample 

- specific activity (U/mg protein) = volume activity/sample concentration 
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3.10 Primary screen within the German mouse clinic 

For systemic analysis of the mutant mouse line a cohort of 80 young animals (40 

heterozygous mutants, 40 wild-type control littermates) entered the primary screen of 

the German Mouse Clinic. Mice were tested in the screens Dysmorphology, 

Behaviour, Neurology, Eye, Nociception, Energy Metabolism, Clinical Chemistry, 

Immunology, Allergy, Steroid Metabolism, Cardiovascular Function, Lung Function, 

Molecular Phenotyping, and Pathology. The animals are divided into two groups and 

enter a standard workflow (Fig. 1; modified after (Brown SD et al., 2005; Fuchs H et 

al., 2009; Gailus-Durner V et al., 2009; Gailus-Durner V et al., 2005). All standard 

operation protocols (SOPs) were developed by the EUMORPHIA members and are 

available at http://www.empress.har.mrc.ac.uk. 

 
Figure 2: Two pipeline workflow in the GMC  
Schematic representation of the two pipeline workflow in the GMC with involved screens and 
performed experiments.  
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3.10.1 Dysmorphology, Bone and Cartilage  

Passing this module, the animals were screened for abnormal morphology in different 

organ systems with emphasis on bone and cartilage development and homeostasis. 

(Fuchs H et al., 2006). Animals were analyzed at different time points: with the age of 

nine weeks morphological observations were recorded in awaken mice following the 

protocol of Fuchs et al. (2000). X-ray and bone densitometry analysis (using dual 

energy X-ray absorption DEXA) were done in anaesthetized animals at an age of 14 

weeks. Statistical analysis was done using StatView Software package (SAS 

cooperation).  

3.10.2 Behaviour  

The behavioural screen of the GMC addresses the question if the given mutation has 

behavioural consequences for the mutated mice. Naïve animals were tested in the 

open field task with the age of 9 weeks. Acoustic startle and Pre-Pulse-Inhibition 

(PPI) were done two weeks later. Open field task creates an approach-avoidance 

conflict in mice (exploration of new environment vs. avoidance of open spaces). 

Therefore it is widely used to assess anxiety-related behaviour in mice (Archer J, 

1973; Choleris E et al., 2001; Crawley JN, 2008; Weiss SM et al., 2000).  

Mice first were habituated to the experimental room for 30 min. Then they were 

placed individually into the middle of one side of the arena facing the wall and 

allowed to explore it freely for 20min. Determination of the animals coordinates was 

done using light barriers. A corridor of 8cm near the walls was determined by 

computer software as periphery and the remaining area in the middle as centre.  

Table 2: Parameters recorded in the behaviour screen 
Behaviour  Parameters 

Forward locomotor activity  Total distance travelled in arena and periphery  

Vertical exploratory activity  Rearings  

Speed of movement  Average speed in arena and periphery  

Immobility  Resting time in arena, centre and periphery  

Anxiety-related behaviour  Latency to enter centre, Percentage time in centre, Percentage centre 
locomotor activity, Permanence time in centre and periphery, Centre 
average speed, Number centre en-tries, Centre distance travelled  

Habituation  Time courses of distance travelled, rearing frequencies and time spent 
in centre over the observation period  

Equipment: test apparatus from ActiMot, TSE (45.5 x 45.5 x 39.5 cm), illumination: 150lux (periphery), 
200lux (centre) 
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A detailed description can be found here: 

http://www.empress.har.mrc.ac.uk/viewempress/ pdf/ESLIM_007_001.pdf 

PPI is routinely applied in animal testing to get information about sensorimotor 

integration in the brain that is likely to be disturbed in patients with neuropsychiatric 

diseases like schizophrenia (Geyer MA et al., 2001; Swerdlow NR et al., 1994). The 

protocol used was based on the SOP on www.eumorphia.org. After a 5-min-

acclimation period mice were exposed to five presentations of leader startle pulses 

with an intensity of 110 dB (excluded from statistical analysis). Four different prepulse 

intensities (67, 69, 73, 81 dB) were chosen, the startle pulse (110 dB) itself was 

preceded by each prepulse with a 50 msec inter-stimulus interval. The different trial 

types were presented to the mice 10 times (random order, organized in 10 blocks, 

each trial type occurring once per block). Inter-trial intervals varied from 20-30 sec.  

Data were statistically analyzed using SPSS software (SPSS Inc, Chicago, USA) with 

a level of significance at p<0.05. 

3.10.3 Neurology 

As primary observation screen a modified SHIRPA (Smithkline Beecham, MRC 

Harwell, Imperial College, the Royal London hospital phenotype assessment) 

protocol was performed (Gailus-Durner V et al., 2005). This protocol is proposed as a 

rapid, comprehensive and semi-quantitative screening method for qualitative analysis 

of abnormal phenotypes in a mouse strain (Rogers DC et al., 1997). Each test 

parameter contributes to an overall assessment in muscle, lower motor neuron, 

spinocerebellar, sensory and autonomic function. Assessment of each animal at age 

10 weeks began with observation of undisturbed behaviour (Viewing Jar Behaviour) 

in a glass cylinder (11 cm in diameter). The mice were then transferred to an arena 

consisting of a clear Perspex box (420 x 260 x 180 mm) in which a Perspex sheet on 

the floor is marked with 15 squares. Locomotor activity and motor behaviour within 

this area was observed (Behaviour recorded in the Arena). This was followed by a 

sequence of manipulations testing reflexes (Behaviour recorded on or above the 

arena). Measurements were completed with the recording of body weight. The last 

part of the primary screen also involved the analysis of contact righting reflex, and 

contact righting reflex. A glass cylinder (35 mm diameter, 135 mm length) was used 

for testing of the contact righting reflex. Throughout the entire procedure, abnormal 
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behaviour, biting, defecation, and vocalization were recorded. Parameters were rated 

due to a defined rating scale (see table 4). Between testing, fecal pellets and 

urination were removed from the viewing jar and arena. All experimental equipment 

was thoroughly cleaned with Pursept-A and dried prior to testing (Details: 

http://www.har.mrc.ac.uk/services/%0Bphenotyping/neurology/shirpa.html).  

In collaboration with the clinical chemistry screen, serum lactate levels were 

measured in addition. 

 

Table 3: Parameters recorded in the neurology screen 
SHIRPA Parameter Rating scale 

Body position  Inactive=0, active=1, excessive=2 
Gait Normal=0, abnormal=1 
Positional passivity Struggle=0, no reaction=3 
Pelvic elevation Less than 5mm=0, more than 5mm=1 
Tail elevation Dragging=0, horizontal=1, elevated=2 
Defecation Present=0, absent=1 

Muscle/lower motor neuron 
function  

Urination Present=0, absent=1 
Body position Inactive=0, active=1, excessive=2 
Gait Normal=0, abnormal=1 
Pelvic elevation Less than 5mm=0, more than 5mm=1 

Spinocerebellar function  

Tail elevation Dragging=0, horizontal=1, elevated=2 
Transfer arousal Freeze=0, brief=1, immediately=2 
Touch escape No reaction=0, reaction=1, flees=2 
Gait Normal=0, abnormal=1 

Sensory function  

Pinna reflex Present=0, absent=1 
Palpebral closure  Open=0, close=1 
Defecation Present=0, absent=1 

Autonomic function  

Urination Present=0, absent=1 
Contact righting reflex 
(CCR) 

Present=0, absent=1 

Pinna reflex Present=0, absent=1 
Corneal reflex Present=0, absent=1 

Neurological reflexes 

Startle reflex No reaction=0, normal=1, jumping=2 
Body weight   
Body position Inactive=0, active=1, excessive=2 
Transfer arousal Freeze=0, brief=1, immediately=2 
Vocalization No=0, yes=1 
Positional passivity Struggle=0, no reaction=3 
Biting No=0, yes=1 
Spontaneous activity 
Locomotor activity Number of crossed squares 

General appearance 

Abnormal behaviour 

 

The grip strength meter system determines the grip strength of the limbs, i.e. muscle 

strength of a mouse. The device exploits the tendency of a mouse to grasp a 

horizontal metal grid while being pulled by its tail. During the trial set-up, the mouse 

grasps a special adjustable grid mounted on a force sensor. The mouse is allowed to 

catch the grid with either 2 or 4 paws. Three trials were undertaken for each mouse 
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and measurement within one minute. The mean values are used to represent the grip 

strength of a mouse. All experimental equipment was thoroughly cleaned with 

Pursept-A and dried prior subsequent tests.  

The Rotarod (Bioseb, Chaville, France) was used to get information about the 

animals fore limb and hind limb motor coordination, balance and motor learning 

ability (Jones BJ and Roberts DJ, 1968). The device was set up in an environment with 

minimal distracting stimuli like noise or movement.  

The used Rotarod machine was equipped with a computer controlled motor-driven 

rotating rod. It consists of a rotating spindle and five individual lanes for each mouse. 

The software allowed pre-programming of session protocols with varying speed. Mice 

were placed on the Rotarod with head facing the direction of the rotation. During the 

experiment speed accelerated from 4 to 40rpm within 5min. Infrared beams were 

used to detect when a mouse fell down to the bottom of the Rotarod. Latency to fall 

of the rotating rod was measured. Animals were tested for four times with an inter 

trial interval of 15min. Means were used for subsequent analysis. Weight of all 

animals was assessed before starting with the first trial.  

3.10.4 Eye Screen  

In the primary screen, different methods were employed to analyze the eyes of 

mutant mouse line in comparison to their control littermates. For the examination of 

the posterior part of both eyes funduscopy (opthalmoscopy) was used. Pupils were 

dilated with one drop atropine (1%); mice were grasped firmly in one hand and 

clinically evaluated using a head-worn indirect ophthalmoscope (Sigma 150 K, Heine 

Optotechnik, Herrsching, Germany) in conjunction with a condensing lens (90D lens, 

Volk, Mentor, OH, USA) mounted between the ophthalmoscope and the eye. 

Slit Lamp Biomicroscopy was performed as described before (Favor J, 1983). 

For Laser Interference Biometry mice were anaesthetized with 137 mg Ketamine and 

6.6 mg Xylazine per kg body weight and placed in front of the “AC Master” (Meditec, 

Carl Zeiss, Jena, Germany) equipped with a new technique, optical low coherence 

interferometry (OLCI), adapted for short measurement distances (Schmucker C and 

Schaeffel F, 2004). Data were statistically analyzed using MS-Excel. Differences 

between mouse groups were evaluated with the Student’s t-test. Statistical 

significance was set at p<0.05.  
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For histology eyes were fixed in Davidson solution for 24h, dehydrated and 

embedded in plastic medium. With an ultramicrotome transverse 2 µm sections were 

cut, stained with methylene blue and basic fuchsine and evaluated with a light 

microscope.  

Table 4: Parameters recorded in the eye screen 
Funduscopy 

qualitative abnormalities of the retinal fundus  

qualitative abnormalities optic disc  

vessel alterations  

development disorders  

Slit lamp biomicroscopy 

qualitative abnormalities of lens and cornea like opacity  

development disorders  

Laser interference Biometry 

Axial eye length abnormalities 

Histology 

qualitative retinal lamination  

morphology of cell layers and lens  

Morphology 

qualitative like size and degree of closure  

3.10.5 Nociceptive Screen 

The responsiveness of the intact somatosensory system to thermal pain was tested 

using the hot plate test (nociceptive pain). Therefore mice were placed on a metal 

surface maintained at 52+0.2°C (Hot plate system was made by TSE GMBH, 

Germany; (Eddy NB and Leimbach D, 1953)). A 20 cm high Plexiglas wall limited the 

locomotion of the animals to a circular area with a diameter of 28 cm. Test was 

stopped after one of three behaviours regarded as indicative of nociception was 

observed: hind paw lick (h.p. licking), hind paw shake/flutter (h.p. shaking) or 

jumping. Test was not repeated due to profound changes in response latencies. To 

avoid tissue injury 30 s cut-off time was used. Statistical analysis was performed 

using a statistical package Statgraphics® (Statistical Graphics Corporation, Rockville, 

MD). The differences between the groups were compared with ANOVA and LSD test 

was used as post hoc. Statistical significance was set at p<0.05.  
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3.10.6 Metabolic screen 

In the metabolic screen of the GMC it is possible to analyze various bioenergetic 

parameters in. Mechanisms which lead to disturbances in body weight regulation and 

energy metabolism can be determined. Basal energetic demands are monitored 

during ad libitum feeding. 

In the indirect calorimetry task, high precision CO2 and O2 sensors measure the 

difference in CO2 and O2 concentrations in air volumes flowing through control or 

animal cages. Oxygen consumption over a given period of time can be calculated 

with air flow through the cage measured in parallel (O2 h-1animal-1). CO2 production 

is also monitored by the system. 

The respiratory exchange ratio (RER) and heat production can be calculated: 

• The RER is calculated as the ratio V CO2 /O2.  

• Heat production (HP) is calculated from V O2 and RER using the formula:  

HP [mW] = (4.44 + 1.43 x RER) x VO2 [ml h-1].  

The test was performed at room temperature (23°C) with a 12:12 hrs light/dark cycle 

(lights on 06:30 CET, lights off 18:30 CET). Each mouse was placed individually in 

the chamber for a period of 21 hours (from 14:00 CET to 11:00 CET next day). They 

had access to food and water and paper tissue was used as bedding material. 

Metabolic cuvettes are set up in a ventilated cabinet continuously supplied with an 

overflow of fresh air from outside.  

In addition, body mass before and after gas exchange measurements were taken. 

Before returning the mice to their home cage rectal body temperature was also 

determined. Food intake is monitored by weighing and re-weighing the feeder before 

and after indirect calorimetry. 

To determine the body composition of the animals a whole body composition 

analyzer (Bruker MiniSpec) based on Time Domain Nuclear Magnetic Resonance 

(TD-NMR) was applied. Lean and fat mass could be determined in awaken mice.  

All values are presented as means ± SEM. Two-way-ANOVA (SigmaStat, Jandel 

Scientific) was used to test for effects of the factors strain and sex. For oxygen 

consumption a Generalized Linear Model was applied with sex, genotype and body 

mass as factors to account for the effect of body mass on energy metabolism 

parameters. The Fisher test was applied for post hoc multiple comparisons. 
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Table 5: Parameters recorded in the eye screen 

Recorded and calculated data during metabolic phenotyping 

Oxygen consumption (VO2) 

Carbondioxide production (VCO2) 

Respiratory exchange ratio (RER) 

heat production (HP) 

body weight before and after indirect calorimetry 

food consumption 

rectal temperature  

3.10.7 Clinical Chemistry and Haematology  

The Clinical-Chemical Screen aims on the detection of haematological changes, 

defects of various organ systems, and changes in metabolic pathways and electrolyte 

homeostasis. 21 different clinical-chemical parameters were measured including 

various enzyme activities, as well as plasma concentrations of specific substrates 

and electrolytes (see table 8). Additionally, ten basic haematological parameters 

were determined and the animals were tested for glucose tolerance as well as for 

fasted blood lipid and glucose values. 

For the intraperitoneal glucose-tolerance test, mice were fasted for 16 to 18 hours 

overnight. In the beginning of the test the body weight was determined. For the 

determination of the baseline blood glucose level, the tip of the tail was scored using 

a sterilized scalpel blade and a small drop of blood was analyzed with the Accu-Chek 

Aviva glucose analyzer (Roche/Mannheim). Thereafter mice were injected 

intraperitoneally with 2 g of glucose/kg body weight using a 20% glucose solution, a 

25 gauge needle and a 1 ml syringe. 15, 30, 60, 90 and 120 minutes after glucose 

injection, additional blood samples (one drop each) were collected and used to 

determine blood glucose levels as described before. Repeated bleeding was induced 

by removing the clot from the first incision and massaging the tail of the mouse. After 

the experiment was finished, mice were placed in a cage with plentiful supply of 

water and food. To determine fasted blood lipid and glucose values, mice were fasted 

for 16 to 18 hours over night before blood collection. Mice were anesthetized with 

isoflurane and blood was taken by puncturing the retro-orbital sinus with non-

heparinised capillaries (1.0 mm in diameter; Neolab; Munich, Germany). The time of 

sample collection was recorded in a work list. Blood samples of around 300µl volume 

for the measurement of fasted plasma values were collected in Li-heparin coated 



Methods 
 

   59 

tubes. Blood samples collected from non fasted mice in pipeline II were divided into 

two portions. The major portion was collected in a heparinised tube (Li-heparin, 

KABE; Nümbrecht, Germany; Art.No. 078028). The smaller portion was collected 

(using the same capillary) in an EDTA-coated tube (KABE, Art.No 078035). Each 

tube was immediately inverted five times to achieve a homogeneous distribution of 

the anticoagulant. The Li-heparin-coated tubes were stored in a rack at room 

temperature for two hours and separation of cells and plasma was achieved by a 

centrifugation step (10 min, 5000 x g; 8°C, Biofuge fresco, Heraeus; Hanau, 

Germany). Plasma was distributed between the Immunology Screen (30 µl), the 

Allergy Screen (30µl), the Clinical Chemical Screen (130µl) and the Cardio-Vascular 

Screen (residual), while the cell pellet was given to the Immunology Screen for 

FACS-analysis. The plasma sample for the clinical chemical analysis was transferred 

into an Eppendorf tube and diluted 1:2 with aqua dest. The solution was mixed for a 

few seconds (Vortex genie, Scientific Industries; New York, USA) to prevent clotting 

and then centrifuged again for 10 min at 5000 x g at 8°C. In addition, the Clinical 

Chemical Screen received the EDTA-blood samples for haematological 

investigations, which were placed on a rotary agitator at room temperature until 

analysis. The screen was performed using an Olympus AU 400 autoanalyzer and 

adapted reagents from Olympus (Hamburg, Germany) except creatinine that was 

measured using an enzymatic kit from Biomed (Oberschleißheim, Germany) and free 

fatty acids (NEFA) that were measured using a kit from Wako Chemicals GmbH 

(Neuss, Germany). A volume of 50µl EDTA-blood was used to measure basic 

haematological parameters with a blood analyzer, which has been carefully validated 

for the analysis of mouse blood (ABC-Blutbild-Analyzer, Scil Animal Care Company 

GmbH; Viernheim, Germany). Number and size of red blood cells, white blood cells, 

and platelets are measured by electrical impedance and haemoglobin by 

spectrophotometry. Three weeks after the first bleeding a second sample was 

collected all pipeline II animals. A subset of parameters was retested to check the 

reproducibility of the first results. From this second bleeding, the steroid screen was 

provided with plasma samples for their analyses.  

Data were statistically analyzed using S-Plus 8.1 with the level of significance set at 

p<0.05, by an applying a linear regression model on the influence of genotype, sex 

and the interaction of both, and subsequent pair-wise comparisons of the means by 

T-test using Excel.  
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Table 6: Parameters recorded in the clinical chemistry  screen 

Proteins and plasma enzyme activities 

LDH activity 

Alkaline phosphatase (ALP/ EC 3.1.3.1) 

α-Amylase (EC 3.2.1.1) 

Creatine kinase (EC 2.7.3.2) 

Aspartate-aminotransferase (ASAT/ GOT; EC 2.6.1.1) 

Alanine-aminotransferase (ALAT/ GPT; EC 2.6.1.2) 

Ferritin 

Transferrin 

Total protein 

Albumin 

Plasma concentrations of specific substrates 

Glucose 

Cholesterol 

Triglycerides 

Urea 

Creatinine 

Non-esterified fatty acid (NEFA) 

Plasma concentrations of electrolytes 

Potassium 

Sodium 

Chloride 

Calcium 

Inorganic phosphorus 
Iron 

Basic haematology 

White blood cell count (WBC) 
Red blood cell count (RBC)  

Mean corpuscular volume (MCV) 
calculated directly from the cell 
volume measurements 

Hematocrit (HCT) MCV * RBC 
Haemoglobin (HGB) 
Mean corpuscular haemoglobin (MCH) HGB / RBC 
Mean corpuscular haemoglobin concentration (MCHC) HGB / HCT 

Red blood cell distribution width (RDW) 
calculated directly from the cell 
volume measurements 

Platelet count (PLT)  

Mean platelet volume (MPV) 
calculated directly from the cell 
volume measurements 
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3.10.8 Immunology Screen  

In primary screen leukocyte populations in peripheral blood and immunoglobulin 

levels in blood plasma were measured.  

Blood samples were taken by the Clinical-Chemical Screen (see chapter 3.10.7).  

Peripheral blood leukocytes (PBLs) were isolated from 500 µl blood by erythrocyte 

lysis with NH4Cl (0.17M) - Tris buffer (pH 7.45) directly in 96-well microtiter plates. 

After subsequent washing with FACS staining buffer (PBS, 0.5% BSA, 0.02% sodium 

azide, pH 7.45), PBLs were incubated for 20 min with Fc block (clone 2.4G2, 

PharMingen, San Diego, USA). Afterwards cells were stained with fluorescence-

conjugated monoclonal antibodies (PharMingen). After incubation, propidium iodide 

was added for the identification of dying/dead cells (Zamai L et al., 1996).  

Samples were acquired automatically from 96 well plates with an HTS on a LSRII 

flow cytometer (Becton Dickinson, USA) until a total number of 30,000 living CD45+ 

cells was reached for each well. For analysis, intact cells are first identified by their 

FSC/SSC profile. These cells were gated on the basis of their propidium iodide/PE 

signal (compensated parameters), allowing the dead cells to be gated out. Living 

cells were then gated using their SSC/CD45 signal, gating out remaining 

erythrocytes, thrombocytes and debris (Weaver JL and Broud D, 2002). CD45+ cells 

were subsequently analyzed by software based analysis (Flowjo, TreeStar Inc, USA).  

The plasma levels of IgM, IgG1, IgG2a, IgG2b, IgG3, and IgA were determined 

simultaneously in the same sample using a bead-based assay with monoclonal anti-

mouse antibodies conjugated to beads of different regions (Biorad, USA), and 

acquired on a Bioplex reader (Biorad). The presence of rheumatoid factor and anti-

DNA antibodies was evaluated by indirect ELISA with rabbit IgG (Sigma-Aldrich, 

Steinheim, Germany) and calf thymus DNA (Sigma-Aldrich), respectively, as antigens 

and AP-conjugated goat anti-mouse secondary antibody (Sigma-Aldrich). Serum 

samples from MRL/MpJ-Tnfrsf6lpr mice (Jackson Laboratory, Bar Harbor, USA) were 

used as positive controls in the autoantibody assays. 
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3.10.9 Allergy Screen  

Mice were screened for alterations in plasma total IgE concentrations. Blood samples 

were taken by puncturing the retroorbital plexus under isoflurane anaesthesia (see 

chapter 2.5.7). Plasma was analyzed for total IgE, using a classical immunoassay 

isotype-specific sandwich ELISA. Briefly, 96-well microtiters were coated with 10 

µg/ml anti-mouse-IgE rat monoclonal IgG (clone-PC284, The Binding Site) to detect 

total IgE. Serum samples were diluted 1:10 and standards for murine IgE (Mouse 

IgE, k clone C38-2 BD Pharmingen™) were appropriately diluted. As secondary 

antibodies, biotinylated rat anti-mouse IgE (clone R35-118, BD Pharmingen™) were 

used followed by incubation with BD OptEIA Reagent Set B (Cat. No. 550534 BD 

Pharmingen™) Plates were analyzed using a standard micro well ELISA reader at 

450 nm. Total murine IgE data are reported in ng/ml, based on a standard curve of 

purified murine IgE (Alessandrini F et al., 2001). 

3.10.10 Steroid Screen  

The main focus of the Steroid Screen is the identification of new animal models for 

human steroid-related diseases therewith supporting the development of their future 

medical treatment. For primary screening the key steroids dehydroepiandrosterone 

(DHEA) and testosterone (Labrie F et al., 1995) are extracted from plasma and 

quantified by ELISA.  

Since no steroid ELISA kits are available for mouse samples, human ELISA kits have 

been adopted. Prior to measurement, steroids had to be extracted from the matrix by 

liquid/liquid-extraction to avoid mouse plasma matrix effects. 75 µl of plasma were 

extracted three times in each case with a tenfold excess of tert-butylmethylether 

(TBME). The combined organic extracts were evaporated, dissolved de novo in 

TBME, subdivided equally for the two ELISA tests (DHEA and testosterone) and 

evaporated again. The material was reconstituted for the respective kit, DHEA in 

assay buffer, testosterone in steroid free serum.  

The steroids were quantified by competitive ELISA according to the manufacturer's 

protocols (Testosterone ELISA: DRG Instruments GmbH, Catalog No. EIA-1559, 

DHEA ELISA: AssayDesigns, Catalog No. 901-093). The plates were read in a 

standard microplate reader at a wavelength of 405 nm (DHEA) and 450 nm 

(testosterone). The concentrations were calculated upon the calibration from the 
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respective standard curve and reported in pg/ml (DHEA) and ng/ml (testosterone). 

The sensitivity of the tests is 2.9 pg/ml for DHEA and 0.083 ng/ml for testosterone.  

3.10.11 Cardiovascular screen 

The standard primary cardiovascular screen includes tail-cuff blood pressure (BP) 

analysis, transthoracic echocardiography and heart weight determination. For the 

Tom40 animal model the workflow was modified: instead of Echocardiography 

Electrocardiography (ECG) was done.  

A non-invasive tail-cuff method using a MC4000 Blood Pressure Analysis Systems 

(Hatteras Instruments Inc., Cary, North Carolina, USA) was used for measuring the blood 

pressure in awaken mice. Four animals were re-strained on a pre-warmed metal platform 

and covered with metal boxes to minimize stress. Tails were looped through a tail-cuff 

and fixed in a notch containing an optical path with a LED light and a photosensor. Light 

extension changes caused by the blood flow in the tail artery was measured and 

transformed into an optical pulse signal. Pulse detection, cuff inflation and pressure 

evaluation were automated by the system software. First, animals passed five initial 

inflation runs for habituation, and then 12 measurement runs were performed for each 

animal in one session. Runs with movement artefacts were excluded. Animals were 

trained for one day to habituate them to the protocol and the equipment. Measurements 

are performed on four consecutive days between 8:30 and 11:30 am. 

ECG was performed in a faraday cage. Mice were sedated (isoflurane/pressured air 

inhalation) and three metal bracelets were placed on the joints of the feet together 

with electrode gel. The position of the electrodes was on the front-paws and the left 

hind-paw which results in the bipolar standard limb leads I, II and III and the 

augmented unipolar leads AVF, AVR, AVL. Duration of the measurement was about 

seven minutes.  

 

Figure 3: ECG setup in the cardiovascular screen. 
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A shape analysis of the ECG traces was performed with the software ECG-auto 

(EMKA technologies, Paris, France). For each animal, intervals and amplitudes were 

evaluated from five different sets of averaged beats (usually lead II). The parameter 

Q-T interval is also corrected for the RR interval. Additional, the recordings were 

screened for arrhythmias, including supraventricular and ventricular extrasystoles 

and conduction blockages. Sets of five analyzed beats were averaged for one 

animal. The data were analyzed statistically using Statistica. Analysis of variance 

(ANOVA) tests are used for multi-factorial analysis of sex and genotype. Post hoc 

analysis for multiple comparisons included a Duncan's Multiple Range Test & Critical 

Ranges.  

Heart weight was determined in cooperation with the Pathology Screen. Furthermore, 

body weight and tibia length was measured. Animals were sacrificed using CO2, 

weighed and opened from the ventral midline. Blood was removed by cutting the 

dorsal aorta. Heart was analyzed for abnormalities or excessive fat. For dissection, 

heart was first removed from the pericardial membrane, and then the major vessels 

were cut through at the point they enter or exit the atria. The heart weight was 

obtained wet after blotting the organ on paper towels. The tibia length was 

determined from the left tibia of the mouse using a ruler. 

 

 

Figure 4: ECG evaluation 

S-T interval 

P-Q interval 

Q-T interval 

P-wave 

QRS- 
complex 
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3.10.12 Lung Function Screen  

Spontaneous breathing patterns during rest and activity were studied in mice from 

Pipeline 1. Therefore pressure changes which arise from inspiratory and expiratory 

temperature and humidity fluctuations during breathing were measured in 

unrestrained animals by a system of Buxco® Electronics (Sharon, Connecticut) 

according to the principle described by Drorbaugh and Fenn (1955). 

These pressure swings are transformed into flow and volume signals so that 

automated data analysis provides tidal volumes (TV), respiratory rates (f), minute 

ventilation (MV), inspiratory and expiratory times (Ti, Te), as well as peak inspiratory 

and peak expiratory flow rates (PIF, PEF). To minimize potential effects of the 

circadian rhythm measurements were always performed between 8:00am and 

11:00am. Measurements were done for 40 min in a quiet room where temperature 

and humidity were kept constant. Before each measurement, the system was 

calibrated and the actual barometric pressure, temperature, and humidity were 

supplied to warrant adequate calculations of flow rates and volumes. Animals were 

placed into the chamber and data recording was immediately started.  

There are three-four typical phases during a measuring period: 

First, the animals are stressed (respiratory rate was highest). Usually after 5 min the 

animals become calmer – phase of activity (exploring grooming). Later more and 

Table 7: Parameters recorded in the cardiovascular screen 
Blood pressure 

Systolic Pressure 

Diastolic Pressure 

Mean Arterial Pressure (MAP) 

Pulse 

Electrocardiography 

p-wave duration Q-Tc 

P-Q intervals S-T interval 

QRS complex J-T interval 

Q-T interval Q-, R- and S-amplitude 

Heart rate/R-R interval 

Arrhythmias: 
• Supraventricular 

extrasystoles 
•  Ventricular extrasystoles 
•  conduction blockages 

 

Heart Weight Analysis 

Heart Weight 

Body Weight 

Tibia Length 

Heart Weight per Body Weight Ratio 

Heart Weight per Tibia Length Ratio 
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more phases of rest or even short periods of snoozing occur – resting phase 

(sometimes even to phases of sleep). 

The frequency histogram of the respiratory rates was determined, and breathing was 

analyzed during the phases of activity and rest. Beside the directly recorded 

parameters, mean inspiratory and expiratory flow rates (MEF, MIF) were calculated 

(ratio of tidal volume and the respective time interval). Additional, the relative duration 

of inspiration (Ti/TT) was calculated (ratio of inspiratory time to total time required for 

the breathing cycle). By relating the absolute values to the body weight of the animal 

specific tidal volumes and minute ventilations (sTV, sMV) could be determined. The 

mean of all breathing frequencies (mean_f) measured during the 40-minute-period 

was calculated to assess whether the duration of rest and activity was similar in all 

mouse strains. 

Heart weight was determined in cooperation with the Pathology Screen. Furthermore, 

body weight and tibia length was measured. Animals were sacrificed using CO2, 

weighed and opened from the ventral midline. Blood was removed by cutting the 

dorsal aorta. Heart was analyzed for abnormalities or excessive fat. For dissection, 

heart was first removed from the pericardial membrane, and then the major vessels 

were cut through at the point they enter or exit the atria. The heart weight was 

obtained wet after blotting the organ on paper towels. The tibia length was 

determined from the left tibia of the mouse using a ruler. 

 

 

Table 8: Parameters recorded in the lung screen 
Directly recorded data 

Tidal volumes (TV) 

Respiratory rates (f) 

Minute ventilation (MV) 

Inspiratory and expiratory times (Ti, Te) 

Peak inspiratory and peak expiratory flow rates (PIF, PEF) 

Calculated data 

Mean inspiratory flow rates (MEF) 

Expiratory flow rates (MIF) 

Relative duration of inspiration (Ti/TT) 

Specific tidal volumes (sTV) 

Minute ventilations (sMV) 

Mean of all breathing frequencies (mean_f) 



Methods 
 

   67 

3.10.13 Molecular Phenotyping  

The aim of the molecular phenotyping screen is the detection of transcriptional affected 

organs by analyzing RNA expression data. Therefore, organs of mutant mice are 

collected for subsequent DNA-chip expression profiling analysis. For details see 

(Horsch M et al., 2008). Briefly, 18weeks old animals were killed by CO2 asphyxiation 

between 9am and 12am (minimize influence of circadian rhythm to gene expression). 

The following nine organs were archived in liquid nitrogen following the established 

SOPs (Standard operation protocols): spleen, kidney, testis, liver, pancreas, heart, lung, 

thymus, skeletal muscle and brain. We chose heart and muscle for further analysis.  

For preparation of total RNA organs were thawed in Trizol (Sigma) and homogenized 

using a Polytron homogenizer. Total RNA was obtained according to manufacturer’s 

instructions using RNeasy Midi kits (Qiagen) and RNA concentration was calculated from 

OD260/280 measurement. To check for RNA integrity 1 µg RNA was run on a 

formaldehyde agarose gel to check for RNA integrity. The RNA was stored at -80°C in 

RNase free water (Qiagen).  

Two chip hybridizations were performed with RNA from heart and muscle of each 

individual mutant mouse. Chip hybridization was performed against the identical pool of 

the same organ of reference RNAs (reference RNA pool). For each individual mutant 

mouse the chip experiments include a colour-flip experiment (in total eight 

hybridizations/organ).  

For reverse transcription 15 µg of total RNA was used. It was indirectly labelled with Cy3 

or Cy5 fluorescent dye according a modified TIGR protocol (Hegde P et al., 2000; 

Horsch M et al., 2008). Labelled cDNA was dissolved in 55 µl hybridization buffer (6x 

SSC, 0.5% SDS, 5x Denhardt’s solution and 50% formamide) and mixed with 55 µl of 

reference cDNA solution labelled with the second dye. The mixture subsequently was 

injected on a pre-hybridized microarray in a HS4800 Hybstation (Tecan) and incubated 

at 42°C for 16 h. After hybridization slides were washed with 3x SSC, 1x SSC, 0.5xSSC 

and 0.1x SSC at RT, dried with nitrogen and scanned with a GenePix 4000A microarray 

scanner. The resulting images were analyzed using the GenePix Pro6.1 image 

processing software (Axon Instruments, USA) (Horsch M et al., 2008). 

3.10.14 Pathology Screen 

The morphological phenotyping of the animals and immunhistochemistry was done 

by the pathology screen.  
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Mice were sacrificed by CO2 inhalation. The thymus and left lobe of the liver were 

measured. Blood samples were taken, centrifuged and the serum was saved at –

20°C. Tails were preserved at -70°C for further genetic analysis. Following a 

complete dissection, an x-ray of the complete bone structure was taken, when 

indicated (Hewlett Packard, Cabinet X-Ray System Faxitron Series). All organs were 

fixed in 4% buffered formalin and embedded in paraffin for histological examination. 

