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Zusammenfassung 

Sphingolipide (SL) wurden mit der Alzheimerschen Krankheit (AD) assoziiert, da gezeigt werden 

konnte, dass sie die amyloidogene Prozessierung verändern und selbst wiederum von AD-relevanten 

Proteinen beeinflusst werden. Ein SL dessen Rolle in der Prozessierung kontrovers diskutiert wird 

ist Sphingomyelin (SM). SM kann von zwei verschiedenen Enzymen, Sphingomyelin Synthase 1 

(SMS1) und 2 (SMS2) produziert werden, wobei SMS1 den Hauptanteil der SM Synthese über-

nimmt. 

Um zu untersuchen, welchen Effekt ein Verlust von SMS1 auf die Lipidzusammensetzung und die 

Prozessierung des Amyloid Precursor Proteins (APP) in vivo hat, wurden Sms1 gene trap Mäuse 

analysiert und eine Doppelmutanten-Mauslinie (Sms1 x APPswe) durch das kreuzen von Sms1 gene 

trap Mäusen mit Tg2576 Mäusen, einem bekannten AD Maus Model, generiert und analysiert.  

Es konnte gezeigt werden, dass in Hirn und in Testes gewebespezifische Splicevarianten von Sms1 

existieren. Sms1MUT Tiere zeigten eine Verringerung der SM Level im Hirn auf 56%, daraus resul-

tierten Defizite in der Myelinisierung des zentralen (CNS) und peripheren Nervensystems (PNS). 

Trotz reduzierter SMS Aktivität konnte eine Reduktion der Ceramid (Cer) Level gezeigt werden. 

Zusätzlich wurden kompensatorische Mechanismen im SL Stoffwechsel gefunden, welche eine Anrei-

cherung des potentiell toxischen Cer verhindern könnten. Des Weiteren war in Sms1MUT das Ver-

hältnis von einfach ungesättigten Fettsäuren (MUFA)/gesättigten Fettsäuren (SFA) und von mehr-

fach ungesättigten Fettsäuren (PUFA)/SFA innerhalb der Diacyl-Phosphatidylcholin (PCaa) 

und/oder der Acyl-Ethyl-Phosphatidylcholin (PCae) reduziert. Außerdem korrelierten die Level der 

langkettigen (LC)-PCaa und –PCaes negativ mit der Länge der Fettsäure (FA)-kette und mit dem 

Satturierungsgrad. Dies weist darauf hin, dass ein Verlust von Sms1 Elongasen und Desaturasen, 

besonders ∆9-Desaturase, negativ beeinflussen könnte. In Übereinstimmung mit vorherigen Berich-

ten konnte gezeigt werden, dass Sms1MUT altersabhängige Splenomegalie aufweisen und dass eine 

mögliche Verbindungen zu reduzierter Cathepsin-D (CatD) Expression und Apoptosis Inducing 

Factor (AIF) vermittelter Apoptose besteht. Mit Bezug auf die Lebensweise ist bekannt, dass regel-

mäßige Bewegung und reduzierter chronischer Stress das AD Risiko verringern. Es konnte beobach-

tet werden, dass Sms1MUT Mäuse aktiver und weniger ängstlich sind, des Weiteren wiesen sie eine 

veränderte Signalweiterleitung in der Hypothalamus-Hypophysen-Nebennieren (HPA)-Achse auf, 

die sie stressresistenter erscheinen ließ. 

Es wurde weiterhin festgestellt, dass männliche Sms1MUT Mäuse subfertil sind und eine altersabhän-

gige Reduktion der Fruchtbarkeit zeigen. Die Ergebnisse dieses Nebenprojekts haben gezeigt dass 

die Keimzellen im Stadium der Pachytän-Spermatozyten und der runden Spermatiden sogenanntem 

„Sloughing“ unterliegen. Dies konnte auf eine Fehlfunktion der Blut-Testes-Schranke (BTB), ausge-

löst durch mangelnde Kommunikation zwischen Sertoli- und Keimzellen und einer daraus resultie-
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renden Veränderung des extrazellulären Milieus zurückgeführt werden, welche wiederum aus einem 

Mangel der für die Keimzellreifung essentiellen LC-PUFAs in den Hoden resultierten. Diese LC-

PUFAs schlossen Docosahexaensäure (DHA) und Eicosapentaensäure (EPA) mit ein. Eine Zufütte-

rung von DHA/EPA war ausreichend um den Infertilitätsphänotyp in 50% der Sms1MUT Mäuse, die 

zuvor als infertil identifiziert wurden zu beheben. 

Sms1MUT x APPsweTg Mäuse wurden mit einer geringeren Mendelischen Rate als erwartet geboren 

und zeigten eine verfrühte Sterblichkeit mit einem Alter von acht Wochen, obwohl sowohl die Sms1 

als auch die Tg2576 Mauslinie eine normale oder leicht reduzierte Lebenserwartung aufwiesen. Au-

ßerdem gewannen Sms1MUT x APPsweTg Mäuse langsamer an Gewicht und zeigten auch eine Reduk-

tion der Gehirnmasse im Vergleich zu Sms1WT x APPsweTg Mäusen. Die Reduktion im SM Level in 

Gehirnproben der Sms1MUT x APPsweTg Mäuse war vergleichbar mit dem der Sms1MUT x APPsweWT 

und konnte mit einer Veränderten Myelinisierung assoziiert werden. Eine Anreicherung spezifischer 

PCaa und PCae Varianten, die als Speicher von Arachidonsäure (AA), EPA und Docosapentaensäure 

(DPA) dienen könnte wurde in Gehirnproben der Sms1MUT x APPsweTg Mäuse gemessen. Zusammen 

mit erhöhten Lyso-Phosphatidylcholin (lyso-PCs) Level, könnten diese Daten auf eine gesteigerte 

Freisetzung dieser PUFAs hinweisen, die damit als anti-inflammatorische Faktoren dienen könnten. 

Unterstützend hierzu konnte eine geringfügig reduzierte Aktivität der Microglia über die Expressi-

on des CD68 Antigen und den Allocraft Inflammatory Factor 1 (Iba-1) in Sms1MUT x APPsweWT 

nachgewiesen werden. Die amyloidogene Prozessierung in Sms1MUT x APPsweTg war leicht war 

leicht verändert und bewirkte zwar keine Reduktion der Anzahl an Aβ42 positiven Plaques und 

pTAU, hatte aber wohl eine geringere Anzahl an Aβ40 positiven Plaques zur Folge. Weitere Analy-

sen haben gezeigt, dass in diesem Zusammenhang eine erhöhte Rate und Autophagieinduktion und 

ein schneller Autophagie-vermittelter Verdau zur Reduktion von Aβ Aggregaten beitragen könnten. 

Verhaltenstests zeigten höhere Aktivität, in Sms1MUT x APPsweTg Tieren, verglichen mit anderen 

Genotypen, aber keine Auswirkungen auf die Gedächtnisleistung im frühen Alter von acht Wochen. 

APP wurde auch in anderen Organen sowie dem Herz und der Lunge gefunden. Hier wiesen 

Sms1MUT x APPsweTg geringfügig höhere Mengen an Aβ auf. 

Zusammenfassend zeigten diese Ergebnisse, dass der Verlust von Sms1 möglicherweise einen protek-

tiven Effekt auf AD relevante Aspekte wie Neuroinflammation, die Prozessierung von APP und die 

Bildung von Plaques im Gehirn hat, aber trotzdem zu einer frühen Sterblichkeit der Sms1MUT x 

APPsweTg Mäuse führt. Dies könnte mit der Prozessierung von APP im Herzen und der Lunge zu-

sammenhängen, da hier eine leicht, wenn auch nicht signifikant erhöhte Anreicherung Aβ gefunden 

wurde. 
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Summary 

Sphingolipids (SL) have been connected to Alzheimer’s disease (AD) as they have been shown to 

alter amyloidogenic processing and also to be affected by AD-related proteins. One SL with contro-

versial reports about its influence on AD risk is sphingomyelin (SM), which can be produced by two 

different enzymes, sphingomyelin synthase 1 (SMS1) and 2 (SMS2), while the first takes over the 

major bulk of SM synthesis. 

In order to investigate the effect of SMS1 disruption on lipid composition and on the processing of 

the amyloid precursor protein (APP) in vivo, a Sms1 gene trap mouse was analyzed and a double mu-

tant animal model (Sms1MUT x APPsweTg) was generated by crossing Sms1 gene trap mice with 

Tg2576 mice, representing a common AD animal model.  

It could be shown that Sms1 has tissue specific splice variants in brain and testes. Sms1MUT animals 

revealed a reduction of SM in the brain to 56%, leading to myelination deficits in the central nervous 

system (CNS) and peripheral nervous system (PNS). Despite reduction of SMS activity, ceramide 

(Cer) levels were decreased and compensatory mechanisms in enzymes of the SL pathway were found 

to prevent toxic accumulation of Cer. Additionally, Sms1MUT had reduced diacyl-phosphatidylcholine 

(PCaa) and/or acyl-ethyl-phosphatidylcholine (PCae) monounsaturated fatty acid 

(MUFA)/saturated fatty acid (SFA) and polyunsaturated fatty acid (PUFA)/SFA ratios and long 

chain (LC)-PCaa and –PCaes levels correlated negatively with fatty acid (FA) chain length and satu-

ration state, pointing to a possible negative influence of Sms1 disruption on elongases and ∆9-

desaturase. In accordance with previous reports Sms1MUT were found to suffer from age-dependent 

splenomegaly and found possible connections to reduced cathepsin-D (CatD), apoptosis inducing 

factor (AIF) mediated apoptosis. Concerning life-style, regular exercise and reduced chronic stress 

are said to reduce AD risk. Sms1MUT animals displayed an increased amount of voluntary movement 

and an altered hypothalamus-pituitary-adrenal (HPA)-axis signaling, rendering them more active 

and stress-resistant. Furthermore, Sms1MUT males were subfertile, showing age-dependent decline in 

fertility, which was investigated in a side project. Results show that sloughing of germ cells takes 

place between the pachytene spermatocyte and round spermatid stage due to a dysfunction of the 

blood-testes-barrier (BTB) caused by missing communication between Sertoli cells and germ cells 

and the disruption of the specific microenvironment, needed for germ cell maturation due to the lack 

of essential LC-PUFAs in the testes. These included docosahexaenoic acid (DHA) and eicosapentae-

noic acid (EPA). DHA/EPA supplemented diet was sufficient to rescue the infertility phenotype in 

50% of formerly infertile male Sms1MUT. 

Unexpectedly, Sms1MUT x APPsweTg animals were born below Mendelian ratios and to suffer from 

pre-mature death, at an age of 8 weeks, despite a normal or slightly reduced life expectancy of both 

single mutant animal models. Additionally, Sms1MUT x APPsweTg animals had reduced weight gain 
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during the first month and also reduced brain weight compared to Sms1WT x APPsweTg animals. 

Brain SM reduction of Sms1MUT x APPsweTg animals was comparable to Sms1MUT x APPsweWT, and 

could be connected to alterations in myelination. Specific PCaa and PCae species were accumulated, 

pointing to the possibility of a store of arachidonic acid (AA), EPA and docosapentaenoic acid (DPA). 

Together with enhanced lyso-phosphatidylcholines (lyso-PCs), the data propose elevated release of 

these PUFAs, serving as anti-inflammatory lipid mediators. Consistently, subtle reduced microglial 

activation, monitored by CD68 antigen and allocraft inflammatory factor 1 (Iba-1) in brain samples 

of Sms1MUT x APPsweWT could be observed. Amyloidogenic processing in these double mutants was 

slightly altered, without affecting Aβ42 plaque count and pTAU, but reducing Aβ40 positive 

plaques. Furthermore, analysis proposed alterations in the autophagic pathway, which might be con-

tributing to degradation of Aβ. Behavioral testing revealed a higher voluntary activity of Sms1MUT x 

APPsweTg animals, compared to other genotypes, but no effects on memory performance in early life. 

APP was found to be additionally expressed and cleaved in heart and lung, with slightly higher lev-

els of Aβ generated in the Sms1MUT x APPsweTg. 

Thus, in summary these results showed that the mutation of Sms1 might have a protective effect on 

AD related aspects such as neuro-inflammation and APP cleavage, including plaque formation in the 

brain, but nevertheless led to a reduced survival rate, which might be connected to APP processing 

in heart and lung and an enhanced accumulation of Aβ in these tissues. 
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1. Introduction 

1.1 Alzheimer’s disease 
In 1907 Alois Alzheimer described the case of a 51-year-old woman, Auguste Deter, suffering from a 

yet unknown mental illness. In his report he mentioned several behavioral abnormalities, such as 

jealousy of her husband, rapid memory loss, disorientation, auditory hallucinations and persecution 

mania. Nevertheless, her physical condition was not altered at that time and no deficits concerning 

reflexes, gait or manual abilities were described. After four and a half years of progressive illness, 

Alzheimer’s patient died (Alzheimer et al. 1995).  

1.1.1 AD facts and numbers – prevalence, FAD and SAD classification 
The prevalence of dementia in people aged over 60 lies between five and seven percent, within these 

Alzheimer’s disease (AD) represents the most common form of dementia (50-80% of all dementia 

cases (Abbott 2011)), causing an economic burden estimated to be at least $100 billion/year consid-

ering US only (Fillit 2000). Nowadays AD is affecting 35.6 million people, which is about 0.5% of the 

world’s population and is estimated to reach 81 million by 2040 (Ferri et al. 2005, Abbott 2011). AD 

has an average onset age of 65 years (Abbott 2011). Reaching that age, risk for AD doubles with each 

decade (Forsyth and Ritzline 1998, Jorm and Jolley 1998). The time from diagnosis to death ranges 

from three to four years if the person is older than 80 years. When younger persons are diagnosed 

ten or more years can pass until death (Alzheimer's Disease Education and Referral Center, National 

Institute on Aging). Due to the commonly late onset and the pathology, which reflects an enhanced 

progress of normal aging, AD is well known as an age-related disease. 95% of all cases start late and 

are classified as sporadic Alzheimer’s disease (SAD) with no known genetic basis, whereas less than 

5% of all cases start early with 30 to 40 years and are classified as familial Alzheimer’s disease (FAD) 

being caused by genetic risk factors (Abbott 2011). AD furthermore has a higher prevalence in wom-

en, which at an age of 75 and older are 2.8-times more affected then men (Filley 1997). 

1.1.2 AD symptoms – four stages of AD progression 
Dementia types are classified according to the Diagnostic and Statistical Manual of Mental Disorders IV 

(DSM-IV). The symptoms of AD as a progressive neurological disease are categorized into four dif-

ferent stages according to the Alzheimer's Disease Education and Referral Center of the National 

Institute on Aging (Figure 1.1). 

Stage one or early AD, describes the early years (one to three) after symptomatic onset. Patients 

show minimal awareness of their own condition, mild anemia and personality changes. They also 

show decreased abilities to solve problems and to cope with difficult situations. Emotional lability, 

loss of abstract thinking and of short term memory, as well as speech deficits finally lead to social 

withdrawal of AD patients. 
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From year two to ten (stage two or mild AD) memory loss gets profound. Patients show at least 

two signs of cognitive impairment (Anomia – loss of name/word memory, Agnosia – loss of percep-

tion, Apraxia – loss of motor skills, or Aphasia – loss of language) and severe loss of judgment. They 

start to wander aimlessly, show signs of mood changes, anxiety and violent outbursts. 

Stage three or moderate AD is reached approximately eight to twelve years after onset, when all 

cognitive functions of the patients are severely impaired. Patients give repetitive statements, have 

delusions and hallucinations often accompanied with suspiciousness or paranoia. They also lose their 

impulse control and start to undress at inappropriate time points and get aggressive towards family 

members or care takers. At this point physical impairment and generalized muscular rigidity, with 

twitches are also described. Stage three patients become incontinent, are not able to recognize family 

members or to perform basic activities of daily living, making personal care necessary. 

In the last stage of AD (stage four to five or severe AD) nearly all abilities are lost. Patients start 

to lose weight and show difficulties in swallowing. They tend to sleep longer and to get skin infec-

tions. Speech is reduced to groaning or grunting, leaving the patient as an “isolated self” (Forsyth 

and Ritzline 1998). 

The most frequent cause of death is aspiration pneumonia, due to impaired swallowing and breathing 

difficulties (Kalia 2003). 

1.1.3 AD pathology 

Unfortunately, the pathology of AD starts up to 50 years before the first symptoms emerge which 

impedes early intervention in disease progression (Ohm et al. 1995, Smith 2002). The observed pa-

thology at different stages correlates with the proceeding symptoms and was characterized by Braak 

and Braak (1991)/Braak and Braak (1995). Two major proteinopathies are involved in AD. Accord-

ing to the so called “amyloid hypothesis”, which was handled as the major hypothesis in AD research 

over several years, amyloid-β (Aβ) generation is thought to be the primary event, followed by phos-

phorylated microtubule associated protein tau (pTAU) accumulation, finally leading to the known 

AD pathology (Hardy and Higgins 1992). Although this hypothesis began to totter in the last few 

years (Armstrong 2014, Herrup 2015, Musiek and Holtzman 2015), the major players remained. 
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Figure 1.1 :  Progression of Alzheimer’s disease  pathology and symptoms  
Illustration of  pathological  and symptomatic progression of  Alzhe imer’s  disease from mild and moderate up to  
severe stages.  Spreading of  plaques is  depicted in blue  and in the upper part of the gray panel ,  spreading of  tan-
gles in brown and in the lower part of  the gray panels .  Alzheimer’s  d isease (AD),  Classif icat ion according to  
(Alzheimer 's  Disease Educat ion and Referral  Center ,  Nat ional Institute on Aging)  and (Braak and Braak 1991, 
1995).  
Schematic brain modif ied after :  Atlas and Text-book of  Human Anatomy Volume III Vascular System, Lymphatic 
system, Nervous system and Sense Organs . 

 

1.1.3.1 APP and Amyloid-β 

In his pathological report, Alzheimer mentioned some “minute miliary foci”, forming on the cell sur-

face and resulting from deposition of a yet unknown substance (Alzheimer, 1907). The pathology 

Alzheimer observed is now referred to as amyloid plaques or senile plaques (SPs; Figure 1.3). 

The “special substance in the cortex”, how Alzheimer called the unknown origin of the found depos-

its, was first identified in 1984 by Glenner and Wong (1984). It was called Aβ as it was first isolated 

form beta sheet fibrils of an AD brain. The origin of that 4.2kDa peptide, primarily between 40 and 

42 amino acids (aa) in length, was finally tracked back by Kang et al. (1987) to the amyloid precursor 

protein (APP), a 100kDa single pass transmembrane (TM) glycoprotein (Glenner and Wong 1984, 

Kang et al. 1987). Despite extensive research it is still not yet fully clear what the major tasks of APP 

and its cleavage products exhibit in a healthy. Interestingly, it is assumed, that APP might function 

in the clearance of excess cholesterol from the brain (Puglielli et al. 2003b). The APP gene on human 

chromosome 21 encodes for several splice variants of APP, including APP695, the major CNS form 

of APP in humans (Sola et al. 1993, Bayer et al. 1999). APP is synthesized in neurons, sorted in the 
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Endoplasmatic reticulum (ER) and Golgi and reaches the nerve terminals by fast axonal transport 

(Koo et al. 1990). At the nerve terminals, APP can either be transferred to the plasma membrane, or 

be directly incorporated in endosomal compartments. It is also possible that APP is first reinternal-

ized from the plasma membrane by clathrin-coated pits and then secondarily be directed to an endo-

somal compartment. However, the localization of APP plays an important role for its subsequent 

proteolysis as the diverse involved cleavage enzymes have preferred sites of action (Haass et al. 

1993a, Capell et al. 2005, Fukumori et al. 2006, Haass et al. 2012). The cleavage process of APP lead-

ing to the generation of AD-associated amyloid plaques is discussed in section 1.1.4. 

1.1.3.2 pTAU tangles 

According to the amyloid hypothesis, generation and extracellular accumulation of Aβ leads to the 

formation of intracellular protein deposits (Hardy and Higgins 1992). These so called neurofibrillary 

tangles (NFTs) represent another major hallmark of AD. The protein responsible for the formation 

of NFTs is known as microtubule associated protein tau (MAPT or TAU) and was first discovered 

by Weingarten et al. (1975)(Figure 1.3). 

Under healthy conditions TAU regulates microtubule assembly, dynamic behavior and spatial or-

ganization as well as trophic signaling enhancement and signal transduction (Weingarten et al. 1975, 

Mietelska-Porowska et al. 2014). It was also shown that MAPT regulates the transport of cell orga-

nelles, such as mitochondria, along the microtubules (Yu et al. 2005, Rodriguez-Martin et al. 2013, 

Medina and Avila 2014). Under pathological conditions however, TAU gets phosphorylated, form-

ing pTAU and starts to accumulate inside the cell (mostly neurons) building the described tangles 

(Grundke-Iqbal et al. 1986a, Grundke-Iqbal et al. 1986b). It is discussed that NFT formation is a 

result of loss-of function, due to reduced binding abilities of the pTAU to the microtubules, but also 

from gain-of function, due to higher self-aggregation potential of pTAU (Johnson and Stoothoff 

2004, Mietelska-Porowska et al. 2014). It is still not clear what is the ultimate cause for hyper-

phosphorylation of TAU by microtubule associated protein kinases (MAPKs), leading to destabiliza-

tion of the microtubule, dysfunction of the neuron and finally cell death. However, it was shown that 

production of Aβ induces phosphorylation of TAU and therefore might precede and even trigger the 

aggregation of pTAU and neuronal death as proposed by the amyloid hypothesis (Coria et al. 1993, 

Ferrari et al. 2003, Hardy 2003, Johnson and Stoothoff 2004). 

NFT formation spreads through the brain in a defined pattern. Braak and Braak (1995) investigated 

this phenomenon leading to the six Braak-stages of AD, additionally classifying progression of the 

disease on the pathological level with regard to SPs and NFTs (Braak and Braak 1991, 1995)(Figure 

1.1). 
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Figure 1.2: Representative pictures of amyloid plaq ues and neurofibrillary tangles in AD brains.  
(a) Typical  senile  plaques derived from aggregated amyloid-beta.  (b) Neurofibril lary tangles formed form phos-
phorylated TAU aggregates .  
Picture  from: Alzheimer’s  disease:  Ab,  tau and synaptic  dysfunction .  
Frank M. LaFerla and Salvatore Oddo ,  2005 

 

1.1.3.3 Neuronal inflammation and neuronal death 

Another hallmark of AD is neuronal inflammation attended by activation of microglia. Matsuoka et 

al. (2001) observed microglia activation to go along with preceding amyloid burden in APP/PS1 

mice, which was also reported in other studies (Serrano-Pozo et al. 2013, Marlatt et al. 2014). Micro-

glia activation as a consequence of Aβ accumulation has also been connected to pTAU, therefore 

contributing to progression of AD pathology (Sheng et al. 1997, Li et al. 2003, Mrak 2012)(Figure 

1.3). 

The final and most destructive pathological features of AD is progressive loss of brain volume and 

expansion of the ventricles due to loss of neurons and synapses in specific brain regions. Affected 

neurons first start to work less, lose synaptic activity and finally die (Alzheimer's Disease Education 

and Referral Center, National Institute on Aging). The reduction in brain volume was also noticed in 

the course of the post mortem examination of Alzheimer’s patient. Her brain was atrophic, with larg-

er vascular tissue, having arteriosclerotic change (Alzheimer et al. 1995). Pathology starts in the 

medial temporal lobe (MTL), propagating to the entorhinal cortex (EHC) with its direct connection 

to the hippocampus, which is affected next. From here the disease spreads to the temporal cortex 

(Braak and Braak 1995, Scahill et al. 2002, Smith 2002).  
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1.1.3.4 Lipid accumulation 

In the original case study of 1907 an additional observation was made, namely that the glia cells of 

the woman showed adipose saccules. However, this fact did not get much attention at first. We now 

know, that Alzheimer’s patient suffered from progressive presenile dementia with general cortical 

atrophy, which is similar to Niemann Pick disease (NPD), one of several lysosomal storage diseases 

(LSD) (Wisniewsky et al., 1972), connecting AD to the lipid metabolism. 

Today, the field of AD research is widely spread and many scientists have also shifted their research 

focus towards lipids. Several studies analyzing the lipid profile of AD patients showed that there are 

alterations in lipid content and ratios. Data linking AD to lipid metabolism is discussed in section 

1.3. 

 

Figure 1.3 :  Factors involved in Alzheimer’s disease pathology.  
Alzheimer’s  disease (AD) pathology involves several  dif ferent factors .  Protein abnormalities  include extracellular 

amyloid plaques,  formed by aggregated amyloid -β  (Aβ)  and intracellular neurofibril lary tangles formed by phos-

phorylated microtubule associated protein tau (pTAU ).  Mutations in Aβ-degrading enzymes lead to further for-
mat ion of  plaques.  These protein aggregates are thought to lead to impaired synaptic  function.  Addit ionally 
genetic r isk factors ,  such as ApoE4 and vascular abnormalities  are known to contribute to AD risk.  Furthermore, 
mitochondrial  defects  and inflammatory factors are discussed to be involved in AD pathology.  
Il lustration created with the use of :  http://www.servier .com/Powerpoint -image-bank  

 

1.1.4 APP processing – amyloidogenic and non-amyloidogenic pathway 
There are two major ways how APP is processed involving three different cleavage enzymes and two 

subsequent steps of ectodomain shedding and intramembrane proteolysis, summarized as regulated 

intramembrane proteolysis (Lichtenthaler et al. 2011). In the non-amyloidogenic pathway APP is 
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cleaved first by alpha-secretase (α-secretase, ADAM10) and subsequently by γ-secretase, without the 

formation of Aβ monomers. The amyloidogenic pathway however, requires cleavage by β-site APP 

cleavage enzyme 1 (β-secretase, BACE1) and γ-secretase, leading to the production of the neurotoxic 

Aβ monomers, which accumulate, form oligomers, fibrils and finally SPs. Both pathways therefore 

comprise one first (N-terminal) extra- and one second (C-terminal) intramembranous enzymatic 

cleavage step of APP (Haass et al. 2012)(Figure 1.4). 

 

Figure 1.4: Processing of the amyloid precursor protein by the non -amyloidogenic and amyloidogenic 
pathway.  
The amyloid precursor protein (APP),  a type-I transmembrane protein ,  is  processed by two dif ferent major path-

ways.  Processing by the non-amyloidogenic pathway involves cleavage by α-secretase,  producing a membrane -

residing 83aa α-stub and soluble APP-α  (sAPP-α) .  Subsequent cleavage by γ-secretase results  in an APP intra-

cellular domain (AICD) and a smaller  extracellular fragment (p3).  The amyloidogenic pathway starts  by β-

secretase cleavage,  leading to a membrane -residing 99aa β-stub,  and soluble APP-β  (sAPP-β ) .  Subsequently the 

β-stub is  cleaved by γ-secretase,  producing AICD and amyloid-β  (Aβ ) .  Aβ  forms dimers,  ol igomers and f inally 
f ibrils ,  leading to the generation of  amyloid plaques.  
Important APP mutations and cleavage s ites  of  the major processing enzymes are indicated.  The Swedish muta-
tion (APPswe )  is  highlighted by a red box.  
N-terminal fragment (NTF),  C -terminal fragment (CTF).   
Il lustration modif ied after :  Van Dam and De Deyn (2006)  

 

1.1.4.1 ADAM 10 

Although several disintegrin and metalloproteases (ADAM9, ADAM10 and ADAM17) have been 

proposed to poses α-secretory activity, ADAM10 seems to be the principle α-secretase involved in 

cleavage of APP in neurons (Asai et al. 2003, Kuhn et al. 2010). α-secretory APP processing occurs 

mostly on the cell surface of the plasma membrane and represents the first enzymatic step in the 

non-amyloidogenic pathway (Parvathy et al. 1999). This cleavage step takes place within the Aβ 

peptide domain (Esch et al. 1990, Sisodia et al. 1990). This first step creates two peptides, the soluble 
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amyloid precursor peptide-α (sAPP-α) and the C-terminal 83aa long α-stub (α-stub, C83) integrated 

in the membrane. This α-stub is further processed by γ-secretase. However, as the cleavage site of 

ADAM10 is inside the Aβ sequence, the subsequent action of γ-secretase does not lead to the release 

of Aβ monomers from an ADAM10 cut α-stub. Instead a smaller N-terminal peptide (p3) and the 

APP intracellular domain (AICD) are released (Haass et al. 1993b, Lichtenthaler and Haass 2004) 

(Figure 1.4).  

1.1.4.2 BACE1 

BACE1, described first by Hussain et al. (1999), is accepted to be the only enzyme with β-secretase 

activity (Cai et al. 2001, Roberds et al. 2001). Under native conditions BACE1 is active as a homodi-

mer (Westmeyer et al. 2004) with an acidic pH optimum, rendering compartments of the secretory 

pathway such as endosomes, but also the trans-Golgi-network (TGN) the preferred environment for 

APP processing via BACE1 (Kinoshita et al. 2003, Rajendran et al. 2006, Cole and Vassar 2007). On 

the N-terminal site of APP, BACE1 truncates the precursor protein after the Asp+1 residue, produc-

ing the transmembranous 99aa long C-terminal beta-stub (β-stub, C99) and the soluble amyloid pre-

cursor peptide-beta (sAPP-β) (Roher et al. 1993, Cole and Vassar 2007). As it was already stated for 

α-secretase, the C-terminal fragment (CTF) is substrate for further degradation via γ-secretase, 

which leads to the release of Aβ monomers (Figure 1.4). 

1.1.4.3 y-secretase 

γ-secretase is not a simple enzyme, but rather an aspartyl protease complex with four major compo-

nents assembled in the ER and transported to the plasma membrane (Capell et al. 2005). Nicastrin 

(NCT) is thought to interact with the amino-terminal stubs of previously cleaved transmembrane 

proteins, anterior pharynx defective 1 (APH-1) is needed for the formation of a pre-complex, which 

binds the catalytic components presenilin 1 and 2 (PS1 and PS2), which are cleaved by presenilin 

enhancer 2 (PEN-2) entering the complex last. The cleaved forms of PS1 and PS2 are crucial for the 

γ-secretase activity (Edbauer et al. 2003, Takasugi et al. 2003, Bergmans and De Strooper 2010, De 

Strooper et al. 2012). APP proteolytic cleavage by γ-secretase is performed intramembranous by its 

presenilin component (Haass and Steiner 2002) and generally takes place after aa 40 or 42 (Figure 

1.4). It is important to mention, that γ-secretase is found on the plasma membrane, where it com-

pletes APP processing by α-secretase, but also in endosomal compartments, where it metabolizes the 

BACE1 truncated form of APP (β-stub) (Fukumori et al. 2006). In case of prior processing by 

BACE1, γ-secretase cleavage mainly leads to the production of amyloid-β 40 (Aβ-40) and amyloid-β 

42 (Aβ-42). In general, Aβ-40 comprises about 90% of the generated Aβ, in AD the ratio is shifted 

towards Aβ-42, which possesses higher self-affinity and agglomeration potential. Therefore in AD 

Aβ-42 rich plaques are created faster than in normal aging (Jarrett et al. 1993). 
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1.1.5 AD genetics – Risk factors for FAD 
It might be obvious, that the major genetic risk factors known to cause FAD are alterations in the 

genes encoding for proteins or enzymes involved in APP (and TAU) processing. There are for ex-

ample 32 APP (compare to Figure 1.4), 179 PSEN1 (locus of PS1) and 14 PSEN2 (locus of PS2) mu-

tations known, which act autosomal dominant and result in early-onset, fully penetrant AD (O'Brien 

and Wong 2011). Additionally to these autosomal dominant mutations, there are certain susceptibil-

ity genes, which may add quantitatively to an individual’s risk. The most important ones nowadays 

are APOE, BIN1, CLU, ABCA7, CR1, PICALM, MS4A6A, CD33, MS4A4E and CD2A. Interestingly, 

several of the AD associated genes are involved in lipid metabolism and transport (for a recent re-

view see: Alagiakrishnan et al. (2012)). 

Of these, Apolipoprotein E (ApoE) represents the most important susceptibility gene. The gene encod-

ing for ApoE has three different alleles, namely two, three and four (Mahley 1988, Weisgraber 1994) 

The epsilon 2 and epsilon 3 allele are thought to be protective concerning the risk for AD, the epsi-

lon 4 allele is disease promoting (DeMattos et al. 2001, DeMattos 2004, Bosco et al. 2005, Morris et 

al. 2010). There is also a dosage effect, which can be recognized between hetero- and homozygous 

carriers of the epsilon 4 allele, which means a 3-fold or 4-13 times higher risk to develop AD and a 

90% to almost 100% chance to develop AD at an age above 80 years, respectively (Corder et al. 1993, 

Strittmatter et al. 1993, Greenberg et al. 1995, Raber et al. 2004). ApoE occurs in high density lipo-

protein (HDL) particles and is responsible for the transfer of cholesterol from the astroglial to the 

neuronal compartment, which might be altered in connection with ApoE4 allele frequency and AD 

pathology (Mahley 1988, DeMattos et al. 2001, Anstey et al. 2008, Bandaru et al. 2009) Furthermore, 

ApoE interacts directly with Aβ, thus reduces its amount in the circulation, preventing its accumula-

tion and promoting its clearance by the microglial lysosomal pathway. This effect seems to be re-

duced in ApoE4 carriers, as it is thought to depend on ApoE lipidation status (DeMattos 2004, Jiang 

et al. 2008, Jones et al. 2010). 
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1.2 Sphingolipid metabolism  

 

Figure 1.5: Cellular location of enzymes of the anabolic and catabolic sphingolipid pathway.  
De novo  synthesis  of  ceramide form palmitoyl -CoA and serine takes place in the ER and involves several  enzy-
matic steps .  SPT represents the f irst and rate l imiting enzyme for ceramide de novo  synthesis .  CERT is  responsi-
ble for the transport of  ceramide to the Golg i apparatus,  where more complex SL, such as SM or GSL are gener-
ated.  These are delivered to the plasma membrane by vesicular transport and are incorporated in the l ipid  bi-
layer .  In the plasma membrane l ipids serve as structural  components and are involved in l ipid s ignaling.  Recy-
cl ing of  SL occurs by the lysosomal pathway,  and enzymatic degradat ion.  Lipids are further degraded by the 
salvage pathway,  delivering essential  components back to the ER, where they can be used for synthesis of  new 
l ipid species .  
Endoplasmatic reticulum (ER),  ceramide transfer protein (CERT),  serine palmitoyl tra nsferase (SPT),  3 -keto-
dihydro-sphingosine  reductase (KDHR),  ceramide synthase (CERS),  desaturase (DES),  ceramide g alactosyltrans-
ferase (CGT),  acidic sphingomyelinase (aSMas e),  alkal ine sphingomyelinase (alkSMase),  neutral  sphingomyelin-
ase (nSMase),  acidic ceramidase (aCDase),  alkaline ceramidase (alkCDase) ,  neutral  ceramidase (nCDase),  gluco-
sylceramide-synthase (GluCerS),  sphingomyelin synthase (SMS),  ceramide k inase (CERK),  cytosolic phospho-
lipase A2 (cPLA2),  sphingosine kinase (SphK),  sphingosine -1-phosphatlyase (S1P-lyase) .   

 

1.2.1 Anabolic pathway 

1.2.1.1 De novo Synthesis of Ceramide 

De novo synthesis of ceramide (Cer) starts in the ER. Here, as the first and rate limiting step, serine-

palmitoyl transferase (SPT) catalyzes the condensation of serine and palmitoyl-CoA for the produc-

tion of 3-keto-dihydro-sphingosine, which is rapidly reduced via 3-keto-dihydro-sphingosine reduc-

tase to dihydro-sphingosine (Mandon et al. 1992, Beeler et al. 1998, Hanada 2003, Kihara and 

Igarashi 2004) (Figure 1.5). The next step is carried out by six different ceramide synthases (CerS1-

6). Each of them has distinct preferences for different FA acyl-CoA, which they use, together with 
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dihydro-sphingosine to synthesize different dihydro-Cer species (Venkataraman et al. 2002, Riebeling 

et al. 2003, Mizutani et al. 2005, 2006, Laviad et al. 2008, Mizutani et al. 2008). These CerS do not 

only differ in affinity to their substrates, but also in tissue specific expression pattern, which makes it 

likely, that the precise dihydro-Cer set created per tissue takes over distinct tasks (Laviad et al. 2008, 

Mullen et al. 2012). As dihydro-Cer is desaturated by dihydro-Cer desaturase to Cer, this variety of 

dihydro-Cer species is also reflected in the Cer profile (Geeraert et al. 1997) (Figure 1.5). 

1.2.1.2 Transport of Ceramide for further processing 

As all these basic steps take place in the ER, Cer needs to be transported to the site of further pro-

cessing. Delivery of Cer to the Golgi apparatus, is either conducted by the cytosolic ceramide trans-

fer protein (CERT) (Hanada et al. 2007), or by vesicular transport (Giussani et al. 2008). CERT shut-

tles between ER and Golgi to supply the enzymes of the more complex sphingolipid (SL) pathway 

with their substrates (Figure 1.5). Interestingly, CERT possesses a serine repeat-motive, which gets 

phosphorylated to down regulate transport activity. This phosphorylation state is controlled by the 

amount of sphingomyelin (SM) and cholesterol (Chol), depletion of which is leading to dephosphory-

lation and activation of CERT to ensure the supply for their own synthesis (Kumagai et al. 2007). 

CERT was found to have a certain substrate specificity and a bias for Cer species, with a higher affin-

ity to those, carrying acyl chains less than 22 carbons in length (Kumagai et al. 2005).  

1.2.1.3 Complex Sphingolipids, Ceramide-1-Phosphate and their synthesizing 

enzymes 

Cer represents the basic structure for the more complex SL, such as the following hexosylceramides.  

When Cer reaches the cis-Golgi there are several processing pathways (Figure 1.5). One possibility 

is the turnover into glucosylceramide by glucosylceramide-synthase with the use of UDP-glucose 

(Jeckel et al. 1990, Futerman and Pagano 1991, Jeckel et al. 1992). Glucosylceramide is a very essen-

tial SL, as it serves as a precursor for most glycosphingolipids (GSL). Total loss of glucosylceramide-

synthase results in embryonic lethality starting at E7.5 with complete resorption of embryonic tissue 

at E9.5 (Yamashita et al. 1999), while neuronal loss leads to severe postnatal defects including cere-

bellar dysfunction, reduced axon branching of Purkinje cells and myelination deficiency resulting in 

premature death at postnatal days 22-24 (Jennemann et al. 2005, Yamashita et al. 2005).  