Two-µm-thick sections from skin, heart, muscle, lung, brain, cerebellum, thymus, 

spleen, cervical lymph nodes, thyroid, parathyroid, adrenal gland, stomach, intestine, 

liver, pancreas, kidney, reproductive organs, and urinary bladder were cut and 

stained with hematoxylin and eosin (H&E). 

 

 

3.11 Secondary screen of a second Tom40 cohort 

Because of the results of the GMC screen and the fact that many diseases manifest 

with progressing age, a second Tom40 cohort was generated and analyzed in 

various screens at different ages. All animals of the aging cohort were tested with the 

standard neurological primary screen methods (SHIRPA, Rotarod and Grip), young 

with an age of 4 months and aged with 17months. Beyond that, mice were analyzed 

in various extra tests that are established in the neurological screen of the GMC (pole 

test, beam walk and horizontal ladder beam task). Moreover, the Tom40-aging cohort 

was the first mutant mouse line that was examined using a new installed Running 

wheel system provided by TSE (TSE Systems, Bad Homburg, Germany). In 

cooperation with the vestibular screen, animals were checked for gait abnormalities 

on the DigiGait (age of animals: 10month). The eye screen performed Scheimpflug 

imaging and optical coherence tomography as secondary screen in aged animals 

Table 9: Parameters recorded in the immunology screen 

Organ dissection 

Measurement of the thymus 

Measurement of the left lobe of the liver 

Blood samples 

Tail biopsy 

Organs were fixed in 4% formalin 

H&E staining 

Skin, heart, muscle, lung, brain, cerebellum, thymus, spleen, cervical lymph nodes, thyroid, 
parathyroid, adrenal gland, stomach, intestine, liver, pancreas, kidney, reproductive organs, 
urinary bladder 
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(~17months). Because of the already mentioned influence of mitochondria in 

neurodegeneration and aging as well as in several diseases, the behaviour screen 

offered an extensive memory task battery for young as well as aged Tom40 mice.  

3.11.1  Additional neurological tests 

3.11.1.1 Pole test 

The pole test is used for the assessment of motor coordination (Freitag S et al., 2003; 

Karl T et al., 2003). The used protocol that was developed by the groups of Matsuura 

(Matsuura K et al., 1997), Fernagut (Fernagut PO et al., 2003) and Korpi (Korpi ER et 

al., 1999), with minor modifications. The device is made of a round, metal threaded 

bar (50 cm high, 1cm diameter; figure 5 C) which was inserted vertically in a platform. 

Each animal was placed at the top of the bar with its head upwards. The mouse 

climbed down the pole and its style was rated due to a defined rating scale: 

 
• 5: turns at top half 
• 4: turns at under part 
• 3: turns half but not complete and walks down sideways 
• 2: turns down backwards 
• 1: falls down/springs down 
• 0: stays on pole 
 

The time the mice needed to turn around completely head down was recorded (T-

turn) as well as the time to reach the floor with all 4 paws (T-total). To decrease the 

effects of vision impairments a small Petri dish with bedding from the home cage was 

placed at the bottom of the pole to give an olfactory clue towards home cage. Each 

mouse was habituated to the pole on the day prior to testing. Experiment was 

repeated five times per session. The best performance of the five descents was 

chosen for evaluation. If the animal was unable to turn completely downwards, fell or 

slipped down, the default value of 120 sec was taken into account for T-turn and T-

total. 

3.11.1.2 Beam walk 

Beam walk is commonly used to make conclusions about motor coordination and 

balance in small rodents (Carter RJ et al., 2001). This method allows monitoring the 
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sensorimotor system and recovery after cortical or spinal cord injuries (Kunkel-

Bagden E et al., 1993). Also in animal models of stroke this experiment was 

frequently used (Alexis NE et al., 1995). The basic protocol that was used slightly 

modified was described Rebecca Carter and colleges (Carter RJ et al., 2001). Within 

this test, animals had to pass a horizontal wooden beam with a length of one meter at 

which 10cm on both ends were excluded and measurements were taken from the 

central 80cm part (see figure 5A). Three different types of stripes were used with a 

medium (13mm) and a large square (20mm) and a round (15mm diameter) cross 

section. The beam was placed on top of two cages (20cm high, a clean cage on the 

one hand and the home cage on the other hand), and the animals had to walk 

towards their home cage. The day before starting the experiment, animals were 

trained to traverse each beam for at least three times. Weight was recorded 

immediately before start testing. Experiment itself was repeated three times for each 

beam type, starting with the widest beam. Animals had to cross the beam in less than 

60sec, the number of footslips, time to cross and numbers of falls were noted. Beams 

were cleaned with Pursept-A after each mouse. As forepaw footslips are very rare in 

this task, there was a not differentiated between fore and hind paw slipping. All trials 

were recorded with a video camera. For evaluation, mean and best trials of each 

parameter were calculated for the different beam types.  

3.11.1.3 Ladder 

The horizontal ladder beam task was invented by Metz and Whishaw to assess 

skilled walking in rodents (Metz GA and Whishaw IQ, 2002, 2009). The ladder walk 

test apparatus consists of two Plexiglas walls (1m X 20cm) that are connected via 

metal rungs with a diameter of 3mm (see figure 5 B). The width of the alley was 

adjusted to the animals’ size (mice should be not able to turn around easily). An 

irregular pattern of the metal rungs was used, the distance between the rungs varied 

from 1 to 5cm. The whole set up was elevated 30cm over the ground with a neutral 

cage at the beginning and the home cage as refuge at the end. All animals were 

trained to cross the ladder on one day and tested at the next day. Training and 

testing was done three times per session.  
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Time to cross the ladder was recorded and number of fore paw and hind paw slipping 

was counted. If an animal turned around while traversing the ladder, the trial was 

aborted and re-started after the animal was placed again at the starting point.  

 

 

Figure 5: Additional neurological tests 
A: Balance beam, B: Ladder walk test apparatus and C: Pole test 

3.11.1.4 Gait analyses 

Analysis of the gait of 10 month old Tom40 mice was done by the members of the 

vestibular group that is closely connected to the neurological screen of the GMC.  

The DigiGait System (Mouse Specifics, Inc.) consists of a motorized transparent 

treadmill belt and a high speed camera, which captures the dynamics of the paws 

and corresponding limbs during mice locomotion. A rectangular transparent chamber 

is mounted over the tread and serves to keep the mouse within the view of the 

camera. Light sources are located below and above the mouse to obtain optimal 

contrast between the paws and body of the mouse. The hind paws and forepaws of 

mice were painted with red non-toxic paint to enhance visual contrast. Each animal 

was allowed to run on a clear treadmill belt at speeds of 20 and 35 cm/s. Mice were 

placed on a stationary treadmill, which was then accelerated to a test speed. For 

each animal, one trial (500 frames of video) at each speed, in which the animal 

maintained constant position on the treadmill belt with at least ten complete strides 

(during at least four seconds but not longer than one minute), was selected for 

subsequent gait analysis. One complete stride is defined as two consecutive contacts 

Balance Beam 

AAAA    
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of a given foot with the treadmill belt. Aberrant strides are excluded from the analysis 

(jumps, partial steps or “stop and go” walking) (Amende I et al., 2005; Wooley CM et 

al., 2005). Subsequent examination of different gait parameters was done using 

DigiGait analysis software which generates “digital paw prints” and dynamic gait 

signals, representing the temporal record of paw placement relative to the treadmill 

belt (Fig.6 A). The software automatically quantifies spatial and temporal indices of 

gait in walking or running animals. Paw placement of each limb is monitored 

throughout the gait cycle at up to 150 frames per second with a spatial resolution of 

more than 5 000 pixels per cm2. Numerous postural and kinematic metrics of gait 

dynamics is determined by dissecting the time each limb is spent in various position 

of walking phase (Fig. 6 B).  

 

 
Figure 6: Gait analysis using the DigiGait system 
A: Mice walk on a motorized transparent treadmill belt. Below there is a video camera mounted to 
capture the image of the ventral side of the animals. DigiGait™ software generates „digital paw 
prints“and dynamic gait signals.. This represents the temporal record of paw placement relative to the 
treadmill belt. B: Gait cycle components: durations of stance, swing, stride, propel, and brake are 
measured for every single paw. For statistical analysis, the means of fore/hind limbs are calculated 
and used for data interpretation 37 gait parameters are calculated from at least 11 strides 
 

The gait signal of each limb comprises the stride duration, which includes the stance 

duration when the paw of a limb is in contact with the walking surface. Stance 

duration is subdivided into braking duration (increasing paw contact over time) and 

propulsion duration (decreasing paw contact area over time). A spreadsheet-ready 

A B 
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format with more then 30 gait indices, including stance, swing, braking, propulsion, 

and stride is used for further statistical analysis. The DigiGait software determines 

treadmill contacts of individual paws and then uses this to derive more than 30 

different indices including time-domain gait parameters (stride, stance and swing 

time). For statistical analysis, at least 10 strides for each limb are to be included for a 

valid data set. Only strides recorded when the mice are walking in a fixed position 

relative to the camera are used. Values for each parameter are calculated using the 

average of all valid strides for each of the four paws. 

For statistical analysis of data, the mean values for pairs of fore- and hind limbs were 

used. Due to strong influence of body weight and body length on the gait 

performance, those factors are also included into the model in order to find out their 

combined effects on the data. Multifactor analysis of variance (ANOVA) is performed 

to determine the statistical significance among the groups. 

Stride length The spatial length that a paw traverses through a given stride 
Stride Time duration of the one complete stride for one paw. 

Swing 
Time duration of the swing phase (no contact of paw with the 

belt) 

% Swing/Stride Percent of the total stride duration that the paw is in the air. 

Stance 
Time duration of the stance phase (paw contact with belt), is 
equal to the sum of braking duration and propulsion duration. 

% Stance/Stride 
Percent of the total stride duration that the paw is in any contact 
with the belt. 

Stance width Width between both forelimbs and between both hind limbs. 

Brake 
Time duration of the braking phase (initial paw contact to 
maximum paw contact) 

%Brake/Stride 
% of the total stride duration that the paw is in the braking 
phase. 

%Brake/Stance % of the stance phase that the paw is in the braking phase. 

Propel 
Time duration of the propulsion phase (maximum paw contact to 
just before the swing phase) 

%Propel/Stride 
% of the total stride duration that the paw is in the propulsion 
phase. 

%Propel/Stance 
% of the stance phase (paw contact) that the paw is in 
propulsion phase (paw coming off of belt). 

Hind limb shared 
stance 

Time both paws contact the belt. Also known as “double 
support”. 

Paw angle 
The angle that the paw makes with the long axis of the direction 
of animal motion. 

Max dA/dT 
Maximal rate of change of paw area in contact with the treadmill 
belt during the braking phase. 

 

Table 10: Parameters recorded during gait analysis 
Gait index Description 
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3.11.1.5 Running wheels 

To offer mice the possibility of voluntary running in their home cage, a TSE running 

wheel system for small laboratory animals was established in the neurological screen 

of the GMC. In cooperation with TSE systems the wheels had to be adjusted for the 

use in the standard GMCII IVC-rack system (Tecniplast, Aero - Mouse IVC Green 

Line, Buguggiate (VA) Italy). They provided a system consisting of a control unit with 

integrated electronic brake and a wheel drum (diameter drum 115mm, width drum: 40 

mm, diameter stainless steel grid rods:4mm, distance between rods: 8.9mm centre to 

centre). Control unit was connected with a data cable to a computer. A second cable 

connected the wheel to a brake control device. Brake strength could be gradually 

regulated from 1 to 10. Wheel and control unit were fixed on a metal mask that 

should prevent the mouse climbing on the control unit and bite through the cables. 

Data were acquired by Phenomaster Software. Left and right rotations were counted, 

as well as number of runs, time that was spent on the rod [min], average and 

maximum speed [m/s] and maximal continuous run length [sec]. The program 

calculated from the number of wheel rotations the distance the mice covered. The 

recording interval was set to 5min. 14 - 16 months old mice were weighed before the 

experiment and put individually to the running wheel cages. For two weeks, animals 

were allowed to use the running wheels voluntary and without restrictions, in the third 

weeks, workload control was enabled by activating the brake and thereby raise 

running resistance of the wheel. Two different brake intensities were chosen for this 

experiment (5 and 7). Cages were changed once a week, animals were weighted and 

wheels were cleaned with water and Pursept-A. To document changes in body 

composition due to the lasting exercise, 3 wildtype and 3 heterozygous animals were 

examined with the Mini Spec of the metabolic screen (see chapter 2.5.6).  

 

 

Figure 7: Running wheel integrated in an IVC cage 
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3.11.2  Memory tasks 

The Behaviour Screen (Dr. Sabine Hölter, Institute for Developmental Genetics) used 

two different tests to get information about the animals` cognitive abilities: social 

discrimination and object recognition. 

Social Discrimination and the Object Recognition task were performed as previously 

described (Feil et al., 2009; Pham et al., 2010). In the Social Discrimination test 

olfactory stimuli that are used of small rodents for social communication are used. 

The mouse was exposed for 4 min to an unknown conspecific (an ovariectomized 

female was used for this purpose). After an inter-exposure interval of 2 hours they 

were presented to two mice, the familiar mouse from the first task together with 

another, novel animal (simultaneous discrimination task). If the tested animal is able 

to remember the first mouse it will spend more time in olfactory investigation of the 

second unfamiliar one.  

The Object Recognition task works the same way, it is a simultaneous discrimination 

task and consists of three 5 min sample trials with an intertrial interval of 15 min, and 

two test trials, 3 hours and 24 hours after the end of the third sample trial. 

Like in the Social discrimination task, a mouse with an intact recognition memory will 

spend significant more time investigating the new object then the familiar one. A 

recognition index was calculated: index = investigation time novel / (investigation time 

familiar + investigation time novel). All data were analyzed using the Observer 4.1 

Software (Noldus, Wageningen, Netherlands). 

3.11.3 Quantification of dopaminergic neurons in the brains of aged mice 

This experiment was performed in cooperation with Dr. Daniela M. Vogt Weisenhorn 

and her team from the institute of developmental genetics (IDG). Animals (n=5 for 

each genotype) were asphyxiated with CO2, the thoracic cavity was opened via 

scissors to dissect the heart and a blunt needle was inserted through the left ventricle 

into the ascending aorta. Then, the right atrium was opened by a small cut. A pump 

was used to rinse the vessels with PBS. This was done until the liver became pale. 

For perfusion 4% precooled, fresh diluted PFA/PBS was pumped through the animal 

for 4-6 min until its body got stiff. Afterwards mice were decapitated and the brains 

were carefully dissected removing bones and meninges. Brains were postfixed in 4% 

PFA/PBS for 1-4h at 4°C and equilibrated in 20% sucrose in 1x PBS at 4°C 
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overnight. Frozen sections were generated on the cryostat (Microm International 

GmbH, Walldorf, Germany). The tissue was fast frozen at -50°C on an object holder 

with freezing medium. Horizontal sections of 40 µm thickness were cut with an object 

temperature of -14°C to -16°C, and a blade temperature 2°C below the temperature 

of the object. Series of 12 were collected free-floating in cryoprotection solution and 

stored at -20°C. For 3,3'-Diaminobenzidine (DAB) staining sections were taken out of 

the cryo protection solution and washed overnight in 1x PBS at RT. Then they were 

treated according to the following protocol. 

step time solution remarks 

wash 3 x 10 min 1x PBS  

incubate 10 min 0.1% H2O2 1x PBS  

wash 2 x 10 min 0.1% Triton-X/PBS (1x)  

blocking 2 h 2% fetal calf serum in 0.1% Triton-X/PBS RT 

1st antibody over night 1st antibody in 0,1% Triton-X/PBS 4°C 

wash 6 x 10 min 0.1% Triton-X/PBS  

2nd antibody 45 min 2nd antibody (1:300), 0.1% Triton-X/PBS RT 

wash 6 x 10 min 0.1% Triton-X/PBS  

intensifying  45 min ABC (1:300) in 0.1% Triton-X/PBS RT, keep dark 

wash 4 x 10 min 0.1% Triton-X/PBS  

wash 2 x 10 min 0.1M Tris-HCl  

DAB-staining 2-20 min 
0.05% DAB, 0.02% H2O2 in Tris-HCl; prepare 

fresh and put on sections immediately 
keep dark 

wash 10 min Tris-HCl  

wash 10 min 1x PBS  

 

After immunohistochemistry, sections were mounted on slides out of 1x PBS, air 

dried, embedded in Roti-Histokitt II, covered carefully with cover slips to avoid air 

bubbles, and dried over night under the hood. 

1st Antibody: polyclonal rabbit anti-tyrosine hydroxylase (TH) from Chemicon 
(Chemicon International; AB152); 1:1000 

2nd Antibody: Biotinylated Goat Anti-Rabbit IgG Antibody (Vectastain ABC Elite kit, 
Vector Laboratories) 

ABC-solution: from Vectastain (Vectastain ABC Elite kit, Vector Laboratories) 

For stereological quantification of dopaminergic neurons, the mounted sections were 

observed under the stereo microscope. Out of the twelve series originating from one 

mouse brain, two series with an interval of six were chosen randomly for every brain. 

Stained cells of the substantia nigra were counted blind using the Stereo Investigator 

software, descending from dorsal to ventral. The following settings were used: 
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Serial section manager 

block advance 40 µm 

mounted sections thickness 25 µm 

evaluation interval 6 

Z axis value 0 

 

Optical fractionator 

x-value 150 µm 

y-value 150 µm 

desired sampling sites 10 (or lower value as given by the 
program for most dorsal sections with 
small substantia nigra area) 

fixed distance 3 µm 

optical dissector height 20 µm 

mounted section height 25 µm 

 

Numbers of cells per brain were calculated by Stereo Investigator software and 

recorded. Statistical analysis were performed using GraphPad Prism software. 

3.11.4 Secondary eye screen in aged mice 

Secondary screening was done by Dr. Oliver Puk from the eye screen in the GMC. 

20 aged Tom40 mice (5 males and 5 females per genotype, age: ~500 days) were 

analyzed by Scheimpflug imaging technique (Puk O et al., 2009). This method is 

used within the eye screen of the GMC for objective cataract quantification (Fuchs H 

et al., 2011). Additional, the retina of three mutant and three wildtype males was 

imaged using optical coherence tomography (OCT).  

For Schleimpflug imaging, anaesthetized mice were placed in front of the Oculus 

Pentacam (Oculus GmbH, Wetzlar, Germany) on a polystyrene platform in a 

darkened environment. Eyes were treated with 1% Atropine prior to scanning and 

dried to avoid reflections. The vertical blue examination slit (475 nm) was orientated 

in the centre of the eye ball. Fine adjustment of the optimal distance between the eye 

of the mouse and the camera was done by moving the joystick as proposed by the 

fine positioning arrows (disappeared when position was considered to be optimal) 

given by the Pentacam software. Due to the small size of a mouse eye scanning had 
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to be started manually. The opacification pattern was properly reflected by the 

automatically generated densitometry diagram. 

OCT analysis was done as described by Fischer and his co-workers (Fischer MD et 

al., 2009). In brief, it is possible to get sectional images of the retina in vivo by 

investigating interferences that are triggered by varying degrees of light reflection 

(Spraul CW et al., 1998) Membrane-rich layers appear dark (i.e. nerve fibers or 

synapses) in contrast to light layers that contain only a few membranes.  

Animals were sedated with a Ketavet-Xylazin narcosis (5ml NaCl, 1ml Ketavet, 250µl 

xylazine) and eyes were treated with 1% atropine. Sectional images of the retina 

were taken with a Spectralis OCT. Simultaneously Fundus was imaged using a 

confocal scanning laser optahlmoscopy (SLO). Method is described in Fischer et al . 

2009. Due to his protocol, a contact lens (optical lens, 100diopter) with Methocel® 

was placed on the eye of the mouse. To make OCT images in mice possible, the 

Spectralis OCT system had to be expanded with an additional Volk 78 D magnifying 

glass. Afterwards, sectionalk images of the retina were reworked with Adobe® 

Photoshop®.  

3.12 Transmission Electron Microscopy 

In order to get information about possible morphological differences between wildtype 

and mutant mitochondria Transmission Electron Microscopy of heart tissue 

mitochondria was performed in collaboration with the pathology screen of the GMC. 

One male and one female animal of each genotype (age: ~3month) were used for 

this experiment. Animals were killed using CO2 asphyxiation, hearts were dissected 

and fixed over night in 2,5% Glutaraldehyd in Cacodylatpuffer (0,2M pH 7,4; 

Fa.SCIENCE SERVICES). Samples were washed three times in Cacodylatbuffer for 

20min and fixed again in a Dalton's chrome osmium fixative for 1-2hours: 

K2Cr207 (Potassium dichromate) solution (5%) pH 7,2   100 ml 

NaCl (3,4 %)      100 ml 
OsO4-solution (2%)      200 ml 

 

Afterwards samples were washed in ddH2O (double distilled water) for 30min.  
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Dehydration was performed using an ascending alcohol series: 

50% EtOH 

70% EtOH (15-20 min each) 

90% EtOH 

96% EtOH 

100% EtOH (3times, 15-20min each) 

Propylenoxide (two times, 30min each) 

Tissue was embedded in Epon (ready for use) -/- Propylenoxid 1:1 for one hour.  

250ml Epon (ready for use) solution consist of: 

DDSA (Dodecenylsuccinic anhydride)  61,5g 

MNA (Methyl norbornene 1,3-dicarboxylic acid) 81,5g 

Glyidether 100 (Epon 812) 130,5g 

2, 4, 6-Tris (dymenthylaminomethyl)-phenol 3,75ml 

 

After incubating over night in Epon (ready to use) samples were transferred to Epon-

filled capsules. Once the tissues had sunken to the ground they were incubated at 

60°C for 24-48 hours for polymerization.  

Semifine sections (~1µm thickness) were sliced using a Reichert ultramicrotom 

(Ultraacut E; Fa. Reichert-Jung, Wien, Austria) and stained with toluidine blue: 

Toluidin blue  1g  

1% Natriumbicarbonat  60 ml 

Glycerol  40 ml 

 

Thereafter, 60-70nm thick ultrafine sections were cut, collected on copper grids and 

contrasted with 0.5 % aqueous uranyl acetate and 3 % aqueous lead citrate.  

Sections were studied with a transmission electron microscope EM 10 CR (Fa. Zeiss, 

Oberkochen, Germany). 

3.13 Nerve Conduction Velocity (NCV) Studies 

NCV studies are commonly used to evaluate the function of nerves. The method was 

established in the neurological screen for mice using a Neuroscreen setup provided 
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by Toennies (Jaeger-Toennies, Hoechberg, Germany). As theoretical and methodical 

background following literature was used: 

 

• Manual for nerve conduction study and surface anatomy for needle 
electromyography, 4-th edition. (Hang J. Lee and Joel DeLisa, 2004)  

• Clinical electromyography, 3-rd edition (Shin J Oh, 2002) 
• EMG, NLG: Elektromyography, Nervenleitungsuntersuchungen, 2nd edition. 

(Bischoff C et al., 2008) 
• Electrophysiology of sensory and sensorimotor processing in mice under 

general anaesthesia  (Ellrich J and Wesselak M, 2003) 
 

After starting Neuroscreen, the recording electrodes had to be plugged in to the 

amplifier: ground electrode in the middle plug and connection cable for Active and 

Reference electrodes. The stimulating electrodes were connected to the “Patient” 

plug at the Neuroscreen workstation via adaptor for reference and active electrodes. 

Before starting the measurement, mouse data had to be registered in the 

Neuroscreen program (ID – mouse ID, Name – strain/mutant line, first name – 

wt/mut, date of birth – date of birth, sex – male/female). Body/skin temperature of the 

animal was also determined. Mice were anaesthetized by IP injection of a Ketamine-

Xylazine mixture (Ketamine, 80-100 mg/kg; Xylazine, 10-20 mg/kg). The animal was 

carefully monitored until unconsciousness ensues to the point of loss of the pedal 

reflex (toe-pinch). Eyes were covered with an ointment (Bepanthen Nasen- und 

Augensalbe) to protect them from drying-out. The anaesthetized mouse was put onto 

a corkboard for recording and electrodes were mounted to the right positions.  

For evaluating motoric NCV the sciatic nerve was stimulated, electrode placement 

was done as follows (see figure 8 and 9): 

1. Recording electrodes (connected via adaptor to the amplifier) were placed 

between digits as following: 

a. Reference electrode (red) was pierced between first and second digit. 

b. Active electrode (black) was pierced between second and third digit. 

2. Ground electrode (green) was placed on the side of the mouse.  

3. Stimulating electrodes were placed on the mouse limb on the ankle for recording 

of the first signal. The second signal was recorded by stimulating the nerve near 

the knee (approximately 1cm above the first stimulating point) and the third one 

near the hip at the sciatic notch.  
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Figure 8: Placement of the electrodes 

 

 
Figure 9: Motoric NCV measurement 
A: Placement of the electrodes (three points measurement) 
B: Determining the distance between the measurement points and experimental set-up  
 

For nerve stimulation, an electrical impulse was applied using a foot pedal. The 

intensity of stimulus was gradually increased until supramaximal stimulation was 

achieved. The stimulation occurred within the time base of 1 msec. After reaching the 

supramaximal stimulation on the first stimulation position, the stimulation electrodes 

were transferred to the second stimulation site and the distance in between was 

B A 

First placement position 
for stimulating electrodes 

Next placement positions 
for stimulating electrodes 
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noticed (cm). Stimulation at the second point was performed as described and 

electrodes were placed at the last stimulation point at the sciatic notch. The distance 

between stimulation point 2 and 3 was noticed. NCV was measured on both feet. For 

waking up, mice were placed on a heating plate (37°C).  

For data analysis, the cursors for latencies and amplitudes should be corrected, since 

the program does not put the always correctly. NCV was calculated by the 

Neuroscreen program (see figure 10) 

 

 

Figure 10: Neuroscreen: NCV measurement in mice (motoric, three points) 

 

3.14 Challenge experiments 

The cold challenge was done with mice of the aging cohort. Animals were ~6month 

old when they entered the metabolic challenge platform. As the final examination of 

the oxidative stress platform is lethal, a separately cohort of mice was bred (only 

males entered the challenge). Animals were ~14 weeks old when challenge started. 

 

 

latency amplitude 1 

area 

amplitude 2 
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3.14.1 Paraquat challenge to produce oxidative stress 

To mimic the environmental influence of endogenous induced oxidative stress for the 

pathology of diseases, the herbicide Paraquat was used. Prior to the challenge 

phase, the cohort was tested in various neurological standard experiments (Grip 

strength, Rotarod, Beam walk, Ladder). Before treatment, body weight and general 

health was checked. 6 wildtype animals and 9 mutant animals were injected imp. with 

15mg/kg Paraquat dichloride (Fluka PESTANAL®) for eight weeks with an injection 

interval of 5-6 days. Additional, a control cohort (6 wildtypes, 6 mutants) was treated 

with Saline (100µl/10g body weight). One day after injection, the body weight was 

recorded again.  

After eight weeks treatment, animals were examined neurologically. Final, animals 

were sedated with isoflurane and blood was collected as described before (see 

chapter 3.9.7). In cooperation with the clinical chemistry, various parameters in blood 

plasma were analyzed (Proteins and plasma enzyme activities: Alkaline phosphatase 

(AP), α-Amylase (α-Amy), creatine kinase (CK), aspartate-amino-transferase (AST), 

alanine-amino-transferase (ALT), lactate dehydrogenase activity (LDH), transferrin, 

Total protein (TP), Albumin; Plasma concentrations of specific substrates: glucose 

(Gluc), cholesterol (Chol), triglycerides (TG), urea (HST), uric acid (HS), creatinine 

(Crea), enzymatic determination of creatinine amount (E-Crea); Plasma 

concentrations of electrolytes: Potassium (K+), Sodium (Na+), Chloride (Cl-), Calcium 

(Ca2+), Inorganic phosphorus (Phos), Iron). Animals were sacrificed by cervical 

dislocation and following organs were dissected, frozen in nitrogen and stored at -

80°C: brain, heart, muscle, liver.  

Organs were used for measuring of aconitase and citrate synthase activity (see 

chapter 3.9.2).  

 

 

Figure 11: Experimental workflow of the Paraquat challenge  
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3.14.2 Cold challenge 

The cold challenge was done by members of the metabolic screen. In a preliminary 

study that was done in parallel to the GMC primary screen two wildtype and two 

mutant male Tom40 mice were tested in a challenge experiment combining fasting 

and a mild cold challenge (see figure 12). 

 

Figure 12: Pilot study: combined fasting and mild cold  

 

As secondary screen, an acute cold challenge experiment was performed using short 

exposure to low ambient temperature to analyze the ability of the mutants to cope 

with cold (Fig. 13).  

 

 
Figure 13: Experimental workflow of the secondary test.  

 

 

A cohort of nine adult Tom40 control (+/+) females and ten mutant (+/-) females, as 

well as ten control (+/+) and ten mutant (+/-) males entered the Metabolic Screen at 

an age of 25-27 weeks. For metabolic measurements mice were transferred to 

respirometric cages that matched regular home cages in size. Body mass was 

measured and rectal body temperature was taken prior to the measurement which 

started at 8:15 a.m. (CET). Mice were transferred to a climatic chamber ventilated 

with compressed air with a chamber temperature of 30±1°C. At this temperature mice 
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are in thermoneutrality (Meyer CW et al., 2004). At 10:30 a.m. (CET) chamber 

temperature was set to 5°C. Cooling down of the chamber lasted 1.5 h. Afterwards 

gas exchange of the mice was monitored for 5 h. After the experiment mice were 

weighed and rectal body temperature was measured. Mice had no access to food 

during the trial because basal metabolic rate (BMR) by definition is determined in 

post absorptive mice in thermoneutrality whereas resting metabolic rate (RMR) was 

determined at 5°C. For details concerning indirect calorimetry see chapter 2.6.6. 

3.15 Statistics 

If not otherwise stated, differences between the genotypes and sexes were evaluated 

statistically using Two Way ANOVA or student’s t-test using SigmaStat Software.  

Tables summarizing the data will show mean ± standard error of the mean. 

Significant differences are indicated stepwise from 0.05, 0.01, 0.001 to 0.0001.  

For more complex data, linear model were used to account for different covariates: 

Grip strength trial results were compared between genotypes, controlling for the 

effects of sex and weight, by fitting linear mixed effect models (Pinheiro JC and Bates 

DM, 2000). repeated measurements like the rotarod analysis were analyzed using 

the mixed effects model, with sex, genotype, body mass, trial number and/or age as 

factors to influence the performance (S-Plus).  

The p-value for the genotype effect within the specific model found for the data 

indicates the significance of the statistical test of interest. Interaction effects are 

considered and included in the model, if necessary.  

In each model, the parameter of interest is the coefficient of the genotype effect. A 

significance test or a confidence interval for this coefficient can be extracted from the 

model fitted. 

Ladder and beam walk data contain dependencies, which resemble the rotarod data. 

Nerve conduction velocity data were analyzed in the same manner than grip data.  

In the cardiovascular screen, the data were analyzed statistically using Statistica. 

Analysis of variance (ANOVA) tests were used for multi-factorial analysis of sex and 

genotype. Post hoc analysis for multiple comparisons included a Duncan's Multiple 

Range Test & Critical Ranges. 

Statistical analysis of nociception data was performed using a statistical package 

Statgraphics® (Statistical Graphics Corporation, Rockville, MD). The differences 
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between the groups were compared with ANOVA and LSD test was used as post 

hoc. Statistical significance was assumed at p<0.05. 

In the metabolic screen a Two-way-ANOVA (SigmaStat, Jandel Scientific) was used 

to test for effects of the factors strain and sex. For oxygen consumption a 

Generalized Linear Model was applied with sex, genotype and body mass as factors 

to account for the effect of body mass on energy metabolism parameters. The Fisher 

test was applied for post hoc multiple comparisons. 

Clinical chemistry data were statistically analyzed using S-Plus 8.1 with the level of 

significance set at p<0.05, by an applying a linear regression model on the influence 

of genotype, sex and the interaction of both, and subsequent pair-wise comparisons 

of the means by T-test using Excel. Data of the following parameters were 

transformed to the reciprocal value before analysis to achieve normal distribution: 

ALT, AST, LDH, triglycerides and iron. 

TIGR software package for Microarray analysis (Saeed AI et al., 2003) was used for 

normalization (MIDAS: Microarray Data Analysis System (Quackenbush J, 2002) and 

identification of genes with significant differential regulation (SAM, Significance 

Analysis of Microarray (Tusher VG et al., 2001).  

For in silico analysis of differentially expressed genes EASE, a module of the DAVID 

database assigning genes to Gene Ontology (GO) functional categories was 

employed. EASE analysis including a Bonferroni multiplicity correlation evaluated the 

set of differentially expressed genes for over-representation of two categories of GO 

terms: Biological processes and molecular functions (Dennis G Jr et al., 2003). 
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4 Results: 

4.1 Integration site of the pT1βgeo gene trap vector 

The murine Tom40 gene (NM_001109748) is located on chromosome 7, contains 10 

exons and encodes a transcript of 1350 base-pairs (UCSC Genome Browser 

Assembly July 2007 (NCBI37/mm9) chr.7:20286667-20300605).  

Long range gradient PCR using genomic DNA of mutant animals with the two 

different primer combinations revealed products of ~1.5kb and ~2.2kb size at 

temperatures from 58-60°C (Fig. 14). 

 
Figure 14: Results of the long range PCR 

 

Sequencing these PCR products showed that the pT1βgeo gene trap vector 

integrated at position 2030096 on the antistrand, in front of exon1 of the Tom40 gene 

(Fig.15). This in turn means that the consensus sequence of the vector has been 

inserted into the promoter region of the Tom40 gene. Reciprocal crosses of Tom40 

+/- mice with wild type C57BL/6J mice demonstrated that the Tom40 mutation is 

transmitted through the maternal as well as the paternal germline. 