Cer-galactosyltransferase (Stahl et al. 1994) resides in the ER and can utilize de novo-synthesized Cer 

directly, together with UDP-galactose to generate galactosylceramide on the ER lumen. Cer-

galactosyltransferase has a very distinct tissue expression pattern and affects oligodendrocyte func-

tion, myelination, nerve conduction and motor abilities, but also fertility, growth and survival rates, 

as it was shown in Cer-galactosyltransferase knockout mice (Coetzee et al. 1996, Fujimoto et al. 2000, 

Zoller et al. 2005). However, galactosylceramide is also the precursor of sulfatides, which are gener-

ated through the action of galactosylceramide-sulfotransferase (Figure 1.5). Sulfatides are also im-

portant for brain function, as major myelination defects were reported in galactosylceramide-



Introduction 
Sphingolipid metabolism 
________________________________________________________________________ 

 
16 

 

sulfotransferase deficient mice, which are thought to result from reduced myelin maintenance 

(Marcus et al. 2006). 

Another essential SL is SM. SM is the most abundant complex SL and accumulates in the outer leaf-

let of the plasma membrane (Andrieu-Abadie and Levade 2002, Tafesse et al. 2007). Like glucosylcer-

amide it is synthesized mostly in the Golgi apparatus. Additionally SM can be produced at the plas-

ma membrane. At both sites, sphingomyelin synthases (SMSs) are responsible for the catalytic step, 

generating SM and diacylglycerol (DAG) from phosphatidylcholine (PC) or phosphatidylethanola-

mine (PE) and Cer (Huitema et al. 2004). For further information see 1.4. While Cer derives from the 

ER as described above, de novo synthesis of PC and PE takes place by the so called Kennedy pathway. 

This pathway is split in two branches. The first starts from choline, involves the formation of phos-

phocholine, the turnover in CDP-choline with the use of CTP and finally the production of PC by 

DAG : CDP-choline cholinephosphotransferase utilizing DAG or alkyl-acylglycerol as lipid anchor. 

The second branch includes similar steps starting from ethanolamine (Gibellini and Smith 2010). 

If Cer is not transformed into complex SL, it can also be phosphorylated by ceramide kinase (CERK) 

in the trans-Golgi to form ceramide-1-phosphate (C-1-P; Figure 1.5 (Sugiura et al. 2002, Boath et al. 

2008)). Knockout experiments on Cerk-/- and CerkL-/- mice suggest CERK to be the only enzyme for 

C-1-P synthesis in the rodent brain and retina (Mitsutake et al. 2007, Graf et al. 2008).  

1.2.2 Catabolic pathways 

1.2.2.1 Sphingomyelinases 

Cer is not only produced through the anabolic pathway by metabolizing serine and palmitoyl-CoA, 

but also by the degradation process of SM into PC and Cer. SM breakdown can be catalyzed by sev-

eral enzymes of the sphingomyelinase (SMase) family, which are classified into three different sub-

groups, according to their optimum pH  

Neutral SMase (nSMase) is encoded by SMPD2, SMPD3 and SMPD4 (Clarke et al. 2006). Whether 

the SMPD2 encoded enzyme nSMase1 really functions as a SMase is questioned (Sawai et al. 1999, 

Zumbansen and Stoffel 2002). The best characterized nSMase is nSMase2 (encoded by SMPD3), 

which is a membrane anchored protein (Tani and Hannun 2007a). In small amounts it is found at the 

Golgi apparatus, while most of it localizes to the plasma membrane (Figure 1.5), where it resides in 

the inner leaflet (Marchesini et al. 2004, Tani and Hannun 2007a, b). nSMase3, encoded by the 

SMPD4 gene, is a TM protein predominantly found in skeletal and cardiac muscle where it localizes 

to the ER (and Golgi apparatus) (Krut et al. 2006, Corcoran et al. 2008). Here again, it is still under 

investigation how an ER localized SMase can affect SM levels, which are highest in Golgi and the 

plasma membrane.  

Acid SMase (aSMase) is encoded by the SMPD1 gene. Illnesses connected to aSMase dysfunction (or 

SMPD1 disruption) include Niemann Pick Disease A and B (NPD-A, NPD-B). NPD-A includes pro-
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gressive neurodegenerative disease accompanied by psychomotor retardation, hepatosplenomegaly, 

lung disease, red spots in the retina and premature death. NPD-B is less severe, but nevertheless 

provokes hepatosplenomegaly and lung disease (Horinouchi et al. 1995, Marathe et al. 2000, 

Schuchman 2007). aSMase, as the name reveals, has an acidic pH optimum and is mainly located in 

lysosomal compartments, responsible for the metabolism of endosomal SM (Reviewed by: Jenkins et 

al. 2009). Despite the lysosomal SM depots, aSMase is also able to degrade plasma SM, after it was 

secreted to extracellular space, where it is referred to as secretory SMase (sSMase; Figure 1.5) 

(Schissel et al. 1996, Jenkins et al. 2009). 

Alkaline SMase (alkSMase) is a member of the ecto-nucleotide phosphodiesterase family. It preferen-

tially cleaves phosphocholine but not choline for lyso-phosphatidylcholine species (Duan et al. 2003a). 

The ectoenzyme has an optimal pH at 8.5 and is responsible for the digestion of dietary SM in the 

liver and the intestines (Duan et al. 2003a, Duan et al. 2003b). 

1.2.2.2 Ceramidases 

With the breakdown of complex SL into Cer, a central crossing point in SL metabolism is reached. 

Cer can serve as backbone for anabolic reactions, but it can also be further degraded. One of these 

catabolic pathways is the turnover of Cer into sphingosine and S-1-P. The first of these two reactions 

is carried out by a family of ceramidases, which deacetylate Cer to form sphingosine. Similar to 

SMases, the ceramidases are classified according to their optimal pH.  

Neutral Ceramidase (nCDase, encoded by ASAH2 gene) has its pH optimum between 7 and 9. 

nCDase with its ubiquitously expression is mainly responsible for the digestion of dietary Cer and 

therefore mostly expressed in intestinal tissues but is also highly expressed in heart, skeletal mus-

cles, kidney and liver (El Bawab et al. 2000, Tani et al. 2000, Kono et al. 2006). nCDase is produced as 

a TM protein and resides at the plasma membrane and in intracellular compartments such as the 

mitochondrion but is also peripherally associated with the outer leaflet of the plasma membrane (El 

Bawab et al. 2000, Tani et al. 2003, Kono et al. 2006)(Figure 1.5).  

Depending on the pH acid Ceramidase (aCDase, encoded by ASAH1 gene) is capable of hydrolysis 

(pH 4.5) and Cer synthesis (pH 5.5). Low pH is achieved, when the ceramidase reaches the lysosomal 

compartment. (Koch et al. 1996, Okino et al. 2003). Similar to nCDase, a small portion of aCDase is 

secreted to extracellular space (Bernardo et al. 1995) (Figure 1.5). Deficiencies in ASAH1 are corre-

lated to Faber disease, resulting from Cer accumulations. Patients suffering from this LSD show 

symptoms like arthritis, swollen lymph nodes, psychomotor difficulties and vocal cord pathology. 

Asah-/- mice, are not viable, while Asah+/- show signs of LSD (Li et al. 2002). 

The third group of ceramidases are the alkaline Ceramidases (ACERs), which are made up of three 

different members, residing in the ER-Golgi network with an optimal pH between 8.0 and 9.5 (Mao 

et al. 2001, Mao et al. 2003, Xu et al. 2006). ACER1, encoded by ASAH3 is expressed in the ER. Im-
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portantly, ACER1 is the Ceramidase mainly expressed in epidermis. It is supposed that the high 

substrate specificity of ACER1 towards C24:0 and C24:1 Cer and its exclusion of dihydro-Cer and 

phytoceramides explains the enrichment of these Cer species in the skin (Mao et al. 2003, Sun et al. 

2008). ASAH3L encodes for ACER2. This Ceramidase localizes to the Golgi apparatus and is less 

substrate specific then ACER1, as it also metabolizes C16, C18 and C20 Cer, as well as LC dihydro-

Cer and unsaturated phytoceramides (Mao and Obeid 2008, Gault et al. 2010). ACER3 (encoded by 

PHCA gene) is expressed rather ubiquitously with high levels in placenta and localizes to both, ER 

and Golgi apparatus (Mao et al. 2001, Mao and Obeid 2008). It is the Ceramidase responsible for the 

turnover of phytoceramide, dihydro-Cer and Cer carrying an unsaturated fatty acid (FA) residue 

with 20 or less carbons (Mao et al. 2001, Gault et al. 2010). 

1.3 AD and lipids 

1.3.1 How do lipids influence AD associated proteins? 

1.3.1.1 Lipid rafts 

But why might lipids be important for the development and progression of AD? 

One important aspect of the amyloid-pathway, as mentioned before, is the fact, that the processing of 

APP takes place at cellular membranes (Parvathy et al. 1999, Haass and Steiner 2002, Westmeyer et 

al. 2004, Lichtenthaler et al. 2011). All involved proteins are membrane-associated proteins and are 

therefore tightly affected by membrane conditions, such as fluidity, which is regulated by so called 

“lipid rafts”. Lipid rafts are small domains of about 10-200nm (Pike 2006).They are heterogeneous, 

highly dynamic and represent a more viscous liquid-ordered condition of the plasma membrane, 

which can form greater platforms by influencing and being influenced by protein-protein and pro-

tein-lipid interaction (Lingwood and Simons 2010). The major lipids found in raft-like structures are 

cholesterol (Chol) and SL (Simons and Ikonen 1997, Simons and Vaz 2004, Pike 2006). The sterol 

ring of Chol favors the interaction with more rigid saturated than with more bulky unsaturated SL, 

contributing to the less fluid, viscous character of lipid rafts (Lingwood and Simons 2010). 

It is important to notice, that the different secretases have preferred lipid environments, regulating 

the accessibility of APP to its cleavage enzymes. APP itself is thought to have two pools in- and 

outside raft-like structures (Parkin et al. 1999, Ehehalt et al. 2003). ADAM10 however, is found pri-

marily in non-raft areas (Harris et al. 2009), while the γ-secretase complex (Hur et al. 2008) and 

BACE1 in their activated forms reside in raft-like structures (Ehehalt et al. 2003, Kalvodova et al. 

2005), making lipid rafts the subcellular site of amyloidogenic processing of APP and Aβ generation 

(Rushworth and Hooper 2010, Williamson and Sutherland 2011, Hicks et al. 2012)(Figure 1.6). 

Changing the lipid composition of the plasma membrane would therefore lead to an attraction or 

repulsion of amyloidogenic or non-amyloidogenic enzymes and APP. This was shown e.g. by Simons 

et al. (1998) and Marquer et al. (2011), with the depletion of Chol from hippocampal neurons, or by 
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FILM-FRET technique, which showed that Chol levels positively influence APP relocalization to 

raft domains, thereby influencing Aβ generation or by Kojro et al. (2001), who reported a stimulatory 

effect of reduced Chol on ADAM10 activity, without affecting expression rates, thereby promoting 

the non-amyloidogenic pathway.  

 

Figure 1.6: Localization of amyloid precursor protein and its processing enzymes within the membrane .  

It is  d iscussed that APP exists  in two dif ferent pools  inside and outside of  l ip id rafts .  BACE1 and γ-secretase in 
their  active forms are  thought  to reside inside l ipid-rafts .  Raft-dependent endocytosis  promotes  amyloid genera-
tion.  ADAM10 on the other hand is  found mainly outside of  l ipid -rafts ,  enhancing the non-amyloidogenic pro-
cessing in the l ipid unordered phase.   
Amyloid precursor protein (APP),  beta s ite APP cleavage enzyme 1 (BACE1),  dis integr in and metalloproteinase  
domain-containing protein 10 (ADAM10).  

 

In normal aging, the amount of Chol and SM in the cellular membrane increases, however AD pa-

tients and AD animal models (APP/PS1) show accelerated aging of rafts-like domains, which was 

partially attributed to faster and earlier increase in typical raft-associated lipids such as SM. Fur-

thermore, the saturation state of FAs is shifted from omega-6 (n-6) and omega-3 (n-3) long chain 

polyunsaturated fatty acids (LC-PUFAs) towards saturated fatty acids (SFA), contributing to larger 

viscous raft-like areas. These alterations might lead to enhanced amyloidogenic processing and 

plaque formation (Diaz et al. 2012, Fabelo et al. 2012, Diaz et al. 2014, Fabelo et al. 2014). 

On the other hand, it is also known that APP derivates influence the composition of lipid mem-

branes. Aβ enhances phase separation of lipids via the interaction between Aβ and ganglioside GM1 

(GM1) as well as triggering the uptake of raft components in the cell during the aggregation process 

of Aβ (Sasahara et al. 2013), or by regulating synthesis of important raft lipids such as SM and Chol 

(Grimm et al. 2005). AICD e.g. was found to be regulating the activity of SPT via expression regula-

tion of its SPTLC2 subunit. In FAD and SAD cases, the generation of the SPTLC2 subunit was in-

creased, due to the lack of a functional AICD (Grimm et al. 2011b). As outlined before, SPT repre-

sents the rate limiting step in sphingolipid de novo synthesis. Therefore, this enzyme is especially 

involved in the generation and metabolism of ceramide, sphingosine, sphingomyelin and glycosphin-

golipids (Hannun et al. 2001). 
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1.3.1.2 Endocytosis and Autophagy 

Lipid rafts also represent the major sites of endocytosis (Sharma et al. 2002). Not only does Aβ-42 

activate the endocytotic process, a proposed mechanism of clearance of fibrils (Nuutinen et al. 2007), 

but an enhanced endocytotic process also triggers the formation of Aβ, leading to a vicious circle 

(Ehehalt et al. 2003, Rajendran et al. 2006, Grimm et al. 2012, Tam et al. 2014). Lee et al. (2014) re-

cently showed that aSMase reduction in APP/PS1/ASM+/- animals ameliorated autophagic defects - 

linked to higher aSMase activity, detected in plasma and fibroblasts of AD patients - reduced Aβ 

levels and improved memory performance. A higher autophagic rate might therefore account for a 

lysosome/autophagosome-mediated degradation of the neurotoxic peptide by the major acidic aspar-

tyl protease CatD (McDermott and Gibson 1996) 

1.3.1.3 Direct interaction 

Direct interaction between lipids and proteins is another way how lipids influence the amyloid path-

way. 

As stated before Kojro et al. (2001) reported a stimulatory effect of Chol reduction on ADAM10 ac-

tivity, but also BACE1’s proteolytic activity can be stimulated by neutral glycosphingolipids (cere-

brosides), anionic glycerosphingolipids (potentially due to PE) and sterols (Chol) (Kalvodova et al. 

2005). Additionally BACE1 is stabilized in a ceramide rich environment, which promotes the pro-

cessing of APP to Aβ, without affecting γ-secretase activity (Puglielli et al. 2003a). 

γ-secretase activity also depends on its lipid environment, such as on Chol, which has a stimulating 

effect (Wahrle et al. 2002). Even more, it could be shown that proteoliposomes containing SL led to 

enhanced γ-secretase activity, while the addition of phosphatidylinositol reduced the enzyme activity 

compared to PC-only proteoliposomes. The major effect again, could be seen with the addition of 

Chol, which increased activity and cleavage of APP and Notch-like substrates in a bell-shaped dose 

dependent manner (Osenkowski et al. 2008).  

1.3.2 Observed lipid alterations in AD patients 

In AD patients several lipids have been found to be altered in comparison to normal controls. These 

include amongst others SM, Chol, ceramides, PL and plasmalogens but also sulfatide, sphingosine, 

galactoceramides, sphingosine-1-phosphate and gangliosides (Grimm et al. 2012). A more detailed 

view on SM and several lipids closely connected to SM synthesis is given below. 
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Figure 1.7: Overview on important l ipid alterations observed in AD patients  
Higher levels  are indicated in orange and reduced levels are indicated in blue.  
Modif ied after  (Grimm  e t  al .  2012). 

 

1.3.2.1 Ceramide 

Most studies reported elevated ceramide levels in gray and white matter of AD patients or AD 

mouse models (Han et al. 2002, Cutler et al. 2004, Katsel et al. 2007, Bandaru et al. 2009, He et al. 

2010, Mielke et al. 2010). He et al. (2010) showed that aSMase, one of the enzymes responsible for the 

breakdown of SM to ceramide was more active in AD frontotemporal gray matter compared to con-

trols. The higher activity was leading to higher ceramide levels, while the amount of SM was re-

duced. Furthermore, activity of this enzyme was positively associated with pTAU and Aβ in this 

region (He et al. 2010). It was also stated, that there is a more pronounced ceramide elevation in ear-

ly, very mild stages of AD, while levels seem to drop in more severe stages (Han et al. 2002) Addi-

tionally, specific species such as the C24:0 ceramides and especially galactosylceramides were highly 

increased, while C24:0 SM levels were lower in AD compared to normal controls (Cutler et al. 2004). 

Consistently, LC-ceramide controlling enzymes were upregulated (Katsel et al. 2007), pointing out, 

that certain lipid species might play a more significant role than others. MCI patients, possess lower 

overall levels of saturated ceramides compared to normal controls and AD patients, but also higher 

levels of very long-chain (VLC) plasma ceramides (C22:0 and C24:0). These were found to be predic-

tive of cognitive decline and loss of hippocampal volume in progression of the disease (Mielke et al. 

2010). Ceramide is able to move freely across the plasma membrane (Mitsutake and Igarashi 2007), 

therefore disturbances in ceramide homeostasis might lead to disruption of plasma membrane dy-

namics. The accumulation of ceramide might thus affect cellular transmembrane signal transduction 

(Stancevic and Kolesnick 2010), being one possible cause for the observed neuronal death in AD 

brains. Underlining that role, ceramide is known to cause neuronal cell death in culture and to be 

upregulated during neuronal apoptosis (Toman et al. 2002). 
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Correlations between Ceramide and Aβ or pTAU levels, were also shown by direct investigation. 

The addition of Aβ25-35 to cultured oligodendrocytes e.g. led to activation of nSMase and as conse-

quence to accumulation of intracellular Ceramide, inducing death of oligodendrocytes (Lee et al. 

2004). As a mechanism it was often proposed, that Aβ provokes oxidative stress, which leads to acti-

vation of SMase (Lee et al. 2004, for a summary see: Butterfield et al. 2007), but it could also be 

shown that Aβ directly acts on nSMase, resulting in higher enzymatic activity (Grimm et al. 2005). A 

similar effect could be observed in neurons, where oligomeric Aβ1-40 and Aβ1-42 led to increased 

nSMase and additionally aSMase activation, higher Ceramide levels and neuronal cell death 

(Malaplate-Armand et al. 2006, He et al. 2010). However, by inhibitor experiments Cutler et al. (2004) 

revealed Aβ-mediated accumulation of ceramide in cultured neurons to result rather from increased 

SPT activity, than due to stimulation of its degrading enzymes.  

1.3.2.2 Sphingomyelin 

Only one enzymatic step separates ceramide from SM. However, despite the consistent findings on 

ceramide, the alterations in SM levels detected in AD post-mortem brain tissue are not so straight 

forward (Soderberg et al. 1992, Pettegrew et al. 2001, Cutler et al. 2004, Bandaru et al. 2009, He et al. 