 



Results 

   88 

 

 

Figure 15: Integration site and possible genotypes 
The pT1βgeo vector has inserted at genomic position 2030096 on the (+)-strand, whereas the Tom40 
gene is located on the (-)-strand of chromosome 7. Thereby, the promoter region of the Tom40 gene 
was affected. 
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4.2 Genotyping 

Genotyping of the offspring of Tom40 +/- inter se crossed mice revealed, that no 

homozygous mutants were born. To address the question in which embryonic stage 

the Tom40-/- mutants die, 40 embryos at E9.5 was determined (Fig.16 shows a 

representative picture of 23 genotyped embryos). As there were no homozygous 

mutants in this stage of development, 92 3.5 days old blastocysts were isolated and 

genotyped (only wildtype conditions). Nevertheless, in this embryonic stage no -/- 

mutants could be found too, arguing that homozygous Tom40-/- embryos do not 

survive until E3.5. 

 

 

Figure 16: Embryo genotyping  
Embryo genotyping was done using standard Tom40 genotyping conditions. Size of resulting PCR 
products: wt: 248bp, mut: 400bp 
 

4.3 Reduced Tom40 mRNA expression in heterozygous mice 

To address the question if the mutation in the promoter region of the Tom40 gene 

causes altered Tom40 expression, Tom40 mRNA and protein expression levels were 

determined. Real-time quantitative PCR revealed a ~50%-reduction of Tom40 mRNA 

in heart tissue of heterozygous animals (Fig.17A; n: wt=12, mut=20; students t-test: 

p<0.001, ***). Since the gene coding for APOE which is involved in LOAD (Farrer LA 

et al., 1997; Gibson GE et al., 2000) is in close proximity to Tom40, the expression of 

ApoE gene was analyzed to exclude that the mutation has additional effects on other 

closely located genes. The expression level of this gene doesn’t differ between 

mutant and wildtype mice (Fig.17B; n: wt=9, mut=11; students t-test: p=0.434, n.s.) 

although there was a slight tendency. 
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Figure 17: Tom40 and ApoE mRNA expression in heart tissue 
A: In heterozygous animals Tom40 expression is reduced to ~50% compared to wildtype controls (t-
test, p<0.001, ***). Data are given as means and standard error of means (SEM). B: There are no 
genotype specific differences in ApoE expression comparing mutant Tom40 heterozygous mice to 
wildtype controls (t-test, p>0.05, n.s.). Data are given as means, error bars as standard error of means 
(SEM). 

4.4 Western Blot: Evaluation of protein expression 

To analyse protein expression in different tissues a suitable antibody was needed. 

Unfortunately, although several Tom40 antibodies were commercially available, none 

of those were described by the manufacturer to be approproaite for mouse tissue 

lysate. Therefore several antibodies were tested in varying conditions. 

 

Anti-TOMM40 antibody (H3000): 

TOM40 is, as the name implies, a 40kDa protein but  it was not possible to detect a 

signal at 40kDa but at 80kDa using the ECL method.  this could represent a dimer of 

the TOM40 protein, but neither by using different protein isolation and subsequent 

sample preparation protocols nor by running other gel systems resulted in 40kDa 

bands. However, looking at the signal at 80kDa revealed no visible differences 

between wildtypes and mutants (Fig.18A). Anti-VDAC was used as mitochondrial 

loading control (Fig.18B).  
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Figure 18: TOM40 and VDAC expression in heart tissue (anti-TOMM40 H300) 
A: There was a signal detected at 80kDa, pointing towards dimerization of the TOM40 protein. It was 
not possible to tease out a protein band at 40kDa which would have been the proposed (and in human 
cell culture for this antibody confirmed) size of the TOM40 protein; B: Anti-VDAC was used as 
mitochondrial loading control.  
 

 

Anti-TOMM40 antibody (N-15 and C-15): 

These antibodies were directed against some epitopes mapping near the N- 

respectively the C-terminus of Tom40 of human origin. It was not possible to detect 

any specific band. 

 

 

Anti-TOMM40 antibody (abcam): 

The use of this antibody has lead to the most promising result with one band with a 

size of about 40kDa. For loading control an anti-β-tubulin antibody was used and 

resulted in a signal at 55kDa At first glance there was the impression that TOM40 

expression in mutant mice was slightly reduced (Fig.19). Unfortunately, this result 

was hardly reproducible and therefore it was not possible to make a quantitative 

analysis of the expression level.  
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Figure 19: Anti-TOMM40 antibody (Abacm) and anti-β-tubulin as loading control 
Heart protein lysates of young (A) and old (B) Tom40 wt and het animals were used for western 
blotting. After rinsing the membranes with PBS-T charged with 5% milk a band at 40kDa was left using 
the anti-TOMM40 antibody produced by abcam. Anti-β-tubulin antibody was added in a second work 
step, producing a distinct band at 55kDa. It seems that TOM40 expression is slightly reduced in 
heterozygous animals, but this was not quantifiable using ECL.  
 

 

MitoProfile® Total OXPHOS Rodent WB Antibody Cocktail 

For a first investigation of the respiratory chain complexes an antibody cocktail from 

mitosciences was used, one each against CI subunit NDUFB8, CII-30kDa, CIII-Core 

protein 2 , CIV subunit I and CV alpha subunit. There were no indications that there 

were differences between the genotypes (Fig.20). Nevertheless a detailed analysis 

was done subsequently using BNE (see chapter 3.8).  

 

  

Figure 20: MitoProfile® Total OXPHOS Rodent WB Antibody Cocktail 
Targets of the antibodies: complex I subunit NDUFB8 - "CI-20" ~ 20kD, complex II subunit 30kDa - 
"CII-30" ~ 30kD, complex III subunit Core 2 - "CIII-core2" ~ 47kD, complex IV subunit I - "CIV-I" ~ 
39kD, ATP synthase subunit alpha - "CV-alpha" ~ 53kD; there were no obvious alterations in the heart 
of young animals.  
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LiCOR infrared imaging 

As ECL faces some limitations as for example a narrow quantifiable linear range, all 

antibodies were tested for compatibility to the LiCor system which uses infrared 

fluorophores and overcomes these problems (Schutz-Geschwender et al., 2004). 

MitoProfile® Total OXPHOS Rodent WB Antibody Cocktail, anti-VDAC/Porin 

antibody and anti-β-tubulin antibody worked very well under the LiCOR conditions 

(Fig.21).  

 

 

Figure 21: Using IRDye secondary antibodies 
A: MitoProfile® Total OXPHOS Rodent WB Antibody Cocktail 
B: Anti-VDAC/Porin antibody 
C: Anti-β-tubulin antibody 
 

It was not possible to determine optimal conditions for Abcams’ anti-TOMM40 

antibody. Washing the membranes with PBS-T lead to numerous unspecific bands of 

all sizes. Adding milk or BSA was not possible because of the resulting strong 

background. Washing with the LiCOR blocking buffer diluted 1:10 with PBS-T 

resulted once in a 40kDa band (Fig.22). Unfortunately also this was irreproducible.  

 

A B C 
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Figure 22: Anti-TOMM40 antibody using the LiCOR system 
Primary antibody: anti-TOMM40 (abcam) VD 1:1000, secondary antibody: IRDye 700DX – anti rabbit 
dilution 1:10000; Washing steps were done with a 1:10 dilution of Odyssey Blocking buffer and PBS-T 
(0.05%). This was just a test blot and unfortunately it was irreproducible. 

4.5 Quantification of mitochondrial complexes and isolation of 

supercomplexes 

First a survey of OXPHOS complexes was carried out using BNE in collaboration 

with Ilka Wittig. Prepared mitochondrial membranes from heart (Fig.23 and 27), 

skeletal muscle (Fig.24), liver (Fig.25) and brain (Fig.26) were solubilised with the 

detergent dodecylmaltoside and OXPHOS complexes were isolated by BNE. 

Densitometric quantification of Coomassie stained protein complexes and in-gel 

complex I activity stains did not detect any drastic changes in the abundance (Fig.23-

27). A slight but significant reduction of complex III in heterozygous mice was 

detected only in brain (Fig.26). Complex II was not detectable by the staining 

methods used. 

  

Figure 23: Quantification of OXPHOS complexes from heart tissue.  

A, protein complexes were isolated by BNE (4 to 13% acrylamide gradient gels) and stained with 
Coomassie (left panel) or in-gel complex I activity stain (right panel). B, Complexes were quantified by 
densitometry (n=3). Assignment of complexes: I, complex I; I*, complex I activity stain; III, complex III; 
IV, complex IV; V, complex V. +/+, mice with both TOM40 wildtype alleles; +/-, mice lacking one 
TOM40 allele, BHM, bovine heart mitochondria as ladder. 
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Figure 24: Quantification of OXPHOS complexes from skeletal muscle.  

A, protein complexes were isolated by BNE (4 to 13% acrylamide gradient gels) and stained with 
Coomassie (left panel) or in-gel complex I activity stain (right panel). B, Complexes were quantified by 
densitometry (n=3). Assignment of complexes: I, complex I; I*, complex I activity stain; III, complex III; 
IV, complex IV; V, complex V. +/+, mice with both TOM40 wildtype alleles; +/-, mice lacking one 
TOM40 allele, BHM, bovine heart mitochondria as ladder. 
 

  

Figure 25: Quantification of OXPHOS complexes from liver.  

A, protein complexes were isolated by BNE (4 to 13% acrylamide gradient gels) and stained with 
Coomassie (left panel) or in-gel complex I activity stain (right panel). B, Complexes were quantified by 
densitometry (n=3). Assignment of complexes: I, complex I; I*, complex I activity stain; III, complex III; 
IV, complex IV; V, complex V. +/+, mice with both TOM40 wildtype alleles; +/-, mice lacking one 
TOM40 allele, BHM, bovine heart mitochondria as ladder. 
 

  

Figure 26: Quantification of OXPHOS complexes from brain.  

A: protein complexes were isolated by BNE (4 to 13% acrylamide gradient gels) and stained with 
Coomassie (left panel) or in-gel complex I activity stain (right panel). B: Complexes were quantified by 
densitometry (n=3). Assignment of complexes: I, complex I; I*, complex I activity stain; III, complex III; 
IV, complex IV; V, complex V. +/+, mice with both TOM40 wildtype alleles; +/-, mice lacking one 
TOM40 allele, * significant (t-test: p<0.05), BHM, bovine heart mitochondria as ladder. 
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Quantitative analysis of old heart tissue could also not detect any dose dependent 

effects of heterozygous deletion mutant (Fig.27). 

 

  

Figure 27: Quantification of OXPHOS complexes from old heart tissue.  

A, protein complexes were isolated by BNE (4 to 13% acrylamide gradient gels) and stained with 
Coomassie (left panel) or in-gel complex I activity stain (right panel). B, Complexes were quantified by 
densitometry (n=3). Assignment of complexes: I, complex I; I*, complex I activity stain; III, complex III; 
IV, complex IV; V, complex V. +/+, mice with both TOM40 wildtype alleles; +/-, mice lacking one 
TOM40 allele, BHM, bovine heart mitochondria as ladder. 
 

In order to study assembly/stability of respirasomes in the heterozygous TOM40 

deletion strain, formation of supercomplexes was analyzed in 2D BN/SDS gels. 

Tissue homogenates from heart (Fig.28), skeletal muscle (Fig.29), liver (Fig.30A and 

B) and brain (Fig.30C and D) were solubilised with the mild detergent digitonin to 

isolate supercomplexes by BNE. For enhanced detection of subunits sensitive 

fluorescence labelling for the 2D BN/SDS PAGE was used. The same gels were also 

stained with silver. In all tissues respirasomes were detected at wildtype levels 

indicating that the lack of one TOM40 allele did not affect assembly/stability of 

supercomplexes. Interestingly supercomplex stability seemed to be enhanced in old 

heart tissue. 2D gels detected only low amounts of supercomplexes in mitochondria 

of young hearts. 
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Figure 28: Isolation of respiratory supercomplexes from young heart tissue.  
Young hearts: homogenates from heart tissue were solubilzed with digitonin and protein complexes 
and subunit composition by 2D BN/SDS PAGE is shown as fluorescence scan (left panel) and silver 
stain (right panel) from A, wildtype and B, TOM40 +/- mice. Assignment of complexes: S, 
supercomplexes containing complex I, III and IV with the stoichiometry of I1III2IV0-4; I, complex I; III, 
complex III; IV, complex IV; V, complex V. Old hearts: homogenates from old heart tissue were 
solubilzed with digitonin and protein complexes and subunit composition by 2D BN/SDS PAGE is 
shown as fluorescence scan (left panel) and silver stain (right panel) from C, wildtype and D, TOM40 
+/- mice. Assignment of complexes: S, supercomplexes containing complex I, III and IV with the 
stoichiometry of I1III2IV0-4; III, complex III; IV, complex IV; V, complex V.  
 
 
 

  

Figure 29: Isolation of respiratory supercomplexes from skeletal muscle.  
Homogenates from skeletal muscle were solubilzed with digitonin and protein complexes and subunit 
composition by 2D BN/SDS PAGE is shown as fluorescence scan (left panel) and silver stain (right 
panel) from A, wildtype and B, TOM40 +/- mice. Assignment of complexes: S, supercomplexes 
containing complex I, III and IV with the stoichiometry of I1III2IV0-4; I, complex I; III, complex III; IV, 
complex IV; V, complex V.  
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Figure 30: Isolation of respiratory supercomplexes from liver and brain  
Homogenates from liver tissue were solubilzed with digitonin and protein complexes and subunit 
composition by 2D BN/SDS PAGE is shown as fluorescence scan (left panel) and silver stain (right 
panel) from liver A: wildtype and B: TOM40 +/- mice and brain C: wildtype and D: TOM40 +/- mice . 
Assignment of complexes: S, supercomplexes containing complex I, III and IV with the stoichiometry 
of I1III2IV0-4; I, complex I; III, complex III; IV, complex IV; V, complex V.  
 

Next the formation of the complex V homo-oligomers was analyzed using the mild 

detergent digitonin and instead of BNE conditions of clear-native electrophoresis 

were used to prevent disassembly of oligomers. ATP synthase was stained by ATP 

hydrolysis assay (Fig.31). All tissues showed wildtype amounts of dimeric and 

oligomeric complex V. Again like respirasomes, supercomplexes of ATP synthase 

seems to be more stable or in higher abundance in old than in young heart tissue.  

 

Figure 31: Isolation of oligomeric ATP synthase 
A, brain, B, liver, C, muscle, D, heart from young and E, old mice. Tissue homogenates were 
solubilzed with digitonin and protein complexes were isolated by CNE (3 to 13% acrylamide gradient 
gels). ATP synthase was stained with in-gel ATP hydrolysis assay. Assignments: M, monomeric; D, 
dimeric; T, tetrameric, H, hexameric ATP synthase; BHM, bovine heart mitochondria as ladder. Gels 
are shown as inverted gray scale scans. 
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4.6 MtDNA copy number and deletion analysis 

To check for the influence of the mutation on amount/number of mitochondria and 

integrity of mitochondrial DNA copy numer and percentage of deletions were 

analysed (heart: wt n=8, age: 199d, het n=11, age 279d; brain: wt n=10, age: 160d, 

het n=10, age: 222d). There were no significant differences in copy number and 

deletion percentage neither in heart nor in brain tissue of Tom40 mutant and wildtype 

animals (Fig.32).  
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Figure 32: mtDNA copy number and deletion analysis  
There were no differences between mutants and wildtypes (students t-test: p>0.05, n.s.) 
 

4.7 Expression pattern 

Staining of the embryos of Tom40 mutant mothers to get information about the 

expression pattern of the gene with the inserted vector did not work. There was no 

staining visible in none of the tested animals. As a positive control Dll1LacZ control 

mice were used (Fig.33). The blue pattern is very intensive in these embryos, arguing 

that the method itself was working. 
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Figure 33: LacZ staining  
Tom40 offspring at E9.5 (a) and a positive Dll1LacZ control mice (b) at E14.5 

4.8 Functional analysis of Tom40+/- mitochondria 

In order to monitor the effect of the loss of one functional allele of Tom40 on 

mitochondrial function we analyzed the oxygen consumption of the respiratory chain 

complexes in response to stimulation with their substrates and their subsequent 

inhibition. For this experiment freshly isolated heart and brain mitochondria were 

used. 

 

Heart mitochondria: Heart mitochondria of adult mice and also aged ones were 

analysed (wt young: n=11, age=164d; het young: n=11, age=205d; wt aged: n=8, 

age=704d; het aged: n=8, age=712d) There were no differences in the RCC activity 

of adult animals  despite a tendency towards a reduction in Complex II-III (statistics 

CI: Mann-Whitney Rank Sum Test p>0.05, n.s.; statistics CII-III: t-test p=0.072, n.s.; 

statistics CIV: t-test p>0.05, n.s.). In the aged group, however, several effects could 

be observed (Fig.34). RCC activity of complex II-III and complex IV states that mutant 

mitochondria perform much worse than aged wildtypes (Comparison of young and 

old mitochondria of wildtype and mutant animals: Two way ANOVA: CI: p>0.05, n.s., 

CII-III: there is a statistically significant interaction of age and genotype p<0.001, ***, 

CIV: there is a statistically significant influence of the age p<0.001, ***, and a 

statistically significant interaction of age and genotype p<0.05, *). Complex IV of old 

animals was affected in wildtypes as well as in mutants. The impairment nevertheless 

was more pronounced in mutant mitochondria (t-test p<0.05, *). In contrast, the 

combined recording of Complex II and III activity revealed that only in mutant 

mitochondria oxygen consumption was dramatically lowered compared to old 

Tom40  Positive control 
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wildtypes (t-test p<0.01, **). The complex II-III activity of aged wildtype mitochondria 

ranges on the same level as visible in the young group. The values of Complex I 

showed high variation, so that it was not possible to conclude whether there is the 

same tendency than in the other complexes or not. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 34:  RCC activity of isolated heart mitochondria 
There were no genotype specific differences in young animals. Analysis of complex IV revealed a 
pronounced aging effect (ANOVA p<o.oo1, ***). Additional, in aged animals there was a significant 
genotype-effect comparing the oxygen flow of mutant and wildtype mitochondria (ANOVA: interaction  
age x genotype p<0.05; genotype: t-test p<0.05, *). Aging had no effect on complex II-III of wildtype 
animals but on mutant mitochondria which perform much worse (ANOVA: Interaction age X genotype 
p<0.001, ***; genotype: t-test p<0.01, **).  
 
 
Brain mitochondria: There were no statistically significant differences in the RCC 

activity of aged animals but trends towards a lowered activity in mutant brain 

mitochondria (Fig.35; wt aged: n=18, age=708d; het aged: n=12, age=770d; statistics 

CI and CIV: t-test p>0.05, n.s.; statistics CII-III: t-test p=0.056, n.s.). 

 

RCC I                   RCC II / III                 RCC IV

O
2 

flo
w

 p
er

 m
as

s 
 p

m
ol

/(
s*

M
il)

0

200

400

600

800

1000

1200

1400 young wt
young mut 
old wt
old mut

RCC Tom40 - young vs. aged animals

**

*

***



Results 

   102 

 

Figure 35: RCC activity of isolated brain mitochondria 
There were no significant differences in the RCC activity of aged brain mitochondria, but there was a 
trend towards a lowered activity in mutants.  

4.9 Uncoupling of heart mitochondria 

In addition, the uncoupling ability of freshly isolated heart mitochondria was 

determined. There were no significant differences between wildtype and mutant heart 

mitochondria of young animals concerning their ability to uncouple the respiratory 

chain (wt: n=25, age=150d; het n=26, age=215d; t-test, p>0.05, n.s.). Neither 

absolute vales (Fig.36A) nor values normalized to citrate synthase activity (Fig.36 B) 

differed between the genotypes.  

 

 

Figure 36: Uncoupling of heart mitochondria isolated from young animals 
There were no genotype specific differences neither looking at the absolute values (A) nor looking at 
citrate synthase activity normalized values (B). states: GMN: glutamate+malate (LEAK; no adenylates 
added, state 4), GMD: +ADP (stimulated respiration, coupled, state 3), GMScD: +succinate, GMScU: 
+FCCP (uncoupled), Sc(Rox)U: +Rotenone (inhibition of CI), RoxAma: +Antimycin A  
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In addition, data were normalized to maximum flux in controls which was the 

uncoupled and not inhibited GMScU state (flux control ratio). However, there also 

were no significant differences between mutant and controls (Fig.37). 

 

 

Figure 37: Uncoupling of heart mitochondria: flux control ratio 
There were no genotype specific differences after normalizing data to the maximum oxygen flux 
measured in control mitochondria. states: GMN: glutamate+malate (LEAK; no adenylates added, state 
4), GMD: +ADP (stimulated respiration, coupled, state 3), GMScD: +succinate, GMScU: +FCCP 
(uncoupled), Sc(Rox)U: +Rotenone (inhibition of CI), RoxAma: +Antimycin A 
 

4.10 Enzyme activity 

Activity of respiratory chain complex enzymes can also be analysed in lysates of 

frozen tissue. Therefore heart mitochondria of young and old animals were tested for 

complex I, II-III and IV, as well as for citrate synthase. For the investigation of brain 

mitochondria only aged animals were used. Complex I and IV and the citrate 

synthase were analyzed. 

 

Heart mitochondria: Evaluating the specific activity of the key enzymes of the single 

complexes and also of the citrate synthase revealed no significant alterations in 

mutant mice (Fig.38; wt young: n=6, age=167d; het young n=11, age=176d; wt aged: 

n=9, age=704d; het aged: n=7, age=711d). Complex II-III enzyme activity was 

slightly reduced in aged mitochondria (Two Way ANOVA: p=0.079). Normalized to 

CS this subtle difference disappeared.  
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Figure 38: Enzyme activities (heart tissue of young and old mice) 
No genotype specific differences in none of the tested tissue lysates. 
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Brain mitochondria: The specific activity means of complex I were suggestive of 

lower values in mutant animals (Fig.39A; wt: n=6, age=562d; het: n=6, age 683d). 

Due to a very high variance in wildtypes no significance could be reached. After 

normalization of CI specific activity to CS activity, a trend towards reduced activity in 

mutant animals could be observed (Fig.39B; t-test: p=0.066). Examining CIV specific 

activity revealed a highly significant difference between mutant and wildtype 

mitochondria (t-test: p<0.001), however this difference diminished after CS 

normalization (p=0.093). The citrate synthase activity was not differing between 

mutants and controls. Correlating CI to CIV activity resulted in lowered values in 

mutant animals compared to wildtypes (t-test: p<0.05, *). 

 

Figure 39: Enzyme activities (brain tissue of aged mice) 
A: Specific activity of CI (left) CIV (middle) and CS (right): CIV activity was significantly higher in 
mutant brain mitochondria than in controls (t-test: p<0.001, ***). 
B: Activity after normalization: CI/CS (left), CIV/CS (middle) and CI/CIV (right): CI/CIV was significantly 
lower in mutants than in wildtypes (t-test: p<0.05, *). 
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4.11 Results of the GMC screen 

A cohort of young Tom40 animals entered the GMC primary screen and was 

analysed by the respective specialists from each screen. 

4.11.1 Tom40 mutants show minor alterations in dysmorphology 

The Tom40 mutant mouse line was analyzed in the Dysmorphology, Bone and 

Cartilage module of the German Mouse Clinic. In the clickbox test, a retarded 

reaction in mutants and controls was observed (table 11).  

 

Table 11: Results from clickbox test (hearing test; eight-
week old mice) 

Number of mice exhibiting a particular score range. Data are given 
as means. 

Male Female 
Score 

Control Mutant Control Mutant 
0 - - 2 - 
1 4 1 2 - 
2 5 6 5 7 
3 1 3 1 3 
4 - - - - 
5 - - - - 

Mean Score 1.70 2.20 1.50 2.30 
Kruskal-Wallis ANOVA on Ranks: n.s. 

 

In the morphological investigation via visual inspection and X-ray analysis, also no 

genotype-specific differences were found. In the DEXA analysis, fat mass and fat 

content were significantly increased in female mutants. The sex differences that were 

observed are common in many mouse strains, and thus are not abnormal 

(unpublished data). 

4.11.2 Heterozygous Tom40+/- mice show behavioural alterations 

Behavioural analysis revealed significant differences between mutants and wildtypes 

regarding PPI (Fig.40; Significant genotype effect revealed by Two-way ANOVA: 

PPI(67dB): p=0.020; PPI(69dB): p=0.014; PPI(73dB): p=0.001; PPI(81dB): p=0.004; 

Global: p=0.002). In females PPI was significantly increased at all intensities and 

globally (t-test, p<0.05, *). Males show the same tendencies with a significant 

difference at 73 dB prepulse (PP) intensity (t-test, p<0.05, *). 

 
 
 
 
0: no reaction at all,  
1: no Preyer reflex,  
2: retarded reaction,  
3: normal reaction,  
4: strong reaction,  
5: particularly strong reaction 
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Figure 40: Results of PPI 
PPI results at a startle intensity of 110 dB and prepulse intensities of 67, 69, 73 and 81 dB. “Global” is 
the mean PPI value of all 4 prepulse intensities. *p<0.05 vs. control 
 

There was no significant genotype effect on acoustic startle reactivity (Fig.41). A 

significant sex difference with females showing generally a weaker reaction than 

males was detected (Multivariate tests, p<0.05, *). Values of mutant animals of both 

sexes were slightly lower than values of their wildtype littermates (Multivariate tests, 

p>0.05, n.s.). 
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Figure 41: Acoustic startle response  
Measured at background noise (NS) and sound pressure intensities of 70 - 120 dB.  
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Behavioural analysis of spontaneous activity in a novel environment, using the Open 

Field test, revealed no significant genotype effects (data not shown). This included no 

change in locomotor activity, exploratory or anxiety-related behaviour. 

4.11.3 No obvious neurological phenotype in young mice visible 

Primary phenotypic characterization of young heterozygous Tom40 mice revealed no 

obvious neurological differences between mutants and wildtypes comparing the 

mean values on the Rotarod (Fig.42). Statistical evaluation revealed a significant 

interaction between body weight, trial number and genotype (Linear mixed effects 

model: p<0.05, *). 

 

 

Figure 42: Mean latency to fall of the rod (primary screen)  
There was no significant different difference between the genotypes but an interaction of body weight 
x trial number x genotype (Linear mixed effects model: p<0.05, *). 
 

Examining males and females separately revealed a significant interaction of 

genotype and body weight on Rotarod performance (Fig.43; Linear mixed effects 

model: p<0.05, *): heavier mutants fell off the rotating rod earlier than lighter ones. 
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Figure 43: Correlation body weight x latency to fall of the rod 
Males: significant interaction between body weight and genotype (p<0.05, *) 
 

In addition there was a significant genotype x trial interaction in males: While wildtype 

mice showed a learning curve, mutant mice didn’t (Fig.44; Linear mixed effects 

model: p<0.05, *). Female mice of both genotypes showed an improvement with 

ongoing trials (p<0.01, **). 

 

 

Figure 44: Depiction of Rotarod single trials (GMC primary screen) 
Males: significant interaction between trial number and genotype (p<0.05, *): while control mice 
improve, mutant males got worse.  
Females: significant trial effect (p<0.01, **): improvement with trial. 
 

All SHIRPA parameters were without significant findings. Serum lactate levels 

revealed a typical sex-specific difference between males and females (Two Way 

ANOVA: p<0.001, ***) but no differences between mutants and controls (Table 12).  
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The locomotor activity was higher in female mutants than in female controls, but 

lower in male mutants than in male controls (Table 12). This is reflected by a 

significant interaction of sex and genotype was found (Two Way ANOVA: p<0.01, **). 

However, only the activity reduction in males reached significance (t-test p<0.01, **). 

 

Table 12: Body Weight, Locomotor activity (SHIRPA) and serum lactate levels 
Data are presented as mean ± standard error of mean. 

 Males (m) Females (f) 
Post hoc 

(genotype) 
2-Way-ANOVA 

 wt het wt het m f Sex 
Geno-
type 

Inter-
action 

Para-
meter (n=10) (n=10) (n=10) (n=10) p-

value 
p-

value 
p-

value 
p-

value 
p- 

value 

bw (g) 
24.71 
± 0.42 

23.61 
± 0.37 

19.43 
± 0.31 

18.87 
± 0.38 <0.05 n.s. <0.001 <0.05 n.s. 

Loc A  
 (no. of 

squares) 

28.5 
± 1.65 

21.6 
± 2.50 

23.7 
± 1.37 

28.1 
± 1.35 <0.01 n.s. n.s. n.s. <0.01 

Serum 
lactate 

13.48 
± 0.30 

12.71 
± 0.46 

11.64 
± 0.40 

11.53 
± 0.55 

n.s. n.s. <0.001 n.s. n.s. 

 

There was a body weight differences between the sexes (Two Way ANOVA: 

p<0.001, ***) and between the genotypes (p<0.05, *). While in pipeline I of the 

primary screen mutants showed significantly increased body weight compared to 

controls (Fig.45A, weight data were taken from the dysmorphological screen, age of 

the mice: 14 weeks; t-test p<0.05, *, for both sexes), in pipeline II the body weight of 

male mutants was significantly decreased (Fig.45B, data were taken from the 

neurological screen, age of the mice: 10 weeks; t-test p<0.05, *).  

 

 
Figure 45: Body weight Tom40 primary screen cohort 
A: Pipeline I: significant body weight increase in mutants of both sexes (Two Way ANOVA: p<0.05, *) 
B: Pipeline II: significant body weight decrease in mutant male mice (Two Way ANOVA: p<0.05, *) 

Body weight Tom40 mice: pipeline I

w
e

ig
ht

 [g
]

0

10

20

30

40

* *

Body weight Tom40 mice: Pipeline II

wt males 
mut males 
wt females
mut females 

* n.s.

A B 



Results 

   111 

Comparing the grip strength of two and four paws did not reveal impairments (Fig.46; 

Linear mixed effects model: p>0.05, n.s. for both, 2 and 4-paws measurement). In the 

four paws measurement there was a trend towards higher values in mutant animals 

(p=0.0636). 

 
Figure 46: Grip strength, two paws and all paws (GMC primary screen) 
No significant differences. 

4.11.4 There is no eye-phenotype in young mice  

All mice were first examined by Slit Lamp Biomicroscopy. There were no 

abnormalities of the anterior eye segment associated with the Tom40 mutation. The 

small nuclear flecks observed in the lens represent a strain specific problem rather 

than a consequence of the altered genotypic situation. The same was found for the 

posterior eye segment by funduscopical investigations. Laser Interference Biometry 

data indicated typical sex differences among normalized (for body length) eye sizes 

of both groups, but only among absolute axial lengths of the controls. Mutants and 

controls did not differ significantly in both parameters. 

4.11.5 Tom40 +/- mutants don’t differ in nociception 

The first reaction on the hotplate for evaluation of thermal nociception presented by 

the animals was "hind paw shaking", the second one "paw licking". We did not find 

any difference in the recorded latencies between the genotypes. We detected a slight 

difference between the sexes in the first reaction, but only in the controls (wt males 

1st sign of pain=7.73±0.75, 2nd reaction=11.01±1.28; wt females 1st sign of 
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pain=10±0.8, 2nd reaction=12.83±1.3; mut males 1st sign of pain=8.43±0.75, 2nd 

reaction=13.4±1.28; mut females:1st sign of pain=9.78±0.8, 2nd reaction=14.98±1.3; 

ANOVA: 1st sign of pain: genotype; p = 0.706, sex p = 0.018, genotype*sex; p = 

0.584; 2nd reaction: genotype; p = 0.085, sex; p = 0.192 , genotype*sex; p = 0.926). 

4.11.6 Young Tom40 mutants show no metabolic phenotype 

Due to a technical problem no carbon dioxide production could be monitored. Only 

few genotype effects on energy metabolism parameters could be detected in Tom40-

mutant mice under ad libitum conditions. Mutant mice were heavier than controls but 

no shift in body composition could be detected by NMR scans. Energy expenditure, 

body temperature and locomotor activity did not differ between mutant and control 

mice. 

 

Table 13: Metabolic Parameters  

Data are presented as mean ± standard error of mean. 

Control Mutant 
2 – Way – ANOVA 

(*GLM: genotype*sex+bm) 
Parameter 

male 
(n=10) 

female 
(n=10) 

male 
(n=9) 

female 
(n=10) 

p 
genotype 

p 
sex 

p 
geno*sex 

p 
bm 

Body mass 
(g) 

21.1 ± 
0.7 

21.9 ± 
0.3 

26.9 ± 
0.9 

28.9 ± 
0.4 

0.035 <0.001 0.322 n/a 

Fat mass 
(g) 

5.4 ± 
0.4 

5.5 ± 
0.2 

5.9 ± 
0.3 

6.3 ± 
0.2 

0.512 0.001 0.833 <0.001 

Lean mass 
(g) 

12.5 ± 
0.3 

13.1 ± 
0.2 

16.9 ± 
0.6 

18.1 ± 
0.2 

0.323 <0.001 0.738 <0.000 
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4.11.7 Clinical chemistry results 

No genotype-related differences in glucose clearance were detected in the IpGTT 

comparing heterozygous mice with controls (Fig.47). 

 

Figure 47: IpGTT of male (A) and female (B) Tom40-mutant mice and controls 
No genotype-specific differences. 
 

The analysis of plasma samples collected from overnight fasted mice revealed only 

mild genotype-related differences in HDL-cholesterol level, which was slightly higher 

in mutant mice, and free fatty acid concentration, which was slightly lower in mutants 

compared to controls (table 16, appendix). None of these findings was significant 

after Holm correction. 

In the first sample there was an influence of the genotype on plasma cholesterol and 

triglyceride concentrations as well as LDH activity, which were slightly decreased in 

mutant animals, while ALP activity was increased in mutants (ANOVA, p<0.05, *, see 

table 14). Additionally there were slightly lower total protein and glucose values in 

heterozygous males compared to controls.  

Nevertheless none of these differences were confirmed by the second measurement 

(table 17 appendix), except the effect on ALP activity in mutants and the slightly 

lower glucose concentration in mutant males. All differences were small and not 

considered to be significant after Holm correction. 

In the peripheral blood cell count a genotype-related effect on platelet count was 

found in Tom40-mutant mice, which was slightly lower in heterozygous Tom40-

mutant mice (wt: male=1473 ± 40.5, female=1189 ± 54.5; mut: male=1268 ± 46.9, 
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female=1152 ± 45. 6; ANOVA: genotype p<0.05, sex p<0.001, interaction p=0.084; t-

test: males: p<0,01, females n.s.). However, again this difference was very small and 

after multiple testing adjustment of the significance level not considered to be significant. 

Therefore it is likely that this change is an accidental finding. Sex-related differences 

were found for many parameters. 

 

Table 14: Clinical-chemical parameters, 1st sample. 
Data are presented as mean ± standard error of mean. 

Control (A) Mutant (B) A~B A~B ANOVA 

Male Female Male Female Male Female genotype sex inter. Parameter 

(n=10) (n=10) (n=10) (n=9) p p p p p 
Sodium 
[mmol/l] 

142 ± 
0.67 

137.2 ± 
0.44 

142 ± 
0.67 

136.7 ± 
0.67 

n.s. n.s. n.s. p<0.001 n.s. 

Potassium 
[mmol/l] 

3.94 ± 
0.15 

3.92 ± 
0.15 

4.09 ± 
0.11 

3.84 ± 
0.16 

n.s. n.s. n.s. n.s. n.s. 

Calcium 
[mmol/l] 

2.32 ± 
0.01 

2.24 ± 
0.02 

2.33 ± 
0.01 

2.28 ± 
0.02 

n.s. n.s. n.s. p<0.001 n.s. 

Chloride 
[mmol/l] 

111.3 
± 0.69 

108.7 ± 
0.48 

110.9 
± 0.48 

109 ± 
0.34 

n.s. n.s. n.s. p<0.001 n.s. 

inorg. phos. 
[mmol/l] 

1.46 ± 
0.11 

1.34 ± 
0.11 

1.36 ± 
0.07 

1.27 ± 
0.12 

n.s. n.s. n.s. n.s. n.s. 

Total Protein 
[g/dl] 

5.66 ± 
0.08 

5.18 ± 
0.11 

5.4 ± 
0.06 

5.29 ± 
0.13 

p<0.05 n.s. n.s. p<0.01 n.s. 

Albumin 
[g/dl] 

2.34 ± 
0.052 

2.38 ± 
0.036 

2.32 ± 
0.033 

2.333 ± 
0.033 

n.s. n.s. n.s. n.s. n.s. 

Creatinine 
[mg/dl] 

0.12 ± 
0.01 

0.12 ± 
0 

0.11 ± 
0.01 

0.12 ± 
0 

n.s. n.s. n.s. n.s. n.s. 

Urea [mg/dl] 75.8 ± 
2.82 

71.3 ± 
2.75 

75 ± 
3.63 

67.9 ± 
2.53 

n.s. n.s. n.s. p=0.06 n.s. 

Cholesterol 
[mg/dl] 

107.5 
± 3.36 

78.8 ± 
2.17 

100.7 
± 4.54 

71.3 ± 
3.52 

n.s. n.s. p<0.05 p<0.001 n.s. 

Triglycerides 
[mg/dl] 

162 ± 
10.7 

107 ± 
9.5 

137 ± 
14.8 

87 ± 
7.9 

n.s. n.s. p<0.05 p<0.001 n.s. 

LDH [U/l] 449 ± 
81.45 

355.4 ± 
87.89 

285.2 
± 7.03 

245.4 ± 
32.64 

n.s. n.s. p<0.05 n.s. n.s. 

ALT [U/l] 38.4 ± 
6.98 

29.2 ± 
3.73 

40.2 ± 
12.73 

33.3 ± 
7.5 

n.s. n.s. n.s. n.s. n.s. 

AST [U/l] 61 ± 
14.53 

54 ± 
3.65 

54 ± 
10.95 

61.1 ± 
5.26 

n.s. n.s. n.s. n.s. n.s. 

ALP [U/l] 98.2 ± 
3.38 

141.6 ± 
7 

108.6 
± 1.98 

154.7 ± 
6.08 

p<0.05 n.s. p<0.05 p<0.001 n.s. 

α-Amylase 
[U/l] 

577 ± 
14.2 

1301 ± 
751.4 

582 ± 
36.5 

449 ± 
16 

n.s. n.s. n.s. n.s. n.s. 

Glucose 
[mg/dl] 

192.7 
± 8.6 

216.4 ± 
14.6 

158.2 
± 13 

205.8 ± 
8.4 

p<0.05 n.s. n.s. p<0.01 n.s. 

Ferritin 
[ng/ml] 

23.5 ± 
1.27 

26.8 ± 
0.94 

49.3 ± 
26.76 

25.9 ± 
1.83 

n.s. n.s. n.s. n.s. n.s. 

Transferrin 
[mg/dl] 

133.2 
± 1.85 

131.8 ± 
0.92 

132.9 
± 1.55 

129.4 ± 
1.44 

n.s. n.s. n.s. n.s. n.s. 

Iron [µg/dl] 110.4 
± 5.53 

134.2 ± 
11.52 

106.8 
± 3.3 

119.3 ± 
6.39 

n.s. n.s. n.s. p<0.05 n.s. 
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4.11.8 Immunology: subtle differences in male mutants 

Flow cytometric analysis of Tom40-mutant mice in the primary Immunology Screen 

revealed a genotype-related immune phenotype in male mutants. On a statistical 

significance level of p<0.05 a significantly higher frequency of T cells was found in 

both subsets of CD4+ and CD8+ T cells. A positive correlation between the 

frequencies of CD4 and CD8 T cells is observed also in wild-type mice (own 

observations and Petkova et al. (2008)). The increase in T cells did not go together 

with statistically significant changes in other leukocyte subsets. In order to 

investigate, whether the change in the frequency of T cells is caused by peripheral 

proliferation or primary production of naïve T cells, we analyzed the pattern of T cell 

subsets based on the expression on CD25, CD44, CD62L and Ly6C. We observed 

only slight differences in the expression pattern in the CD4 and CD8 T cell cluster 

which were not found to be statistically significant (permutation test, 10000 

permutations). 

4.11.9  No differences in allergy parameters  

The analysis of total IgE levels in plasma of Tom40 mice did not reveal statistically 

significant differences between mutant and control mice (wt males=27±42, females= 

72±70; mut males=34±60, females 35±40).  

4.11.10  No differences in steroid metabolism  

The analysis of DHEA and testosterone concentrations in plasma of Tom40-mutant 

mice revealed no statistically significant differences between mutants and controls. In 

both groups of mutant and control animals, the testosterone levels were significantly 

higher in males than in females.  

4.11.11 Heterozygous Tom40+/- mice show a cardiac phenotype 

The basal cardiovascular functions were investigated in the primary screen by non-

invasive blood pressure measurement over four days, six lead surface ECG, and 

determination of heart weight.  

In blood pressure analysis (Fig. 48) no genotype specific differences were found.  
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Figure 48: Blood pressure parameters systolic pressure (A) and pulse (B) 
No genotype-specific difference. 
 

The ECG analysis revealed a genotype-specific shortening of P-wave duration mainly 

in female mutants (Fig.49A, ANOVA: Genotype effect p<0.05,*). The P-wave 

represents the depolarization through the myocardium of the atria. In addition, the 

Tom40-mutant mice showed an increased QT interval and QTc, the QT interval 

corrected for heart rate (Fig.49C). The QT interval represents the electrical events 

during the systole comprising the depolarization and repolarization of the ventricle. 

Therefore, it is dependent of the frequency and usually normalized for heart rate (QT 

interval corrected). In contrast to QT, the ST interval is a measurement for 

repolarization only, although both intervals merge and the transition is not very well 

defined in mice (Danik S et al., 2002). Also the ST interval was increased in Tom40-

mutant animals (Fig.49B). No difference was seen in the QRS complex duration, 

which suggests that the repolarization is more affected than the depolarization. 

These effects were more pronounced in the male mice than in the female mice. 

Subtle effects (lower S amplitude, trend to lower R amplitude and trend to interaction 

of sex and genotype in Q amplitude) were seen in the different components of the 

QRS amplitude, which can supply information about the excitable mass of the heart. 

In the more indicative parameter of the QRS amplitude no significant alteration was 

seen. 
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Figure 49: Results of ECG analysis 
A: The P-wave duration in mutant mice revealed a slight but significant genotype-specific de-crease 
mainly in the female mutants (ANOVA p<0.05, *; post-hoc: males p<0.05, *). B: In the S-T interval a 
genotype-specific increase mainly in male mutants was found (ANOVA: sex p<0.01,**, genotype 
p<0.01,**, interaction sex-genotype p<0.05,*; post-hoc: males p<0.01, **) C: The Q-T interval 
genotype-specifically increased which was more pronounced in the male mutants.(ANOVA: genotype 
p<0.01, **, sex p<0.01, **, Interaction sex-genotype p=0.054; Post hoc: males p>0.001, ***). 
Correction to heart rate resulted in a reduction of sex differences but sustained genotype-specific 
increase (ANOVA: genotype p<0.001, ***; post hoc: males p>0.01, ***, females p=0.093, n.s.). 
 

In heart weight analysis (Fig.50) no genotype-specific differences were found com-

paring mutant to control mice. 
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Figure 50: Normalized Heart weight 
Heart weight revealed no genotype-specific difference comparing mutant with control mice, neither 
normalized to tibia length nor normalized to body weight. 

4.11.12  No genotype-specific changes in lung function  

There were minor significant differences between male groups with higher tidal 

volumes (TV) in mutants (t-test p<0.05, *), secondary causing an increase in 

inspiratory flows (PIF, MIF; t-test p<0.05, *). However, specific values for TV are 

comparable. No differences at all were observed between female groups. 

4.11.13  Molecular phenotyping of brain and liver tissue 

Brain and liver were chosen for the Tom40 mutant mouse line for expression profiling 

analysis. These two organs were selected due to expected phenotypes in tissues 

with high energetic demands such as brain and skeletal muscle. The statistical 

analysis of eight experiments of each selected organ from four Tom40-mutant mice 

identified no significant differentially expressed genes. Expression levels between 

mutant and wild type tissue were similar in these organs. 

4.11.14 Pathology: primary screen without findings 

A total of 39 mice were analyzed macroscopically. Histological analysis of all organs 

was performed in 24 mice: 12 heterozygous Tom40-mutant (six females, six males) 

and 12 control mice (six females, six male).  
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All the analyzed organs appeared normal and none of the heterozygous Tom40-

deficient mice showed a genotype-specific morphological phenotype (i.e. heart tissue 

(Fig.51) and muscle tissue (Fig.52)). 

 

 

Figure 51: H&E staining of mutant and wildtype heart tissue. 
No genotype-specific changes. 
 

 

Figure 52: H&E staining of mutant and wildtype muscle tissue. 
No genotype-specific changes. 
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4.12 Transmission Electron Microscopy 

Although the primary screening did not reveal alterations in heart pathology further 

analysis was performed because of the cardiovascular phenotype. A marked 

difference between mutant and control animals already was detectable when looking 

at the semifine sections of the prepared heart tissue prepared for transmission 

Electron Microscopy (Fig.53). While control heart muscle showed a very clear 

organization and structure mutant heart tissue seemed to be much more unstructured 

and distorted.  

 

Figure 53: Semifine sections of heart tissue of control and mutant mice. 

 

In the TEM analysis the altered morphology in mutant mice was clearly visible: 

normal morphology of the myocardium as seen in the control mice consist in one or 

two rows of mitochondria of regular size distributed in parallel to the myofibrils 

(Fig.54). In turn, one interesting finding in heart muscle of the mutant mouse was the 

presence of mitochondria’s aggregates with irregular size und form, surrounded 

groups of myofibrils. This is apparently associated with distortion of the myofibrils. It 

is important to consider that these changes were not generalized and areas with 

normal morphology were observed in the mutant mice, too (Fig.54).  
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Figure 54:  Heart from control and Tom40 +/- mouse at different amplifications  
The pictures depict clearly the apparently distortion of the myofibrils and presence of mitochondrial 
aggregates with irregular size und form observed in the mutant mouse. 
 
 
 
Concerning the ultra structural anatomy of the mitochondria differences between 

mutant and control mice were observed (Fig.55). Mutant mitochondria appeared 

darker and their inner structure seemed to be condensed with less space between 
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the cristae. Increase of fibrous or adipose tissue between the myofibrils was not 

observed. In addition, no differences in the striated morphology of cardiac muscle 

between Tom40- mutant and control mice were observed. 

 

 
Figure 55: Ultrastructure of  mitochondria in wildtype and mutant animals.  
No differences between control and mutant mice were observed. 
 

4.13 Secondary screening of an aging cohort 

4.13.1 Survival of the aging cohort animals 

Animals were bred and kept in the animal facilities for more than 24 month. For the 

survival curve only those mice were used that died naturally (i.e. if they were found 

dead or if they were fatally ill and had to be sacrificed). Of 75 born mice investigated 

(38 Tom40+/+, 47 Tom40+/-) two mutant mice died within the first year, while all 

wildtypes survived. In the second year 12 mutant mice died, whereas there where 

only 5 dead wildtype Tom40+/+ mice. Statistical analysis showed that the survival 

curves for the genotypes are significant different (Fig.56; Logrank Test: p<0.01, **).  

After two years 89.5% of the wildtype mice cohort still was alive (males: 90.5%, 

females: 88.2%) whereas in the mutant cohort only 59.5% were left (males: 68.8%, 

females: 52.4%).  

Mutant mouse 50.000 x Control mouse 50.000 x 
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Figure 56: Kaplan-Meyer survival curves of Tom40+/+ and Tom40+/- mice  

Mutant animals seem to die earlier than their wildtype littermate. Mortality after two years is 
about 40% in heterozygous Tom40 mutant mice and 10% in controls.  
 

4.13.2 Neurological screening of the aging cohort 

4.13.2.1 Grip strength of aged animals 

Analysis of muscle force revealed no genotype-specific difference between mutant 

Tom40-heterozygous mice and controls when they were old (Fig.57; males: wt n=20, 

het n=13; females: wt n=17, het n=18; Linear mixed effects model, p>0.05, n.s.).  

 

 
Figure 57: Grip strength of the aged Tom40 cohort  
No genotype-specific changes, neither looking at the fore paws nor looking at all paws. 
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4.13.2.2 Rotarod 

The ability of Tom40 mutant mice to cope with the Rotarod was examined at different 

time points: the aging cohort was first tested when animals were 6month old and 

tested again after 2years. Like in primary screen of the GMC no obvious phenotype 

was detectable in young animals (compare with chapter 4.11.3). In aged animals, 

there was a significant genotype-effect more pronounced in male mice concerning 

the latency to fall of the rod (Fig.58; young animals: males: wt n=21, het n=16; 

females: wt n=17, het n=21; aged animals: males wt n=16, het n=10; females: wt 

n=16, het n=19; Linear mixed effects model: genotype p<0.01, **; only males p<0.01, 

**; females p>0.05, n.s.).  

 

Figure 58: Rotarod analysis of young and aged Tom40 mice 
In young animals there were no genotype-specific effects. In aged mice, there was a significant 
difference in the latency to fall of the rod: mutant mice perform worse than controls (Linear mixed 
effects model: p<0.01, **). This is more pronounced in male animals than in females. 
 

The depiction of single trials revealed a significant effect on the single trials in female 

mice: animals improved with time (Fig.59; Mixed effects model: p<0.001, ***, males 

p=0.0795, n.s., females p<0.001, ***).  
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Figure 59: Single trial analysis of the aged cohort 
Female animals of both genotypes improve with time (Linear mixed effects model: p<0.001, ***) 
 

The longterm Rotarod task was performed with young animals (Fig.60A; age: 3 

month; males: wt n=13, het n=15; females: wt n=18, het n=15) as well as with aged 

ones (Fig.60B; age: 17month; males wt n=16, het n=10; females: wt n=16, het n=19). 

Within the young cohort, there were interactions between body weight x speed 

(Linear mixed effects model: p<0.05, *):  heavier animals had more problems to cope 

with the higher speeds, more pronounced in male mice. An Interaction sex x speed 

(p<0.05, *).. indicated a greater decline in performance with increasing speed in male 

mice than in females, even so also in females a speed effect could be observed 

(p<0.001, ***).  

Aged animals showed a significant influence off speed on their performance, too: the 

faster the earlier mice fell off the rod (Fig.60B; Linear mixed effects: p<0.001, ***). 

Additional, there was a significant effect of the body weight with heavier animals 

performing worse (p<0.05, *). There was no statistically significant difference 

between the genotypes, but at least a tendency towards mutants performing worse 

than wildtypes (p=0.0552, n.s.). 
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Figure 60: Longterm Rotarod performance  
A: Young animals – significant interaction of body weight x speed (Linear mixed effects model: p<0.05, 
*) and sex x speed (p<0.05, *). Males: interaction body weight x speed (p<0.05, *), females: highly 
significant influence of speed (p<0.001, ***); B: Aged animals – No genotype-specific differences but 
at least a tendency towards mutants performing worse than wildtypes (p=0.0552).There was a strong 
effect of speed (p<0.001, ***) and also a moderate effect of body weight (p<0.05, *) on Rotarod 
performance. Data are given as means and SEM. 

4.13.2.3 Pole test 

In aged animals there was a sex-specific difference in performance: males needed 

more time to turn around (Fig.61; males wt n=19, het n=11; females: wt n=18, het 

n=19; Linear mixed effects model: p<0.05, *) and also to climb down (p<0.01, **).  

 

 

Figure 61: Pole test of aged animals 
There was a sex specific difference: males performed worse than females (Linear mixed effects 
model: turn - p<0.05, *, down – p<0.01, **). Males: wt n=19, mut=11; females: wt n=17, mut=18; 
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Depiction of single trials revealed a highly significant trial effect considering the time 

needed to turn around (Fig.62A; p<0.001, ***, for both, males and females: p<0.001, 

***) and to go down (Fig.62B; p<0.001, ***; males p<0.001, ***; females p<0.01, **). 

 

 

Figure 62: Pole test of aged animals – depiction of single trials 
There was a highly significant trial effect in the time to turn as well as in the time to go down the pole 
(Linear mixed effects model: p<0.001, ***).  
 

Examining the style of the animals to climb down the pole again revealed a sex 

specific difference (Fig.63; Linear mixed effects model: p<0.01, **): females 

performed better and reached therefore higher ratings than their male littermates. 

There was no genotype specific difference.  

 
Figure 63: Pole test of aged animals – analyzing the style to climb down the pole 
Looking at the style to climb down the pole which was rated due to a defined rating scale, female 
animals performed better than male animals 8p<0.01, **). There was a highly significant trial effect 
(Linear mixed effects model: p<0.001, ***, more pronounced in males, p<0.01, **, than in females, 
p<0.05, *). Data are given as means ± SEM. 
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Analysis of the single trials showed a learning effect in all animals (Fig.63; p<0.001, 

***), more pronounced in males (p<0.01, **) than in females (p<0.05, *). That was 

caused by the fact that many females already started with the highest rating 

rendering an improvement impossible. 

4.13.2.4 Beam walk 

Beam walk was tested in young as well as in aged mice. Besides the number of 

footslips, the time needed to cross the beam was measured. As the performance is 

strongly related to body mass, mice were weighed before the test. 

 

Young cohort  

The measured body weights were not different between genotypes: for male 

wildtypes 25.2±0.668g (n=13), malemutants 25.1±0.462g (n=15). Female wildtypes 

19.1±0.173g (n=19) and female mutants 19.0±0.343g (n=15). 

In the young cohort, there was a subtle genotype x body weight x sex interaction on 

the 20mm beam (Linear mixed effects model: p<0.05, *). Evaluating the sexes 

separately from each other revealed that mutant male mice performed worse than 

controls (Fig.64A: Linear mixed effects model: p<0.05, *). Evaluating the body weight 

x genotype x sex interaction revealed that male mutants performed better with 

increasing body weight while female mutants perform worse with increasing body 

weight. The results of the 15mm beam showed a tendency in mutants to perform 

worse but without reaching a significant level (Fig.64B). On the 13mm beam, mutant 

mice showed significantly more foot slips than wildtypes (Fig.64C; Linear mixed 

effects model: genotype effect p<0.05, *). This was more pronounced in females 

(p<0.05, *). 

Examining the single trials of the 20mm beam walk task to get information about the 

motor learning ability of the animals revealed a significant trial effect, more 

pronounced in male mice (p<0.05, *): animals improved with practice. There were no 

effects analyzing the single trials of the 15mm and 13mmm beam walk experiments. 

Mice hardly made mistakes in the first trial (~1-2 footslips), that is why there was not 

a real possibility to improve performance.  
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Figure 64: Beam walk results of the young cohort – average number of foot slips 
A: 20mm beam performance – genotype effect in male mice (Linear mixed effects model: p<0.05, *); 
B: 15mm beam performance – no genotype-specific differences; C: 13mm beam performance – 
genotype-specific difference with mutant animals showing significant more footslips than controls 
(p<0.05, *, more pronounced in female mice) 
 

The time to cross the beam was also recorded in this experiment. On the 20mm 

beam there was no genotype-specific difference between mutant and wildtype mice 

(Fig.65A; Linear mixed effects model: p>0.05, n.s.). Nevertheless, there was a 

significant effect of trial number on the time the experimental animals needed to 

cross the beam (Linear mixed effects model: p<0.01, **). The same was true for the 

time to cross the 15mm beam: There was no genotype-specific effect on mutant 

Tom40 heterozygous mice (Fig.65B) but there was a significant improvement over 

time (Linear mixed effects model, p<0.01, **). 

There was no genotype effect on the time to cross the 13mm beam (Fig.65C) but 

there was a significant interaction between sex x genotype x body weight x trial 

number (Linear mixed effects model: p<0.01; **). Interactions are sometimes hard to 

interprete; therefore sexes were analyzed separately to get more information. In male 

animals, there was a significant influence of trial number on crossing time (p<0.01, 

***). Males of both genotypes got slower with practice, maybe due to boredom or the 

need to explore. In females, there was a significant interaction between genotype x 

body weight x trial number (p<0.01, **). Mutant females did not improve or worsen 

with trials, while wildtypes needed longer in the end than in the beginning. It occured 

that female wildtypes spent more time with exploring the environment in the later 
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trials, while mutants just walked across the beam. Analyzing the body weight x 

genotype interaction showed that female wildtype mice worsened with increasing 

weight while mutants improved. 

 

 

Figure 65: Beam walk results of the young cohort – average time to cross the beam 
Time to cross beam (A: 20mm, B: 15mm, C: 13mm) – no genotype-specific differences  
 
 
 
 
. 
Aged cohort 

Body weight was determined before the experiment: male wildtypes: 34.2±0.520g 

(n=20), male mutants: 34.5±0.932g (n=13), female wildtypes: 27.3±0.844g (n=17) 

and female mutants: 27.5±0.685 (n=18).  

In the aged mice, there was a significant interaction of sex x body weight x trial 

number on the number of footslips on the 20mm beam (Linear mixed effects model: 

p<0.05, *). In male animals there was an interaction of body weight and trial number 

(p<0.01, **) with heavier animals improving less than lighter ones. In female mice 

there was a strong genotype-effect apparent (Fig.66A; Linear mixed effects model: 

p<0.01, **) and number of foot slips were additional significantly influenced by the 

trial number (p<0.01, **).  

Evaluating the performance on the 15mm beam revealed a statistically significant 

interaction of body weight and trial number (Linear mixed effects model: p<0.05, *). 
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Heavier animals improved less than their lighter heavier littermates. There were no 

genotype-specific effects detectable (Fig.66B). In females there was a highly 

significant effect of trial number (Linear mixed effects model: p<0.001, ***): the more 

often animals crossed the beam, the less footslips were counted.  

Analyzing the mice on the 13mm beam revealed various effects: besides an effect of 

sex (Males performed worse than females; Fig.66C; Linear mixed effects model: 

p<0.001, ***) and of trial number: animals improved over time (Linear mixed effects 

model: p<0.05, *) there was a strong genotype-effect: mutants showed generally 

more foot slips than controls (Fig.66C; Linear mixed effects model: p<0.01, **). In 

males performance was an affected by trial number (Linear mixed effects model: 

p<0.05, *) and by genotype (Linear mixed effects model: p<0.05, *). Number of foot 

slips in females did not differ significantly between the genotypes. There was a 

significant influence of body weight on performance (Linear mixed effects model: 

p<0.05, *). 

 

 

Figure 66: Beam walk results of the aged cohort – average number of foot slips 
A: 20mm beam performance –interaction of sex x body weight x trial number (Linear mixed effects 
model: p<0.05, *); males: interaction body weight x trial number (p<0.01, **) but no genotype specific 
difference; females: marked genotype specific difference with heterozygous animals showing 
significantly more footslips than controls (p<0.001, ***). 
B: 15mm beam performance – no genotype-specific differences 
C: 13mm beam performance – sex-specific difference with male animals showing significant more 
footslips than females (p<0.001,** *) and genotype specific difference with mutants performing 
significantly worse than controls (p<0.01, **). This was more pronounced in males (p<0.05, *) than in 
females (p>0.05, n.s.) 
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The time to cross the 20mm beam was significantly influenced by genotype (Linear 

mixed effects mode: p<0.01, **): mutant animals needed significantly longer to cross 

the beam (Fig.67A). There was also a trend towards a sex difference (p=0.087). 

Statistical analysis revealed an interaction between trial number and body weight in 

males (p<0.05, *). In females, there was a significant genotype-effect for this 

parameter: control mice needed less time to reach the home cage at the target point 

(Linear mixed effects model: p<0.05, *).  

The time to cross the 15mm beam was significantly influenced by an interaction of 

body weight x trial number (Linear mixed effects model: p<0.01, **) and sex x trial 

number (Linear mixed effects model: p<0.001, ***). In male mice, there was a 

significant interaction of body x weight and trial number (Linear mixed effects model: 

p<0.05, *). Heavier animals improved less over trials. In female mice there was a 

body weight influence stating that heavier animals performed worse (Linear mixed 

effects model: p<0.05, *) and additional a strong effect of the trial number: the often 

they practiced the longer animals of both genotypes needed to cross the apparatus 

(Linear mixed effects model: p<0.001, ***). Again, this is mainly caused by 

explorative behaviour after the animals got familiar with the test conditions. However, 

there was no effect of the genotype on this parameter detectable.  

Looking at the time needed to cross the 13mm beam, a significant interaction of 

genotype and trial number appeared (Linear mixed effects model: p<0.05, *). The 

more often mutant mice crossed the beam, the longer they needed. Separating the 

sexes showed again an interaction between trial number and genotype in males 

(Linear mixed effects model: p<0.05, *) whereas in there was just an influence of trial 

number (p<0.001, ***). 
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Figure 67: Beam walk results of the aged cohort – average number of foot slips 
A: 20mm beam - time to cross the beam: genotype effect p<0.01, **, in females: p<0.05, * (Linear 
mixed effects model); B: 15mm beam – time to cross beam: no genotype-specific differences; C: 
13mm beam – time to cross beam: genotype-specific changes, neither looking at the fore paws nor 
looking at all paws. 

 

4.13.2.5 Ladder walk  

Besides the number of fore- and hind paw footslips, the time needed to cross the 

ladder was measured. Mice were weighed before the test. 

 

Young cohort 

Measured body weights were for males: wildtype 25.2±0.773g (n=13) and mutant 

25.1±0.421g (n=15). For females following weights were measured: wildtype 

19.4±0.156g (n=19) and mutant 19.4±0.305g (n=15).  

Analyzing forepaws data revealed a significant genotype-specific difference between 

mutant Tom40 mice and wildtypes (Fig.68A; Linear mixed effects model: p<0.01, **). 

Mutants showed significant higher slipping numbers than controls (p<0.05 for both 

sexes). Looking at the hind paws, there was a significant sex x genotype interaction 

(Linear mixed effects model: p<0.01, **). Male mutants performed worse than 

controls (p<0.05, *), whereas female mutants didn’t (Fig.68B). Taking the number of 

A B C 

Beam walk: Average time to cross the beam

[s
ec

]

0

10

20

30

40

50

60

70

wt m
mut m
wt f
mut f

15 mm20 mm 13 mm



Results 

   134 

footslips of all paws together resulted in a significant sex x genotype interaction 

(Linear mixed effects model: p<0.05, *). In male mice there was a significant 

genotype effect with mutants slipping more often from the metal grids than wildtypes 

(Fig.68C; p<0.01, **). In both sexes, there was a significant improvement with trial 

number (p<0.001, ***).  

 

 
Figure 68: Ladder walk results of the young cohort – all trials 
A: Forepaws: mutants perform worse (Linear mixed effects model: genotype p<0.01, **; sex: p<0.05 *). 
B: Hind paws: genotype effect in male mice (Linear mixed effects model: p<0.05, *). C: All paws: there 
was a sex x genotype interaction (Linear mixed effects model: p<0.05, *). Males: significant genotype 
effect with mutants slipping more often from the grids than wildtype mice (p<0.01, **). In both sexes, 
there was a significant improve with trial number (p<0.001, ***). 
 
There were no significant differences in the time to cross the ladder (Fig.69). 

 

 
Figure 69: Ladder walk results of the young cohort – time to cross the ladder 
There were no genotype-specific differences between mutants and controls.  
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Evaluation of the single trials revealed a highly significant influence of trial number on 

forepaws data (Linear mixed effects model: p<0.001, ***) and on time to cross the 

ladder (p<0.001, ***): animals improved with trial number. Hind paws data was 

influenced by a genotype x trial number interaction (p<0.05, *): only mutants 

improved.  

 
Aged cohort 

Following body weights were measured for males: wildtype 34.1±0.449g (n=20) and 

mutant 33.1±0.706g (n=13); for females following weights were measured: wildtype 

27.4±0.690g (n=17) and mutant 27.8±0.985g (n=18). 

Looking at the number of slips of the forepaws, a significant interaction of sex x body 

weight x trial number (Linear mixed effects model: p<0.05, *) and of genotype x sex x 

trial number (Linear mixed effects model: p<0.01, **) was detected. Sexes then were 

analyzed separately, revealing a significant interaction of genotype and trial number 

(p<0.05, *) as well as of body weight and trial number (p<0.05, *) in males. Mutants 

showed no signs of improving over time. Heavier animals improved less than their 

lighter littermates. In females there was a significant interaction of genotype and trial 

number (p<0.05, *). Female wildtype animals showed already in the beginning rarely 

fore paws footslips. This could be considered as reason for that there is not a real 

learning curve.  

Statistically evaluation of the hind paw data revealed a significant effect of trial 

number (Linear mixed effects model: p<0.001, ***) and body weight (p<0.01, **). 

Additional there was a strong genotype-specific effect, with mutants showing clearly 

more foot slips than control animals (Fig.70B; p<0.001, ***). This was true for males 

as well as for females. Mutants and wildtypes of both sexes showed an improvement 

over time more pronounced in females (p<0.01, **). Heavier animals had more 

problems to cross the ladder walk. 

Taking fore- and hind paw results together the clear genotype effect got even more 

pronounced (Fig.70C). There was an interaction of trial number x body weight x sex 

(Linear mixed effects model: p<0.05, *) and trial number x genotype x sex (p<0.05, *). 

Looking only at the males, there was a strong genotype-specific difference (Linear 

mixed effects model: p<0.001, ***) and also a significant trial-effect with animals 

improving over time (p<0.01, **). The same was detected for female animals (Linear 

mixed effects model: genotype p<0.001, ***; trial number p<0.001, ***). Additional 

there was a body weight effect (p<0.01, **) in females demonstrating that heavier 
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animals performed worse, in males this was not significant (p=0.0865). Elucidating 

the time mice needed to cross the ladder revealed no genotype-specific differences 

(Fig.71A). There was a highly significant trial effect detectable (Linear mixed effects 

model: p<0.001, ***) demonstrating that all groups got faster with practicing. 

 

Figure 70: Ladder walk results of the aged cohort – all trials 
A: Forepaws: interaction of genotype x sex x trial number (Linear mixed effects model: p<0.01, **); B: 
Hind paws: strong genotype effect (Linear mixed effects model: p<0.001, ***); C: All paws: interaction 
of genotype x sex x trial number (Linear mixed effects model: p<0.05, *). Genotype-specific difference 
in males and females: p<0.001, ***; 
 

 

 

Figure 71: Ladder walk results of the aged cohort – time to cross the ladder 
There were no genotype-specific differences between mutants and controls.  
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4.13.2.6 Locomotor activity 

There were no genotype specific differences concerning lotomotor activity of aged 

Tom40 heterozygous mice compared to their wildtype littermates (Two Way ANOVA: 

p>0.05, n.s.; data males: wt – n=20 locA=20±1.2, mut – n=13 locA=20±1.3; data 

females: wt – n=17 locA= 18±1.6, mut – n=19 locA=17±1.2).  

 

4.13.2.7 Running wheels 

The voluntary running of the animals was investigated for a three weeks period. The 

first cohort consisted of 9 animals of each genotype, the second cohort of 6 per 

genotype. After two weeks free running, wheels were restricted: animals of the first 

cohort had to deal with a resistance intensity of 5 and animals of the second cohort 

with a resistance intensity of 7. Looking at the covered distances by animals from the 

first cohort covered, a clear training effect was visible in the first two weeks in both 

genotypes (Fig.72A). After starting the restriction of the wheels, mutant animals were 

not longer able to improve their performance and therefore stagnated by ~14km 

maximal covered distance per day while controls were not impaired by the brake and 

improved to 16km. Statistical evaluation of data revealed a highly significant triple 

interaction of genotype x body weight x day (Linear mixed effects model: p<0.001, 

***). It was evident that mutant mice were slightly heavier than controls just at the 

beginning (wt= 27.1g, het=28.8 g). After three weeks exercise the body weight of 

control mice was 24.5g and of mutants 26.1g. Both genotypes lost nearly the same 

amount of weight (wt: 9.5%, mut: 9.3%). After starting with the restriction, the slightly 

higher body weight of mutants seemed to have a greater influence on performance 

than during the free running trials.  

The second cohort, which was restricted with a higher intensity, showed for both 

genotypes an explicit worsening after brake activation (Linear mixed effects model: 

day x restriction p<0.01, **). While the first two weeks of exercise led to a massive 

increase in covered km per day (p<0.001, ***) performance afterwards dropped to 

values animals showed in the beginning (Fig.72B).  
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Figure 72: Covered distance per day 
A: Cohort 1 with a wheel restriction of intensity 5 after two weeks training: interaction of genotype x 
body weight x day (Linear mixed effects model: p<0.001, ***). By separating training from restriction 
phase it got obvious that this interaction was apparent in the unrestricted phase. Afterwards there was 
a genotype x body weight interaction left (p<0.05, *). B: Cohort 2 with a wheel restriction of intensity 7 
after two weeks training: interaction day x restriction (Linear mixed effects model: p<0.01, **). During 
training there was a significant improvement (p<0.001, ***).  
 