2010).  

It could be observed that higher SM levels correlated positively with the number of Aβ SPs, but not 

with NFTs (Pettegrew et al. 2001). Another study reported elevated gene expression levels of the 

major SM synthesizing enzyme, SMS1 in the hippocampus of AD brains. In addition inhibition of 

SMS1 activity resulted in dose and time dependent reduction in Aβ levels, without affecting APP 

expression or cell viability (Hsiao et al. 2013). Elevated SM levels were not only observed in brain 

tissue of AD patients, but also in cerebro-spinal fluid (CSF) of prodromal AD cases, although this 

elevation could not be seen between patient groups with mild and moderate AD compared to normal 

controls (Kosicek et al. 2012). Although, the gene expression for enzymes controlling SM and GSL 

turnover into ceramide was not found to be altered with age, TMEM23 (SMS1) was slightly upregu-

lated in correlation with Braak stages (Katsel et al. 2007). Bandaru et al. (2009) reported a region-

specific increase of SM levels in AD patients identified as ApoE4 carriers. 

In accordance with He et al. (2010) a study of Han et al. (2002), reports that SM levels could be nei-

ther correlated with the state of the disease, during AD progression, nor with AD patients at all, 

compared to normal controls.  

An early study on lipid composition in AD brain regions stated reduced levels of SM in white matter 

and therefore also in regions with high myelin content such as hippocampus, pons and medulla ob-

longata (Soderberg et al. 1992). 
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1.3.2.3 Phospholipids – Phosphatidylcholine, phosphatidylethanolamine and 

plasmalogens 

In parallel with elevated SM, reductions in PE and phosphatidylinositol were reported from AD 

brains (Pettegrew et al. 2001). Prasad et al. (1998) specifically reported decreased levels of AA-

containing PL in AD, which was later on connected to an upregulation of cPLA2 (Sanchez-Mejia et 

al. 2008). In another study a decrease in PC, as well as in PE was described. Not only the PLs, but 

also their precursors, choline and ethanolamine were decreased, while PL deacylation was increased, 

as measured via the deacetlyation product glycerophosphocholine. These results point to an in-

creased degradation of membrane PLs (Nitsch et al. 1992). Contradictory to the results described 

above, no difference in PC, linoleic acid or AA containing species was reported by Mulder et al. 

(2003). However, it was found that there is a lower lyso-PC/PC ratio in CSF of patients with AD. 

The researchers state that these findings reflect alterations in the processing of choline-containing 

phospholipids (PL) in AD brains (Mulder et al. 2003).  

Whole plasmalogen content was found to be reduced in white matter of patients with mild AD. In 

gray matter, the decrease correlated with the disease progression, but did not affect cerebellar brain 

regions (Han et al. 2001). Ethanolamine plasmalogens being selectively reduced in areas of AD pa-

thology, but not altered in non-affected brain structures was seen before (Ginsberg et al. 1995). This 

was more recently connected to a reduction in alkyl-dihydroxyacetonephosphate-synthase, which 

represents the rate-limiting step in the synthesis of plasmalogens, and enhanced ROS mediated oxi-

dation of plasmalogens (Grimm et al. 2011c). 

1.3.2.4 Cholesterol 

Chol is one of the most important lipids concerning AD. As already mentioned earlier it plays a cru-

cial role in lipid raft formation, maintenance and regulation, therefore modifying APP processing by 

its cleavage enzymes (compare 1.3.1.1). Additionally it acts directly as a regulating factor on APP 

processing enzymes. 

Elevated Chol is also thought to be an early marker for AD (Pappolla et al. 2003). Free Chol levels in 

AD brains correlated positively with state of disease and are also elevated as a response to Aβ incu-

bation of neurons in vitro (Cutler et al. 2004). The Chol levels are specifically increased around senile 

plaques (Panchal et al. 2010). (For more detailed information on the impact of Chol on AD progres-

sion see: Fantini and Yahi (2010) and Puglielli et al. (2003b)). 

1.3.3 Effects of life-style on AD 

Besides age and the described genetic risks, there is also evidence, that certain life-styles increase the 

risk of developing AD. Life-style factors influencing cognitive performance and mortality of AD 

patients include diet and stress, but also physical exercise (Williams 2015). 
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1.3.3.1 Diet and AD 

There is a growing line of evidence, that diet and AD are strongly correlated. In this context antiox-

idant nutrients, such as Vitamin-E, fish, containing high amounts of monounsaturated fatty acids 

(MUFAs) and PUFAs, moderate alcohol consumption and B-vitamins are mentioned to have protec-

tive effects on the risk to develop age-related cognitive decline and AD, while nutrition promoting 

high blood Chol levels is thought to elevate AD risk (Solfrizzi et al. 2008, Morris 2009). 

Saturated and unsaturated fats 

In course of the Chicago Health and Aging Project (CHAP) it was reported that the intake of SFAs 

doubled the risk of developing AD, the consumption of trans-unsaturated fats was associated with a 

two to three times higher risk for AD, while participants of the study who consumed most n-6 

PUFAs reduced their risk to develop AD by 70% (Morris et al. 2003a). With additional adjustment 

for the intake of FA linked to MUFA consumption the study revealed that increased intake of 

MUFAs also reduced AD risk by 80% (Morris et al. 2003a). 

Other studies on the topic of fat consumption and AD risk were performed by Luchsinger et al. 

(2002) in New York and Kalmijn et al. (1997) in Rotterdam. Both studies could confirm the link be-

tween higher AD risk and total fat and saturated fat intake in a four and a two year trial, respective-

ly. However, the study performed by Luchsinger et al. (2002) could not confirm the correlation be-

tween PUFA consumption and AD risk. Furthermore, it remains to mention that a follow up of the 

Rotterdam study after six years did not reveal any correlation of the mentioned dietary fats with AD 

(Kalmijn et al. 1997, Engelhart et al. 2002, Luchsinger et al. 2002).  

These studies show, that due to study design a straight forward connection of the profitable effects of 

unsaturated FAs on cognitive performance is difficult to make, while evidence on the negative effects 

of saturated fats accumulates. 

Omega-3 FAs 

Within the unsaturated FAs, however, there are several candidates which are promising to have a 

positive influence on memory performance or risk for dementia. n-3 FAs as a type of PUFAs are 

important for brain development, especially docosahexaenoic acid (DHA) as the major n-3 FA in the 

brain was subject to several studies, linking it to prenatal brain development and maintenance of 

brain function (Salem et al. 1996, Lauritzen et al. 2001). There is also evidence, that n-3 enriched diet 

promotes learning and memory in rodents (Yamamoto et al. 1987, Jensen et al. 1996, Lim and Suzuki 

2000). Additionally, aging implicates a reduction in n-3 FAs, which is associated with a reduction of 

neuronal membrane excitability, lower capacity of transmission in rodents and oxidative damage 

(Delion et al. 1996, McGahon et al. 1999). 
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Epidemiological studies suggest a protective effect of fish consumption, which supplies the body with 

the mentioned essential n-3 FAs (Kalmijn et al. 1997, Barberger-Gateau et al. 2002, Yamada et al. 

2002, Kalmijn et al. 2004). These positive effects could also be seen in ApoE4 carriers, which implies 

the importance of nutrition even on a background with a genetic risk to develop AD (Barberger-

Gateau et al. 2007). 

For example the above mentioned CHAP and the Rotterdam study could show, that the consump-

tion of at least one fish meal per week lowered the risk of AD by 60% or 70%, respectively, while the 

CHAP furthermore found the strongest correlation within the n-3 FAs for DHA intake. However, 

like already mentioned the six-year follow up of the Rotterdam study could not confirm the findings 

observed after two years (Kalmijn et al. 1997, Engelhart et al. 2002, Morris et al. 2003b, Morris et al. 

2005). 

The importance of DHA levels was also underlined by the Framingham Study, which observed de-

mentia-free participants with an age of about 76 years over a period of 9 years. The results show that 

high levels of PC-DHA lowered the risk for developing dementia by 47% (Schaefer et al. 2006). 

The Etude du Vieillisement Arteriel Study and the Three-City cohort study also confirmed to pro-

tective effect of n-3 FA on the development of dementia. They furthermore noticed, that a consump-

tion of n-6 FAs lacking the balance with n-3 FAs has a negative effect, increasing the risk for demen-

tia (for more detailed information see: Heude et al. (2003) and Barberger-Gateau et al. (2007)). 

In a pilot study on middle-aged patients, performed in Portland, additionally to n-3 FA, alpha-lipoic 

acid was found to have beneficial effects on cognitive and functional decline, which were most effec-

tive if both substances were combined (Shinto et al. 2014). 

Cholesterol 

Whether Chol intake is associated with a higher risk to develop dementia is still under discussion. 

Contradictory results e.g. come from the Rotterdam study and its follow up study. While Kalmijn et 

al. 1997) found a positive correlation between AD risk and Chol intake this could not be confirmed 

later on (Kalmijn et al. 1997, Engelhart et al. 2002). A study on middle-aged subjects performed by 

the same research group as the original Rotterdam study could verify the findings of a positive corre-

lation between dietary Chol consumption and a reduction of cognitive functions (Kalmijn et al. 2004), 

while another study evaluating food intake of people aged 65 and older did not find such a connec-

tion (Morris et al. 2003a). Evidence for a connection of high Chol intake and the development of AD-

like pathology was found in an animal study on Chol fed rabbits, which showed intracellular amyloid 

beta accumulation, which was not found in rabbits fed with a control diet (Sparks et al. 1994). More 

recently Chol-fed rats showed similar results, with a degeneration of pyramidal cells of the CA1 re-

gion, thickening of blood vessels, astrogliosis and AD-like pathology (Abo El-Khair et al. 2014). 

Heverin et al. (2015) dedicated the effects of Chol on memory performance and development of patho-
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logical hallmarks to 27-hydrocholesterol, which is able to pass the blood-brain-barrier (BBB) and 

was found to be a mediator of the observed effects. 

1.3.3.2 Stress  and AD 

Additionally to diet, chronic stress is one important life-style factor, which is set into focus of the 

field of neurological research. Chronic restraint stress was found to have a negative effect on learn-

ing and memory performance in mice. The declining performance in the Morris water maze in this 

study was thought to be connected to enhanced ER stress in the frontal cortex and the hippocampus 

(Huang et al. 2015). Machado et al. (2014) summarized recently the effects of chronic stress on the 

different mechanism thought to be involved in AD and additionally referred to some of the epidemio-

logic studies performed on this topic (Machado et al. 2014). Importantly it was also found that chron-

ic stress affects the lipid homeostasis of the brain. Mice treated with the chronic unpredictable stress 

paradigm showed profound alterations in the PL and SL metabolism, with an increase in ceramide 

and a decrease in SM and dihydro-SM, furthermore a decrease in PE and acyl-ethyl-PC (PCae) and 

an increase in lyso-PE were found. Lyso-PC was elevated in prefrontal cortex (PFC) and associated 

with blood corticosterone (CORT) levels (Oliveira et al. 2015). 

1.3.3.3 Physical exercise and AD 

In a society where desk work consumes a substantial amount of most people’s daily time physical 

exercise, as a preventing measure against the development of several diseases, became an important 

topic of discussion. A cohort study using wrist actigraphy on cognitively normal elderly persons 

revealed that over 3.5 years a higher level of physical activity was associated with a lower risk for 

MCI and AD (Schlosser Covell et al. 2015). Additionally AD mortality in correlation with the level of 

exercise was investigated in participants of the National Runners’ and Walkers’ Health Studies. Re-

sults show that compared to participants, which run less than 1.07km/day an increase in activity 

correlated negatively with AD mortality, resulting in an up to 40.1% decreased risk for those who 

run more than 3.6km/day (Williams 2015). The evidence for a positive effect of physical activity on 

dementia is also underlined by animal studies. After 10 weeks of voluntary wheel running double 

transgenic APPswe/PS1∆E9 mice showed not only a better performance in the Morris water maze, 

but also a decrease in Aβ, pTAU, astrogliosis and increased cellular proliferation in the hippocampus 

(Tapia-Rojas et al. 2015). 

All in all, these results point out that a healthy life-style, including a diet with PUFAs (n-3 FAs), and 

low Chol, reduced chronic stress and increased exercise contributes to a reduced risk for the devel-

opment of AD and AD mortality. 
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1.4 The sphingomyelin synthase family 
SM species represent the most abundant complex SL in mammalian cells (Gault et al. 2010). SMSs 

belong to a family of phosphatidylcholine:ceramide cholinephosphotransferases and comprises three 

different enzymes including SMS1, SMS2 and sphingomyelin synthase related protein (SMSr) 

(Huitema et al. 2004, Tafesse et al. 2006). The SMS family members have six transmembrane do-

mains (TMD), with their catalytic site oriented towards the Golgi lumen or the extracellular space 

(Tafesse et al. 2006, Villani et al. 2008). While SMS1 and SMS2 convert PC and ceramide to SM and 

DAG by transferring the phosphorylcholine moiety from PC to the primary hydroxyl of ceramide, 

SMSr has no SM synthase activity (Villani et al. 2008, Vacaru et al. 2009) 

 

Figure 1.8: Sphingomyelin synthesis by sphingomyelin synthase .  
Sphingomyelin (SM) is  generated by enzymatic action of  sphingo myelin synthases (SMS).  The phosphatidy l head 
group of  diacyl -phosphatidylcholine,  acyl -ethyl-phosphatidylcholine (PC) or phosphatidylethanolamine (PE) 
species is  transferred to the primary hydroxyl of  ceramide due to ceramide chol inephosphotransferase  activity  of  
SMS. The enzymatic react ion leads to the product ion of  SM, but also of  d iacylglycerol (DAG) known to act as  a  
l ipid s ignal ing molecule .  Two fatty acid resides on the choline-P donor are required to be recognized  as a sub-
strate .  Sphingomyelinases are responsible for SM degradation.  R=mostly poly-unsaturated FAs,  R´= mostly  
saturated FAs.  

 

1.4.1 Sphingomyelin synthase 1 and 2 
SMS1 is located at the trans-Golgi apparatus and in small amounts at the plasma membrane, with 

the catalytic site facing either towards the Golgi lumen or the cell surface, while SMS2 is mainly 

located in the plasma membrane and just in small amounts present in the Golgi apparatus (Jeckel et 

al. 1990, Huitema et al. 2004, Yamaoka et al. 2004, Tafesse et al. 2007, Yeang et al. 2008). A study by 

Yeang et al. (2011) defined the domains in both SMSs , responsible for the subcellular targeting of 

SMS1 and SMS2. They found a Golgi retention or retrieval sequence between aa residues 332 and 

410 of SMS1 and a complete loss of plasma membrane targeting of SMS2, when its most C-terminal 

67aa were removed. Both enzymes are ubiquitously expressed (Huitema et al. 2004). Tafesse et al. 

(2007) also investigated SMS1 and SMS2 and found that SMS1 is responsible for the synthesis of the 

major bulk of SM (60-80%), while SMS2 is responsible for the generation of the remaining 40-20%. 

Both enzymes showed common substrate specificity towards ceramide, which delivers the backbone 

for SM production, PC serves as donor for the phosphatidyl head group. Besides PCaa, also PCae or 

PE could serve as head group donor (Ullman and Radin 1974, Voelker and Kennedy 1982, Tafesse et 
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al. 2006)(Figure 1.8). Depending on the quantity of the metabolites, SMS2 can also catalyze the vice 

versa reaction of SM synthesis and be responsible for its break down. This topic is more controver-

sially discussed for SMS1, which is also proposed to use lyso-PC as a poor substrate for enzymatic 

turn over (Marggraf and Kanfer 1984, van Helvoort et al. 1994, Huitema et al. 2004, Ternes et al. 

2009). 

A tight regulation of SMSs represents an important mechanism. On the one hand important to bal-

ance amounts of SM and PC, in order to maintain the composition of the cell membrane, on the other 

hand SMSs also balance the production of the lipid mediator ceramide and DAG, which possess pro- 

or anti-apoptotic activity, respectively. (Hannun 1994, Geilen et al. 1997, Hannun et al. 2001, Claus et 

al. 2009). Therefore, SMS function and level of activity might be crucial for cell proliferation and 

viability (Tafesse et al. 2006, Tafesse et al. 2007, Van der Luit et al. 2007, Ding et al. 2008, Separovic 

et al. 2008, Shakor et al. 2011, Taniguchi and Okazaki 2014). 

1.4.1.1 The human SMS1 gene 

Human SMS1 was formerly described as medulla oblongata derived protein (MOB) or transmembrane 

protein 23 (TMEM23) and it was stated, that MOB is expressed in small amounts in almost every 

tissue, but that highest expression levels were found in the brain (Vladychenskaya et al. 2002, 

Huitema et al. 2004, Vladychenskaya et al. 2004). Rozhkova et al. (2011) characterized the SMS1 

gene, located on human chromosome 10, further and found several tissue specific splice variants, 

resulting from at least 5 different promoters, alternative splicing of the 24 exons, alternative polyad-

enylation and alternative termination of transcription. The different transcripts give rise to either 

the full length, 6-pass TMD protein or a truncated two-pass TMD protein (Rozhkova et al. 2011). 

1.4.1.2 The mouse SMS1 gene 

A 2364bp mouse cDNA was cloned and investigated on several levels. It was coding a 413-aa residue 

protein with 97% identity to the human SMS1. The mouse Sms1 gene is localized on the reverse 

strand of chromosome 19, has a length of 266,987bp and at least 14 to 16 exons. Similar to the hu-

man form of SMS1, mouse Sms1 undergoes alternative splicing (ensembl.org)(Yang et al. 2005). 

There are 14 splice variants known today out of which six are protein coding. Three of these encode 

the full length 419aa protein and one is known to encode a shorter 34aa single pass transmembrane 

protein. The two other splice variants (217aa and 222aa) are removed by nonsense mediated decay 

(ensembl.org). These results however, are not in total accordance to an earlier description of gene 

transcription and translation by Yang et al. (2005), who proposed two shorter two-pass TM proteins 

of SMS1 additionally to the full length protein (Figure 1.9). 

1.4.1.3 SMS1 protein structure 

SMS1 has a sterile alpha motif (SAM) domain, six TMDs and a phosphatidic acid phosphatase type 

2/haloperoxidase (PAP2) domain. The six TMDs are α-helices connected by hydrophilic regions 

that from extra-membranous loops (Huitema et al. 2004)(Figure 1.9). SAM domains have a conserved 
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structure. They spread over 70 residues and exhibit a five helix bundle structure with two orthogo-

nally packed alpha-hairpins. Functionally, SAM domains are involved in protein-protein interaction 

for homo- and heterodimer formation (Kim and Bowie 2003) as well as in DNA and RNA binding 

(Aviv et al. 2003). The PAP2 domain represents the catalytic site of the enzyme, facing the Golgi 

lumen or the cell surface. In general, it is responsible for the binding of phosphatidate and its 

dephosphorylation to obtain DAG and inorganic phosphate (Huitema et al. 2004, Carman and Han). 

The core structure of the PAP2 domain is also a five helical bundle. Out of these five helices, the 

third is responsible for the cofactor binding (Ishikawa et al. 2000). 

 

Figure 1.9: Sphingomyelin synthase 1 on genomic, transcriptional and protein level .  