In a next step data of both cohorts were analyzed together. There was an obvious 

training effect from the 1st (blue) to the 2nd week (red) for both genotypes (Fig.74). 

Within the 3rd week (green) a differentiation between the different brake intensities 

became necessary. Wildtypes from the level 5 cohort were not impaired by the brake, 

they even further improved. However mutants showed a strong variation from also 

not being affected to severely impaired. At level 7 both genotypes were affected 

equally.  

Another parameter that was analyzed was the maximal length an animal was able to 

run non-stop. In the first cohort a significant interaction between genotype x body 

weight x brake x day was determined by statistical evaluation (Fig.73 A; Linear mixed 

effects model: p<0.05, *). Analyzing the training phase separately, a significant 

genotype x body weight x day interaction was detected (p<0.05, *). The heavier 

mutants showed equal or even subtle higher values than wildtypes, both genotypes 

nevertheless had a clear-cut learning-curve with longer durations after two weeks 

than in the beginning. After start of restriction, both genotypes showed worse 

performance than before. This, however, was much more pronounced in the still 

heavier mutant animals than in controls (Linear mixed effects model: genotype x 

body weight interaction p<0.01, **; genotype x day interaction p<0.05, *). Data from 

animals from the second cohort also showed a significant genotype x body weight x 
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brake x day interaction (p<0.01, **). During training phase there was a significant 

body weight x day interaction (p<0.05, *) on performance but no influence of 

genotype. After restricting the wheels, there was a statistically significant interaction 

of genotype x body weight x day on performance (p<0.05, *). Wildtypes from this 

cohort were in the beginning slightly but not significantly heavier than mutant animals 

(wt=27.9g, mut=27.1g). After three weeks exercise body weight of the wildtype 

females had dropped to 25.2g, mutants had a weight of 25.9g meaning that wildtypes 

lost 9.6% of their body weight and mutants just 5.1%. There was a training effect 

comparing week 1 with week 2 and a clear effect of restriction on mutant animals of 

the level5 cohort while there was no influence on the controls. At restriction level 7 

animals of both genotypes were affected in an equal manner (Fig 73B).  

 

 

Figure 73: Maximal run length per day 
A: Cohort 1 with a wheel restriction of intensity 5 after two weeks training: interaction of genotype x 
body weight x day x brake (Linear mixed effects model: p<0.05, *). Separating training from restriction 
phase for the training phase a significantly increasing performance of both genotypes was verified 
(p<0.05, *). Heavier mutants showed the same improvement as lighter controls. After engaging the 
brake, mutants showed much worse performance than controls, they still were heavier than wildtype 
mice (Linear mixed effects model: genotype x body weight interaction p<0.01, **; genotype x day 
interaction p<0.05, *; B: Cohort 2 with a wheel restriction of intensity 7 after two weeks training: 
interaction of genotype x body weight x brake x day (p<0.01, **). There was a significant body weight x 
day interaction (p<0.05, *) in the first two weeks of training. After restricting the wheels, there was a 
statistically significant interaction of genotype x body weight x day on performance (p<0.05, *). 
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Figure 74: Covered distance : depiction of the weeks 

 

Additional the parameter average duration of a non-stop run was analyzed, there was 

a highly significant interaction of genotype x body weight x brake x day in cohort 1 

(Fig.75A; Linear mixed effects model p<0.01, **). Animals of both genotypes 

improved average run duration during the training phase. Then after restriction, there 

was a clear reduction in the heavier mutant mice whereas controls were not affected. 

In cohort 2 there was a genotype x body weight x brake interaction, too (Fig.75B; 

p<0.001, ***). In contrast to cohort 1, all mice from cohort 2 showed shorter run 

durations after the level 7 restriction, no matter if mutant or wildtype, subsequent to 

the highly significant improvement over time in the training phase (day effect: p<0.01, 

*). There was a genotype x body weight interaction with slightly heavier mutants 

performing as worse than lighter wildtype mice (p<0.01, **). 

Analyzing data per week revealed that there was a marked training effect with a 

duration increase if comparing week 1 with week 2 (Fig.76). In week three there was 

a difference between the genotype in cohort 1 with mutants performing worse, 

whereas in cohort 2 mutants seemed to be better than their wildtype littermates.  
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Figure 75: Average run length per day 
A: Cohort 1 with a wheel restriction of intensity 5 after two weeks training: interaction of genotype x 
body weight x brake x day (Linear mixed effects model: p<0.01, **); B: Cohort 2 with a wheel 
restriction of intensity 7 after two weeks training: interaction of genotype x body weight x brake x day 
(p<0.001, ***). Training phase: day effect p<0.01, **. In the restriction phase there was a genotype x 
body weight interaction: mutants with more body weight showed an equal average run time like lighter 
wildtype mice.  
 

 

Figure 76: Maximal (A) and average (B) length of a run : depiction of the weeks 
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Besides distance and run time, speed was recorded during the running wheels 

experiment. The maximum speed mice reached was recorded per day as well as the 

average speed. In cohort 1 there was a significant interaction of genotype x day x 

brake for maximum speed (Linear mixed effects model: p<0.05, *). Before restriction, 

there was a speeding-up with increasing test duration in both genotypes. Wildtypes 

showed a lower maximum speed than mutants although they were not as heavy 

(Fig.77A; genotype x body weight x day interaction, p<0.05, *). After restriction, there 

was no difference between the genotypes anymore; mutants first slightly decreased 

their maximum speed and then both genotypes showed the same velocity increase 

with time (day effect: p<0.001, ***). In cohort 2 statistical analyses revealed a 

significant genotype x body weight x brake interaction (Fig.77B; Linear mixed effects 

model: p<0.05, *). Slightly heavier mutants and controls showed nearly the same 

improvement with time before restriction. Analyzing the unrestricted phase alone 

revealed a highly significant day effect (p<0.001, ***), all animals were able to 

increase their maximum speed. At the first day of restriction, a marked dropping of 

performance occurred. Afterwards both genotypes slightly increased their speed 

again. Examining the data per week revealed that there was a training effect 

comparable to distance and run duration. The maximum speed increased within the 

training period (Fig.79A). After restriction there was impairment. 

 

 

Figure 77: Maximum speed per day 
A: Cohort 1 with a wheel restriction of intensity 5 after two weeks training: interaction of genotype x 
brake x day (Linear mixed effects model: p<0.05, *). Training: genotype x body weight x day 
interaction: p<0.05, *; restricted wheels: day p<0.001, ***; B: Cohort 2 with a higher wheel restriction. 
after two weeks training: interaction of genotype x body weight x brake (p<0.05, *); Training: there was 
a highly significant influence of day on performance p<0.001, ***.  
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Statistical analysis of the average speed showed a genotype x body weight x day x 

brake interaction in cohort 1 and cohort 2 (Fig.78; Linear mixed effects model: 

p<0.01, **, for both cohorts). There was a genotype x weight x day interaction for the 

free training phase for cohort 1 (Fig.78A; p<0.001, ***) and also for cohort 2 (Fig.78B; 

p<0.05, *). In the restricted phase, there was a genotype x weight x day interaction 

for both cohorts (cohort 1: p<0.05, *, and cohort 2: p<0.01, **). Mutants had a slightly 

higher average speed than wildtypes before restriction. Afterwards they showed the 

same values than controls.  

 

 

Figure 78: Average speed per day 
A: Cohort 1 with a moderate wheel after two weeks training: interaction of genotype x body weight x 
brake x day (Linear mixed effects model: p<0.01, **). Training: genotype x body weight x day 
interaction: p<0.01, ***; restricted wheels: genotype x body weight x day p<0.05, *; B: Cohort 2 with a 
high wheel restriction after two weeks training: interaction of genotype x body weight x brake x day 
(p<0.01, **). Training: there was a significant interaction between: genotype x body weight x day: 
p<0.01, **; 
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Figure 79: Maximal (A) and average (B) speed : depiction of the weeks 

 

 

The experiment also allowed an evaluation of the circadian activity rhythm of the 

animals, and no shifting or difference between the genotypes was found (Fig.79). 

Measurements were started in the late afternoon. Activity increased during the dark 

phase with a maximum in the middle of the night. During the light phase, animals 

were asleep and there was hardly activity visible. 
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Figure 80: Circadian activity rhythm of both cohorts. 

 

 

Taken together, there were some effects in mutant mice after restricting the wheels 

with a medium resistance intensity. Both genotypes showed a drop in the parameter 

“maximal length of a run per day” but this was more pronounced in mutants. In 

contast to wildtypes, also the average duration of the runs decreased significantly in 

mutant mice.   
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4.13.2.8 Gait analysis 

Animals were tested twice in their life time. The first time the animals had an age of 

six month and both sexes were analyzed. The second time, only females were 

available for testing. The mice were 26 month old and especially mutants had to be 

treated very carefully because of a previously observed stress intolerance (some 

mutants evolved seizures and died just because of handling stress).  

Young Tom40 females were lighter and shorter than the males. There weren’t any 

significant differences in the gait of the mutants compared to the controls. Mutant 

females were slightly heavier and larger and most of the significant differences 

showed an interaction with the body weight respectively sex (see table 15). No 

obvious gait abnormalities were observed in the mutants compared to the controls. 

Some parameters were increased, but the findings were small and only detectable at 

one distinct speed. For this reason they might be findings by chance. 

In aged animals, there were some alterations in mutants, but again, findings were 

subtle and mostly restricted to one speed. Additional it was not possible to test the 

animals at higher speeds because of their age and the concomitant inability to cope 

with faster running.  

 

Table 15: Altered gait parameters 

  Tom40 young Tom40 old (females only) 

  15cm/s interact 25cm/s interact 35cm/s interact 10cm/s interact 15cm/s interact 

FP         (**) BW 
Propel  

HP           

FP   
(**) sex (**) sex     % Propel 

/Stride HP           

FP           %Propel 
/Stance HP         (*) BW 

FP         (*)  
Stance width 

HP           

FP       (*)    Step width 
variability HP           

FP           Step angle 
variability HP   

(**)    (**)    

FP           Step Angle 
CV HP   

(**)    (**)    

FP       (T)  (T)  Paw area 
variability at 
peak stance HP           

FP   
(*) sex       Overlap 

Distance HP           
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4.13.3 Mini Spec of aged animals 

Body composition of aged animals was determined with the aid of the metabolic 

screen (see chapter 3.10.6) without finding any genotype-specific alterations. There 

was a highly significant sex difference concerning body weight (Fig 81; Two Way 

ANOVA: p<0.001, ***). The same was detected for lean mass. There were no 

significant differences at all in fat mass.  

 

 

Figure 81: Body composition of aged Tom40 heterozygous and wildtype mice 
There was a sex specific difference in body weight and lean mass with heavier males than females 
(Two Way ANOVA: p<0.001, ***) while fat mass was equal in both sexes. There was no genotype –
specific difference in one of the analyzed parameters.  

4.13.4 Eye screen 

For secondary screen, 5 male and 5 female aged mice were analyzed by a 

Schleimpflug-camera. Additional three males of each genotype were tested with 

OCT. All pictures of the Schleimpflug-experiment show a circular carteract which is 

typical for aged C57Bl/6J mice (Fig.82A). OCT also did not reveal genotype-specific 

chances between mutant and control animals (Fig.82B).  
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Figure 82: OCT (A) and Schleimpflug (B) analysis  
No genotype-specific differences between aged wildtype and mutant animals were detectable. 
 

4.13.5 Investigation of memory 

Social discrimination  

There was no genotype specific difference between heterozygous Tom40 mice and 

controls concerning investigation time of the new animal in the sample phase or the 

familiar animal in the test phase test phase (Fig.83A males, B females) or the social 

recognition index (=unfamiliar object / (unfamiliar + familiar object); see Fig.87C) in 

the test phase (Two Way ANOVA: p>0.05, n.s.). Analysis of the test phase revealed 

that there was a trend in control mice towards different investigation time of the 

familiar and the unfamiliar object (t-test: p=0.055017, n.s.). 
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Figure 83: Social discrimination (A+B) and recognition (C) of aged mice 
There were no genotype-specific differences between Tom40 heterozygous and wildtype mice.  
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The object recognition task was only performed with male mice.  

There was no genotype specific difference between mutant and wildtype animals, 

neither concerning total number nor duration of investigations or latency to first 

observation during sample phase (Fig.84; Two Way ANOVA, n.s.). There was a 

significant effect of sample number (total number / duration / % duration: p<0.001, 

***; latency: p<0.05, *).  

 

Figure 84: Object recognition – sample phase 
There were no genotype-specific differences between Tom40 heterozygous and wildtype mice.  
 

In the test phases 3h and 24h after training the animals were confronted with the 

familiar object from the sample phase and simultaneously with an unfamiliar object.  
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object and investigated the unfamiliar significantly more often (Fig.85 A; t-test: 

wildtype p<0.01, **; mutant p=0.0586, n.s.) and for a longer time (Fig.85 C; t-test: 

wildtype p<0.05, *; mutant p=0.0542, n.s.). Nevertheless, animals of both genotypes 

were not very motivated to investigate the objects, the active investigation duration 
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towards longer investigation of the unfamiliar object (Fig.85 D; t-test: wildtype p<0.05, 

*; mutant p=0.0544, n.s.). 

The latency of observation was significant different in wildtype mice (Fig.85 B; t-test 

p<0.05, *): the unfamiliar object was investigated much earlier than the familiar 

object. This could not be found in mutant animals.  

However, there were no statistically significant genotype-specific differences between 

mutants and wildtypes.  

After 24h there still was the tendency that the animals were able to remember the 

familiar object, but a level of significance could not be reached for any of the 

examined parameters (Fig.86). There was a weak genotype effect concerning the 

total numbers of investigations of the unfamiliar object (Fig.86 A; Two Way ANOVA: 

p<0.05, *) and a tendency in the total duration of investigation (Fig.86 C; Two Way 

ANOVA: p=0.066, n.s.). Nonetheless, differences were very small as both genotypes 

hardly spent time in investigating any object.  

.  
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Figure 85: Object recognition – test phase (24h) 
There were no genotype-specific differences between Tom40 heterozygous and wildtype mice 
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Figure 86: Object recognition – test phase (24h) 
There were no genotype-specific differences between Tom40 heterozygous and wildtype mice.  
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4.13.6 Counting dopaminergic neurons 

The number of TH-positive neurons counted in wildtypes was by trend higher than in 

mutants. Due to the small sample size (n=5 per genotype) and high fluctuations in 

the wildtype group, the results did not reach the level of significance (Fig.91; Graph 

Pad Prism, t-test p=0.144, n.s.) 

 

 

          wildtype  mutant 

 

Figure 87: TH-positive neurons in aged Tom40 +/- and wildtype mice 
There were no genotype-specific differences between Tom40 heterozygous and wildtype mice.  
 

4.14 NCV studies 

Motoric NCV was measured in a group of aged (wt: 672d, mut: 731d) and young (wt: 

216d, mut: 232d) animals. The number of evaluated aged mice remained quite low 

due to a high vulnerability to narcosis. There was a clear-cut effect of age and of 

genotype (Linear mixed effects model: p<0.001, ***). The motoric nerves of aged 

mice conducted electrical stimuli significant slower than the young one (Fig.88). 

Additional there was a genotype-effect in the young as well the aged group, with 

mutants showing marked worse performance.  
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Figure 88: Motoric NCV of young and aged mutant mice 
Electrophysical analyses were performed in the scatiatic nerve of both hind legs using a three point 
measurement technique. Therefore four measured values of each animal were received. There was a 
significant aging effect (Linear mixed effects model: p<0.001, ***) and a significant genotype effect 
(Linear mixed effects model: p<0.001, ***). The velocity reduction in mutants is visible in aged as well 
as in young mice (Linear mixed effects model: p<0.001, ***). 
 

4.15 Challenge experiments 

4.15.1 Paraquat challenge 

Animals were challenged for 8 weeks with 2-3 times treatment per week (injection 

every three days). Phenotyping was done before and after challenge.  

 

Body weight 

Body weight was measured just before injection and one day after. There was a 

significant effect of treatment (Linear mixed effects model: significant interaction of 

genotype x treatment x day: p<0.01, **): Paraquat treated animals were in the end 

lighter than saline treated animals (Fig.89). Wildtype mice lost slightly more body 

weight than mutant animals due to the PQ treatment.  

After eight weeks treatment, saline treated animals reached approximately 105% of 

their starting body weight while PQ treated mice achieved only 95% (Fig.89 C). 
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Figure 89: Weight curve during treatment 
A-C: There was a significant treatment x genotype x day effect apparent: PQ treated animals were 
lighter at the end of the challenge than animals of the control groups. Wildtypes seemed to be slightly 
more affected than mutants (Linear mixed effects model: significant interaction of treatment x 
genotype x day: p<0.01, **). 
 

 

Grip strength 

Analysis of muscle force of the animals before treatment revealed no differences 

between the groups neither looking at the fore paws nor looking at all paws (Fig.90 A; 

Linear mixed effects model: p>0.05, n.s.). Measuring the grip strength after the PQ 

challenge again revealed a subtle increase in muscle force in the all paws 

measurement of treated animals compared to saline treated mice (Fig.90 B; Linear 

mixed effects model: p<0.05,*). 
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Figure 90: Grip strength before (A) and after challenge (B) 
A: Before: There were no significant differences between the four experimental groups. B: After: There 
was a statistical significant treatment effect in the four paws muscle force (Linear mixed effects model: 
p<0.05, *) 
 
 

Locomotor activity 

The locomotor performance of the animals was not changed after treatment. There 

was no effect of treatment or of genotype on number of crossed squares (Two Way 

ANOVA, n.s.) 

 

Rotarod performance 

Determining the Rotarod performance of the animals before the challenge (see 

Fig.91A) showed an interaction between body weight x genotype x treatment (Linear 

mixed effects model: p<0.05, *). As mice were not treated yet, treatment in this 

experimental phase means differences caused by group assignment. Evaluating only 

the saline group, there was an effect of trial on performance: mice improved with trial 

number (Fig.92A; Linear mixed effects model: p<0.001, ***). Within the PQ group 

there was a significant interaction of body weight x genotype (Fig. 93; Linear mixed 

effects model: p<0.05, *). After finishing challenge the Rotarod performances of both 

treatment groups were quite similar 42 before: there was no effect of treatment 

concerning the mean latency to fall of the rod (Fig.91B; Linear mixed effects model: 

p>0.05, n.s.). Depiction of single trials revealed a treatment X trial number interaction 

(Linear mixed effects model: p<0.01, **): while there was a significant trial effect in 

saline treated animals (p<0.05, *) no improvement was detectable in PQ treated mice 

(Fig.92 B). 
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Figure 91: Mean latency to fall of the rod before (A) and after (B) challenge 
A: There was a significant interaction between body weight x genotype x treatment before start of the 
challenge (Linear mixed effects model: p<0.05, *). B: There was no genotype specific difference 
concerning the mean latency of 4trials after challenge.  
 

 

Figure 92: Single trials before (A) and after (B) challenge 
A: There were a significant trial effect in the saline group (Linear mixed effects model: p<0.001, ***) 
and an interaction of body weight x genotype in the PQ group (p<0.05, *). B: There was a significant 
treatment x trial interaction (Linear mixed effects model: p<0.01, **): saline treated animals showed an 
improvement with trial (p<0.05, *) while Paraquat treated did not. 
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Figure 93: Body weight x latency before (A) and after (B) the challenge 
A: There was a significant interaction of body weight and genotype on performance of PQ treated 
animals: While wildtype mice showed a higher latency with increasing body weight, heavier mutant 
mice fell off the rod earlier (p<0.05, *). B: There was no significant correlation between body weight 
and genotype detectable after challenge.  
 

In addition, all animals were analyzed using the longterm Rotarod protocol. Before 

start of the challenge there was a significant interaction between genotype x speed x 

treatment group (Linear mixed effects model: p<0.05, *). To simplify the interpretation 

of the results, treatment groups were regarded individually. In the saline group, there 

was an interaction of genotype and speed (p<0.05, *) while in the future PQ group an 

interaction of body weight and speed was found (p<0.05, *). Mutants in the saline 

group performed worse than wildtypes at 20rpm and especially at 25 rpm (Fig.94A). 

PQ animals performed generally worse than saline animals, although no treatment 

had been done so far.  

After challenge there still was a genotype x treatment x speed interaction (Linear 

mixed effects model; p<0.05, *). However in the saline group, the only finding was a 

significant influence of speed (Fig.94B; p<0.01, **), while in the PQ treated group a 

significant body weight x speed interaction was detected. The heavier the animals 

were, the more problems they had at higher velocities (p<0.05, *).  
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Figure 94: Longterm Rotarod performance before (A) and after (B) challenge 
A: Before challenge, there was a significant genotype x speed x treatment (Linear mixed effects 
model: p<0.05, *): analyzing the data from animals from the saline group revealed a significant 
genotype x speed interaction (p<0.05, *) with mutants performing worse at higher velocities; for the PQ 
group a body weight x group interaction was found (p<0.05, *). B: After treatment there was a 
genotype x treatment x speed interaction found (p<0.05, *) saline treated animals showed a worsening 
with increasing speed (p<0.01, **) while in Paraquat treated animals a significant body weight x speed 
interaction could be found (p<0.05, *). Data are given as means and SEM. 
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Beam walk 

Beam walk performance was measured before and after the challenge on three 

different beams: 13mm and 20mm (square) and 15mm diameter (round). There were 

already multiple effects in untreated mice. However, those differences were quite 

small and thus were hypothezised to be increased after challenge. 

On the 20mm beam, there was a significant genotype-specific difference between 

heterozygous and control mice: Mutants showed more foot slips than wildtype mice 

(Fig.95A; Linear mixed effects model: p<0.05, *; Saline group: n.s., PQ group: 

p<0.05, *; treatment: p=0.0787, n.s.). This was more pronounced in the future PQ-

group than in the saline group. Again, a distinctive improvement with trial number 

could be observed (p<0.05, *). On the 15mm beam no significant differences were 

detectable. Evaluating the data from the 13mm beam assured a subtle interaction of 

trial number x body weight x genotype (p<0.05, *). By analyzing the treatment groups 

individually it got obvious that this triple interaction was apparent within the PQ group. 

In the saline cohort a slight body weight x trial number interaction could be detected 

(p<0.05, *).  

 

Figure 95: Beam walk before challenge – number of footslips 
A: 20mm beam performance – genotype effect mainly due to the results of the PQ group (Linear 
mixed effects model: p<0.05, *); B: 15mm beam performance – no genotype-specific differences; C: 
13mm beam performance – no treatment or genotype effects, but a subtle interaction of trial number x 
body weight x genotype (p<0.05, *); 
 
 

Regarding the time required to cross the beam, there was an obvious treatment 

effect already before the challenge: animals assigned to the PQ group needed longer 
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to cross the 20mm diameter beam than animals in the saline group (Fig.96A; Linear 

mixed effects model: p<0.01, **).  

Additional, there was a subtle but hardly significant trial effect: the more often animals 

tried to cross the beam, the faster this was achieved (Linear mixed effects model: 

p<0.05, *). On the 15mm beam slightly lowered times to cross the beam in mutant 

mice of both treatment groups were found (p<0.05, *). A complex interaction of body 

weight x treatment x genotype x trial number was detected on the 13mm beam 

(p<0.05, *). There was a strong trial number effect in the saline groups (p<0.01, **), 

while data of the PQ groups showed a genotype x body weight x trial number 

interaction (p<0.05, *).  

 

 
Figure 96: Beam walk before challenge – time to cross the beam 
A: 20mm beam performance – global treatment effect (Linear mixed effects model: p<0.05, *);  
B: 15mm beam performance – genotype effect (p<0.05, *): mutants are faster in crossing the beam 
than wildtypes; C: 13mm beam performance – no treatment or genotype effects, but a subtle 
interaction of trial number x body weight x genotype (p<0.05, *)  
 

 

After challenge, there were still multiple differences between the groups, but again 

the differences were very small and it looked like if treatment did not worsen the 

performance of the animals. In detail, there were some trends on the 20mm diameter 

beam. The number of footslips was by trend higher in mutant (p=0.0803) and in 

heavier animals (p=0.0859) but there was no effect of treatment (Fig.97A; Linear 
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interaction (Linear mixed effects model: p<0.05, *). Individual evaluation of the 

treatment groups showed that there was a subtle interaction of body weight and 

genotype in the control groups with heavier mutants performing worse while there 

was no increase in foot slip number with increasing body weight in wildtype animals 

(p<0.05, *). Within the PQ groups there was a genotype specific difference: mutants 

perform worse than wildtypes (Fig.97B; p<0.05, *). However again, there was no 

treatment effect. It was quite the same with the performance on the 13mm beam: 

there was a significant genotype x body weight (Linear mixed effects model: p<0.01, 

**) and additional a subtle body weight x treatment interaction (p<0.05, *) with heavier 

mutant animals showing more footslips, mainly in the saline cohort.  

 

 
Figure 97: Beam walk after challenge – average number of footslips 
A: No genotype specific differences (trend p=0.0803) or treatment effects.  
B: Significant genotype x body weight x treatment interaction (p<0.05, *). Within the PQ cohort there 
was a significant genotype effect with heterozygous mice performing worse than controls (p<0.05, *). 
C: No genotype specific changes, no treatment effects. 
 

Utilizing the single trials verified that all animals were able to improve their 

performance regardless of which beam type was used. There was a significant 

influence of trial number on the 20mm beam (p<0.05, *), more pronounced in the 

saline group (p<0.01, **). Examining data of the 15mm beam demonstrated highly 

significant trial effects for both treatment groups (p<0.001, ***). There was no 

improvement on the 13mm beam due to the fact that already in the first trial animals 

hardly showed foot slips and therefore improving was not really possible. 

Investigating the time to cross the 20mm beam showed no treatment or genotype 

effect but a highly significant influence of trial number: animals of all groups 
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significantly got faster with increasing trial number (Linear mixed effects model: 

p<0.001, ***). This improvement was also visible on the 15mm beam (p<0.01, **; 

more pronounced in the PQ treated groups p<0.05, *). On the 13mm beam there was 

a significant interaction of body weight and genotype influencing the crossing time 

(p<0.05, *).  

 

 
Figure 98: Beam walk performance after challenge – time to cross the beam 
No genotype or treatment effects on all tested beam types. 
 
 

Ladder walk 

Statistical evaluation of the results gained from phenotyping the mice on the ladder 

walk resulted in a significant interaction of genotype x body weight x treatment group 

x trial number for the parameter fore paw slips (Fig.99A: Linear mixed effects model: 

p<0.01, **). Animals divided up to the saline group showed a significant improvement 

with trial number (Linear mixed effects model: p<0.001, ***). Evaluation of the results 

gained from animals divided up to the PQ treatment groups revealed a complex 

interaction of body weight x trial number x genotype (p<0.05, *).  

A genotype and a trial number effect was found analyzing the hind paw data (Linear 

mixed effects model: genotype p<0.05, *, and trial number p<0.001, ***): mutant 

animals performed significantly worse than wildtypes (Fig.99B). All groups improved 

with trial number.  
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Figure 99: Ladder walk performance before challenge – Number of footslips 
A: fore paws – significant interaction of genotype x body weight x treatment group x trial number 
(Linear mixed effects model: p<0.01, **): animals from the saline groups showed an trial effect 
(p<0.001, ***) with better performance in later trials while animals from the PQ groups showed a 
genotype x body weight x trial number interaction (p<0.05, *); B: hind paws – significant genotype 
effect (p<0.05, *), C: all paws taken together 
 
 
Analyzing the animals’ performance on the ladder after treatment revealed strong 

genotype specific differences for both parameters, fore paw (Fig.100A; Linear mixed 

effects model: p<0.001, ***) and hind paw slipping (Fig.100B; p<0.001, ***). Separate 

analysis of the individual treatment groups showed a genotype specific difference in 

the parameter fore paws in saline treated animals (p<0.01, **) while there was just a 

trend in PQ treated mice (p=0.0511, n.s.): mutants slipped more often from the metal 

grids than wildtypes. Graphic illustration of the hind paw results showed the same 

phenotype for the hind paws. Statistical analysis of the gained data revealed a 

significant genotype specific difference with worse performing mutants of the PQ 

group (p<0.01, **), while wildtype data did not reach the level of significance. 

 

Evaluating the time needed to cross the ladder highlighted an interaction of trial 

number and treatment (Linear mixed effects model: p<0.01, **). Animals from the 

saline group showed a highly significant trial effect (p<0.001, ***), while in the PQ 

group this was just a trend (p=0.072, n.s.).  
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Figure 100: Ladder walk performance after challenge – Number of footslips 
A: fore paws – significant genotype effect (Linear mixed effects model: p<0.001, ***), more 
pronounced in the saline group (p<0.01, **): mutants show more footslips than wildtypes; B: hind paws 
– significant genotype effect (Linear mixed effects model: p<0.001, ***), more pronounced in the PQ 
treated group (p<0.01, **): mutants show more footslips than wildtypes; C: all paws taken together 
 

After challenge, Paraquat treated mutant mice needed significantly more time to 

cross the ladder than both of the saline treated groups and PQ treated wildtypes 

(Fig.101B; Linear mixed effects model: p<0.05, *). 

In addition, there was a significant influence of trial number on the fore paw data 

(Linear mixed effects model: p<0.001, ***; Saline: p<0.05, *, PQ: p<0.001, ***), but 

not on hind paw data. Time to cross the beam was significantly influenced by the trial 

number in PQ treated animals (Linear mixed effects model: p<0.05, *).  

 
Figure 101: Ladder walk before (A) and after (B) challenge – Time to cross the ladder 
A: average time to cross the ladder – interaction of trial number and treatment (Linear mixed effects 
model: p<0.01, **). Animals from the saline group showed a highly significant trial effect (p<0.001, ***) 
while in the PQ group this was just a trend (p=0.072, n.s.); B: average time to cross the ladder – 
mutant PQ treated animals spent more time to cross the ladder than the other groups (Linear mixed 
effects model: p<0.05, *);  
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Body composition 

Mini Spec was measured by the metabolic screen one week before the last injection.  

There were no significant differences in body composition between the groups, 

neither concerning body weight nor fat or lean mass at this time point (Fig.102; Two 

Way ANOVA: n.s.).  

 

 

Figure 102: Body composition after treatment 
A: Body weight, lean mass and fat mass, absolute values; B: Body composition with body weight set to 
100% and lean or fat mass pro rata. There was neither a significant effect between treatment groups 
nor between the genotypes. 
 

 

Clinical chemistry 

Blood samples were taken just before organ withdrawal and analyzed by the clinical 

chemistry screen. The only genotype-specific difference that could be detected was a 

reduction of urea in treated wildtype mice (Fig.103; t-test: p<0.01, **). Values of 

treated mutant mice in contrast were similar to these in untreated animals and 

untreated wildtypes additional did not differ from mutants. Beyond, there were some 

parameters changed between treated and untreated mice (Tab.23 appendix): 

Cholesterol was significantly lowered in PQ challenged animals compared the control 

groups (Fig.103; Two Way ANOVA: p<0.01, **). However, there was no effect of 

genotype. Triglycerides (TG) values were also reduced in treated animals (Fig.103; 

Two Way ANOVA: p<0.01, **), whereas Transferrin was not altered. 

There was a significant treatment effect concerning plasma iron levels (Two Way 

ANOVA: p<0.05, *): Treated animals showed slightly increased values compared to 

non-treated animals (Fig.104). Neither genotype nor treatment had an effect on 

Creatinine or uric acid.  
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Figure 103: Urea (HST), cholesterol (Chol), triglycerides (TG), transferrin  
Concentration was determined in mg/l. Urea was significantly reduced in wildtype PQ treated mice (t-
test: p<0.01, **). Cholesterol levels were lowered in treated mice as well as triglycerides (Two Way 
ANOVA: p<0.01, **). However, Transferrin was not changed. 
 

 

 
Figure 104: Creatinine (Crea), uric acid (HS), enzymatic creatinine (e-crea), iron  
Concentration was determined in mg/l. Iron was significantly increased in treated mice 8Two Way 
ANOVA: p<0.05, *) while creatinine, uric acid and enzymatic determination of creatinine amount was 
not altered significantly. 
 

There were no significant differences for total protein (TP), albumin and serum 
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calcium (Ca), chloride (Cl), and inorganic phosphate (Phos) (Fig.106). There was a 

noticeable variation in treated wildtypes for most parameters. Activity of the enzymes 

AP, ALP and AST was not altered significantly (Fig.107), although ALT activity was 

slightly reduced in treated mice whereas for AST a subtle increase was found. There 

were no statistical significant changes in CK and LDH activity but α-amylase activity 

was slightly reduced in treated mice (Fig.108; Two Way ANOVA: p<0.05, *). LDH 

seemed to be slightly reduced in treated mice, CK values fluctuated greatly in (for 

some animals they even reached pathological values). 

 

 

Figure 105: Total protein (TP), albumin and glucose (Gluc)  
There were no significant genotype- or treatment-effects. 
 

Clinical chemistry after challenge

TP

co
nc

. [
g/

l]

0

2

4

6

8

10

wt Saline
mut Saline
wt PQ 
mut PQ 

Albumin Gluc



Results 

   170 

 

Figure 106: Sodium, potassium, calcium, chloride, phosphate 
Sodium (Na), potassium (K), calcium (Ca), chloride (Cl), phosphate (Phos); There were no significant 
genotype- or treatment-effects. 
 
 

 

Figure 107: Alanine- and aspartate-amino-transferase, alkaline phosphatase  
Alanine-amino-transferase (ALT), aspartate-amino-transferase (AST), alkaline phosphatase (AP); 
There were no significant genotype- or treatment-effects. 
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Figure 108: Lactate dehydrogenase (LDH), α-amylase (AMY), creatine kinase (CK)  
There was a significant treatment effect in AMY activity (Two Way ANOVA: p<0.05, *). LDH and CK 
activity were not altered in treated animals. 
 

Aconitase and Citrate synthase activity were measured in liver tissue lysates. There 

was a significant reduction of aconitase activity in treated animals (Fig.109; Two Way 

ANOVA: p<0.05, *). However, treatment with PQ didn’t seem to have more influence 

on mutant mice than on controls. Citrate synthase activity was neither influenced by 

treatment nor by genotype.  

 

 

Figure 109: Aconitase and citrate synthase activity (liver tissue) 
There was a significant treatment effect in aconitase activity which was lowered in PQ treated animals 
compared to saline treated (Two Way ANOVA: p<0.05, *). Citrate synthase was not altered in treated 
animals. There were no genotype-specific differences 
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Citrate synthase is commonly used as marker for mitochondrial activity and therefore 

the ratio between aconitase and citrate synthase was calculated. There was a highly 

significant treatment effect afterwards (Fig.110; Two Way ANOVA: p<0.001, ***) with 

treated animals showing a reduced aconitase activity in their liver tissue.  

 

 

Figure 110: Ratio aconitase / citrate synthase activity (liver tissue) 
There was a significant treatment effect in aconitase activity which was lowered in PQ treated animals 
compared to saline treated (Two Way ANOVA: p<0.001, ***).  
 

4.15.2 Cold challenge  

The pilot study with only two versu two animals revealed a marked difference 

between wildtype and mutant animals concerning oxygen consumption rates in 

response to drop in temperature (Fig.111). Both mutants showed elevated VO2. Due 

to the low animal number it was not possible to analyze these data statistically and 

therefore it was decided that a larger cohort of Tom40 animals should undergo a cold 

challenge. 
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Figure 111: Results of preliminary cold challenge study 

 

The results of this extensive cold challenge, however using a different protocol, are 

summarized in table 21 (appendix). There was no significant difference in body mass 

between control and mutant mice before and after the experiment. No significant 

difference could be detected in body mass loss. Mice of both sexes also showed no 

significant difference in rectal body temperature prior to the experiment. After the 

challenge male mutants had a higher body temperature compared to controls 

resulting in a milder body temperature reduction in response to the cold challenge.  

Due to high activity levels and explorative behaviour both control and mutant mice 

showed elevated energy expenditure immediately after transfer to the respirometric 

cages. Mice adapted to the experimental conditions and reached stable values 

during the last 75 minutes of the 2 hours trial. Therefore, the first hour of adaptation 

was discarded and only the final 15 recordings (75min) before the temperature 

reduction were chosen for calculations at thermoneutrality. In response to the 

reduction of ambient temperature to 5°C mutants of both sexes were able to increase 

oxygen consumption comparable to controls indicating that thermogenesis was not 

severely impaired. During cold exposure female mice of both genotypes showed a 

steady reduction in VO2. The same was found for control males whereas mutant 

males showed a less pronounced decrease over time. To investigate overall energy 

turnover at 5°C chamber temperature all data were analyzed. 
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At thermoneutrality (30°C), no significant genotype effect on absolute and body mass 

adjusted oxygen consumption could be detected (Fig. 112). Minimum (VO2min) and 

maximum (VO2max) oxygen consumption were calculated using the highest and the 

lowest individual data point. There was no difference in VO2min whereas VO2max was 

slightly but not significantly decreased both in male and female mutants (see table 

21). The span in oxygen consumption was calculated as the difference between 

VO2max and VO2min. The span in VO2 was smaller in mutant mice (p = 0.055, table 21 

appendix) especially because, VO2max tended to be lower in mutants. BMR was 

calculated by averaging gas exchange data during a 15 minutes interval where mice 

showed lowest oxygen consumption. BMR was only slightly increased in female 

mutants compared to controls but no difference was found in males. 

During cold exposure (5°C) no significant differences could be detected (Fig.121). 

Mean oxygen consumption in the cold was slightly but not significantly increased in 

male mutants and slightly decreased in female mutants (table 21). At 5°C male 

mutants displayed higher VO2min whereas there was no difference in VO2max (table 

21). Female mutants showed no difference in VO2min during the cold challenge but 

slightly decreased VO2max (table 21). Similarly as was found for thermoneutral 

conditions VO2 span in mutant mice in cold was significantly lower compared to 

controls (table 21). Interestingly, in females this was due to reduced VO2max whereas 

males showed increased VO2min. 

The resting metabolic rate (RMR) at 5°C was slightly increased in male and 

decreased in female mutants (table 22). The capacity in oxygen consumption was 

calculated as difference between VO2max at 5°C and VO2min at 30°C. No genotype 

specific difference was found for this parameter (table 21). 

Energy metabolism variables strongly depend on body size or body mass. When 

body mass was included in the statistical models, there was no statistically significant 

difference in any of the parameters that were calculated from gas exchange data 

apart from VO2 span at 5°C (table 21). 
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Figure 112: Oxygen consumption (ml h-1) in thermoneutrality (30°C) and cold (5°C)  
(A) Females, (B) Males 

 

 

Respiratory exchange ratio (RER) also did not differ between genotypes both at 

thermoneutrality and in the cold indicating that mutants were able to switch from 

carbohydrate oxidation to fat utilization in the cold (table 21; Fig.113). 
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Figure 113: Mean RER in thermoneutrality (30°C) and cold (5°C). 
(A) Females, (B) Males 
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5 Discussion 

In the present study, the influence of a mutation in the Tom40 gene on mammalian 

development and mitochondrial function was evaluated in a mouse model. Aim of the 

investigation was to analyze a systemic impairment of the mitochondrial proteome by 

mutation of the main import channel of the translocase of the outer mitochondrial 

membrane (TOM) complex. The mutant mouse line was generated via gene trap 

mutagenesis. Homozygous Tom40-/- mice were not viable, while heterozygous 

Tom40+/- mice showed normal development but a reduced life span with a 30% 

higher mortality after two years. Systematical analysis of the animals at different time 

points during their life span revealed mild cardiac dysfunction and slowly progressing 

neurological impairments. Young heterozygous Tom40 mutants showed a subtle 

heart phenotype in the ECG analysis and a slight sensorimotor impairment in motor 

coordination and balance tasks. Motor nerve conduction velocity (NCV) in the sciatic 

nerve was reduced compared to wildtypes pointing towards a peripheral neuropathy. 

The morphology of heart mitochondria was widely altered in shape, size and inner 

structure in these young mutants. Nevertheless, the function and the composition of 

the respiratory chain in the inner mitochondrial membrane were not affected. In aged 

mutant mice respirometric analyses of isolated mitochondria revealed a strong 

genotype-dependant worsening of mitochondrial function in mutants, both in heart 

and in brain. The same effect could be shown for the motor and the 

electrophysiological phenotypes. The same effect could be shown for the motor and 

the electrophysiological phenotypes. AD specific phenotypes like a memory loss 

were assessed without detecting any alterations in mutant mice, iIrrespective of 

genome-wideassociation studies (GWAS) which stated a possible association to 

Alzheimer’s diseases (AD) (Grupe A et al., 2007; Takei N et al., 2009). However, 

given the movement impairments quantitative analysis of dopaminergic neurons was 

performed.  Alterations in the abundance of TH-positive neurons and the consequent 

impairment of the dopaminergic system in the brain are observed in patients suffering 

from Parkinson’s disease (PD). Tyrosin-Hydroxylase (TH) positive neurons in the 

substantia nigra of these aged mutants revealed a reduced number compared to 

age-matched wildtypes. Thus, the Tom40 mouse model could help to understand 

age-related decline of motor functions associated with respiratory chain inhibition.  
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The Tom40 mouse model was created by the German Genetrap consortium (Hansen 

J et al., 2003; Wiles MV et al., 2000). The double-stranded pT1ßgeo gene trap vector 

integrated in chr.7 at position 2030096, its coding sequence entering the antistrand 

and its consensus sequence disrupting the Tom40 promoter region, thereby reducing 

the Tom40 expression to approximately 50%. There are no genes annotated to the 

antistrand insertion site, but the vector must have been under the control of a 

promoter as the clone was selected due to a vector mediated neomycin resistance. It 

has been shown that many genomic loci contain transcription units on both strands, 

with one direction coding for a protein and the other for non-encoding endogenous 

RNA molecules (reviewed by Lapidot and Piepel (2004)). In many species, mice 

included, the existence of these natural antisense transcripts (NAT) has been verified 

(Carninci P et al., 2005; Katayama S et al., 2005; Kiyosawa H et al., 2003; Sun M et 

al., 2006). They are acting as regulators for either the gene on the opposite strand 

(cis-NATs with a perfect sequence overlap) or for genes elsewhere in the genome 

(trans-NATs with imperfect complementarities and therefore the ability to form 

complex regulation networks) (Li YY et al., 2006). It is likely that the inserted 

pT1βgeo vector was driven by one of these NAT promoters. The existence of the 

NATs and their potential role as gene regulators also give rise to an alternative 

explanation for the impaired Tom40 transcription in our mouse model. So the 

reduced Tom40 expression could be due to a failing regulation by possible NATs 

from the opposite strand and/or due to the integration of the gene trap vector into the 

Tom40 promoter. Another critical issue about the used gene-trap vector is that there 

is no possibility to excise the inserted neomycin resistance which probably could 

have an influence on the mouse (Scacheri PC et al., 2001). Additional, the insertion 

on the antistrand could also have an impact on further genes upstream. Examining 

the expression of neighboured genes in this region could not detect expression 

differences between mutant and wildtype animals (i.e. ApoE expression was not 

altered), pointing towards an exclusive impairment of the Tom40 gene. To exclude 

the involvement of other genes than Tom40 a rescue experiment would have to be 

performed. 

Since the vector used (pT1βgeo) lacks an ATG codon in front of the lacZ reporter 

gene, the determination of the expression pattern of the gene trap vector in the 

mouse embryo was not possible. This vector type was generated by the group of 

Skarnes in the year 1989 (Gossler A et al., 1989; Skarnes WC et al., 1992) and 
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although it was successfully used in several laboratories, it has the decisive 

disadvantage that it has to be inserted in frame with the endogenous transcript to 

maintain β-galactosidase activity (Cecconi F and Meyer BI, 2000; Wurst W and 

Gossler A, 2000). It is likely that in the Tom40 mouse model either the insertion is not 

in frame or the promoter on the antistrand which drove the neomycin resistance was 

not active at the investigated embryonic stages. As mitochondria are present 

everywhere in the body, the protein should be expressed ubiquitous with an 

emphasis on tissues with a high energy demand like the brain. However, lacZ 

expression after mutagenesis is not mandatory for a successful gene knock-out. 

PCR-genotyping of numerous offspring of Tom40 +/- intercrosses circumstantiated 

that no homozygous Tom40 mutant offspring was born, suggesting that the knock-out 

was functional and had an immense influence on the developing embryo. The 

lethality of homozygous embryos is not unexpected considering the results in 

literature where the function of Tom40 was intensely analyzed and proven to be 

essential for cell viability in yeast (Vestweber D et al., 1989) and in Neurospora 

crassa (Kiebler M et al., 1990). To establish a timing of the observed complete 

embryo lethality, embryos of different developmental stages ranging from 

preimplantation to E11.5 were genotyped. No homozygous embryos or blastocysts 

were detected. It has been demonstrated previously in mice with an impaired energy 

metabolism to have difficulties in embryonic stages were the energy demand is high. 

Studies of early mouse embryos showed that oxygen consumption is relatively 

constant from zygote to morula stages, followed by a significant increase in the 

blastocyst and again in E6.5 dpc stages (Houghton FD et al., 1996). As we could not 

detect homozygous null mutants at E 3.5 dpc it is likely that a complete Tom40 KO 

leads to a massive energy deficit as soon as the embryo starts to proliferate and 

therefore to lethality.  

There still remains the question at which time point a complete lack of Tom40 

expression induces the death of the harbouring cell. In most mammalian species, 

including the mouse, mitochondria are inherited solely through the female germ cell 

line, whereas the paternal mitochondria are eliminated after fertilization as reviewed 

by Cummins (2000). In the analyzed mouse model the Tom40 mutation is transmitted 

through both germ lines, therefore there must be viable and fertile oocytes and 

sperms carrying the mutant allele. The zygote is exclusively supplied with energy 

provided by maternal mitochondria. 
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Mitochondria in both gametes are derived from the heterozygous parents and 

apparently supply enough energy. During spermatogenesis there are no major 

changes in mitochondria shape or number. In the mature sperm there are 22-75 

mitochondria arranged end to end in the midpiece (Otani H et al., 1988). This is way 

different during oogenesis: there is a massive increase in mitochondria number 

(increase from 10-100 to 100000-200000 copies from progenitor germ cell to mature 

oocyte (Shoubridge EA and Wai T, 2007)). It seems that the material that is delivered 

by the heterozygous Tom40 mother is enough to hold the Tom40 null allele oocyte 

alive until fertilization, although Tom40 expression is no longer possible. After 

fertilization, there is a reduction of mtDNA copy number per cell with increasing cell 

number visible, accounting for that mitochondria are just apportioned equally to the 

daughter cells and not regenerated in the very early embryo (Cao L et al., 2007). In 

fact, the first mtDNA replication in the developing mouse takes place 

postimplantational (Piko L and Taylor KD, 1987).  

 

One functional Tom40 allele is obviously enough to guarantee a quite normal 

development. Expression analysis on mRNA level demonstrated a 50% reduction of 

expressed Tom40. Relationship between gene expression measured at the mRNA 

level and the corresponding protein level sometimes only shows a weak correlation 

or especially in tumour cells even no correlation at all (Chen G et al., 2002; 

Greenbaum D et al., 2003; Guo Y et al., 2008). Post-translational protein 

concentration is affected by several parameters such as regulatory processes during 

transcription and translation (Greenbaum D et al., 2003). Therefore analysis of the 

expression level of TOM40 protein would have been important to make a conclusion 

about how much functional active TOM40 is left, although mRNA analysis showed 

that Tom40 mRNA is 50% reduced in Tom40 heterozygous mutants as expected if 

only one functional allele is left. Unfortunately the outcome of the western blot studies 

demonstrated that there are no commercial primary anti-TOM40 antibodies available 

to date that work properly on mouse tissue lysate. Existing antibodies are only 

predicted to react with mouse TOM40 because of the highly conserved structural 

properties of human and murine TOM40. There was only one antibody which resulted 

in a 40kDa band. The antibody proved to be quite unspecific as it produced 

numerous bands ranging from a size of 10 to 100kDa. Rinsing the membrane with 

blocking solution was finally successful to get rid of the unspecific bands and at first 
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glance TOM40 expression seemed to be slightly lowered in mutant animals. This 

finding was irreproducible, and a final conclusion about the remaining expression 

could not be drawn because of the insufficient sample size.  

 

Heterozygous Tom40 +/- animals did not suffer from obvious impairments that could 

be detected at first glance. As mitochondria are apparent everywhere in the 

organism, mitochondrial mutations could manifest anywhere. To address the 

question which organ systems are affected by the mutation, young animals were 

phenotyped systemically in the GMC. There were no findings in the primary screen of 

the modules Eye, Nociception, Allergy, Steroid Metabolism, Lung Function, Molecular 

Phenotyping, and Pathology. Dysmorphology detected in the DEXA test that fat mass 

and fat content were significantly increased in female mutants compared to female 

controls. This phenotype was verified by the energy metabolism screen: mutant mice 

were significantly heavier than controls. They could not determine a shift in body 

composition by NMR scans. However, screens from pipeline II also detected a 

difference in body weight, but in the opposite direction. Wildtypes were significantly 

heavier than mutants. Taken the results from pipeline I and II together it was evident 

that the found body weight differences were findings by chance and not genotype-

related.  

Subtle changes were found in immunology, with mutant males showing higher CD4+ 

and CD8+ T-cell levels than wildtypes. Nevertheless, the changes were very small, 

only in one sex detectable and no clear cluster segregation could be observed, so 

they are supposed to be a finding by chance and without physiological relevance. 

Further investigation would be necessary to clarify if the consequences of the 

mutation have an impact on the immune system.  

There were no clearly genotype-related clinical chemical or haematological 

phenotypes in Tom40-mutant mice. Small genotype-related differences in blood lipid 

values of fasted (HDL-cholesterol and NEFA) and non fasted (cholesterol and 

triglycerides) mice as well as slightly lower glucose concentrations in plasma of 

mutant ad libitum fed male mutants, might indicate small effects on fat and energy 

metabolism. Additionally there were slightly increased ALP levels in plasma of mutant 

mice. This was more pronounced in male mutants. ALP activity in plasma origins 

from different sources, for example liver, bone, gut, and small intestine (Moss DW, 

1982) and hints on specific defects in one of these organs are missing in young 
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animals. In the cardiovascular screen animals showed a subtle cardiac phenotype. It 

has been reported that ALP expression in the heart is largely confined to the right 

atrium of the heart (Müller E and Pearse AG, 1969). ALP is supposed to contribute to 

vascular hardening and calcification which could be related to vascular aging and 

vascular disease (Hui M and Tenenbaum HC, 1998; Schultz-Hector S et al., 1993). 

However, there were no hints in the primary hematoxylin and eosin stain screen of 

the pathology that the hearts of mutant animals showed macroscopic changes like 

vascular hardening. Plus, ALP activity was analyzed after the PQ challenge with the 

control group showing no genotype specific difference concerning this parameter, 

although it has to be considered that these animals had another age and another 

antecedent as the animals from the primary screen, so direct comparison is difficult. 

As already mentioned above, one of the few phenotypes already apparent in young 

mice was found in the cardiovascular screen during ECG analysis. Tom40 mutant 

mice showed a mild cardiac phenotype with prolonged QT- and ST-interval and 

decreased p-wave duration. It is well known from literature that mitochondrial 

dysfunction in humans is commonly accompanied by cardiac phenotypes (Russell LK 

et al., 2005). There are several different diseases where patients suffer from cardiac 

problems i.e. the Kearns-Sayre syndrome that is caused by mtDNA mutations and 

results in opthalmoplegia, retinal degeneration and a dilated cardiomyopathy 

(DiMauro S et al., 1985; Kearns TP and Sayre GP, 1958). Not only mtDNA mutations 

are known to be causative for heart phenotypes, but also mutations in nuclear 

encoded genes encoding mitochondrial proteins. Complex I deficiency which is 

characterized by a hypertrophic cardiomyopathy, lactic acidosis, encephalopathy, 

and vision loss can for example be either caused by mitochondrial or nuclear 

encoded complex I subunit genes (Loeffen JL et al., 2000; Triepels RH et al., 2001). 

A prolonged QT-interval like found in the Tom40 mouse model was also found in 

some LHON patients (Ortiz RG et al., 1992). The findings in GMC primary screen 

could hint for alterations in the conduction properties of the heart. As aging strongly 

influences mitochondrial function (Ames BN et al., 1993; Bowling AC et al., 1993; 

Chan DC, 2006; Shigenaga MK et al., 1994) it would have been interesting to 

investigate another batch of animals, older than the primary screen animals, in order 

to replicate the found heart phenotype and moreover to see if aging worsens the 

cardiac problems. This failed because of an observation made during a preceding 

study where aged mutant animals have proven to be incompatible to narcosis: while 
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none of the control animals faced serious problems with anaesthesia all sedated 

mutant mice died. In the past years there were methods developed which allow 

measuring of ECG in awake, free moving mice (Jeron A et al., 2000). This technology 

indeed is currently established in the GMC, but yet not available for usage.  

Because of the cardiac phenotype and the known comorbidity of cardiomyopathy and 

mitochondrial diseases, heart and heart mitochondria of Tom40 heterozygous mice 

were analyzed in detail in the pathology screen of the GMC. 

In the complete standard morphological analysis with hematoxilin and eosin stain 

performed in the primary pathology screen, no obvious morphological phenotype had 

been detected. Nevertheless, morphological changes at the level of the mitochondria 

are better analyzed with electronic microscopy (Stirling JW et al., 1999). TEM 

imaging of heart tissue of young mutant mice revealed ultrastructural changes. In 

some areas of the heart muscle, mitochondria with abnormal shape and size 

aggregated around distorted myofibrils. This was not generalized as there were 

completely normal areas in the mutant heart, probably accounting for the present but 

quite subtle heart phenotype observed in the cardiovascular screen. Results of 

mtDNA copy number analysis point to the fact, that there is the same mtDNA content 

in wildtypes like in mutants. Citrate synthase activity as an indicator of mitochondrial 

mass was also not altered in mutants. It is possible that mitochondria compensate 

their import defect with a reduction of size and simultaneously an increase in 

mitochondrial but not mtDNA number. In literature one proposed cause for 

cardiomyopathy was an impaired protein import from cytoplasm into the 

mitochondrial matrix. Various studies describe a drastic reduction of mitochondrial 

carnitine levels in cardiomyopathic patients (Hart Z et al., 1978; Tripp ME et al., 1981; 

Waber LJ et al., 1982). Carnitine itself is an obligatory cofactor for carnitine palmitoyl 

transferase (CPT) and is essential for the transport of fatty acids across the inner 

mitochondrial membrane. In cooperation with the carnitine/acylcarnitine translocase a 

carnitine palmitoyltransferase system (CPT) consisting of two membrane-bound 

enzymes (CPT1 in the outer mitochondrial membrane and CPT2 in the inner 

mitochondrial membrane) permits the transport of long-chain acyl-CoA from the 

cytosol to the mitochondrial matrix (McGarry JD and Brown NF, 1997; McGarry JD et 

al., 1989). While carnitine is imported into mitochondria by its own transorter, the 

components of the carnitine cycle, i.e. CPT1 and CPT2 have to be imported to 



Discussion 

   184 

mitochondria via the TOM/TIM system located in the mitochondrial membranes 

(Brown NF et al., 1991; Cohen I et al., 1998).  

Interestingly, the electronmicroscopical investigation of heart tissue from carnitine 

deficient patients revealed an accumulation of aggregated heart mitochondria with 

bizarre shapes, a finding that was also present in the Tom40 mouse model, 

harbouring an affected import system. Plasma or muscle carnitine concentrations 

have not been measured so far in the Tom40 mutants, but it is entirely conceivable 

that there is an insufficient carnitine import to the matrix caused by the reduced 

Tom40 amounts. If so, the lack seems to be not dramatic as animals do not show 

markedly detracted myocardial function but only a quite subtle phenotype. Anyway, 

an investigation of metabolic parameters in plasma could perhaps help to get further 

insights and should be followed up. 

Additional, the inner structure of the investigated Tom40 heterozygous heart 

mitochondria was altered compared to wildtypes. Mitochondria derived from mutant 

animals appeared condensed compared to those of wildtypes. There was no clear 

difference between the compartments, the matrix appeared denser and there were 

hardly distinct cristae and vacuoles visible. Altered cristae are a condition in a variety 

of disease. In contrast to the alterations found in the heart mitochondria of Tom40 

mutants, pathological findings often involve mitochondrial swelling and breakup of 

cristae invagination (Baloyannis SJ et al., 2004; Hayashi J-I et al., 1994; Kaido M et 

al., 1995; McKechnie NM et al., 1985; Suomalainen A, 1997; Swerdlow RH et al., 

1997; Swerdlow RH et al., 1998). However there are conditions described which 

resembles the situation found in Tom40 +/- heart mitochondria. After acute brain 

ischemia the most striking ultrastructural phenotype found are swollen mitochondria 

(Garcia JH et al., 1978). If they exposed rats to transient severe ischemic/reperfusion 

conditions there were dramatic signs of mitochondrial injury such as condensation, 

increased matrix density, and deposits of electron-dense material followed by 

disintegration (Solenski NJ et al., 2002). They conclude that because of the 

generation of ROS during the reperfusion phase mitochondria are damaged. Tom40 

+/- heart mitochondria look condensed with little space in between the cristae and a 

quite dark matrix. In some areas there is hardly any cristae structure visible. It could 

be speculated that the mutant mitochondria are always subject to a minimal oxidative 

stress level, not sufficient to damage aconitase or RCC activity severely but to have 

an influence on mitochondrial structure. Another study suggests that the absence of 
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oxidizable substrate results in matrix condensation (Gottlieb E et al., 2003), a cause 

which also has to be taken in account for mutant Tom40 mitochondria considering 

the fact that important substrates have to be imported. Considering the fact that the 

TOM40 protein is involved in the mitochondrial import system the altered morphology 

of Tom40 heterozygous mitochondria also could be related problems with 

mitochondrial dynamics: fission needs import of various proteins into the resultant 

daughter mitochondria. Import studies could give information about the efficiency and 

velocity of the import system in mutant animals. 

 

As consequence of the detected structural alterations the composition of the 

respiratory chain was assessed especially in the heart. Quantification of the amounts 

of OXPHOS complexes by BNE showed that a lack of one Tom40 allele does not 

affect import of proteins required for the OXPHOS in a dose dependent manner. The 

results of the analysis of TOM40 +/- tissue indicate that the import machinery works 

sufficiently and all required proteins needed to assemble wildtype amounts of 

OXPHOS complexes are imported. Since the first analysis was done with samples 

from young animals long term effects on the import machinery could not be 

determined. Therefore the analysis was extended to heart tissues from old mice. 

However, also in the aged mice there were no differences between mutants and 

wildtypes. Aging apparently does not impair the import of necessary components of 

the respiratory chain in mutant animals more than it does in control mice.  

 

Respiratory chain complexes can be isolated as single protein complexes that are 

catalytically active. Since more than a decade ago the use of mild solubilisation 

conditions and BNE showed that respiratory chain complexes build larger assemblies 

within the inner mitochondrial membrane. These macromolecular complexes, also 

called supercomplexes or respirasomes are stoichiometric assemblies of the 

complexes I1III2 and IV0-4 (Schägger H and Pfeiffer K, 2000). The function of 

respirasomes remains elusive. It was proposed that the respirasome could direct the 

complete electron flow from NADH to oxygen thereby preventing the formation of 

ROS. The analysis of patients with isolated deficiency of single complexes provided 

evidence that the formation of respirasomes is essential for the assembly/stability of 

complex I (Acín-Pérez R et al., 2004; Schägger H et al., 2004).  
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Evaluation of respirasomes of Tom40 mice showed that there were no genotype-

specific differences between the analyzed cohorts. Not only the respiratory chain 

complexes form larger complex assemblies, also complex V (ATP synthase) is 

known to form homo-dimers and homo-oligomers (Arnold K et al., 1998; Wittig I and 

Schaegger H, 2005). Oligomerization of ATP synthase is described to play a role in 

cristae formation (Paumard P et al., 2002) but since there were no differences 

between the genotypes there is no evidence that it is involved in the formation of the 

ultrastructural alterations in Tom40 mutant mitochondria.  

Investigating respirasomes of aged and young Tom40 mutant and wildtype heart 

tissue lead to some interesting findings: the respirasomes were more stable and of 

higher abundance in old heart tissue, both in wildtypes and heterozygous deletion 

mutants. This was also found for the homo-oligomers of ATP synthase. In a 

contradicting study in isolated rat heart mitochondria found an age dependant decline 

in respirasome abundance was detected (Gómez LA et al., 2009). Gomez et al. 

described that the most severe reduction occurred in the supercomplexes with the 

highest molecular mass and argued that the supercomplex decline was not due to a 

reduction of the individual ETC complexes whose abundance was not affected by 

aging at all. They suggest that a supercomplex reduction may account for the age 

dependent reduction in OXPHOS activity which manifests in decreased complex I, III 

and IV enzyme activity, with complex I being especially vulnerable to aging possibly 

due to its high content mtDNA encoded subunits (Castelluccio C et al., 1994; Fannin 

SW et al., 1999; Genova ML et al., 1995; Lesnefsky EJ et al., 2001). Beyond, a 

decrease in cardiac respirasomes has been reported in heart failure (Rosca MG et 

al., 2008) and disorders like the Barth syndrome (McKenzie M et al., 2006) but there 

are no further studies about supercomplexes and aging. In the present study 

performed by Dr. Wittigs’ lab in Frankfurt/Main, the aged Tom40 wildtype and mutant 

heart mitochondria disclosed a markedly increase in the amount of supercomplexes. 

As there were similar results for fungi and varying results for fish mitochondria 

(unpublished results) the group of Dr. Wittig is currently following up this issue 

systematically. One possible explanation for the detected increase in old tissue could 

be that the dynamic of the inner mitochondrial membrane is reduced. It has been 

shown that aging significantly decreases mitochondrial fusion and fission activity 

(Jendrach M et al., 2005). Reduced fission results in a decrease of protein turn-over, 

but more stable supercomplexes might be built. Additionally, the presence of more 
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supercomplexes hints towards a slightly increased cellular stress level and 

respectively an eased mitochondrial quality control. Cell survival depends on 

essential processes in mitochondria, which contain various proteases regulating 

mitochondrial biogenesis (Tatsuta T and Langer T, 2008). Membrane-integrated 

ATP-dependent proteolytic complexes, termed AAA proteases, are responsible for 

the quality control in the inner membrane and the selective degradation of non-

assembled and damaged proteins (Koppen M and Langer T, 2007). The observation, 

that there is a higher supercomplex abundance points towards a decreased activity of 

these enzymes. The mitochondrial inner membrane is a prime target of mitochondrial 

ROS as it harbours the respiratory chain. Loss of the m-AAA isoform of the protease 

results in an increased sensitivity towards oxidative stress and complex I deficiency 

(Atorino L et al., 2003). There is evidence that m-AAA proteases act not exclusively 

as surveillant for quality control but additional as protector of the respiratory chain by 

mediating the maturation of the ROS scavenger cytochrome c peroxidase (Ccp1) in 

the intermembrane space (Esser K et al., 2002). If the AAA-protease is not fully 

active an increased oxidative stress level within the mitochondria isolated from old 

heart tissue could be a possible consequence. However, there were no indications 

that this was more pronounced in heterozygous Tom40 mice than in controls, 

pointing towards a mere effect of aging. 

  

Evaluating the specific OXPHOS enzyme activities in heart tissue of young and aged 

mice of both sexes revealed no differences at all. Neither genotype nor age seemed 

to have an influence on the results, although an aging effect had been expected. For 

analysis, enriched mitochondria isolated from whole hearts were used. Most studies 

describing the age-dependent reduction of respiratory chain complex activity in the 

heart divided heart mitochondria into two fractions: Faninn et al. differentiated 

between subsarcolemmal mitochondria (SSM) that reside beneath the plasma 

membrane or interfibrillar mitochondria (IFM) located between the myofibrils (Fannin 

SW et al., 1999). COX activity was significantly reduced in heart IFM of old rats but 

not in SSM, indicating that only IFM are sensitive for aging-induced alterations. This 

might be due to of a selective loss of the antioxidant capacity with aging, resulting in 

a higher level of oxidative stress (Suh JH et al., 2003). Lesnefsky et al. showed the 

same for complex III and additional they were able to localize the aging defect at the 

cytochrome c binding site (Lesnefsky EJ et al., 2001). Based on these studies whole 
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heart lysates with a mixture of both cardiac mitochondria types are not adequate for 

examining age-dependent differences due to the fact that the mixture contains 

affected and unaffected mitochondria which could cause a high variance and thereby 

a loss of the aging phenotype. Another possibility could be that the samples were not 

sufficiently age matched. Castulluccio et al monitored mitochondrial enzymes over 

the whole life span in group of rats (Castelluccio C et al., 1994). They could 

demonstrate that NADH cytochrome c reductase (combined measurement of 

complex I and III) and cytochrome oxidase (complex IV) activities increase up to an 

age of 1year followed by a slow decrease until the 18-26month. Succinate - 

cytochrome c reductase (complex II + III) activity steadily increases from 1-26 month, 

although absolute values remain quite low. However, measuring these enzyme 

activities in our animals revealed no effect of aging. Animals from the young cohort 

were around 160 days old while aged animals died when they were ~700 days old. 

As the peak activity was found to be around 12 month life time it is possible that the 

tested animals from the young cohort were just too young. Last but not least it is just 

possible, that the detected age-dependent increase in respirasome amount resulted 

in a compensation of the ageing induced decline in the investigated Tom40 hearts. 

Mitochondrial function was not only studied looking at the enzyme activity but 

additionally by observing the oxygen consumption of fresh isolated heart 

mitochondria following a substrate-inhibitor titration protocol developed for the 

Oroboros Oxygraph. 

In respirometry a general age-dependent reduction of oxygen consumption was 

observed and additional a strong genotype-associated effect indicating that aged 

mutant mitochondria perform much worse than aged wildtypes. There were no 

differences in young animals visible. The results of respirometry reflect what has 

been found in nearly all studies performed with the Tom40 mouse model: there were 

only subtle phenotypes in young mutants but considerable phenotypes in aged 

mutant animals. The impairment of mitochondrial function in aged mutants is not 

restricted to a single enzyme but affects all complexes. In contrast to enzyme activity 

results, an age-dependent activity reduction concerning complex IV but not complex 

II-III could be observed. While in the enzymatic assays the maximum capacity of the 

RCC enzymes was assessed, respirometric assays yield information on the 

capacities of whole metabolic pathways in intact mitochondria rather than of 

individual enzymes, thus providing insight into pathological effects on integrated 
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mitochondrial function (Gnaiger E, 2008). It is well established that various OXPHOS 

defects can be identified by oxygen consumption studies in fresh sample 

preparations but not by the more focused enzymatic analysis, the measurement of 

mitochondrial membrane potential, or electron microscopic analyses of mitochondrial 

structure (Puchowicz MA et al., 2004). The results of BNE, where no quantitative 

difference of the OXPHOS complexes could be detected, support the absence of 

enzyme activity reduction. In Tom40 heterozygous animals mitochondria are smaller 

than in wildtypes and appear condensated. The structural alterations in mutant 

mitochondria could impair the access or availability for substrates. To get information 

about all proteins located in the mitochondria a detailed analysis of the mitochondrial 

proteome would be necessary. 

 

Moreover, heart mitochondria of young animals were investigated concerning their 

uncoupling ability. There were no obvious differences visible between the genotypes.  

In the absence of artificial uncoupling agents, uncoupling results from protons leaking 

back into the mitochondrial matrix, a process that dissipates the proton motive force 

and reduces the number of protons flowing through the ATP synthase (Krauss S et 

al., 2005). Uncoupling has been suggested to be involved in thermogenesis. UCP1 is 

exclusively expressed in brown fat (BAT), where it plays a key role in facultative 

thermogenesis in rodents (Argyropoulos G and Harper ME, 2002): activated UCP1 

catalyzes a proton leak across the mitochondrial inner membrane leading to 

thermogenesis. In the last years it has become evident that uncoupling is not 

exclusively restricted to thermogenesis. Meanwhile there are 5 UCP genes known 

and investigated (Ježek P and Urbánková E, 2000). UCP2 is expressed in various 

tissues, including the nervous system (Fleury C et al., 1997); UCP3 is expressed only 

in skeletal and cardiac muscle (Boss O et al., 1997); UCP4 and UCP5 (originally 

described as BMCP1) have also been identified and shown to be highly expressed in 

the CNS.  