The mouse Sms1  is  located on the reverse strand of  chromosome 19, is  266,987bp  in lengths and 14 exons. Exon 
1-6a are non-coding (gray boxes) ,  while exon 7 contents the start codon  and is  the f irst of  5 coding exons (green 
boxes).  On the transcript level  there are 15 splice variants , of  those 6 are protein -coding,  two of them are de-
graded by NMD, three encode for the full  length protein with 419aa .  Addit ionally two shorter proteins are pro-
duced,  dif fer ing only by three aas .  The full  length protein with enzymatic act ivity consists  of  s ix TMDs , while  
the other  two protein variants have two TMDs.  They dif fer  from another by a tr ipeptide,  which is  found just in  
one variant mainly expressed in testes and h eart.  All  protein variants contain a SAM domain ,  encoded by exon 7 . 
Just the full  length protein  contains a PAP2 domain with the catalytic  s ite ,  fac ing towards the Golgi lumen or 
the extracellular space.  
Sterile  alpha motif  (SAM),  phosphatidic acid phosphatase type 2  (PAP2) transmembrane domain (TMD).  
Modif ied according to (Yang  e t  al .  2005). 

  

1.4.2 Sphingomyelin synthase related protein 
SMSr resides in the ER (Vacaru et al. 2009) and, in human, has less than 22% sequence identity to 

SMS1 and SMS2 showing a distant relationship (Huitema et al. 2004). Instead of SM, SMSr synthe-

sizes small amounts of the SMS analogue ceramide phosphoethanolamine (Vacaru et al. 2009). Never-

theless, blocking of SMSr leads to a substantial rise in ER ceramide and connected with it to a struc-

tural collapse of the early secretory pathway (Vacaru et al. 2009). SMSr expression on the other 

hand, is known to suppress ceramide-mediated cell death and to serve as suppressor or ceramide-

induced mitochondrial apoptosis (Tafesse et al. 2014). 
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1.5 The Tg2576 or APP Swedish mouse - a common AD model 

1.5.1 Genetic characteristics 
The mouse model for AD we took advantage of, was the so called Tg2576 (MGI: 2385631) a com-

mon mouse model for AD. These mice bear a random insertion of the human APP695 cDNA with 

the Swedish double mutation K670N/M671L (APPswe), which was found to be correlated with in-

creased AD risk (Mullan et al. 1992). The transgene is expressed under the control of a hamster pri-

on protein gene promoter (Hsiao et al. 1996). The cosmide vector was introduced into a C57Bl/6J x 

SJL host and the hybrid mice were backcrossed for two generations to C57Bl/6J. Investigations 

showed that hAPPswe is found in brain, lung, heart, spleen, muscle and bone tissue of Tg2576 ani-

mals (Kawarabayashi et al. 2001). The mutation is positioned at the BACE1 cleavage site, which ren-

ders the hAPPswe more prone to amyloidogenic cleavage, as the affinity of BACE1 to its substrate is 

increased (Tomasselli et al. 2003, Barman et al. 2011)(Figure 1.4).  

1.5.2 Neuropathological characteristics 
The neuropathological observations in Tg2576 mice include a 5.6-fold higher expression of the 

transgenic hAPP compared to endogenous APP, 5-fold higher Aβ1-40 and 14-fold higher Aβ1-42. 

(Hsiao et al. 1996). 

This AD model develops AD pathology rather late. With 6-7 months SDS-insoluble forms of Aβ1-40 

and Aβ1-42 appear. Between 6 and 10 months only few Aβ cores can be detected. In aged animals 

(12-23 months) neuritic plaques with amyloid cores, as well as diffuse plaques and overall higher Aβ 

levels increase to resemble levels found in AD patients (Kawarabayashi et al. 2001). The higher pro-

duction of Aβ also leads to numerous Congo red positive cortical and limbic plaques. In the plaque 

area dystrophic neurites (Irizarry et al. 1997) and pTAU could be observed (Tomidokoro et al. 2001). 

Additionally, amyloid angiopathy and indications for increased oxidative stress were reported. How-

ever, even aged Tg2576 do not show neuronal loss or reduction in synaptic density in hippocampus 

or cortex, as it is seen in AD patients (Irizarry et al. 1997, Takeuchi et al. 2000), but signs of focal 

neuronal inflammation by activation of microglia and astrocytes (Frautschy et al. 1998, Gelissen et al. 

1998, Benzing et al. 1999, Mehlhorn et al. 2000). 

1.5.3 Behavior and life expectancy 
Impairment of Y-maze spontaneous alterations at the age of 3-10 month was seen by Hsiao et al. 

(1996), together with a progressive impairment in the Morris water maze at 9-10 months. However, 

data on Morris water maze performance are not explicit, as studies report controversial results 

(Holcomb et al. 1998, Holcomb et al. 1999, King and Arendash 2002). A more recent study on behav-

ioral performance of Tg2576, using a set of behavioral tasks, did not show widespread cognitive defi-

cits even with 19 months of age (King and Arendash 2002). Memory deficits restricted to transgenic 

animals were revealed via Y-maze task only (King and Arendash 2002).  
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Tg2576 animals are known to have a reduced life span. Through the first 19 months of age they 

show a survival rate 63% with the most prominent loss of mutants during the first 6-12 months 

(King and Arendash 2002). 

1.5.4 Lipid alterations 

Lipidomic analysis in APPswe only mice revealed further alterations, such as minor reduction in total 

PCaa levels, while PCae and lyso-PCs are slightly elevated. Lyso-PCs with PUFAs however, are 

reduced in this AD mouse model (Grimm et al. 2011a). Mice with the APPswe and London mutation 

(APPSL) show ceramide accumulation in the cerebral cortex (Grimm et al. 2005). Additionally, mice 

carrying human APPV71F and APPswe possess decreased sulfatide levels in their brains (Cheng et al. 

2010). 

1.6 Sphingomyelin Synthase 1 knock out mice 
Yano et al. (2011) created Sms1-/- mice, in which exon 2, yielding the ATG translation initiation co-

don, the SAM domain and two transmembrane regions was replaced by a neo cassette. The received 

chimeras were mated to C57Bl/6J. In this original description it is stated, that these animals showed 

moderate neonatal lethality, however, a later study by Lu et al. (2012) described these animals to 

appear normal. The original description additionally mentioned a reduction in body weight and loss 

of fat tissue mass. Deficiency in insulin secretion could also be shown. The animals suffered from 

oxidative stress, as mitochondria showed hyperpolarized membrane potential and high levels of reac-

tive oxygen species, mediated by pancreatic ß-cell dysfunction. 

Dong et al. (2012) investigated the mice created by Yano et al. (2011) further. Their analysis was 

focused on the immune system. They could show, that CD4+ cells of their Sms1-/- animals had re-

duced levels of membrane SM. This led to cellular proliferation defects and production of interleukin 

(IL)-2 and interferon-γ (IFN-γ) by co-crosslinking of CD3 and CD4. Additionally CD4+ cells had 

defects in tyrosine phosphorylation and its association with ZAP-70. Furthermore, clustering and 

co-localization of T-cell receptor with lipid rafts was altered. In the mice, they could show decreased 

serum levels of IL-6 and IFN-γ by ConA injection. Besides these major findings, slight splenomegaly 

and male infertility was reported. 

SMS1 also seemed to have influence in hearing, as measurement of the auditory brainstem response 

revealed, that Sms1-/- animals suffer from hearing impairment in a low frequency range (4-16kHz) 

(Lu et al. 2012) 

Li et al. (2012) generated Sms1-/- animals by partial deletion of exon1 (also claiming to hit the initia-

tion codon there) and proved their gene knockout by southern blot. Their comparative investigation 

of Sms1-/- and Sms2-/- animals revealed a tissue specific responsibility of SM synthase activity, with 

SMS1 being more important in brain, spleen, lung and macrophages, while SMS2 is the major SMS 
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enzyme in small intestine, kidneys and liver. Furthermore bone marrow transplantation from Sms1-/- 

seemed to have a positive effect on arteriosclerotic lesions in Ldlr-/- animals. 

In 2013, the researchers of the Yano lab found a reduction of white adipose tissue with increasing 

age of the animals. The plasma triglyceride concentrations in Sms1-/- mice were upregulated, lipopro-

tein lipase activity and FA uptake into white adipose tissue was reduced. In accordance with the de-

tection of white adipose tissue protein modifications through oxidative stress, they found an upregu-

lation of genes related to mitochondrial stress and apoptosis, a reduction of ATP content in white 

adipose tissue and reduced levels of mitochondrial respiratory chain complexes (Yano et al. 2013). 

1.7 Aim of the study 

The observation that the SL metabolism is highly altered in AD-patients and AD mouse models led 

us to the analysis of the impact of Sms1, as a crucial player in the SL pathway, on AD relevant pa-

rameters. To do so we used Sms1 gene trap mice, which were analyzed according to their general 

phenotype and behavior but also specifically for alterations in myelination and stress resistance. Fur-

thermore, we addressed the before mentioned topic of splenomegaly and male infertility in Sms1-/- in 

the Sms1 gene trap animals.  

To obtain AD-relevant read out we crossed Sms1 gene trap animals to Tg2576, as a standard mouse 

model for AD. These double mutants were also analyzed according to their general phenotype and 

behavior. We specifically addressed the question of alterations in APP processing and plaque for-

mation and a possible effect on memory performance of these animals. Furthermore a possible effect 

on systemic and neuronal inflammation was assessed. 

Thus this study should provide a first overview on the sites and pathways of interaction between 

SMS1 and hAPPswe and the results show, that the double mutant animals model could serve as a 

promising tool to investigate the intersection of SL metabolism and AD. 
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2. Material and Methods 

2.1 Material 

2.1.1 Animals 

2.1.1.1 Sms1 mouse line 

The mutant Sms1 allele (MGI: Sms1Gt(E201D11)Wrst, subsequently referred to as Sms1GT) was generated by 

gene trap technology as described previously (Schnutgen et al. 2005). Heterozygous animals, ob-

tained from chimera mating were interbred to obtain homozygous mutants. Males were backcrossed 

six times to female C57Bl/6J mice (Charles River Laboratories). Animals of the Sms1 line carrying 

no Sms1GT allele are labeled as Sms1WT, animals heterozygous for the Sms1GT allele are labeled as 

Sms1HET and those carrying two Sms1GT alleles are labeled as Sms1MUT. If just the mouse line is meant 

without distinguishing of genotypes it is labeled as Sms1 mouse line. 

2.1.1.2 Tg2576 mouse line 

Tg2576 were purchased from Taconic. These mice carry the hAPP695 with the Swedish mutation. 

In the following mice carrying the heterozygous hAPP695K670N/M671L are referred to as APPsweTg, 

while mice without the hAPP695K670N/M671L are referred to as APPsweWT. Tg2576 homozygous for the 

human transgene are not viable. 

2.1.1.3 Sms1 x APPswe mouse line 

The Sms1 x APPswe mouse line was generated by mating of Sms1MUT with APPsweTg. Subsequently 

Sms1HET x APPsweTg and Sms1HET x APPsweWT double mutants were mated to obtain animals for the 

Sms1 x APPswe mouse line. If just the mouse line is meant without distinguishing the genotypes it is 

labeled as Sms1 x APPswe mouse line. Furthermore, if all genotypes for the gene locus of Sms1 are 

meant, but there was a difference observed depending on the APPswe genotype, animals were labeled 

as Sms1 x APPsweWT and Sms1 x APPsweTg. Respectively, the same was done if all genotypes of 

APPswe were meant, but it was distinguished between the genotypes of Sms1. Consequential the 

nomenclature of Sms1WT x APPswe, Sms1HET x APPswe and Sms1MUT x APPswe was used.  
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2.1.2 Antibodies 
Table 2.1: Primary and secondary antibodies  used for Western Blot and Immunostaining  
Immunogen,  respective dilutions,  IDs and companies are l isted.   

Primary antibodies 

Immunogen Dilution WB Dilution IHC ID Company 

Sphingomyelin Synthesis         

Anti-SMS1 (N-13), rabbit 
polyclonal 1:1000 (49kDa) 1:100 AP05279PU-N Acris 

Anti-SMS1 (E-5), mouse 
monoclonal 1:1000 (49kDa)   sc-166436 Santa Cruz 

Anti-SMS1, rabbit polyclo-
nal 1:1000 (49kDa)   ab135365 abcam 

Anti-SMS2 (N-13), goat 
polyclonal 1:1000 (43kDa) 1:50 - 1:500 sc-34048 Santa Cruz 

Junction Proteins         
Anti-Occludin, rabbit poly-

clonal 
1:500 (63kDa, 

59 kDa) 1:100 ab31721 abcam 

Anti-β-Catenin, rabbit 
monoclonal 

1:8000 (92kDa, 
86kDa) 1:500 (1:500) ab32572 abcam 

Anti-Connexin 43 / GJA1, 
rabbit polyclonal 1:8000 (43kDa) 1:1000 ab11370 abcam 

Histone Marker         
Anti-phospho-histone 

H2A.X, mouse monoclonal   1:250 05-636 Millipore 
Anti-Histone 3 tri methyl 

K9, rabbit polyclonal   1:750 ab8580 abcam 
Anti-Histone 3 tri methyl 

K4, rabbit polyclonal   1:150 ab8898 abcam 

HPA-axis components         
Anti-Glucocorticoid recep-

tor alpha (GRα), rabbit 
polyclonal 

4µg/ml (90kDa, 
86kDa)   ab3580 abcam 

Anti-Multi drug resistance 
protein 1 (MDR1), rabbit 

polyclonal 
1:3000 

(141kDa) 1:250 ab170904 abcam 
anti-MFSD2A, rabbit poly-

clonal 1:1000 (60kDa)   ab105399 abcam 
Anti-ACTH, rabbit polyclo-

nal   1:100 ab74976 abcam 

Inflammatory response         

Anti-CD3, rabbit polyclonal 1:200 (23kDa) 1:100 ab16669 abcam 
Anti-IgG2b, rabbit mono-

clonal 
1:5000 (50kDa, 

30kDa) 1:500 ab190482 abcam 
Anti-TGF beta, rabbit poly-

clonal 1:750 (13kDa) 1:300 ab66043 abcam 
Anti-CD68, rabbit polyclo-

nal 1:50 (37kDa) 1:100 ab125047 abcam 

Anti-Iba-1, goat polyclonal 1µg/ml (17kDa) 1:1000 ab5076 abcam 

Anti-BDNF, rabbit polyclo-
nal 1:1000 (28kDa)   ab46176 abcam 

Housekeeper         

Anti-beta Actin, mouse 1:5000    GTX26276 GeneTex  
Anti-Gapdh, mouse mono-

clonal 1:5000    GTX627408 GeneTex 
Anti-HPRT, rabbit polyclo-

nal 1:2000   FL-218 Santa Cruz 
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Anti-beta tubulin III, rabbit  1:500 ab18207 abcam 

APP processing         

10A8, rat 1:40 (80kDa)   NRG13 10A8 Kremmer 

192wt, rabbit 1:900 (100kDa)     ELAN 

192swe, rabbit 
1:2000 

(100kDa)     ELAN 

22C11, mouse monoclonal 
1:5000 

(100kDa)   MAB348 Chemicon/Millipore 

2C2, mouse 
1:1000 

(120kDa)   2C2 Kremmer 

2D8, rat 1:1000 (4kDa)   2D8 Kremmer 

5313, rabbit polyclonal 
1:4000 

(100kDa)   5313 Kremmer 

AD10, rabbit polyclonal 
1:4000 

(60/85kDa)   AB19026 
Calbio-

chem/Chemicon 

B1 (cs), rabbit monoclonal 1:1000 (70kDa)   5606 Cell signaling 

APP-CTF, rabbit monoclo-
nal 

1:3000 
(100kDa)   A8717 Sigma 

M3.2, mouse 1:2000 (4-7kDa)   
SIG-39155-

200 Signet 

Aβ-rod, rabbit 1:2000 (4-7kDa)   SIG-39151 Signet 

A8718 = APP-CTF       Willem 

6E10, mouse monoclonal 
1:2000 

(100kDa) 1:500 SIG-39300 Signet 
Anti-beta-Amyloid (1-40), 

mouse monoclonal 
1:100 - 1:1000 

(4kDa) 1:150 SIG-39140 Signet 
Anti-beta-Amyloid (1-42), 

mouse monoclonal 
1:100 - 1:1000 

(4kDa) 1:500 SIG-39142 Signet 
Anti-Tau, mouse monoclo-

nal 1 :1000   ANB0042  Invitrogen  

Anti-pTAU, goat polyclonal 1:500     sc-16896  Santa Cruz 

Myelin Marker         
Anti-Myelin Basic Protein 
(MBP), rabbit polyclonal 

1µg/ml (18kDa, 
45kDa) 1:150 ab40390 abcam 

Anti-Myelin Oligodendro-
cyte Glycoprotein (MOG, 
C-term), goat polyclonal 

0.2µg/ml 
(28kDa) 1:100 AP08806PU-N Acris 

Autophagy marker         
anti-LAMP1 (1D4B), rat 

monoclonal 
1:500 (110 - 

140kDa)   ab25245 abcam 
anti-EEA1 (N-19), goat 

polyclonal 1:800 (162kDa) 1:50 sc-6415 Santa Cruz 
anti-EEA1, rabbit polyclo-

nal 
1µg/ml 

(180kDa)   ab2900 abcam 
anti-LAMP1 (1D4B), rat 

monoclonal 1:500 (120kDa) 1:50 sc-19992 Santa Cruz 
Anti-p62 (C-terminal), 

guinea pig 1:2000 (62kDa)   5318 Cell signaling 

Anti-AIF (D29D2), rabbit 1:1000 (47kDa)   ab6313 abcam 

Anti-LC3, rabbit polyclonal 

1:500 (LC3I 
18kDa, LC3II 

16kDa)    sc-28266 Santa Cruz 
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Secondary antibodies 

Immunogen 
Dilution 

WB Dilution IHC ID Company 

Fluorescent         

anti-mouse Alexa594 (red)   1:500 A-21203  Life technologies 

anti-rabbit Alexa594 (red)   1:500 A-21207   Life technologies 

anti-goat Alexa594 (red)   1:500 A-11050   Life technologies 
anti-rabbit Alexa 488 

(green)  1:500 A-21206  Life technologies 

HRP-conjugated         

goat anti-mouse 1:10000    Dianova 

goat anti-rabbit 1:10000    Dianova 

rabbit anti-goat 1:10000    Dianova 

Anti-Rabbit IgG (H+L) 1:10000   W4011 Promega 

Anti-Mouse IgG (H+L) 1:10000   W4021 Promega 

goat anti-rat IgG 1:4000   sc-2006 Santa Cruz 

donkey anti-goat IgG 1:4000   sc-2020 Santa Cruz 

Biotin-conjugated         

rabbit anti-goat   1:300 305-065-006 Dianova 

goat anti-rabbit   1:300 111-065-003 Dianova 
 

 

2.1.3 Buffers, Gels and Media 

 
1X PBS  
NaCl 8.0g 
KCl 0.2g 
Na2HPO4 1.42g 
KH2PO4 0.27g 
dH2O add to 1L 
 
10x TAE  
Tris 48.4g 
Glacial acetic acid 11.4ml 
EDTA disodium salt 3.7g 
dH2O add to 1L 
 