Due to the so-called respiratory control, uncoupling usually leads to acceleration of 

respiration, since in many tissues and cell types the capacity of respiratory chain 

overcomes the capacity of ATP-synthase and other processes consuming the H+ 

gradient. This effect could be seen in all investigated heart mitochondria lysates 

treated with artificial uncoupling agents. However, the maximum oxygen flow did not 

differ between Tom40 mutants and wildtypes. Due to the influence on ROS 
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production, UCP2 and 3 have been proposed to be involved in longevity (Speakman 

JR et al., 2004). Tom40 heterozygous mice showed a reduced life-span. It is yet not 

clear if a defective uncoupling in aging mice accounts to this phenotype but it is at 

least a possibility. Because the respirometric investigation is in need of fresh tissue 

and old animals are very rare this could not be tested to date. 

 

To check the animals’ ability to switch to thermogenesis, an acute cold challenge was 

performed. The acute cold challenge revealed only small differences between young 

Tom40 mutant and control mice. At thermoneutrality and in the cold, the span in 

oxygen consumption was decreased in mutants and we found a trend towards 

increased oxygen consumption and body temperature in male mutants when 

exposed to low ambient temperature. In males and females no major differences in 

metabolic rate at thermoneutrality could be detected. The increase in oxygen 

consumption as immediate response to the cold challenge did not differ between 

genotypes. Cold exposure of five hours had no obvious genotype related effect on 

oxygen consumption in females. Male mutants showed increased body temperature 

and oxygen consumption in the final phase of the measurement. These findings do 

not contradict results of a pilot study with different design that was conducted after 

the GMC primary screen. In the pilot mice were exposed to a combination of food 

deprivation and moderately low ambient temperature. Even though only two male 

control and mutant mice were tested mutants showed a steeper and more rapid 

increase in oxygen consumption in response to the temperature drop. The results 

found in the challenge support the hypothesis that young animals may have some 

restriction that they are able to compensate. However, the phenotypes are too subtle 

to exclude that they are not a finding by chance. Maybe evaluating aged animals 

could give more information about uncoupling, thermogenesis and metabolic issues. 

 

Reduced mitochondrial activity could prove detrimental to tissues that have a high 

energy demand, such as the brain and it is known that in several neurological 

disorders mitochondrial dysfunctions are involved (Baron M et al., 2007; Mattson MP 

et al., 2008; Zeviani M and Carelli V, 2007) 

During the GMC primary screen animals also passed the behavioural module. It 

could be shown that the Tom40 mutation did not produce any significant effects on 

open field behaviour. In this mildly stressful environment, locomotor activity, 
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exploratory and anxiety-related behaviours are normal. No change in locomotor 

activity is consistent with the initial neurological tests that were carried out. The 

Tom40 mutation did, however, produce a clear increase in prepulse inhibition 

responses in the female’s at all prepulse intensities. A similar pattern was observed 

in the male mutants but this only reached significance at the 73 dB intensity. 

Alterations in PPI show a change in sensorimotor integration, hence alterations in 

brain function, which could be due to transformations in several neurochemical 

systems (Geyer MA et al., 2001). PPI is largely regulated by neuronal connections 

between the limbic cortex (including the hippocampus and amygdala), ventral 

striatum, ventral palladium as well as the pontine tegmentum (Geyer MA and Dulawa 

SC, 2003; Swerdlow NR et al., 1994). As mitochondria are found in all bodily tissues, 

mitochondrial dysfunction could manifest anywhere including these brain regions. 

According to the Allen Brain Atlas however, detectable Tom40 expression levels 

(presumably indicative of a higher density level) have been found in the cerebellum, 

olfactory bulbs and the medulla (http://mouse.brain-

map.org/brain/Tomm40.html?ispopup=1). These are not areas generally associated 

with prepulse inhibition responses and so irregularities within these more Tom40 

dense regions does not aid in explaining the current observation. The increased 

prepulse inhibition is also not due to a higher sensitivity to auditory signals, since 

mutants even show a non-significant decrease in acoustic startle reactivity.  

Administration of the mitochondrial toxin, 3-nitropropionic acid, is used to generate a 

mouse model of Huntington’s disease (Kodsi MH and Swerdlow NR, 1997). The 

resulting mitochondrial dysfunction in rats is associated with decreased prepulse 

inhibition. It is thus surprising that, the opposite, increased PPI was observed. In 

healthy humans, elevated PPI reflects enhanced pre-attentive perceptual processing 

and is associated with improved performance in upstream cognitive functions 

(measured by 5-choice reaction time tests, problem solving tasks, and a test of 

spatial working memory (Bitsios P et al., 2006). This is exemplified by enhanced 

strategy formation and execution times, possibly due to more efficient early 

information processing. As problem solving is determined by the integrity of the 

frontal lobe, it could be that increased PPI signifies more effective prefrontal lobe 

function.  

Alterations in acoustic startle and PPI are associated with schizophrenia as it has 

been proven that schizophrenic individuals show a deficit concerning the PPI 
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response (Baker N et al., 1987). PPI measures sensorimotor gating which has been 

shown to be modulated by dopaminergic neurotransmission mainly by the 

mesostriatal dopaminergic system (Zhang J et al., 2000). Decrease of PPI could be 

induced by drugs like the dopamine receptor 2 (D”2) -like agonist quinelorane in rats 

(Ralph RJ and Caine SB, 2005). Dopaminergic antagonists with selectivity for the 

schizophrenia associated D4 receptor have been shown to have the opposite effect 

(Mansbach RS et al., 1998). An antagonist blocks the receptor, thereby inhibiting a 

cellular answer. Considering this it is at least a possibility that the monitored increase 

in the PPI reaction in Tom40 heterozygous mice is associated with the alterations 

found in the dopaminergic system of the animals. This even gets more plausible 

considering the fact that dopamine levels in schizophrenic patients were elevated 

(Ashby B, 1990; Stefansson H et al., 2009; Toda M and Abi-Dargham A, 2007). 

Animals tested in PPI were quite young and the dopaminergic system of young 

animals was not studied in detail to date but it is feasible that there is already a 

dopamine deficit in young animals. Results from neurological screening pointed 

towards a slowly progressing movement disorder in mutant animals. However, 

altered PPI reaction has not been described in association with motor diseases so 

far. For instance, in contrast to the Tom40 mice, in a MPTP induced mouse model of 

PD no differences were found in PPI reaction (Leng A et al., 2004). The same was 

true for PARKIN null mutants, which had a significant altered acoustic startle 

response but no PPI phenotype (Von Coelln R et al., 2004). 

 

 

Moreover, mitochondrial dysfunction is an early marker of Late Onset Alzheimer’s 

Disease (LOAD) pathogenesis and associated with neuronal cell death (Atamna H 

and Frey WH, 2007). Tom40 is a candidate gene for mitochondrial dysfunction in 

LOAD. While there is a dearth of information on the prepulse inhibition status of 

LOAD patients, those patients with standard Alzheimer’s disease (AD) perform 

normally in this test (Hejl AM et al., 2004). This is despite the fact that the 

hippocampus and entorhinal cortex is malfunctioning and also involved in prepulse 

inhibition responses. PPI tends to be altered in psychiatric diseases where there are 

abnormalities in the glutamergic, dopaminergic and serotonergic systems; AD is 

largely associated with abnormalities within the cholinergic system (Hejl AM et al., 

2004). 
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Thus changes in cognitive function, for example, those of learning and memory were 

tested in a second batch of mice. The animals were first tested with an age of three 

months, what resembles the age of the primary behavioural screen. It was also 

aimed on a replication of the GMC prepulse inhibition finding in this second batch of 

animals. PPI results were similar although less pronounced as in the primary screen 

(data not shown). Determining the influences of age on this measurement was not 

possible due to the already discussed severe sensorineural hearing loss of the 

C57BL/6 strain at an early age. Animals’ cognitive abilities were tested using the 

social discrimination task and the object recognition task. The social discrimination 

test is commonly used to assess the declarative memory in laboratory animals based 

on the use of olfactory signals for social communication in rodents (Engelmann M et 

al., 2011). The test relies on the feature of rodents to prefer novel conspecifics rather 

then familiar ones. Object recognition is very similar to social recognition but without 

the social component. In young animals no obvious abnormalities could be detected 

(data not shown). AD is a progressing disease with an age of onset in the second 

half of life. Therefore, animals were tested again with an age of around two years. It 

has to be mentioned that both genotypes were very unwilling to move at all and so 

the exploration times were very low. There was a slight tendency stating that mutant 

animals performed worse in social discrimination. The investigation time of the novel 

conspecific for example did not differ at all from the time spent with the familiar 

animals in female mutants. However, all found differences were too small to consider 

them as relevant findings. The malfunction of brain mitochondria revealed by 

respirometry had no significant influence on learning and memory abilities and the 

underlying structures. In mitochondria isolated from brains of aged Tom40 mutant 

mice a reduced oxygen flow was observed for all measured complexes. In post-

mortem brains of AD patients a decreased complex IV activity has been reported, 

while the other RCC remained widely unaffected (Chagnon P et al., 1995; Kish SJ et 

al., 1992; Maurer I et al., 2000; Mutisya EM et al., 1994). Complex IV inhibition is 

mediated by the neurotoxic Aβ which likewise opens the mitochondrial transition pore 

(Parks JK et al., 2001). Brains of AD patients are under massive oxidative stress and 

it has become clear that Aβ-induced oxidative stress is involved in the 

pathophysiology of AD (Butterfield DA and Boyd-Kimball D, 2005; Moreira PI et al., 

2005; Parks JK et al., 2001) such as the Aβ-induced disruption of mitochondrial 

integrity through opening of the mitochondrial transition pores being able to initiate 
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cell death cascades (Parks JK et al., 2001). Taken together, there was no evidence 

for an AD phenotype in the aged animals.  

 

The aging cohort was not solely bred and kept for two years to perform memory tasks 

but also for investigating the influence of aging on the genetically predisposed mutant 

mice in general, although young animals did not suffer from apparent phenotypes. 

Mitochondrial dysfunction is significantly involved in the development of 

neurodegenerative diseases, since nerve cells have an extremely high energy 

demand (Shulman RG et al., 2004). Visual impairment is a common symptom in a 

variety of neurodegenerative diseases, e.g. PD, where patients also suffer from a 

variety of non-motor symptoms like retinopathy (Bodis-Wollner I, 2009) or AD where 

patients show an increase of retinal nerve fiber layer (RNFL) thickness and a 

decrease of macular volume (Iseri PK et al., 2006). Iseri et al. were also able to show 

that the macular volume relates to the severity of cognitive impairment. Mitochondrial 

diseases itself are often accompanied by visual defects, too. For instance in LHON 

patients a fiber loss in the peripapillary RNFL was observed (Barboni P et al., 2010). 

The aged Tom40 mutants with distorted mitochondria and altered mitochondrial 

function were therefore an ideal target for further studies concerning their vision and 

also concerning the function of their nerves. OCT is a non-invasive technique that 

allows imaging of the RNFL as model for neurodegeneration (Galetta KM et al., 

2011). There were no indications for abnormal vision in aged mutants. The RCC 

inhibition induced by the Tom40 mutation appears to be insufficient to set great 

damage to the visual system.  

 

Anyhow, measuring the conduction velocity of the sciatic nerve in both young and 

aged animals uncovered a conspicuous NCV reduction in mutant animals and an 

effect of age. Reduced NCV in elderly have been reported by various studies 

(LaFratta CW and Canestrari R, 1966; LaFratta CW and Zalis A, 1973; Mayer RF, 

1963; Norris AH et al., 1953; Rivner MH et al., 2001; Wagman IH and Lesse H, 

1952). In humans a loss of nerve fibers including their cell bodies plus structural 

changes in the nerve system were detected long ago as a consequence of aging 

(Corbin KB and ED, 1937; Cottrell L, 1940; Redex B, 1944). The sciatic nerve that 

was analyzed in the Tom40 cohort belongs to the peripheral nerve system (PNS), 

and quite a lot is known about functionally, structurally and biochemically changes 
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during life time. It has been demonstrated for many species, including humans 

(Rabben OK, 1995) and mice (Verdú E et al., 1996) that the motoric and sensoric 

NCV tends to increase until young adulthood, arguing for a long postnatal maturation 

period, and then stays stable until the last third of life. In mice, NCV started to decline 

after 12month as indicated by increasing latencies (Verdú E et al., 1996). 

Degeneration starts with a mild decrease in number and the density of myelinated 

and unmyelinated nerve fibers, and an increase in present outfolded myelin loops 

(Ceballos D et al., 1999). Later the investigated nerves showed a general 

disorganization and a marked fiber loss, plus alterations in the myelinated nerve fiber 

morphology, including decreased size, circularity and myelin thickness (Ceballos D et 

al., 1999). There is hardly any information about normal NCV values of mice to be 

found in literature, but it seems that the values measured in adult Tom40 wildtype 

mice lie in the normal range one could expect of one year old mice (personal 

communication with Prof. Kaspar Matiasek and Dr. Jéssica Molín from the Chair of 

Veterinary Medicine, LMU, Munich). The values of the two years old mice were 

significantly reduced, reflecting the described aging induced degeneration. In mutant 

mice, NCV was already relatively low in adult mice; values resembled those of aged 

wildtypes. Aged mutant mice showed even lower values. The NCV test is commonly 

used as diagnostic tool to detect nerve injury. Cause for altered NCV values can 

either be a nerve disorder like peripheral neuropathy (Pascuzzi RM, 2009) or 

conditions whereby nerves are injured by mechanical compression such as the 

carpal tunnel syndrome (Bleecker ML et al., 1985; Stevens JC et al., 1999). 

Peripheral neuropathy means damage to nerves of the peripheral nervous system 

(PNS) and can be elicited by various reasons like genetic factors, tumours, toxins, 

autoimmune responses, nutritional deficiencies, alcoholism, and vascular and 

metabolic disorders (Martyn CN and Hughes RA, 1997). Several neurodegenerative 

and metabolic diseases are accompanied by peripheral neuropathy, for instance type 

I diabetes or AD (Jolivalt CG et al., 2012). Mitochondria have also been implicated in 

the pathogenesis of peripheral neuropathy. There is clear evidence of the emerging 

role of altered mitochondrial dynamics in peripheral nerve diseases (Baloh RH, 

2008). Peripheral neurons possess very long axons for what reason axonal transport 

of cytoskeletal components, vesicles, and organelles is of high importance for 

maintenance and development of the neurons (Grafstein B, 1969; Schwartz JH, 

1979). As nerves belong to the most energy consuming tissues, mitochondria have to 
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be transported along the axon to provide enough ATP to maintain the ionic gradients 

necessary for firing action potentials (Hollenbeck PJ and Saxton WM, 2005). 

Mitochondria are delivered to areas of the axon where metabolic demand is high, 

such as synapses (Bogan N and Cabot JB, 1991; Gotow T et al., 1991; Palay SL, 

1956), active growth cones and branches (Morris RL and Hollenbeck PJ, 1993; 

Povlishock JT, 1976; Ruthel G and Hollenbeck PJ, 2003), axonal protein synthesis 

(Martin R et al., 1998) and regions of demyelination were it has been shown that they 

accumulate (Mutsaers SE and Carroll WM, 1998). The long-distance transport of 

mitochondria mainly proceeds via the ATP-dependent motor-proteins kinesin and 

dynein (Hollenbeck PJ, 1996). In the Tom40 +/- mice there is an apparent 

mitochondrial dysfunction, supposedly resulting in a subtle energy deficit. It could be 

speculated if the axonal transport of mitochondria is impaired in Tom40 mutant mice 

and the cause for the reduced nerve conduction velocities in the sciatic nerve.  

A second explanation for the neuropathy in Tom40 mutants could maybe be found in 

mitochondrial dynamics itself. It has been suggested for mitochondrial dynamics that 

mitochondrial movement and fusion/fission are not completely independent from 

each other (Baloh RH, 2008). A decrease in mitochondrial movement would alter the 

balance of mitochondrial dynamics toward fission, because for fusion active 

movement is required while fission just requires Drp1 (Smirnova E et al., 2001a). It 

has been shown that a defined balance between fusion and fission processes is 

necessary to maintain mitochondrial function, dysregulated fusion/fission results in 

neurodegenerative diseases like the inherited Charcot-Marie-Tooth, which is 

diagnosed by reduced NCV values and nerve biopsy (Züchner S et al., 2004).  

 

The electrophysiological phenotype was among the few alterations already found in 

young animals. Monitoring the life span of Tom40 mutant mice revealed a higher 

mortality in mutants when they were older than 12 month. Several neurodegenerative 

diseases like AD or PD have progressing phenotype. This was also found in the 

neurological examination of the Tom40 heterozygous and wildtype mice. In young 

animals tested with GMC primary screening methods there were no obvious 

phenotypes detectable. Additional to the primary screening methods, a test battery of 

various neurological and motor tasks was performed to get a deeper insight in the 

mutant mice. Evaluating the mice again when aged revealed strong motor 

impairments in mutant mice. Additional to the primary screening methods Rotarod 
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and grip strength, the used test battery consisted of pole test, beam walk, ladder 

walk, running wheels, and endurance Rotarod. The pole test was developed by 

Matsuura et al. (1997) to check for bradykinesia (slowed ability to start and continue 

movements, impairment in body position adjustment). In young animals, there were 

no genotype-specific differences. Repeating the experiment with aged mice revealed 

also no significant difference. Pole performance is strongly associated with body 

weight; heavier animals in general have problems to turn around in this test. Some 

aged mice of both genotypes showed a quite high body weight, especially within the 

males, and with this attended an inability to perform correctly on the test apparatus.  

 

The running wheels task was used to assess voluntary running in female mice. There 

were no differences between mutants and wildtypes for all evaluated parameters as 

long as the wheels were not restricted. There was a marked training effect, all 

animals got faster, more persistent and improved their daily running distance. 

Beyond, all the other evaluated parameters were improved as well: mice got faster 

and more sustained within the first two weeks. It has been shown for mice that 

voluntary wheel running results in cardiac hypertrophy, increased skeletal muscle 

oxidative capacity and changes in muscle consistent with endurance exercise 

adaption (Allen DL et al., 2001; Houle-Leroy P et al., 2000; Kaplan ML et al., 1994; 

Vihko V et al., 1979). The training phase proofed that it is still possible to train mutant 

animals. They show a comparable performance improvement like control mice in 

answer to the daily running. The situation changed when additional exercise was 

added by restriction of the wheels. This was achieved using an integrated eddy 

current brake at two different intensities. While both genotypes showed impairment 

(reduced total distance, lowered maximum speed, lower maximum and average run 

duration) when higher brake intensity was used, only the mutants had real problems 

with the moderate one. The total distance they covered was not significantly changed 

after restriction, but the maximum and the average run length were significantly 

affected. While maximal run duration was significantly lowered in both genotypes, 

more pronounced in mutants, the average run duration only was significant affected 

in mutant mice. Looking at the speed revealed that maximal speed was not affected 

by restriction neither in wildtype nor in control mice, only the average speed was 

lower in mutants. So the endurance phenotype in the mutants was only observed 
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after workload augmentation; at higher resistance, more energy is needed to run the 

wheel.  

Monitoring the running wheel activity over a long distance also provided information 

of the circadian rhythm of the mice. Mice are nocturnal animals, and their activity 

peaks within the first hour of the dark phase. Changes in activity cycle were clearly 

manifested in a number of transgenic models of disease, such as the R6/2 mouse 

strain that carries a mutation which is causative for Huntington’s disease (Morton AJ 

et al., 2005). The altered circadian rhythm is reflected in the flattening and 

progressive disruption of the 24 h activity cycle. In Tom40 heterozygous mice there is 

no hint on a disturbance of the light-dark activity rhythm suggesting that a mutation in 

the Tom40 gene and the resulting mitochondrial dysfunction has no influence on 

involved structures like the suprachiasmatic nuclei (SCN), a pair of distinct groups of 

cells located in the hypothalamus, whose destruction results in the complete absence 

of a regular sleep–wake rhythm (Hastings MH et al., 2008). Mini Spec analysis, which 

was done once weekly in the running wheel cohort, detected no obvious differences 

in body weight, lean and fat mass distribution. Body weight decreased due to a fat 

mass reduction, especially in the beginning, undermining the training effect and 

stayed constant afterwards. There were no hints that mutants are in need of using 

other energy sources than wildtypes or that their metabolism differs strongly from 

control mice.  

 

In the Tom40 mouse model there was a very subtle motor phenotype in young 

animals which was slowly progressing with age. Both tests used to analyze the mice, 

beam walk and Rotarod, are frequently used to assess motor coordination and 

balance in mouse models for motor diseases (Carter RJ et al., 2001; Fleming SM and 

Chesselet MF, 2006; Fleming SM et al., 2005; Stanley JL et al., 2005). Aged mutants 

showed impaired performance in both tasks, with more foot slips while walking over 

the beam and they had a shorter latency to fall of the rotating rod in the Rotarod task. 

Interestingly, animals were evaluated just after the females had finished the running 

wheel study and the phenotype found was more pronounced in male mice. 

Supposedly the endurance exercise previous to the motor test battery improved the 

females’ motor abilities. In literature, there were numerous studies describing also 

clear positive effects of training on the motor system, for instance visible adaptions in 

α-motoneurons like evidence of dendrite restructuring, increased protein synthesis, 
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increased axon transport of proteins or enhanced neuromuscular transmission 

dynamics (Gardiner P et al., 2006). In a chronic mouse model of PD which was 

induced by treating the animals with MPTD it could be shown that training has a 

neuroprotective effect (Lau YS et al., 2011). After 18 weeks of treadmill exercise the 

MPTP mice showed reduced impairment in balance and movement coordination and 

reduced mitochondrial dysfunction. Additional, they were protected against the 

protein oxidation induced by the applied neurotoxin and the dopaminergic neuron 

loss previously observed in the striatum.  

The observation of a general age-dependant motor worsening also in wildtypes is a 

common feature of aging, observable in humans as well as in mice (Fahlström A et 

al., 2011; Kauranen K and Vanharanta H, 1996). Evaluating the young Tom40 cohort 

revealed no impairments in mutant mice on the Rotarod but a worse performance on 

the beam walk. It has been proven in drug studies that beam walk is more sensitive 

than the Rotarod to determine motor coordination defects induced by 

benzodiazepines (Stanley JL et al., 2005). Probably the motor impairments that are 

causative for the observed phenotype with more foot slips observed in Tom40 

heterozygous mice were only very subtle in young animals. A typical feature for 

neurodegenerative diseases is that they are progressing with age, a phenotype 

which was also observed in animal models (Price DL et al., 1998). The progressing 

motor phenotype in Tom40 mice is in line with the other results found as for example 

decreasing NCV and decreasing mitochondrial function. The motor phenotype found 

in the Tom40 mouse model resembles one of the main symptoms found in PD animal 

models. An increased number of footslips was approved in a mouse model for 

Parkinson’s’ disease (PD) in which the alpha-synuclein protein was mutated at 

position 30 (alanine was replaced with proline; SNCA A30P) and thereby mimicking a 

familial form of PD in humans (Plaas M et al., 2008). In the study, beam walk and 

stride length analysis was used to check for nigrostratial function. A significant 

increase in foot slip number with increasing age was found in mutant SNCA A30P 

animals, but they could not detect a Rotarod phenotype. In addition, mutant SNCA 

A30P mice had altered dopamine levels in the different brain regions. The 

nigrostriatial pathway resembles one of the four major dopaminergic pathways in the 

brain. It transmits dopamine from the substantia nigra to the striatum (Dahlstrom A 

and Fuxe K, 1965; Gerfen CR, 1992; Poirier LJ and Sourkes TL, 1964; Sourkes TL 

and Poirier LJ, 1965). Due to he progressive motor phenotype in the Tom40 mouse 
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model, the dopaminergic system of aged animals was investigated. It could be shown 

that the number of TH-positive neurons was reduced in mutant animals. Due to the 

small sample size results could not reach a significant level. At the moment a second 

batch of aged mice is investigated to verify these preliminary findings. In addition, 

investigating the dopaminergic system of young animals could also prove useful. 

The motor phenotype found in the Tom40 mouse model was further evaluated using 

ladder walk which was developed to investigate skilled fore- and hind-limb stepping in 

mice. In contrast to beam walk, this test assess skilled walking and measure both 

forelimb and hind limb placing, stepping, and inter-limb co-ordination as it is sensitive 

to detect specific ipsilateral and contralateral lesions (Cummings BJ et al., 2007; 

Metz GA and Whishaw IQ, 2002). Ladder beam is frequently used to assess forelimb 

and hind limb deficits after sensorimotor cortex injury in rats (Farr TD et al., 2006; 

Soblosky JS et al., 1997). The results of the examination of the Tom40 cohort on the 

ladder were the same like on the beam: mutant animals showed significantly more 

foot slippings traversing the ladder than their wildtype littermates, more pronounced 

in aged animals. There was no difference between forepaws and hind paws, 

demonstrating that the found phenotype is a generalized motor problem. The gait of 

the animals was assessed when they where mature and aged on a running belt 

where animals are forced to run on the belt with different speeds. In adult animals 

there were no clear defects concerning any gait parameter, suggesting that the 

animals were able to walk normal. From the aged cohort only a couple of females 

were available for gait analysis. There were some parameters altered in aged 

mutants but there was no clear picture and interpretation is not possible. The animals 

were not willing or able to walk at higher speeds and the variations within the groups 

were quite high. This was true for both genotypes. Therefore no final conclusion 

about the gait could be drawn from the obtained data, but it is noteworthy that there 

are no severe gait impairments. The loss of motor control in patients is strongly 

correlated with the loss of dopaminergic neurons. The reduction in dopamniergic 

neurons detected in the brain of aged mice was at least in this first batch not big 

enough to reach significance. In humans it has been proven that approximately 60-

80% of dopaminergic neurons have to be lost before the motor signs of Parkinson 

disease emerge (Binukumar BK et al., 2010; Lee CS et al., 1996). 

Dopaminergic neurons have a reduced antioxidant capacity, demonstrated by low 

intracellular glutathione (Loeffler DA et al., 1994). This makes them more vulnerable 
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to oxidative stress. Plus dopaminergic neurons have been shown to be more 

vulnerable to energy metabolism defects (Zeevalk GD et al., 1997). An impairment of 

Na+/K+ ATPase activity which maintains ionic gradients has been proven to be 

especially harmful (Calabresi P et al., 1995; Pisani A et al., 2006). Both is possible, a 

slight increased oxidative stress level in Tom40 mutants which was, however, not 

detectable measuring just aconitase activity as it was done in line with the challenge 

experiments, or a slight impairment of energy metabolism, not detectable in the 

respiratory measurements in young animals, but progressing damaging the 

dopaminergic neurons.  

The exact mechanisms that are responsible for neural cell death in PD are poorly 

understood. As possible primary cause mitochondrial dysfunction specifically 

respiratory chain inhibition has been implicated (Keeney PM et al., 2006; Kitada T et 

al., 1998; Mizuno Y et al., 1989; Schapira AH et al., 1990). Complex I deficiency in 

PD patients was the first finding that linked mitochondrial dysfunction to the disorder 

(Schapira AH et al., 1990). This was found globally in the body (Bindoff LA et al., 

1991; Haas RH et al., 1995; Parker WD Jr et al., 2008). Enzymatic assessment of the 

NADH dehydrogenase activity in mitochondria isolated from the brain of aged Tom40 

mice and age matched controls showed that complex I activity in mutant brain 

mitochondria was slightly reduced compared to wildtypes. However, the results were 

neither statistically significant before nor after CS normalization. CS activity as a 

marker for mitochondrial activity itself was not altered. Increasing evidence suggest 

that it is not only complex I that is affected in PD but also complex III, which goes in 

line with increased ROS formation (Haas RH et al., 1995; Rana M et al., 2000; 

Shinde S and Pasupathy K, 2006). Complex I and complex III are the most potent 

sources for oxidative stress (Turrens JF and Boveris A, 1980). Beyond, complex III is 

required to maintain complex I in mammalian mitochondria (Acín-Pérez R et al., 

2004). Inhibition of this complexes causes increased release of electrons from the 

transport chain into the mitochondrial matrix and form ROS together with the there 

located oxygen. The electron leakage is a consequence of an impaired electron 

movement to the next acceptor molecule (Lambert AJ and Brand MD, 2004). ROS in 

turn is, as generally known, one of the discussed mechanisms to be responsible for 

dopaminergic neuron loss. 

To date, the brains of Tom40 mice were not checked for increased oxidative stress. 

In the brain samples cytochrome c oxidase activity was assumed in a second step 
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and the activity was slightly increased in mutant mice, even though this was only 

significant without CS normalization. Increased COX activity was previously reported 

in skeletal muscle of patients with Chronic Obstructive Pulmonary Disease (COPD) 

and in other chronic inflammatory diseases (such as bronchial asthma and chronic 

arthritis), the mechanisms and implications of this observation are still unclear 

(Sauleda J et al., 2000). To check whether the COX increase in Tom40 mice is a 

compensatory effect, it would be interesting to investigate the composition of the 

respiratory chain in aged brain tissue mitochondria. 

Concerning sporadic PD there were reports about patients with complex IV defects or 

combinations of all complexes (Barroso N et al., 1993). It occurs that the common 

feature in all patients was the mitochondrial impairment which can be a result of a 

variety of defects. Aged Tom40 mutant mice don’t show a specific deficiency of a 

single complex in respirometry but a generalized inhibition of the respiratory chain.  

For a familial form of PD, which has been associated with a mutation in the alpha 

synuclein gene, an association between α-synuclein and mitochondrial dysfunction 

has been proposed (Greene JG and Greenamyre JT, 1996; Hsu LJ et al., 2000). It 

was reported that mutant (A53T) alpha synuclein over expressing transgenic mice 

developed mitochondrial degeneration as well as reduced complex IV activity (Martin 

LJ et al., 2006). They did not check for the other complexes, but it has been shown 

by various studies that overexpression is associated with complex I inhibition (Loeb V 

et al., 2010). Mutant α-synuclein is targeted to and accumulates in the inner 

mitochondrial membrane, causes complex I impairment and, again, an increase in 

ROS (Devi L et al., 2008).  

Another symptom frequently observed in PD patients is the loss of foveal contrast 

sensitivity to patterns. ERG is used to determine the functional deficit of the neural 

retina and retinal output of PD patients. A lack of ganglion cell receptive field 

organization seems to be present within the dopamine-deficient retina. OCT can be 

used to quantify morphology changes, like RNFL thinning what is often but not 

always observed in PD patients (Bodis-Wollner I, 2009; Galetta KM et al., 2011). 

However, as already described in 1 ½ years old Tom40 mutant mice there was no 

hint of a retinopathy in the tested animals.  

Taken together, there are various different mechanisms by which mitochondrial 

function can be impaired in a way that has the potential to cause neurodegeneration 
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and PD symptoms. Tom40 might be one additional risk factor, which contributes to 

the mitochondrial dysfunction inducing neurodegeneration.  

 

Since oxidative stress has such tremendous influence on neurodegeneration a 

challenge study for endogenous induced oxidative stress with Tom40 mice was 

planned. The aim was to set an additional damage using the herbicide Paraquat to 

the already biased heterozygous Tom40 mutants. Paraquat treatment led to 

Isignificant reduction of liver aconitase activity. Aconitase is an enzyme of the TCA 

cycle which has been demonstrated to be vulnerable towards oxidative stress (Castro 

L et al., 1994; Hausladen A and Fridovich I, 1994; Murakami K and Yoshino M, 

1997). The catalytically active form of this enzyme contains a [Fe4S4]
2+ cluster, of 

which three iron ions are directly ligated to the cystein residues of the protein, and the 

fourth is only ligated to inorganic sulfur of the iron-sulfur cluster thereby presenting a 

free coordination site to bind substrates (Emptage MH et al., 1983; Robbins AH and 

Stout CD, 1989a, b). Oxidants inactivate the enzyme by removing the labile iron from 

the cluster, leaving the inactive form [Fe3S4]
1+ (Kennedy MC et al., 1983; Verniquet F 

et al., 1991). Decreased aconitase activity was reported for a variety of diseases, 

including progressive supranuclear palsy (Park LC et al., 2001), a degenerative 

disease involving the brain stem, basal ganglia and cerebellum (Steele JC et al., 

1964), Huntington's disease (Tabrizi SJ et al., 1999), and Friedreich's ataxia (Bradley 

JL et al., 2000), of which all bear relation to mitochondrial dysfunction and oxidative 

stress.  

It has been shown that Paraquat is capable to induce PD-like symptoms in 

experimental animals (Betarbet R et al., 2000). The concurrent aconitase inactivation 

was achieved by superoxide and hydroxyl radical formation when oxygen reacts with 

paraquat (Murakami K and Yoshino M, 1997). This was of special interest for the 

Tom40 challenge study because of the phenotype in aged animals. Aging studies 

with a huge cohort of mice is an expensive and capacity consuming, so challenging 

was a trial to get a phenotype triggered already in young mice. However,the 

examination of the challenged mice after an eight weeks treatment period revealed 

only very subtle differences between the groups. Body weight was significantly 

reduced, which is a known phenotype in PQ challenged mice (Kang MJ et al., 2010; 

Prasad K et al., 2009) and most findings in the treated Tom40 mice correlated with 

this body weight reduction. Decreased body weight is an indication for a general toxic 
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effect and has previously been associated with decreased water intake and food 

consumption of the treated animals (Prasad K et al., 2009). Body composition of all 

groups was investigated and could not show treatment or genotype related 

differences after challenge. Paraquat was used as herbizide in agriculture for quite a 

long time until it was prohibited in the the European union because of its deleterious 

toxic effects (Revkin AC (1983); Court of First Instance of the European Communities 

PRESS RELEASE No° 45/07). In studies with toxified human workers, several 

symptoms were reported including muscle weakness (Yan AS et al., 2002).  

Evaluating grip strength revealed a small but statistically significant effect in treated 

animals exerting more force in the four paws measurement. However, differences 

found were very small and might also be a finding by chance. 