10X TRIS-HCL  
Tris 60.57g 
dH2O add to 1L 
 Adjust to pH 7.4 – pH7.6 
 
10X TBS  

Tris-HCl (1M) pH 7.6 200ml 
NaCl (5M) 300ml 
dH2O 500ml 
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LYSIS BUFFER – FOR DNA ISOLATION  
KCl (1M) 1ml 
Tris (1M) 2ml 
Non.N40 (10%) 9ml 
Tween (10%) 9ml 
dH2O add to 100ml 
+ 10µl Proteinase K (20mg/µl) per 500µl buffer  
 
LACZ-WASH-BUFFER  
MgCl2 (1M) 240µl 
Sodium-deoxycholat (5%) 240µl 
NP-40 (10%) 240µl 
PBS add to 120ml 
 
LACZ-STAINING-SOLUTION  
K3Fe(CN)6 (0.5M) 600µl 
K4Fe(CN)6 (0.5M) 600µl 
X-gal (20mg/µl) 3µl 
LacZ-wash-buffer add to 60ml 
 
10X FA-GEL BUFFER – STOCK SOLUTION 
FOR NORTHERN BLOT 
GELELECTROPHORESIS  
MOPS (1M) 200ml 
Sodium acetate (1M) 50ml 
EDTA (500mM) 20ml 
dH2O add to 1L 
 adjust to pH 7.0 
 
1X FA-GEL RUNNING BUFFER - FOR 
NORTHERN BLOT 
GELELECTROPHORESIS  
10x FA-gel buffer 100ml 
Formaldehyde (12.3M; 37%) 20ml 
dH2O add to 1L 
 
1.2% FA-GEL - FOR NORTHERN BLOT 
GELELECTROPHORESIS  
Agarose 1.8g 
10x FA-gel buffer 15ml 
dH2O add to 150ml 
 
10X SSC  
NaCl 1.5M 
Sodium citrate 250mM 
in dH2O  
 
CHURCH BUFFER  

Na2HPO4 1M 
NAH2PO4 1M 
BSA 1% 
SDS 7% 
EDTA 1mM 
ssDNA 0.1mg/ml 
in dH2O  
 Adjust to pH7.4 
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PFA 20% - STOCK SOLUTION FOR 
PERFUSION  
paraformaldehyde 200g 
1xPBS add to 1L 
 adjust to pH 7.4 
 
PFA 4% - WORKING SOLUTION FOR 
PERFUSION  
PFA (20%) 200ml 
1xPBS add to 1L 
 
1X RIPA – FOR STANDARD PROTEIN 
ISOLATION  
Tris-HCl pH7.5 50mM 
NaCl 150mM 
Triton X-100 1% 
DOC 0.50% 
SDS 0.10% 
EDTA pH8.0 2mM 
in dH2O  
 
5X RIPA – STOCK SOLUTION USED FOR 
APP PROFILE WESTERN BLOT  
Tris-HCl pH7.4 100mM 
NaCl 750mM 
NP40 5% 
Triton X-100 0.20% 
Sodiumdesoxycholat 2.50% 
in dH2O  
 
1X RIPA- WORKING SOLUTION FOR APP 
PROFILE WESTERN BLOT  
RIPA (5x) 2ml (1X) 
EDTA (0.5M) 50µl  
Protease Inhibitor Mix (500x) 20µl 
dH2O add to 10ml 
 
DEA – WORKING SOLUTION FOR APP 
PROFILE WESTERN BLOT  
DEA 0.20% 
NaCl 50mM 
 adjust to pH10 
Proteinase Inhibitor Mix (500x)  
 
DEA-T – NEUTRALIZED DEA  
DEA working solution  
Tris-HCl pH6.8 0.5M 
 
COLLECTION GEL  
Acrylamide 1.0ml 
Tris-HCl pH6.8 2.5ml 
TEMED 30µl 
APS 30µl 
in H20  
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SEPARATION GEL  
Acrylamide 3.2ml 
Tris-HCl pH8.8 4ml 
TEMED 30µl 
APS 30µl 
in H20  
 
RUNNING-BUFFER – FOR APP PROFILE 
WESTERN BLOT  
Tris-Glycine Buffer (10x) 200ml (1X) 
SDS 0.01% 
H2O add to 2L 
 
RUNNING-BUFFER – FOR STANDARD 
WESTERN BLOT  
Running-Buffer (20x) 
NuPAGE® Running buffer (MES) 
MOPS buffer 50ml (1X) 
dH2O add to 1L 
 
10X TRIS-GLYCINE BUFFER – FOR APP 
PROFILE WESTERN BLOT  
Tris 151g (250mM) 
Glycine 720g (800mM) 
dH2O add to 5L 
 
TRANSFER-BUFFER – FOR APP PROFILE 
WESTERN BLOT  
Tris-Glycine Buffer (10x) 200ml (1X) 
H2O add to 2L 
 
TRANSFER-BUFFER – FOR STANDARD 
WESTERN BLOT  
Transfer-Buffer (20x) 12.5ml (1X) 
Methanol 25ml (10%) 
dH2O add to 250ml 
 
STRIPPING BUFFER – FOR WESTERN 
BLOT  
Tris 0.76g 
SDS 2.0g  

β-Mercaptoethanol 700µl 
dH2O add to 100ml 
 adjust to pH 6.8 
 
TBS-T (0.05% - 0.1%) – USED FOR 
WESTERN BLOT  

10 x TBS 100ml 
Tween®-20 0.5 - 1ml 
dH2O add to 1L 
 
SKIM MILK (5%) – FOR WESTERN BLOT  
Skim Milk powder 5g 
TBS-T (0.05% Tween) add to 100ml 

 
MEFS MEDIUM  
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FCS (PAN) 10% 
L-Glutamin 1% 
Pen/Strep 0-2% 
in 1x DMEM  
 
 

2.1.4 Chemicals and basic substances 
CHEMICALS ABBREV. COMPANY 
3, 3'-diaminobenzidine DAB DCS LabLine 
4‘, 6-diamidino-2-phenylindole DAPI Carl Roth 

β-mercaptoethanol  Sigma 
Agarose  Biozym 
Ampicillin  Sigma 
Ampuwa  Fresenius 
Bis-Tris  Sigma 
Chloroform  Sigma 
Citric acid  Sigma 
Formic acid FA Sigma 
Dimethyl sulfoxide DMSO Sigma 
Desoxy-Nucleotid triphosphates dNTPs Fermentas 
Ethanol EtOH Merck 
Ethidiumbromide EtBr Fluka 
Ethylene diamine tetraacetic acid EDTA Sigma 
Ethylene glycol tetraacetic acid EGTA Sigma 
Ethylene glycol  Roth 
Eosin  Roth 
Fetal calf serum  FCS PAN, Hybond 
Formaldehyde  Sigma 
Glutaraldehyde  Sigma 
Glycerol  Sigma 
Goat serum  Sigma 
Haematoxylin (Mayer's)  Sigma 
Hydrochloric acid HCl Sigma 

Isopropyl-β-D-thiogalactopyranosid IPTG Fermentas 
Isopropanol  Merck 
Indocyanine Green ICG Provided by Dr. Steven Ford 
Isoflourane  Baxter 
liquid nitrogen Liquid N2 Linde gas 
Lithium carbonate  Roth 
L-Glutamine 200nM (100x)  Gibco 
Magnesium chloride MgCl Merck 
Methanol MeOH Merck 
MOPS MOPS Sigma 
N-laurylcarcosine Sodium Salt Solution  Sigma 
Ninident P40 NP-40 Fulka 
Paraffin  Sigma 
Paraformaldehyde  Sigma 
Formalin  Roth 
Phosphatase Inhibitor (tablet)  Roche 
Potassium chloride KCl Roth 
Protease Inhibitor (tablet)  Roche 
Proteinase K  Roche 
Rapamycin  Sigma 
RNA loading dye  Thermo scientific 
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Dnase  Sigma 
Rnase inhibitor  Roche 
Rnase Zap®  Sigma 
Skim milk powder  BD Bioscience 
SOC. Medium  Invitrogen 
Sodium acetate  Merck 
Sodium Cacodylate Buffer (0.1M) with 2.5% 
glutaraldehyde (pH7.4) 

 
Science Services 

Sodium choride NaCl Merck 
Sodium citrate  Sigma 
Sodium dodecyl sulfate SDS Sigma 
Sodium hydrogen carbonate  Sigma 
Streptavidin-peroxidase solution  KPL 
Toluidine blue  Sigma 
TriReagent  Sigma 
Trizol  Invitrogen 
Tris  Sigma 
Triton X-100  BioRad 
Trypsin/EDTA 0.05% (1x)  Gibco 
Tween-20  Sigma 
X-Gal  Fermentas 
Xylol  Carl Roth 

 

2.1.5 Consumables and other material 
CONSUMABLES AND OTHER MATERIAL COMPANY 
5x Sample Loading buffer Invitrogen 
20 x NuPAGE® Running buffer Invitrogen 
20x NuPAGE® Transfer buffer Invitrogen 
20x XT MOPS running buffer BioRad 
10x Tris/Glycine buffer BioRad 
Antibody dilution buffer DCS LabLine 
Aquapolymount Polysciences 
Blades, Microtome, S35 Feather 
Blades, Cryostate, C35 Feather 
Coverslips Roth 
Cryotubes Nunc 
Electrophoresis chambers Peqlab 
Eppendorf tubes 1.5ml Eppendorf 
Eppendorf tubes 2.0ml Eppendorf 
Falcon tube 15ml Roth 
Falcon tube 50ml Roth 
Flat bottom 96-Well plates Nunc 
Filter paper Whatman 3mm 
Gloves Meditrade, Kimtech Science 
Gel blotting systems BioRad 
Dulbecco's Modified Eagle's Medium 1x Gibco 
Dulbecco's Modified Eagle's Medium 1x plus 
Ca2+/Mg2+ Gibco 
Dulbecco's Phosphate Buffered Saline 1x Gibco 
Full-Range Rainbow molecular weight marker Amersham 
GeneRuler 100pb and 1kb Fermentas 
Glass pipettes Hirschmann 
Glassware Schott 
Glas pipetts Biozym 
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Glas slides Roth 
Neubauer counting chamber Brand 
NuPAGE® LDS Sample Buffer (4x) Invitrogen 
O.C.T. freezing medium Polysciences 
Pertex mounting medium Polysciences 
PCR stripes Eppendorf 
PCR lids 
PCR plates 

Eppendorf 

PCR cover foil Eppendorf 
Petri dishes Nunc 
Pipetts and pipette tips Gilson 
Poter and pistl Roth 
Platic pipetts Greiner 
PVDF membrane Millipore 
Tender cooker Nordic Ware 
Raser blades Wilkinson 
Tris-Glycin Gel 4-12%, 10% Invitrogen, BioRad 
Wipes Klimtech Science 

 

2.1.6 Enzymes and Vectors 
ENZYMES AND VECTORS COMPANY 
Proteinase K Roche 
EcoRI Roche 
DNaseI Roche 
pCRII-TOPO / TOPO TA cloning vector Invitrogen 

 

2.1.7 Fatty acid diet 

The omega-3 fatty acid composition (Omega-3 90 EE) used for supplementary diet experiments was 

kindly provided by KD-Pharma Bexback GmbH.  

2.1.8 Kits 
KITS COMPANY 
5 PRIME MasterMis (PCR) 5 PRIME 
ECL Detection KIT Amersham 
iScriptTM Select cDNA Synthesis Kit BioRad 
M.O.M.TM Kit Vector Laboratories 
PAS staining kit Sigma 
Pierce® BCA Protein Assay Kit Thermo Scientific 
Qiagen Plasmid Maxi Kit Qiagen 
Qiagen Plasmid MiniPrep Kit Qiagen 
QIAquick Gel Extraction Kit Qiagen 
Rneasy® Mini Kit Qiagen 
Rnase-free Dnase Set Qiagen 
SuperScript® VILO cDNA Synthesis Kit Life Technologies 
TaqMan® Universal Master Mix Applied Biosystems 
TOPO TA Cloning® Kit (Dual promoter) Invitrogen 
TUNEL kit Millipore 
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2.1.9 Machinery 

INSTRUMENT TYPE COMPANY 
Autoclave 667-1ST Aigner 
Balances LC6201S Satorius 
 LC220-S Satorius 
Centrifuges Evolution RC Sorvall 
 5417R Eppendorf 
 5424 Eppendorf 
 Varifuge 3.0R Heraeus 
Cryostate HM 560M Microm 
Developing machine Curix 60 Agfa 
Digital camera AxioCam MRc Zeiss 
Electric Homogenizer Ultra-Turrax T25 basic IKA 
Freezer (-20°C)   Liebherr 
Freezer (-80°C) HFU 686 Basic Heraeus 
Fridges (4°C)   Liebherr 
Gel documentation system E.A.S.Y. Herolab 
Heating plate BV SW 85 Adamas Instrument 
Ice machine AF 30 Scotsman 
Incubators for bacteria Innova 4230 New Brunswick Scientific 
Incubators for MEFs   Heraeus 
Light source for microscopy KL 1500 Leica 
Magnetic heater, stirrer MR3001 Heidolph 
Microscope for fluorescent ima-
ging Axiovert 200M Zeiss 
Microtom SM2000R Leica 
Microwave oven   Sharp 
Oven (37°C)   Memmert 
Oven (67°C)   Memmert 
PCR machines MasterCycler Gradient Roche 
Perfusion pump 401U/D1 Watson-Marlow Bredel 
pH meter pH Level 1 InoLab 
Photopeter Biophotometer 6131 Eppendorf 
Pipette filler, electric Easypet Eppendorf 
Plate reader Power wave BioTek 
Power supplies E443 Consort 
Real-time PCR system 7900HT Applied Biosystems 
Roll incubator SRT6D Stuart 
Shaker Polymax1040 Heidolph 
Sonifier Cell disrupter B15 Branson 
Thermomixer Comfort Eppendorf 
Vacuum pump VP 86 VWR 
UV-lamp N-36 Benda 
UV/VIS-spectral photometer NanoDrop® ND-1000 Peqlab 
Vortexer Vortex genie 2 Secientific industries 
Water baths U3 Julabo 
 AQUAline AL 12 LAUDA 
Water conditioning system MilliQ biocel Millipore 
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2.1.10 Primer sets for genotyping, splice variant detection and probe generation 

Primer sets were ordered from Metabion, dissolved in dH2O and vortexed vigorously to generate a 

100pM stock solution, which was stored at 4°C or at -20°C for long term storage (Table 2.2). Pri-

mers were used in the listed assays in a working concentration of 10pM. 

Table 2.2: Primer sequences used for detection of splice variants, genotyping and for generation of North-
ern blot probes.  Primer probe sets for TaqMan assays are also l isted.  
Sequences are l isted in 5 ’ -3’ direction.  Assay IDs correspond to order ID l isted by l ifetechnologies .com. 

Primers for genotyping 

variant primer sequence 

Sms1_fw  GCCGGAAATTAAAAAGAACAATGA 

Sms1_rv  GCAATGCAGGGTGCTTCTTCC 

Spli_rv2  GCCAAACCTACAGGTGGGGTCTTT 

APP1501 AAGGGGCCAAAGCCTGGAGGGTGGAACA  

APP1501X  GTGGATAACCCCTCCCCCAGCCTAGACCA 

APP1502  GTTGAGCCTGATGCCCGCCCTGC 

  

Primers for detection of Sms1 splice variants 

variant primer sequence 

Sms1-001_fw GCAGCCCGAGGTTCCAAGTC 

Sms1-001_rv CGCTCCGGTTCTGGCATGGG 

Sms1-002_fw GAAGTGTTGTCACAAGAGGTGG 

Sms1-004_fw CTGGCCACTCCCAACCGCTG 

Sms1-014_fw CTGGCGCTGCCTGTGAAACC 

Sms1-014_rv CAGCAGCCAGTCTGCCACCTTC 

Info Sms1-001_rv also used for Sms1-002 and -004 

  

Primers for generation of Northern probes 

variant primer sequence 

Sms1_e7fw GCGAACGAATGTTTGGACACCG  

Sms1_e7rv GCAGCCACTGAAATAGCCAGAGT  

Gapdh_fw TCTCCGCCCCTTCTGCCGATG  

Gapdh_rv CAGCCCCGGCATCGAAGGTG  
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2.1.11 Primer probe sets for TaqMan assays 
Table 2.3: Primar probe sets  used for TaqMan assays  

Bestellnr. Mm00522643_m1   

Gen Sgms1 Ref-Seq Protein 

Spans exons 7-8 NM_001168525.1 NP_001161997.1 

Bestellnr. Mm00512327_m1   

Gen Sgms2 Ref-Seq Protein 

Spans exons 5-6 NM_028943.5 NP_083219.2 

Bestellnr. Mm00460332_m1   

Gen Acer1 Ref-Seq Protein 

Spans exons 5-6 NM_139306.2 NP_647467.1 

Bestellnr. Mm01264988_m1   

Gen Acer2 Ref-Seq Protein 

Spans exons 5-6 NM_139306.2 NP_647467.1 

Bestellnr. Mm00502940_m1   

Gen Acer3 Ref-Seq Protein 

Spans exons 1-2 NM_025408.2 NP_079684.2 

Bestellnr. Mm00480021_m1   

Gen Asah1 Ref-Seq Protein 

Spans exons 4-5 NM_019734.2 NP_062708.1 

Bestellnr. Mm00479659_m1   

Gen Asah2 Ref-Seq Protein 

Spans exons 7-8 NM_018830.1 NP_061300.1 

Bestellnr. Mm01258345_g1   

Gen Lass2 Ref-Seq Protein 

Spans exons 8-9 NM_029789.1 NP_084065.1 

Bestellnr. Mm03990709_m1   

Gen Lass3 Ref-Seq Protein 

Spans exons 1-2 NM_001164201.1 NP_001157673.1 

Bestellnr. Mm00482658_m1   

Gen Lass4 Ref-Seq Protein 

Spans exons 9-10 NM_026058.4 NP_080334.3 

Bestellnr. Mm00510998_m1   

Gen Lass5 Ref-Seq Protein 

Spans exons 9-10 NM_028015.2 NP_082291.1 

Bestellnr. Mm00556165_m1   

Gen Lass6 Ref-Seq Protein 

Spans exons 5-6 NM_172856.3 NP_766444.1 

Bestellnr. Mm00488319_g1   

Gen Smpd1 Ref-Seq Protein 

Spans exons 3-4 NM_011421.2 NP_035551.1 

Bestellnr. Mm01188195_g1   

Gen Smpd2 Ref-Seq Protein 

Spans exons 5-6 NM_009213.2 NP_033239.1 

Bestellnr. Mm00491359_m1   

Gen Smpd3 Ref-Seq Protein 

Spans exons 3-4 NM_021491.3 NP_067466.1 

http://www.ncbi.nlm.nih.gov/nuccore/NM_001168525.1
http://www.ncbi.nlm.nih.gov/protein/NP_001161997.1
http://www.ncbi.nlm.nih.gov/nuccore/NM_028943.5
http://www.ncbi.nlm.nih.gov/protein/NP_083219.2
http://www.ncbi.nlm.nih.gov/nuccore/NM_139306.2
http://www.ncbi.nlm.nih.gov/protein/NP_647467.1
http://www.ncbi.nlm.nih.gov/nuccore/NM_139306.2
http://www.ncbi.nlm.nih.gov/protein/NP_647467.1
http://www.ncbi.nlm.nih.gov/nuccore/NM_025408.2
http://www.ncbi.nlm.nih.gov/protein/NP_079684.2
http://www.ncbi.nlm.nih.gov/nuccore/NM_019734.2
http://www.ncbi.nlm.nih.gov/protein/NP_062708.1
http://www.ncbi.nlm.nih.gov/nuccore/NM_018830.1
http://www.ncbi.nlm.nih.gov/protein/NP_061300.1
http://www.ncbi.nlm.nih.gov/nuccore/NM_029789.1
http://www.ncbi.nlm.nih.gov/protein/NP_084065.1
http://www.ncbi.nlm.nih.gov/nuccore/NM_001164201.1
http://www.ncbi.nlm.nih.gov/protein/NP_001157673.1
http://www.ncbi.nlm.nih.gov/nuccore/NM_026058.4
http://www.ncbi.nlm.nih.gov/protein/NP_080334.3
http://www.ncbi.nlm.nih.gov/nuccore/NM_028015.2
http://www.ncbi.nlm.nih.gov/protein/NP_082291.1
http://www.ncbi.nlm.nih.gov/nuccore/NM_172856.3
http://www.ncbi.nlm.nih.gov/protein/NP_766444.1
http://www.ncbi.nlm.nih.gov/nuccore/NM_011421.2
http://www.ncbi.nlm.nih.gov/protein/NP_035551.1
http://www.ncbi.nlm.nih.gov/nuccore/NM_009213.2
http://www.ncbi.nlm.nih.gov/protein/NP_033239.1
http://www.ncbi.nlm.nih.gov/nuccore/NM_021491.3
http://www.ncbi.nlm.nih.gov/protein/NP_067466.1
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Bestellnr. Mm00547173_m1   