In literature, much more attention is paid on the influence of PQ on processes 

involving motor coordination and movement than on PQ related grip force or muscle 

alterations. The Tom40 challenge cohort was analyzed in several different motor 

tests before and after the challenge. The deficits seen on beam and ladder after 

challenge were already apparent before the first PQ injection. This is in accordance 

with the previous results gained from another cohort of Tom40 mice: mutants have 

motor deficits, very subtle but present already at a very young age. PQ treated 

mutants, however, performed not worse than saline treated mutants, suggesting that 

there was no additional influence on the motor system of the mice. This was also true 

for the rotarod task. There was no difference in performance between the individual 

groups before the challenge and there was no influence, neither of treatment nor of 

genotype, after the challenge. Longterm rotarod, used to get information about the 

animals endurance, was hard to evaluate since there were differences between the 

groups already before the challenge and these differences were most likely caused 

by grouping the animals to the individual cohorts. Taken together, PQ challenge of 

Tom40 mice had no influence on the motor performance of the mice, arguing that 

there was only minor damage to critically involved structures like the dopaminergic 

system. A study using wildtype C57BL/6 mice could show after treatment that the 

dopaminergic system was significantly impaired, but only if the PQ was combined 

with a treatment of maneb (Thiruchelvam M et al., 2000). The same was true for 

motor phenotypes. In contrast, there are various other studies using the same mouse 

strain that could verify that there was loss of TH-positive neurons solely induced by 

PQ administration (Brooks AI et al., 1999; Kang MJ et al., 2010; Richardson JR et al., 
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2005). Difference between mouse strains were described to have different 

susceptibility to PQ with DBA/2J showing significant tyrosine hydroxylase negative 

cell loss and not C57BL/6J (but both showed TH positive neuron loss with B6 more 

than D2) (but both showed TH positive neuron loss with B6 more than D2) (Yin et al., 

2011). A study performed with rats revealed that the administration of PQ alone was 

competent to induce neuronal loss but not to destroy the striatal fibers (Cicchetti F et 

al., 2005). To sum up, the findings of the various studies are not consistent. In 

addition, there might be additional influences on the outcome of the different studies 

such as animal housing and feeding.  

The reduced aconitase activity measured in liver lysates of the treated animals 

demonstrated that there was enhanced oxidative stress in these mice. However, the 

activity of the enzyme was measured exclusively in the liver. Thus it is not possible to 

say if there was oxidative stress in the brain with the potential to damage TH-positive 

neurons.  

Tom40 mutants are able to cope with the oxidative stress just as well as wildtypes. 

The toxicity of the herbicide is mediated through superoxide generation and 

subsequent lipid peroxidation (Bus JS et al., 1976). Blood serum of the animals was 

used to get information about the general health of the animals and if there was a 

hint that PQ influences an organ system in mutant animals more than in wildtypes. 

There were only minor findings detected here. Uric acid values of PQ treated 

wildtypes showed a broad variation with a tendency towards lowered values. Usually 

hypouricemia is based on an ingestion of drugs and toxic agents, but it also can be 

caused by diet, genetics or an underlying medical condition such as liver disorders 

(Ogino K et al., 1991). There was a significant reduction of urea levels in challenged 

wildtype mice whereas mutant values were in the same range like animals from the 

saline groups. Lower urea values could indicate liver failure or damage, or 

malnutrition (Clarkson MR et al., 2008). Common features of PQ intoxication are the 

development of fibrous tissue in the lungs, leading to asphyxiation (Copland et al., 

1974; Smith P et al., 1974), hepatotoxicity (Cagen SZ et al., 1976; Yasaka T et al., 

1981) and kidney failure (Yasaka T et al., 1981). The urea levels detected were only 

slightly reduced. Due to the chronic damage of the Tom40 mutation, mutant 

mitochondria seem to be somehow more resistent towards oxidative stress than 

wildtypes. 
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 ALT, AST and ALP were measured as part of standard liver function tests (Limdi JK 

and Hyde GM, 2003). The aminotransferases ALT and AST are excellent markers of 

hepatocellular injury. Liver cell damage would lead to a raise of liver specific enzyme 

ALT because of augmented release into the bloodstream (Pratt DS and Kaplan MM, 

2000). AST is found mainly in the liver but also in other parts of the body. AST and 

ALT are usually measured together and are good indicators of liver disease or 

damage. ALT in challenged animals is slightly reduced not raised, a finding that is 

contradicting to liver cell damage. AST however is slightly but not significant 

increased in the PQ cohorts, but it is less specific to the liver (Limdi JK and Hyde GM, 

2003). ALP, mainly secreted by liver and bone (Pratt DS and Kaplan MM, 1999), was 

similar in all tested groups. In vitro studies have reported that PQ exposure can 

inhibit the enzyme activities of ALT, AST, LDH, and AChE (El-Demerdash FM et al., 

2001). In the Tom40 cohort there were no significant findings concerning these 

enzymes, so a liver damage could be excluded. Elevated CK and AST levels point 

towards muscle damage (Van der Meulen JH et al., 1991). The variation of CK 

activity in the challenged Tom40 cohort was too high to see a difference between the 

groups. A treatment effect concerning both genotypes could be seen for cholesterol. 

PQ challenged animals showed much lower values than saline treated ones. The 

same was found for triglycerides and α-amylase while iron concentrations in serum 

slightly increased. Paraquat has been shown to remove iron from ferritin (Reif DW, 

1992), what could explain the slightly higher iron values in treated animals’ serum. 

The decrease in cholesterol and triglycerides levels point towards an altered liver 

metabolism in the PQ cohort as the liver is the main production site for these 

compounds (Dietschy JM, 1997; Hillgartner FB et al., 1995). Cholesterol content in 

the blood is linked to lipid metabolism and depends on the calorific value of the food 

(Byers SO, 1964; Olson RE, 1998). A case study in poisoned patients showed that 

cholesterol and triglyceride levels dropped the first days after ingestion of the 

herbicide and afterwards a strong increase occurred (Fairshter RD et al., 1976). They 

argued that the primary decrease might be due to the influx of cholesterol to the 

lungs. However, in most studies an increase in serum cholesterol and triglyceride 

levels was seen, for example in the subsequent study using rats (Attia AM and Nasr 

HM, 2009). They collected blood samples from rats 24h after injection with a single 

dose of PQ (10 mg.kg-1 body weight). They could show that some blood serum 

compounds were altered including an increase in cholesterol and triglycerides. It has 
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to be considered that they used a lower dose and administrated the toxin only once, 

in contrast to the studies with intoxicated patients and studies using lethal doses. 

Additional, values are strongly influenced by environmental factors such as food.  

 

Among healthy individuals, the pancreas and the salivary glands account for almost 

all serum amylase, 40-45% from the pancreas and 55-60% from the salivary glands. 

(Pieper-Bigelow C et al., 1990). The major isoform which is found in many mammals 

is the α-amylase, an enzyme that hydrolyses alpha-bonds of large alpha-linked 

polysaccharides yielding glucose and maltose (Reddy NS et al., 2003). It has been 

shown that PQ inhibits severely the gibberellic acid induced α-amylase synthesis and 

activity in weed (Jones DW and Foy CL, 1971). In humans with pancreatitis 

hypoamylasemia may indicate permanent damage to the amylase-producing cells 

(Abruzzo JL et al., 1958).  

In summary, the results of the challenge implicate that treating animals with PQ 

injections has not the competence to damage Tom40 mutants more than wildtypes. 

There have been some effects of the treatment but this was seen in both genotypes, 

like most of the altered clinical chemistry parameters. The only genotype difference 

that was found was a impaired urea level in treated wildtypes. However, in routine 

screening the clinical chemistry is done twice to get rid of false positives so the single 

findings in Clinical chemistry parameters detected here should not be overinterpreted 

without confirmation in a second batch. 
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6 Perspectives 

The results of the examination of the Tom40 mouse model points towards a slowly 

progressing neurodegenerative disease. Mutant aged mice showed several 

symptoms reminiscent of Parkinsonism. The reduced number of Th-positive neurons 

in the brain of aged mice gave a hint that there is a reduction, but it was at least in 

this first batch not big enough to reach significance. In humans it has been proven 

that approximately 60-80% of dopaminergic neurons have to be lost before the motor 

signs of Parkinson disease emerge (Binukumar BK et al., 2010; Lee CS et al., 1996). 

Based on our experiments there was no hint that reduced Tom40 expression and 

aging alone are enough to trigger the development of AD, although at least some 

GWAS suggested an association between Tom40 and AD (Cervantes S et al., 2011; 

Grupe A et al., 2007; Hong MG et al., 2010). In contrast other papers discuss that 

this finding is the result of a known strong linkage disequilibrium in this genomic 

region containing the genes PVRL2, TOMM40, APOE and APOC1 (Cruchaga C et 

al., 2011; Takei N et al., 2009; Yu CE et al., 2007). The Aβ-precursor APP has been 

shown to accumulate in the mitochondrial import pores resulting in mitochondrial 

dysfunction in LOAD (Anandatheerthavarada HK et al., 2003; Devi L et al., 2006). Aβ 

itself is also imported into the organelle and the import requires interaction with the 

TOM complex and also Tom40 (Hansson Petersen CA et al., 2008; Sirk D et al., 

2007; Yamaguchi H et al., 1992). It has been reported that the import is independent 

of membrane potential and that the protein is located to the cristae after import 

(Hansson Petersen CA et al., 2008). It could be speculated whether reduced Tom40 

expression resulting in less import channels would enhance severity of the found 

symptoms due to the fact that all available import pores are arrested earlier than in 

controls. Otherwise it would also be possible that reduced Tom40 import pores could 

slow down the progress of the disease as APP and Aβ are not arrested in the 

mitochondrial matrix in such big amounts than in wildtypes. One possibility therefore 

would be to cross Tom40 heterozygous animals with an APP overexpressing mouse 

line such as APP23 mice expressing human APP (Van Dam D et al., 2003). APP23 

have a clear and quite early phenotype with includes the development of amyloid 

plaques after 6month lifetime accompanied by inflammatory reactions (Van Dam D et 

al., 2005). If one of the above mentioned hypotheses is correct, there should be more 
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or respectively less amyloid deposits in the brain of the double-mutant Tom40-APP 

mice visible. Interestingly APP23 mice develop cognitive impairments already at an 

age of three months (Kelly PH et al., 2003). It would be interesting to analyze this and 

also the other phenotypes found in this mouse model i.e. pathological limb reflexes, 

myoclonic jumping, seizure activity, and tail malformation as well as body weight 

reduction (Lalonde R et al., 2005) with an additional Tom40 mutation. Studies on this 

issue could help to improve the understanding of AD, the involvement of 

mitochondria, the mitochondrial import system and mitochondrial trafficking of APP 

and Aβ. 

Mutant mitochondria were evaluated in various different tests. However, there are still 

many questions unanswered. Besides the composition of the respiratory chain less is 

known about the mitochondrial proteome of mutant animals. Deeper insights would 

be provided by 'Difference gel electrophoresis' (DIGE), a technique which allows two 

independent samples to be run in one gel simultaneously by implicating two different 

fluorescent dyes, cyanine-3 (Cy3) and cyanine-5 (Cy5), which label lysines in 

proteins (Unlü M et al., 1997). DIGE was frequently used to get information on the 

mitochondrial proteome of for example mutant mouse lines like the Double-knockout 

Creatine Kinase (DbKO-CK) mice who suffered from a cardiac phenotype (Kernec F 

et al., 2001) or to study the effects of aging on rat muscle mitochondria (O'Connell K 

and Ohlendieck K, 2009) and could be an useful tool to get further insights into the 

structure and composition of Tom40-deficient mitochondria. Additional metabolomic 

investigation using blood serum of mutant and wildtypes as well as PQ treated an 

untreated animals would help to get a better understanding about the influences of 

the mutation itself and additional about the influence of the treatment.  

Beyond, investigation of ATP production and import studies would be interesting to 

get a deeper understanding about how Tom40 and the import pathway itself 

influence the respiratory chain, the energy production and how these alterations 

could be compensated to guarantee quite normal function.  
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8 Appendix 

8.1 Clinical chemistry screen – additional data 

Table 16: Blood lipid and glucose values of fasted mice. 
Data are presented as mean ± standard error of mean.  

Control (A) Mutant (B) A~B A~B ANOVA 

Male 
Fe-

male 
Male 

Fe-
male 

Male 
Fe-

male 
Geno-
type 

sex inter. Parameter 

(n=9) (n=10) (n=10) (n=10) p p p p p 
Choleste-rol 

[mg/dl] 
102.2 
±4.52 

88.6 ± 
2.67 

111.6 ± 
3.34 

89 ± 
2.46 

n.s. n.s. n.s. 
P 

<0.001 
n.s. 

HDL-Chol. 
[mg/dl] 

78.4 
±3.93 

65.8 ± 
2.05 

87.5 ± 
2.7 

68.2 ± 
1.96 

n.s. n.s. p<0.05 
P 

<0.001 
n.s. 

non-HDL 
Chol. [mg/dl] 

23.8 
±0.97 

22.8 ± 
0.92 

24.1 ± 
0.77 

20.8 ± 
0.66 

n.s. n.s. n.s. p<0.05 n.s. 

Triglycerides 
[mg/dl] 

135 ± 
6.6 

106 ± 
11.8 

123 ± 
12.6 

85 ± 
7.8 

n.s. n.s. n.s. p<0.05 n.s. 

NEFA 
[mmol/l] 

1.08 ± 
0.071 

0.84 ± 
0.072 

0.94 ± 
0.068 

0.7 ± 
0.04 

n.s. n.s. p<0.05 
P 

<0.001 
n.s. 

Glycerol 
[mmol/l] 

0.26 ± 
0.017 

0.27 ± 
0.009 

0.26 ± 
0.012 

0.27 ± 
0.017 

n.s. n.s. n.s. n.s. n.s. 

Glucose 
[mg/dl] 

120.5 ± 
4.9 

146.8 ± 
9 

139.1 ± 
8.8 

155.7 ± 
7.3 

n.s. n.s. n.s. p<0.01 n.s. 

 
Table 17: Clinical-chemical parameters, 2nd sample. 
Data are presented as mean ± standard error of mean.  

Control (A) Mutant (B) A~B A~B ANOVA 

Male 
Fe-

male 
Male 

Fe-
male 

Male 
Fe-

male 
Geno-
type 

sex inter. Parameter 

(n=10)  (n=10)  (n=10)  (n=9)  p p  p  p p 
Calcium 
[mmol/l] 

2.27 ± 
0.01  

2.24 ± 
0.02  

2.24 ± 
0.02  

2.28 ± 
0.02  

n.s.  n.s.  p=0.073  n.s.  p<0.
05  

inorg. phos. 
[mmol/l] 

1.38 ± 
0.09  

1.38 ± 
0.14  

1.54 ± 
0.16  

1.2 ± 
0.11  

n.s.  n.s.  n.s.  n.s.  n.s.  

Total Protein 
[g/dl] 

5.26 ± 
0.08  

5.2 ± 
0.09  

5.28 ± 
0.09  

5.07 ± 
0.09  

n.s.  n.s.  n.s.  n.s.  n.s.  

Albumin 
[g/dl] 

2.5 ± 
0.033  

2.48 ± 
0.061  

2.4 ± 
0.03  

2.489 
±0.05  

p<0.05  n.s.  n.s.  n.s.  n.s.  

Cholesterol 
[mg/dl] 

113.6 
± 3.06  

85.6 ± 
2.13  

106.5 ± 
5.21  

78.2 ± 
4.72  

n.s.  n.s.  p=0.070  P 
<0.001 

n.s.  

Triglyceri-
des [mg/dl] 

173 ± 
13.4  

91 ± 9.9  141 ± 
12.5  

90 ± 
9.2 

n.s.  n.s.  n.s.  P 
<0.001 

n.s.  

LDH [U/l] 267.5 
±14.19  

269.9 
±31.59  

247.9 
±13.9  

229.8 
±13.9  

n.s.  n.s.  n.s.  n.s.  n.s.  

ALP [U/l] 90 ± 
1.98  

125 ± 
3.14  

98.4 ± 
2.9  

130.9 ± 
4.15  

p<0.05  n.s.  p<0.05  P 
<0.001 

n.s.  

Glucose 
[mg/dl] 

216.8 
± 6  

187.5 ± 
13.5  

191.5 ± 
9  

197.1 ± 
14.7  

p<0.05  n.s.  n.s.  n.s.  n.s.  

Transferrin 
[mg/dl] 

135.4 
± 1.1  

138.9 ± 
1.5  

136.1 ± 
1.24  

136.2 ± 
1.63  

n.s.  n.s.  n.s.  n.s.  n.s.  

Iron [µg/dl] 91.9 ± 
3.88  

131.8 
±12.01  

90.5 ± 
3.52  

126.4 ± 
6.48  

n.s.  n.s.  n.s.  P 
<0.001 

n.s.  
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8.2 Neurology screen – additional data 

Table 18: SHIRPA Parameters I: young animals 
Statistical analysis: chi-squared test; significance p<0.05 

Male Female 
Parameter Control 

(n=10) 
Mutant 
(n=10) 

p-value 
Control 
(n=10) 

Mutant 
(n=10) 

p-value  p-value 

Body position 
Inactive 
Active 

Excessive 

 
0 
10 
0 

 
0 
10 
0 n.s. 

 
0 
10 
0 

 
0 
10 
0 n.s. n.s. 

Tremor 

Absent 
Present 

 
10 
0 

 
10 
0 n.s. 

 
10 
0 

 
10 
0 n.s. n.s. 

Palpebral closure 
Eyes open 

Eyes closed 

 
10 
0 

 
10 
0 n.s. 

 
10 
0 

 
10 
0 n.s. n.s. 

Lacrimation 
Absent 
Present 

 
10 
0 

 
10 
0 n.s. 

 
10 
0 

 
10 
0 n.s. n.s. 

Defecation 
Absent 
Present 

 
6 
4 

 
6 
4 n.s. 

 
5 
5 

 
6 
4 n.s. n.s. 

Urination 
Absent 
Present 

 
8 
2 

 
5 
5 n.s. 

 
4 
6 

 
7 
3 n.s. n.s. 

Transfer arousal 
Extended freeze 

Brief freeze 
Immediate movement 

 
0 
8 
2 

0 
7 
3 n.s. 

0 
9 
1 

0 
6 
4 n.s. n.s. 

Gait 
Fluid movement 

Lack fluidity  
10 
0 

10 
0 n.s. 

10 
0 

10 
0 n.s. n.s. 

Pelvic elevation 
Less than 5mm 
More than 5mm 

2 
8 

4 
6 n.s. 

1 
9 

1 
9 n.s. n.s. 

Tail elevation 
Dragging 

Horizontally extension 
Elevated/Straub tail 

0 
0 
10 

0 
3 
7 n.s. 

0 
5 
5 

0 
2 
8 n.s. n.s. 

Touch escape 

No response 
Response to touch 
Flees prior to touch 

0 
4 
6 

0 
7 
3 n.s. 

0 
7 
3 

0 
6 
4 n.s. n.s. 

Positional pasivity 
Struggles (held by tail) 

No struggle 
10 
0 

10 
0 n.s. 

10 
0 

10 
0 n.s. n.s. 

Trunk curl 
Absent 
Present 

10 
0 

10 
0 n.s. 

10 
0 

10 
0 n.s. n.s. 

Limb grasping 
Absent 
Present 

10 
0 

10 
0 n.s. 

10 
0 

10 
0 n.s. n.s. 

Pinna reflex 
Present 
Absent 

10 
0 

10 
0 n.s. 

10 
0 

10 
0 n.s. n.s. 
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Table 19: SHIRPA Parameters II: young animals 
Statistical analysis: chi-squared test; significance p<0.05 

Male Female 
Parameter Control 

(n=10) 
Mutant 
(n=10) 

p-value 
Control 
(n=10) 

Mutant 
(n=10) 

p-value  p-value 

Corneal reflex 

Present 
Absent 

 
10 
0 

 
10 
0 n.s. 

 
10 
0 

 
10 
0 n.s. n.s. 

Startle response 
None 

Preyer reflex 
Jumping 

 
0 
7 
3 

 
0 
6 
4 n.s. 

 
1 
5 
4 

 
0 
7 
3 n.s. n.s. 

Contact Righting 
Present 
Absent 

 
10 
0 

 
10 
0 n.s. 

 
10 
0 

 
10 
0 n.s. n.s. 

Evidence of biting 
None 
Biting  

 
4 
6 

 
5 
5 n.s. 

 
6 
4 

 
5 
5 n.s. n.s. 

Vocalisation 
None 
Vocal 

 
2 
8 

 
4 
6 n.s. 

 
5 
5 

 
6 
4 n.s. n.s. 

 

Table 20: SHIRPA Parameters I: aged animals 
Statistical analysis: chi-squared test; significance p<0.05 

Male Female 
Parameter Control 

(n=19) 
Mutant 
(n=13) 

p-value 
Control 
(n=17) 

Mutant 
(n=24) 

p-value  p-value 

Body position 
Inactive 
Active 

Excessive 

2 
15 
2 

3 
7 
3 n.s. 

4 
13 
0 

3 
21 
0 n.s. n.s. 

Tremor 

Absent 
Present 

19 
0 

13 
0 n.s. 

17 
0 

24 
0 n.s. n.s. 

Palpebral closure 
Eyes open 

Eyes closed 
19 
0 

13 
0 n.s. 

17 
0 

24 
0 n.s. n.s. 

Lacrimation 
Absent 
Present 

19 
0 

12 
1 n.s. 

17 
0 

23 
1 n.s. n.s. 

Defecation 
Absent 
Present 

3 
16 

5 
8 n.s. 

5 
12 

11 
13 n.s. n.s. 

Urination 
Absent 
Present 

2 
17 

3 
10 n.s. 

0 
17 

7 
17 n.s. n.s. 

Transfer arousal 
Extended freeze 

Brief freeze 
Immediate movement 

0 
18 
1 

0 
12 
1 n.s. 

0 
17 
0 

0 
24 
0 n.s. n.s. 

Gait 
Fluid movement 

Lack fluidity  
17 
2 

9 
4 n.s. 

17 
0 

24 
0 n.s. n.s. 

Pelvic elevation 
Less than 5mm 
More than 5mm 

12 
7 

11 
2 n.s. 

9 
8 

14 
10 n.s. n.s. 
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Table 21: SHIRPA Parameters II: aged animals 
Statistical analysis: chi-squared test; significance p<0.05 

Male Female 
Parameter Control 

(n=10) 
Mutant 
(n=10) 

p-value 
Control 
(n=10) 

Mutant 
(n=10) 

p-value  p-value 

Tail elevation 
Dragging 

Horizontally extension 
Elevated/Straub tail 

1 
8 
10 

0 
6 
7 n.s. 

0 
6 
11 

1 
11 
12 n.s. n.s. 

Touch escape 
No response 

Response to touch 
Flees prior to touch 

0 
15 
4 

0 
10 
3 n.s. 

0 
17 
0 

0 
22 
2 n.s. n.s. 

Positional pasivity 
Struggles (held by tail) 

No struggle 
19 
0 

13 
0 n.s. 

17 
0 

24 
0 n.s. n.s. 

Trunk curl 
Absent 
Present 

19 
0 

13 
0 n.s. 

17 
0 

24 
0 n.s. n.s. 

Limb grasping 
Absent 
Present 

19 
0 

13 
0 n.s. 

17 
0 

24 
0 n.s. n.s. 

Pinna reflex 
Absent 
Present 

19 
0 

13 
0 n.s. 

17 
0 

24 
0 n.s. n.s. 

Corneal reflex 
Present 
Absent 

19 
0 

13 
0 n.s. 

17 
0 

24 
0 n.s. n.s. 

Startle response 
None 

Preyer reflex 
Jumping 

16 
3 
0 

13 
0 
0 n.s. 

17 
0 
0 

19 
2 
3 n.s. n.s. 

Contact Righting 
Present 
Absent 

19 
0 

13 
0 n.s. 

17 
0 

24 
0 n.s. n.s. 

Evidence of biting 
None 
Biting  

17 
2 

13 
0 n.s. 

17 
0 

24 
0 n.s. n.s. 

Vocalisation 

None 
Vocals 

14 
5 

7 
6 n.s. 

12 
5 

17 
7 n.s. n.s. 
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8.3 Cold challenge – metabolic data 

Table 22: Metabolic Parameters recorded during the cold challenge experiment 

Data are presented as mean ± standard error. 

Control Mutants 
2– Way – ANOVA 

*LM (genotype + sex + BM) 
Parameter 

Male 
(n=10) 

Female 
(n=9) 

Male 
(n=10) 

Female 
(n=10) 

P 
geno 

P 
sex 

P 
inter 

P 
BM 

Bw before [g] 30.5 ± 1.3 23.8 ± 1.8 30.5 ± 2.1 23.2 ± 1.9 n.s. <0.001 n.s.  

Bw after [g] 27.5 ± 1.0 21.5 ± 1.7 27.6 ± 1.9 21.0 ± 1.8 n.s. <0.001 n.s.  

Bw mean [g] 29.0 ± 1.2 22.6 ± 1.7 29.1 ± 2.0 22.1 ± 1.8 n.s. <0.001 n.s.  

Body weight 
loss [g] 

-3.0 ± 0.4 -2.3 ± 0.3 -3.0 ± 0.4 -2.2 ± 0.3 
n.s. 
n.s. 

<0.001 
n.s. 

n.s. 
n.s. 

 
<0.001 

Tre before [°C] 
37.59 ± 

0.72 
37.41 ± 

0.52 
37.28 ± 

0.73 
37.31 ± 

0.45 
n.s. n.s. n.s.  

Tre after [°C] 
31.58 ± 

3.00 
32.26 ± 

3.12 
34.03 ± 

2.00 
32.41 ± 

2.55 
n.s. n.s. n.s.  

Tre loss [°C] 
-6.01 ± 

3.03 
-5.15 ± 

3.11 
-3.25 ± 

1.95 
-4.90 ± 

2.77 
n.s. n.s. n.s.  

*VO2, mean 
30°C [ml h 

-1
] 

66.97 ± 
9.00 

59.51 
±13.59 

66.46 ± 
5.53 

59.42 ± 
7.97 

n.s. 
n.s. 

<0.05 
<0.05 

n.s. 
n.s. 

 
<0.001 

*VO2, min 
30°C [ml h 

-1
] 

47.53 ± 
10.05 

41.24 ± 
13.39 

46.65 ± 
7.39 

43.46 ± 
10.74 

n.s. 
n.s. 

n.s. 
n.s. 

n.s. 
n.s. 

 
<0.05 

*VO2, max 
30°C [ml h 

-1
] 

87.11 ± 
8.55 

79.25 ± 
13.91 

81.98 ± 
5.48 

73.96 ± 
9.57 

n.s. 
n.s. 

<0.05 
<0.01 

n.s. 
n.s. 

<0.001 

*(BMR) 30°C 
[ml h 

-1
] 

61.04 ± 
13.33 

52.16 ± 
19.63 

60.46 ± 
10.37 

56.76 ± 
10.75 

n.s. 
n.s. 

n.s. 
n.s. 

n.s. 
n.s. 

 
<0.05 

*VO2 mean 
5°C [ml h 

-1
] 

144.36 ± 
7.62 

128.78 ± 
12.60 

153.88 ± 
16.98 

123.03 ± 
11.27 

n.s. 
n.s. 

<0.001 
n.s. 

n.s. 
n.s. 

 
<0.001 

*VO2, min 5°C 
[ml h 

-1
] 

112.89 ± 
18.10 

103.56 ± 
18.90 

127.31 ± 
20.49 

101.47 ± 
12.75 

n.s. 
n.s. 

<0.01 
n.s. 

n.s. 
n.s. 

<0.001 

*VO2 max 5°C 
[ml h 

-1
] 

184.61 ± 
8.57 

165.16 ± 
10.29 

185.49 ± 
15.75 

154.82 ± 
13.88 

n.s. 
n.s. 

<0.001 
n.s. 

n.s. 
n.s. 

 
<0.001 

*RMR 5°C 
[ml h 

-1
] 

137.10 ± 
16.40 

130.94 ± 
12.77 

148.52 ± 
21.18 

123.70 ± 
14.12 

n.s. 
n.s. 

<0.01 
n.s. 

n.s. 
n.s. 

 
n.s 

*VO2 Range at 
30°C  

39.57 ± 
9.05 

38.01 ± 
4.44 

35.33 ± 
9.51 

30.51 ± 
11.87 

0.055 
n.s. 

n.s. 
n.s. 

n.s. 
n.s. 

 
n.s 

*VO2 Range at 
5°C (min to 

max) [ml h 
-1

] 

71.72 ±  
21.53 

61.60 ±  
15.10 

58.19 ±  
11.52 

53.35 ± 
12.56 

<0.05 
<0.05 

n.s. 
n.s. 

n.s. 
n.s. 

 
n.s. 

VO2 Capacity 
[ml h 

-1
] 

137.08 ±  
15.85 

123.91 ±  
9.72 

138.84 ±  
16.82 

111.36 ± 
19.35 

n.s. 
n.s. 

<0.001 
<0.001 

n.s. 
n.s. 

 
<0.05 

RER mean 
30°C 

0.83 ± 
0.01 

0.82 ± 
0.02 

0.84 ± 
0.02 

0.83 ± 
0.02 

n.s. 
 

n.s. 
 

n.s. 
 

 

RER mean 5°C 0.78  0.78  0.78  0.78  n.s. n.s. n.s.  

RER during 
RMR 30°C 

0.83 ± 
0.01 

0.82 ± 
0.02 

0.84 ± 
0.03 

0.83 ± 
0.03 

n.s. 
 

n.s. 
 

n.s. 
 

 

RER during 
RMR 5°C 

0.78 ± 
0.01 

0.77 ± 
0.01 

0.77 ± 
0.01 

0.77 ± 
0.01 

n.s. 
 

n.s. 
 

n.s. 
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8.4 Paraquat challenge – clinical chemistry data 

Table 23: Clinical-chemical parameters, 1st sample. 
Data are presented as mean ± standard error of mean. 

Control (A) Mutant (B) A~B A~B ANOVA 

Saline PQ Saline PQ 
Sa-
line 

PQ 
Geno-
type 

treat inter. Parameter 

(n=6) (n=6) (n=6) (n=9) 
p-

value 
p-

value 
p-value 

p-
value 

p-
value 

Sodium 
[mmol/l] 

142 ± 
1.003 

140.7 
±5.858 

142.3 
±0.803 

144.4 
±1.192 

n.s. n.s. n.s. n.s. n.s. 

Potassium 
[mmol/l] 

4.43 ± 
0.803 

4.267 
±0.198 

4.467 
±0.067 

4.467 
±0.115 

n.s. n.s. n.s. n.s. n.s. 

Calcium 
[mmol/l] 

2.313 
± 0.02 

2.257 
±0.103 

2.323 
±0.025 

2.356 
±0.024 

n.s. n.s. n.s. n.s. n.s. 

Chloride 
[mmol/l] 

108 ± 
0.69 

104 ± 
4.17 

108 ± 
0.63 

108 ± 
0.97 

n.s. n.s. n.s. n.s. n.s. 

Phosph. 
[mmol/l] 

1.197 
± 0.11 

1.283 
±0.168 

1.28 ± 
0.125 

1.382 
±0.104 

n.s. n.s. n.s. n.s. n.s. 

TP [g/dl] 
5.16 ± 
0.07 

5.06 ± 
0.3 

5.32 ± 
0.08 

5.37 ± 
0.06 

n.s. n.s. n.s. n.s. n.s. 

Albumin 
[g/dl] 

2.51 ± 
0.045 

2.493 ± 
0.162 

2.57 ± 
0.074 

2.629 
±0.055 

n.s. n.s. n.s. n.s. n.s. 

Creatinine 
[mg/dl] 

0.33 ± 
0.01 

0.31 ± 
0.02 

0.33 ± 
0.01 

0.31 ± 
0.01 

n.s. n.s. n.s. n.s. n.s. 

Urea (HST) 
[mg/dl] 

70.8 ± 
3.66 

67.6 ± 
2.85 

55.8± 
5.11 

72.1 ± 
2.58 

n.s. <0.01 0.08 n.s. <0.05 

Cholesterol 
[mg/dl] 

107 ± 
4.24 

84.7 ± 
9.46 

106 ± 
6.56 

91.6 ± 
2.17 

n.s. n.s. n.s. <0.01 n.s. 

Triglyceri-
des [mg/dl] 

162.1 
±19.55 

98.13 
±15.09 

131 ± 
16.45 

111.4 
±9.038 

n.s. n.s. n.s. <0.01 n.s. 

LDH [U/l] 
406.37 
±22.46 

344.27 
± 54.45 

410.84 ± 
40.91 

383.1 ± 
38.711 

n.s. n.s. n.s. n.s. n.s. 

ALT [U/l] 
36.7 ± 
4.22 

28 ± 
3.83 

48 ± 
7.59 

38 ± 
5.42 

n.s. n.s. n.s. n.s. n.s. 

AST [U/l] 
54.333
±4.801 

64.667 
±11.333 

56.667 
±3.084 

73.778 
±11.325 

n.s. n.s. n.s. n.s. n.s. 

ALP [U/l] 
61.33 
± .333 

57 ± 
3.89 

61 
±4.524 

61.78 ± 
2.57 

n.s. n.s. n.s. n.s. n.s. 

α-Amylase 
[U/l] 

703.58 
± 3.46 

596.17 
± 60.05 

669.54 ± 
27.98 

608.26 
± 28.72 

n.s. n.s. n.s. <0.05 n.s. 

Glucose 
[mg/dl] 

235 ± 
17.22 

202.7± 
21.81 

200.5 
±13.38 

187.8 ± 
13.87 

n.s. n.s. n.s. n.s. n.s. 

E-Krea 
[mg/dl] 

0.114 
± .005 

0.111 ± 
0.011 

0.109 ± 
0.005 

0.118± 
0.003  

n.s. n.s. n.s. n.s. n.s. 

Transferrin 
[mg/dl] 

155.1 
±1.651 

153.967 
±3.705 

156.33 
±1.654 

157.756 
±1.442 

n.s. n.s. n.s. n.s. n.s. 

Iron [µg/dl] 
98.67 
± .173 

123.7± 
12.09 

95.13 ± 
8.502 

114.7 ± 
5.487 

n.s. n.s. n.s. <0.05 n.s. 

HS [mg/dl] 
1.653 
±0.078 

1.66 ± 
0.214 

1.66 ± 
0.094 

1.836 ± 
0.071 

n.s. n.s. n.s. n.s. n.s. 

CK [U/l] 
120 

±27.1 
249 
±165 

127±24 
202 

±78.9 
n.s. n.s. n.s. n.s. n.s. 
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