Gen Smpd4 Ref-Seq Protein 

Spans exons 8-9 NM_001164609.1 NP_001158081.1 

Bestellnr. Mm00435874_m1   

Gen Pomc Ref-Seq Protein 

Spans exons 2-3 NM_008895.3 NP_032921.1 

Bestellnr. Mm01192208_m1   

Gen Mfsd2a Ref-Seq Protein 

Spans exons 13-14 NM_029662.2 NP_083938.2 

Bestellnr. Mm00432670_m1   

Gen Crhr1 Ref-Seq Protein 

Spans exons 3-4 NM_007762.4 NP_031788.1 

Bestellnr. Mm00438303_m1   

Gen Crhr2 Ref-Seq Protein 

Spans exons 1-2 NM_009953.3 NP_034083.2 

Bestellnr. Mm00434865_s1   

Gen Mc2r Ref-Seq Protein 

Spans exons 4-4 NM_001271716.1 NP_001258645.1 

Bestellnr. Mm00433832_m1   

Gen Nr3c1 Ref-Seq Protein 

Spans exons 1-2 NM_008173.3 NP_032199.3 

Bestellnr. Mm01241596_m1   

Gen Nr3c2 Ref-Seq Protein 

Spans exons 7-8 NM_001083906.1 NP_001077375.1 
 

 

2.1.12 Software 
SOFTWARE COMPANY 
Axio Vision Zeis 
Excel 2010 Microsoft 
SDS2.4 Applied Biosystems 
ImageJ2x Rawak Software 
KC4 BioTek 
GraphPad Prism GraphPad Software, Inc. 

 

http://www.ncbi.nlm.nih.gov/nuccore/NM_001164609.1
http://www.ncbi.nlm.nih.gov/protein/NP_001158081.1
http://www.ncbi.nlm.nih.gov/nuccore/NM_008895.3
http://www.ncbi.nlm.nih.gov/protein/NP_032921.1
http://www.ncbi.nlm.nih.gov/nuccore/NM_029662.2
http://www.ncbi.nlm.nih.gov/protein/NP_083938.2
http://www.ncbi.nlm.nih.gov/nuccore/NM_007762.4
http://www.ncbi.nlm.nih.gov/protein/NP_031788.1
http://www.ncbi.nlm.nih.gov/nuccore/NM_009953.3
http://www.ncbi.nlm.nih.gov/protein/NP_034083.2
http://www.ncbi.nlm.nih.gov/nuccore/NM_001271716.1
http://www.ncbi.nlm.nih.gov/protein/NP_001258645.1
http://www.ncbi.nlm.nih.gov/nuccore/NM_008173.3
http://www.ncbi.nlm.nih.gov/protein/NP_032199.3
http://www.ncbi.nlm.nih.gov/nuccore/NM_001083906.1
http://www.ncbi.nlm.nih.gov/protein/NP_001077375.1
http://www.rawak.de/
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2.2 Methods 

This section describes the methods used in the thesis. For detailed information about buffer ingredi-

ents and composition please see the corresponding section in the material or the supplementary part. 

2.2.1 Animal housing 

All animal experiments were carried out in accordance with the European Communities Council 

Directive (86/609/EEC). Littermates of the Sms1 or Sms1 x APPswe mouse line were used in this 

study. Animals were group housed in standard cages, with a maximal occupancy of five. Housing 

conditions included 22 ± 1°C, 55 ± 5% humidity a 12-hour light-dark cycle and ad libitum access to 

food and water. 

2.2.2 Accession of birth rates 

Birth rates of different sexes and genotypes were assessed according to the number of animals count-

ed and genotyped at the age of weaning (3 weeks). The total number of Sms1WT x APPsweWT animals 

counted was set to be 100% of the expected Mendelian ratio. Other genotypes are shown as % of 

expected Mendelian ratio.  

2.2.3 Accession of body weight gain 

Animals of the Sms1 x APPswe mouse line were weighted on a weekly basis, starting with weaning at 

the age of 3 weeks. Data were grouped according to age and are presented as mean per genotype ± 

SEM. 

2.2.4 Accession of death rates 

Survival of obtained offspring was monitored and listed for the first 25 weeks of live. The precise 

date or the week within an animal was found dead was noted. Each death event was listed according 

to genotype and age. The total number of offspring per genotype was set to 100%, each event of 

death within this genotype was represented by an according percent loss of total percent surviving. 

Data are presented as percent surviving. 

2.2.5 PUFA diet experiments 

2.2.5.1 Fertility experiment 

We tested eight and 20 week old male Sms1 mice for fertility. Therefore, Sms1WT and Sms1HET males, 

serving as control, and Sms1MUT males were each provided with an eleven week old C57Bl/6J female. 

After three weeks these females were separated from the males and kept for additional three weeks. 

The litters obtained in this period were recorded. Subsequently to separation of the first batch of 

females, the Sms1 males were provided with a second female each. In parallel, a mix of omega-3 fatty 

acid ethylesters (Omega-3 90 EE) including 38% DHA and 46% EPA (KD Pharma, Bexbach) was 

manually fed to the male Sms1 mutants in an oral dose of 9mg-total omega-3 fatty acids con-



Material and Methods 
Behavioral Tests 
________________________________________________________________________ 

 
48 

 

tent/day/animal for 13 weeks. After the feeding experiment, the animals were sacrificed, perfused 

and testes were prepared for H&E staining. 

 

Figure 2.1: Feeding scheme for fertil ity experiment  
Schematic t ime course of  the infertil ity test mating scheme,  with subsequent DHA/EPA supplementation.  Sms1W T  
(n=2),  Sms1H E T  (n=4) and Sms1M U T  (n=6) were mated at  the age of  20 weeks to an 11 week old C57Bl/6J female 
(mat ing 1) for a test of  fertil ity .  After three  weeks these mating were terminated and the female was replaced by 
a new 11 week old C57Bl/6J female (mat ing 2).  These mating were maintained for 13 weeks, before they were 
terminated (separation).  With the start of  mating 2 all  males were provided with a DHA/EPA diet supplementa-
tion (9mg total  omega-3 content/animal/day,  oral  dose) for the duration of  14 weeks.  At the age of  38 weeks 
males were sacrif iced and testes were analyzed.  

2.2.5.2 Weight gain experiment 

Sms1HET x APPsweTg and Sms1HET x APPswe WT animals were mated to obtain offspring as litterma-

tes of the relevant genotypes (Sms1WT x APPsweTg, Sms1HET x APPsweTg, Sms1MUT x APPsweTg). 

With the start of mating, females were manually fed with a supplementary diet of omega-3 fatty acid 

ethylesters (Omega-3 90 EE) including 38% DHA and 46% EPA (9mg-total omega-3 FA con-

tent/day/animal KD Pharma, Bexbach) to ensure a supply of essential PUFAs for the offspring dur-

ing embryonal development. With weaning, pups themselves were fed with DHA/EPA diet (3mg-

total omega-3FA content/day/animal until 4 weeks of age; 9mg-total omega-3FA con-

tent/day/animal from 4 weeks of age onwards). Weight gain and death rates were monitored as 

described above. Weight data is presented as percent difference in weight gain between DHA/EPA 

fed and non-fed animals of the respective genotype ± SEM. 

2.2.6 Behavioral Tests 

Behavioral testing was either performed in the GMC or was done by Dr. Annemarie Zimprich and 

Dr. Lillian Garret in accordance with the GMC protocols (see below). The cohort for GMC analysis 

consisted of 10 mice per sex and genotype and was transferred to the GMC two weeks prior to start 

of the testing battery (Gailus-Durner et al. 2005) for habituation. 

A brief summary of the behavioral test procedures, which are discussed in more detail in this thesis is 

given below, for a more detailed information and a collection of GMC protocols, please see: 

http://www.eumorphia.org/EMPReSS. 

All test apparati were cleaned between the assessment of behavioral performances of different mice. 

http://www.eumorphia.org/EMPReSS
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2.2.6.1 Open Field 

The open field (OF) test apparatus consists of a square-shaped testing arena (ActiMot), surrounded 

by transparent walls (45.5 x 45.5 x 39.5cm) and a light intensity of 150 – 200lux in the periphery or 

the center, respectively. It has a defined periphery, which is set as a corridor of 8cm along the walls 

and a resulting center zone. The OF is frequently used to assess general behavior such as locomotion 

distance and speed, but also for anxiety-related parameters For testing, animals are placed in the 

middle of the arena and are monitored and videotaped for 20’. Data acquisition included 1) the laten-

cy for the first re-entry in the center zone, 2) number of center zone entries, 3) their speed, 4) dis-

tance and 5) time in the different compartments as well as 6) number of rearings were assessed.  

2.2.6.2 Y-Maze 

For acquisition of spatial memory performance based on the retrograde working memory, mice were 

tested on the Y-Maze. The Y-Maze apparatus consists of three arms, which are organized in 120° 

angles. At the beginning of the test, animals were placed at the end of one arm and were allowed to 

explore the Y-Maze for 5’. Data acquisition included 1) time to first arm entry, 2) total number of 

entries, 3) completed triads, 4) arm alterations and entrance sequences. 

 

 
Figure 2.2: Open field and Y-Maze arena 
Schematic drawing of the Open Field and the Y -Maze arena,  which were used for assess ment of  standard behav-
ioral  data,  anxiety -related behavior and memory performance.  

 

2.2.6.3 Grip strength 

Grip strength was assessed with a horizontal metal grid attached to a force sensor. The mouse is 

allowed to grip the grid and is then pulled by its tail. The strength applied until the mouse loses hold 

of the grid is measured in three subsequent trials performed within one minute. Mean values are 

used to represent the grip strength. This test is performed with the mouse either grasping the grid 

with two or with four paws.  
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2.2.6.4 Rotarod test 

For assessment of motor coordination the rotarod test was applied. The rotarod (Bioseb, Chaville, 

France), consisting of a rotating spindle with five individual lanes, one for each mouse, is driven by a 

computer controlled rotating rod allowing the device to accelerate in a predefined way. The speed 

was set to accelerate from 4-40 rpm for 300’’ with 15’ between each trial. Three trials were per-

formed with each animals and the mean performance was presented.  

2.2.6.5 Stress reactivity test (SRT) 

 

Figure 2.3: Schematic illustration of the stress reactivity  test (SRT) setup  
Animals were grouped into a stress and a control group.  A blood sample was taken from each animals to assess 
basal  CORT levels .  Animals o f  the stress group were exposed to a restraint stress ,  by placing them into a 50ml  
falcon tube for a defined period,  while an imals of  the control group remained in their  home cages.  After this  
period a second blood sample was taken from each animal to  assess stress CORT levels .  All  animals were placed 
back into their  home cages for an interval needed to stop the wound from bleeding.  Animals were subsequently 
tested in a  OF arena and their  behavior during the f irst 5min of  testing was analyzed.  Pictures were taken by Dr. 
Annemarie  Zimprich.  

 

SRT tests were performed by Dr. Annemarie Zimprich according to the scheme shown below 

(Figure 2.3). Female and male animals of the Sms1 mouse line were grouped into a stress and a con-

trol group. From each animal a blood sample was taken from the tail vein to assess basal CORT lev-

els. Animals of the stress group were exposed to a restraint stress of either 15’ or 2h., by placing 

them into a 50ml falcon tube. Animals of the control group remained in their home cages. After this 

period a second blood sample was taken from each animal to assess CORT levels after stress. All 

animals were placed back into their home cages for an interval of either 5’ or 20’. Subsequently, ani-

mals were tested in a OF arena as described above (section 2.2.6.1) and their behavior during the first 

5min of testing was analyzed. 
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2.2.7 Animal blood and organ preparation 

2.2.7.1 Blood taking 

Blood taking for the analysis of steroids in the GMC was done retro-bulbar from isoflourane narco-

tized mice. Plasma was obtained by centrifugation and was stored at -20°C until further analysis. For 

a more detailed information and a collection of GMC protocols, please see: 

http://www.eumorphia.org/EMPReSS. 

2.2.7.2 Pathological analysis 

Pathological analysis was performed in the Institute of Pathology. Therefore Sms1 x APPswe ani-

mals, which were found dead (post-mortem interval < 3h) were collected and, together with age-

matched controls, macroscopically and histologically analyzed by Dr. Frauke Neff.  

2.2.7.3 Perfusion 

2.2.7.3.1 Organ preparation and perfusion with PBS 

Mice were sacrificed by carbon dioxide inhalation and transcardially perfused with 50-70ml ice-cold 

PBS prior to brain and organ preparations. Organs were put to 2ml Eppendorf tubes. The brain was 

separated into its two hemispheres, while the left half or the right half were used for protein prepara-

tions or immunological investigations, respectively, before freezing in dry ice cooled isopentane and 

storage at -80°C. 

2.2.7.3.2 Organ preparation and perfusion with PFA 

Mice were sacrificed by carbon dioxide inhalation and transcardially perfused with 50-70ml ice-cold 

PBS followed by 50ml 4% PFA. Organs were dissected, placed into 15ml falcon tubes and postfixed 

in 4% PFA at 4°C overnight. Subsequently organs were dehydrated and paraffin embedded. 

2.2.7.4 Tissue embedding 
 
Table 2.4: Times used for tissue dehydration and embedding into paraffin blocks 
Embedding procedures for dif ferent tissues are l isted.  Xylol :Paraff in was mixed in a 1 :1 ratio.  Incubat ion times  
were as indicated.  Overnight (O/N).  

 

After PFA fixation overnight. Organs were dehydrated by increasing EtOH row (70-100%), cleared 

with Xylol and embedded into paraffin. For detailed information on incubation times see  

http://www.eumorphia.org/EMPReSS


Material and Methods 
Animal blood and organ preparation 
________________________________________________________________________ 

 
52 

 

Table 2.4. Incubation with 4% PFA was done at 4°C, Xylol:Paraffin and Paraffin only incubations 

were performed at 67°C. All other steps were carried out at RT. Paraffin blocks were slowly cooled 

down and stored at 4°C until further processing 

2.2.7.5 Cutting of tissues 

2.2.7.5.1 Microtome cutting 

Paraffin embedded tissues were cut with the microtome. 4°C pre-cooled paraffin blocks were fixed to 

the microtome, allowing them to be cooled during the whole cutting process. Tissues were cut into 6 

to 8µm thick sections in a series of 4 or 8 slides, depending on the tissue. Sections were put into a 37-

40°C warm water bath, allowing them to unfold for 2-5’. Subsequently, the sections were mounted 

onto glass slides using a soft brush. Slides were dried at 40°C on a heating plate for 20-30’ and then 

dried over night at 67°C in an oven. 

2.2.7.5.2 Cryostate cutting 

Heart tissue, frozen and stored in O.C.T (Tissue Tek) were cut with the cryostate into 6µm thick 

sections. The frozen cubes were mounted onto the cryostate section plates and fixed by rapid freez-

ing (-55°C). Temperatures for the specimen was put to -22°C and for the blade to -17°C. Sections 

were immediately mounted onto glass slides and dried on a heating plate set to 30°C. Sections were 

subsequently stored at -80°C until further processing. 

2.2.7.6 Organ withdrawal for RNA and Protein Isolation 

Mice were sacrificed by cervical dislocation. Organs were dissected, cleared from blood in ice-cold 

0.9% NaCl, taped dry, put a 1.5ml cryotube, placed on dry ice or shock frozen in liquid nitrogen and 

subsequently stored at -80°C or in the gas phase of liquid nitrogen until further investigations. 

2.2.7.7 Dissection of HPA-axis related brain parts and organs for RNA isolation 

 

Figure 2.4: Brain areas dissected for HPA-axis relevant analysis of expression levels.  
The f irst panel highlights the area dissected for the analysis  of  the hypothalamic areas including the para-
ventricular nucleus.  The second panel shows the hippocampus,  which was dissected completely.  

For investigation of HPA-axis relevant brain areas, the animals were killed by cervical dislocation, 

brains were quickly removed and brain regions were isolated on ice. The hippocampus was dissected 

by separation and careful loosening of the cortical tissue around the hippocampus (Figure 2.4). Sub-
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sequently, the highlighted area (Figure 2.4) of the hypothalamic area was taken. Furthermore, the 

pituitary and the adrenal glands were removed. Tissues were snap frozen in a 1.5ml cryotube in liq-

uid nitrogen and stored at -80°C until further processing. 

2.2.7.8 Organ withdrawal for Lipid profiling and enzyme activity measurements 

Animals were sacrificed by cervical dislocation in order to prevent any inconvenience in the enzyme 

activities caused by carbon dioxide. After cervical dislocation, the animals were weighted. The brain 

was removed and directly placed into 4°C pre-cooled 0.9 % NaCl. The brain was tapped dry on a 

tissue towel, weighted, put in a 1.5ml cryotube and was shock frozen in liquid nitrogen. The heart, 

lung, liver, spleen and (for male animals) the testis were dissected and treated the same way as the 

brain. All organs were stored in the gas phase of liquid nitrogen until shipping on dry ice and further 

processing. 

2.2.8 Accession of organ weight 

The weights of the organs, obtained by the method described above, were analyzed as absolute data 

and as relative data compared to the body weight of the respective animal. Data are presented as 

mean per genotype ± SEM. 

2.2.9 Histological analysis and organ pathology 

Histological analysis and organ pathology was performed within the GMC as described (Gailus-

Durner et al. 2009). A total of 46 mice of the Sms1 mouse line at different ages were analyzed for 

morphological changes. 

Animals were sacrificed with CO2. Body weight, body length and weight of internal organs such as 

heart, spleen and liver were determined. Tail tips were cut and stored at -70°C for genetic reconfir-

mation. Organs were fixed in 4% formalin and embedded in paraffin as described above (see section 

2.2.7.4), 4µm sections were cut with the microtome (see section 2.2.7.5.1) and stained with hematoxy-

lin and eosin (H&E; see section 2.2.12.2) for histological examination. Periodic acid shiff (PAS; see 

section 2.2.12.3) staining was applied for visualization of glycolipids. Images of tissue sections were 

acquired with an automated slidescanner (NanoZoomer-NDP-Hamamatsu, Germany). All slides 

were independently reviewed and interpreted by 2 pathologists, experienced in mouse pathology. 

2.2.10 Nucleic acid based methods 

2.2.10.1 DNA based methods 

2.2.10.1.1 DNA Isolation 

Genomic DNA was isolated from tail tips (0.5mm) by incubation with 500µl of Lysis-Buffer and 20µg 

of Proteinase-K per tail tip at 60°C for at least 3h. For Proteinase-K inactivation samples were heat-

ed to 95°C for 10’ prior to centrifugation and separation of the supernatant. Isolated DNA was 

stored at 4°C until further processing. 
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2.2.10.1.2 Genotyping – PCRs 

Genotyping was performed by triplet-PCR amplification according to the pipette scheme listed be-

low (Table 2.5). The Sms1 genotype was identified using the primers listed in Table 2.2. A band of 

577bp represents the mutant fragment and 999bp represents the wild-type fragment. The genotype 

of the hAPPswe allele was identified using the primers listed in Table 2.2. A band of 470bp repre-

sents the mutant fragment and 750bp represents the wild-type fragment. PCR cycling settings for 

the reactions were set according to Table 2.5. All PCR fragments were sequence-verified initially. 

Table 2.5: Pipett ing scheme for standard-PCR and cycle settings for Sms1 and hAPPswe genotyping PCR 
reactions  

 

2.2.10.1.3 Gel-electrophoresis 

For standard DNA based gel-electrophoresis, a 2.5% agarose gel (based on 1xTAE-buffer) was pre-

pared After heating in the microwave (900W for 5-8’), the gel was allowed to cool down and 2x10-5 

Vol% of EtBr were added. The gel was purred into an electrophoresis jar and allowed to cure, before 

1xTAE-buffer was added as a conductor. Subsequently 4x DNA loading dye was added to the DNA 

sample and DNA was applied to the gel. Gel-electrophoresis was performed at 90-130V for 1h de-

pending on the size of the jar. Gel images were taken under UV light. 

2.2.10.1.4 Sequencing 

Sequencing of DNA samples was done in the GATC. DNA and primer samples were prepared as 

follows. PCR amplified or gel-isolated DNA was diluted to 40ng/µl of DNA per 30µl of Volume. 

Primer for the sequencing reaction were diluted to 10pmol/µl and 20µl were provided. 

2.2.10.2 RNA based methods 

For all RNA work RNase free material was used. Pipettes and machinery was prepared to be RNase 

free using RNaseZap®. 

2.2.10.2.1 RNA Isolation 

1ml Trizol was added per sample. Samples were homogenized and incubated for 5’ at RT prior to 

centrifugation at 15000g for 10’ at 4°C. After taking off of the supernatant, 200µl of Chloroform 

were added and samples were mixed and incubated for 8’ at RT. Subsequently samples were centri-

fuged at 15000g for 15’ at 4°C. The supernatant was mixed with 530µl of Isopropanol and again 

incubated at -20°C, overnight. Remaining RNA-isolation steps were carried out using the RNeasy 

Kit (Qiagen) according to the manufacturer’s instructions, including DNase treatment. 
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Briefly, 700µl of the lysate were applied to a RNeasy column and centrifuged. 350µl of RW1 Buffer 

were applied to the column, which was again centrifuged, for washing. DNase treatment took place 

by mixing 70µl of RDD Buffer and 10µl DNaseI, which was again applied to the column and incubat-

ed at RT for 15’. After repeated washing using RW1 buffer and twice 500µl of RPE buffer, RNA was 

eluted from the column by applying twice 30µl RNase free H2O and centrifugation. If tissue samples 

were smaller than 30µg, RNA isolation was directly done with RNeasy Kit (Qiagen) starting with 

tissue homogenization in RLT buffer (RLT buffer, 1% beta-Mercaptoethanol) and subsequent load-

ing of the sample to a RNeasy column. All following steps were performed as described above. 

All centrifugation steps were set to 8000g, RT, 15sec, if not mentioned otherwise. RNA yield was 

measured at the NanoDrop with an OD260. An optimal purity, assessed by the OD260/OD280 ratio of 

1.8 to 2.1 was aimed for. RNA was stored at -80°C until further processing.  

2.2.10.2.2 RNA – cDNA conversion / RT-PCR 

Reverse transcription polymerase chain reaction (RT-PCR) of isolated RNA was performed via the 

iScriptTM Select cDNA Synthesis Kit (BioRad) for detection of splice variants via semi-quantitative 

RT-PCR. 4µl of 5x iScript-Selection-Reaction-Mix, 1µl of Reverse Transcriptase and 1µl of RNA 

(1.0µg) were added to 14µl of RNase free H2O. RT-PCR reaction settings were 5’, 25°C – 30’, 42°C – 

5’, 85°C for activation, elongation and inactivation and were carried out on heat block. cDNA was 

stored at -20°C until further processing. 

Reverse transcription of RNA for TaqMan Assays was performed via the Vilo-Kit (Invitrogen) ac-

cording to the manufacturer’s instructions. Briefly, 4µl of 5x Vilo Reaktion Mix and 2µl of 10x Su-

perscript Enzyme Mix was added to 14µl of RNA (total 2.0µg per reaction). RT-PCR reaction set-

tings were 10’, 25°C – 60’, 42°C – 5’, 85°C. cDNA was stored at -20°C until further processing. 

2.2.10.2.3 Detection of splice variants 

The four protein coding transcripts of Sms1 were analyzed by semi-quantitative cDNA-based PCR 

using specific primer combinations (Table 2.2). The PCR setup was done according to the standard 

PCR pipetting scheme (Table 2.5). PCR cycling settings were 95°C, 5’ – (94°C, 1’ – 56°C, 1’ – 72°C, 

1’) x 35 – 72°C, 7’ for all reactions. 

2.2.10.2.4 Generation of Northern blot probes 

PCR amplification of probe sequences 

For Northern Blot probes 801bp of Sms1 exon 7 were PCR-amplified using the primers Sms1_e7fw 

(5’ – GCGAACGAATGTTTGGACACCG – 3’) and Sms1_e7rv (5’ – 

GCAGCCACTGAAATAGCCAGAGT – 3’; compare Table 2.2) and a genomic DNA template. The 

PCR setup was done according to the standard PCR pipetting scheme (Table 2.5). PCR cycling set-

tings were 95°C, 5’ – (94°C, 1’ – 56°C, 1’ – 72°C, 1’) x 35 – 72°C, 7’. 
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A Gapdh probe was PCR-amplified using the primer pair of Gapdh_fw (5’ – 

TCTCCGCCCCTTCTGCCGATG – 3’) and Gapdh_rv (5’ – CAGCCCCGGCATCGAAGGTG – 3’; 

compare Table 2.2). The PCR setup was done according to the standard PCR pipetting sheme (Table 

2.5). PCR cycling settings were 95°C, 5’ – (94°C, 1’ – 56°C, 1’ – 72°C, 1’) x 35 – 72°C, 7’. 

A lacZ probe was provided, to control for expression of the gene trap cassette and to validate geno-

types. 

Gel-electrophoresis and gel-extraction 

For selection and isolation of specifically amplified DNA sequences, gel-electrophoresis was per-

formed as described before. 

The amplified sequences were visualized after gel-electrophoresis using UV light. The respective 

bands were cut out of the agarose gel with a scalpel and collected separately in a 2ml Eppendorf tube. 

Isolation of specifically amplified DNA sequences was performed with the Gel Extraction Kit (Qi-

agen) according to the manufacturer’s instructions. Briefly, 450µl of BQ buffer were added to the 

isolated agarose cube and dissolved at 50°C for 10’. 150µl of Isopropanol were added and the solution 

and mixed. Subsequently, the solution was loaded on a provided column and was centrifuged, before 

500µl of BQ buffer were added to the column. After another round of centrifugation 750µl of PE 

buffer were added to the column and were incubated for 3’ at RT. After incubation the column was 

centrifuged twice. For elution of the DNA, 50µl of H2O were added to the column and it was again 

centrifuged. After isolation DNA yield and quality was controlled by optical density (OD) OD260 and 

OD260/OD280 ratio. 

All centrifugation steps were carried out for 1’ at 13krpm and the flow-through was discarded. Ex-

cept for the elution step, when flow-through, containing DNA was collected. 

Transformation of chemically competent E.coli DH5α bacteria  

LB+Amp agar plates were prepared. Therefore 400ml of LB-Agar were boiled in the microwave (2’ at 

670W, short cool down, 7’ at 270W). Agar was allowed to cool down to 50°C and 1ml of Ampicillin 

(50mg/µl) was added and agar was distributed to 6cm petri dishes. After cool down, petri dishes 

were sealed with parafilm and stored at 4°C. 

Prior to plating of cells, petri dishes were prepared for blue/white-selection. Therefore 50µl of X-Gal 

and 50µl of IPTG were added to the petri dishes and were incubated at 37°C for 1h. 

For amplification of the isolated sequence, TOPO-vector cloning was performed. “TOP10”-cells 

(chemically competent E.coli DH5α bacteria) were allowed to taw on ice. 4µl of TOPO-vector mix 

(see Table 2.6) were added to 100µl of bacteria, mixed cautiously and placed on ice for 30’. A heat 

shock was performed for 45’’ at 42°C for permeabilization of the plasma membrane. Subsequently, 

the reaction was stopped and bacteria were placed on ice for 1-2’. Bacteria were allowed to divide by 
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adding 50µl SOC Medium and by incubating for 1h at 37°C on a shaker, prior to plating on the pre-

pared LB+Amp agar plates. To obtain colonies for selection, plates were incubated at 37°C overnight. 

Table 2.6: TOPO-vector mix composit ion.  

 

Amplification and isolation of plasmid DNA 

For control and selection of correctly transformed plasmids, a positive (white) colony was picked 

from the agar plate and put into 3ml LB+Amp medium at 37°C overnight. 2ml of the culture were 

transferred to a 2ml Eppendorf tube, while the remaining culture was kept at 4°C. 

For isolation of the plasmid using the Plasmid MiniPrep Kit (Qiagen) the 2ml of culture were centri-

fuged at 13krpm, 10’. The supernatant was discarded and the pellet was used for plasmid isolation 

according to the manufacturer’s instructions. Briefly, the pellet was resuspended in 250µl of P1 buff-

er by pipetting, 250µl of P2 buffer were added and the solution was mixed by inverting of the tube. 

After incubation for 5’ at RT, 350µl of N3 buffer were added and the tube again inverted. After cen-

trifugation for 10’ at 13krpm, the supernatant was added to 600µl of Isopropanol and again centri-

fuged for 15’ at 13krpm. For washing 1ml of 70% EtOH was added to the pellet. Subsequently to 

centrifugation for 10’ at 13krpm, EtOH was discarded and the pellet was dried at RT in the inverted 

tube. The pellet was dissolved in 30µl H2O or EB. 

For further amplification and a higher yield of sequence verified plasmids, the remaining culture 

stored at 4°C was used for amplification of the plasmid and put to 250ml of LB+Amp medium at 37°C 

overnight. Plasmid isolation from a high volume of culture was performed with the Plasmid Maxi-

Prep Kit (Qiagen). The culture was transferred to centrifugation beakers, balanced and centrifuged 

in a 4°C pre-cooled GSA Rotor (5000rpm, 15’). The supernatant was discarded and the pellet either 

stored at -20°C or directly processed further. Therefore 10ml of P1 buffer was added and the pellet 

was resuspended. 10ml of P2 buffer were added, the solution was mixed and incubated for 5’ at RT. 

10ml of P3 buffer were added and the solution was incubated for 30’ on ice. Subsequently the solu-

tion was transferred to a 50ml falcon tube and centrifuged for 20’, 5krpm at 4°C. Filter columns were 

prepared and equilibrated with 10ml of QBT buffer per column. Filter hoppers and filter were put on 

top and the supernatant was added to the filter. After the supernatant passed the filter column, the 

column was washed twice with QB buffer. The plasmids were eluted from the column by adding 

15ml QF buffer and were captured in a prepared 50ml falcon tube, containing 10.5ml Isopropanol. 

The solution was mixed thoroughly and centrifuged for 1h at 5000rpm and 4°C, the supernatant was 

discarded and the pellet was washed with 5ml 70%EtOH. After an additional round of centrifugation 
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(1h, 5000rpm, 4°C), EtOH was removed and the pellet was dried at RT. Finally the pellet was dis-

solved in 100µl H2O or EB. 

Concentration of isolated plasmid DNA was measured at 260nm and was checked for purity, by aim-

ing for an optimal OD260/OD280 ratio of 1.8. DNA was stored at 4°C until further processing. 

Restriction digestion of plasmid DNA 

For digestion of isolated plasmid DNA, a digestion mix was set up using EcoRI as restriction en-

zymes and Buffer H according to the manufacturer’s instruction. The enzymatic digestion was per-

formed at 37°C overnight. 

Table 2.7: Digestion mix composit ion.  

 

2.2.10.2.5 Northern blot 

20µg per RNA sample were mixed with 15µl of RNA loading dye and heated to 50°C for 30’ before 

the samples were applied to a 1.2% formaldehyde- agarose (FA)-gel. Gel electrophoresis took place in 

FA-running buffer at 100V for 3h, with a change of buffer after half of the running time. RNA integ-

rity was checked by visualization of the 18S and 28S band under UV light. The gel was washed in 

dH2O and two changes of 10x SSC for 15’ each. The RNA was blotted overnight on an Amersham 

HybondTM-N+ membrane using 10x SSC, subsequently UV-crosslinked and pre-hybridized in 

Church Buffer at 65°C for 1h, to prevent unspecific binding. 

Probes were P32-labeled using the Rediprime II random labeling System (Amersham). Therefore, 

25ng of probe DNA was denatured by heating to 100°C for 5’ in TE-buffer. Subsequently cooled on 

ice for 5’ and added to the labeling system following the manufacturer’s instructions. Labeled probes 

were diluted in Church Buffer to 1,500 counts/µl (Sms1 probe) and 1,000 counts/µl (Gapdh probe). 

After blocking, the membrane was incubated with labeled cDNA-hybridization-probes at 65°C, 

overnight. Redundant radioactivity was removed by washing with 2x SSC (RT, 2x 10’), 2x SSC-1% 

SDS (RT, 10’), 1x SSC-1% SDS (65°C, 10’). Kodak X-ray films were applied overnight. 

Band intensities were measured with ImageJ2x. Statistical analysis was performed using the two-

tailed Student’s T-test. Statistical significance was considered at * p ≤ 0.05, **p ≤ 0.01 and *** p ≤ 

0.001  

2.2.10.2.6 TaqMan assay 

Generated cDNA (minimum n=3 per genotype, reverse transcribed from standardized RNA quanti-

ties) was analyzed in triplicates using specific primer and probe sets for each gene of interest (Table 
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2.3). Samples were analyzed via SDS 2.4, adjusted to β-actin expression and statistically validated by 

the 2-ΔΔCT method (Livak and Schmittgen 2001). Statistical analysis was performed using the two-

tailed Student’s T-test. Statistical significance was considered at * p ≤ 0.05, **p ≤ 0.01 and *** p ≤ 

0.001. 

Table 2.8: TaqMan reaction mix and cycle settings for the TaqMan assay  

 

2.2.10.2.7 Microarray and evaluation 

Due to the expected and observed phenotype brain and testes samples were analyzed. Muscle tissue 

served as a control. Organs were collected from mice at the age of 17 weeks as described above. Mi-

croarrays were performed as part of the GMC pipelines. Briefly, total RNA was isolated (Sms1 wild-

type, n=6; and Sms1 mutant, n=6) according to manufacturer’s protocol using RNeasy Mini kits 

(Qiagen). RNA integrity was controlled on an FA-gel and concentration was calculated from 

OD260/280 measurement. 500ng of high quality total RNA was amplified using the Illumina TotalPrep 

RNA Amplification kit (Ambion). The amplified cRNA was hybridised to MouseRef-8 v2 Expression 

BeadChips (Illumina, San Diego, CA, USA) and after 16h incubation, staining and scanning were 

done according to the Illumina expression protocol. For normalization of the data, we used the Ge-

nomeStudioV2011.1 software processing using the quantile normalization and background subtrac-

tion. The identification of significant gene regulation was performed by Dr. Dietrich Trümbach us-

ing SAM (Significant Analysis of Microarrays) included in the TM4 software package as described 

(Tusher et al. 2001). The selection of the top differentially expressed genes with reproducible up- or 

down-regulation includes about 5% false positives (false discovery range (FDR), estimated by calcu-

lation of 1000 permutations) in combination with fold change > 1.4. Array data are available in the 

GEO database (http://www.ncbi.nlm.nih.gov/geo/?roo=md) under GSE39585.  

In addition to the univariate SAM method described above, Dr. Dietrich Trümbach performed Sup-

port Vector Machine with Recursive Feature Elimination (SVM-RFE) according to Augustin et al. 

(2011) and Zhou and Tuck (2007) on normalized microarray data of Sms1MUT and Sms1WT mice. The 

combination of univariate and multivariate analyses in this case SAM and SVM-RFE, respectively, 

allowed the comparison of the most discriminatory genes from both methods and to select overlap-

ping genes (Soon et al. 2009). For SVM prediction the function svm from the e1071 package in R 

(http://www.r-project.org/) was used with default settings except the parameters type = ‘C-

classification’, kernel = ‘linear’ and cost = 0.01. SVM-RFE algorithm grouped the samples of the 

microarray dataset (Sms1WT, n=6; and Sms1MUT, n=6) into stratified 5-folds and all combinations of 

4-folds were used for mSVM-RFE. This grouping into folds was done ten times and SVM-RFE al-

http://www.r-project.org/
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gorithm was applied 50 times on different subsets of the original dataset. Finally, 50 different probe-

set selections, each consisting of the best 500 probe-sets for classification according to the cost func-

tion of the SVM classifier, were obtained. The frequency of each probeset occurring in all the 

probeset selections was computed to identify the most important probesets. 

Differentially expressed genes occurring in at least 5 probeset selections were functionally investi-

gated for enrichment in Gene Ontology (GO) categories cellular component and biological process 

by the program Pathway Studio 9.0 (Elsevier). For calculation of p-values a Fisher’s exact test was 

performed. Afterwards a FDR correction (Benjamini and Hochberg 1995) was applied by the R func-

tion p.adjust (with the parameter method=”fdr”). 

2.2.11 Protein based methods 

2.2.11.1 Protein Isolation standard procedure 

Organ samples were manually homogenized using a glass pistil and ice cold RIPA-buffer with added 

Complete Protease Inhibitor Cocktail and Complete Phosphatease Inhibitor Cocktail (1 tablet each 

per 10ml of buffer, Roche). Depending on the amount of tissue 500µl to 1ml RIPA-buffer were used. 

Samples were incubated for 30’ on ice, sonicated with 3 pulses and RIPA-buffer soluble and insoluble 

protein fractions were separated by centrifugation (15000g, 20’, 4°C). The supernatant was separated 

from the pellet and both were stored at -80°C. 

2.2.11.2 Protein Isolation for APP profiling 

For immunoblotting of APP and cleavage products, brain, heart and lung protein was isolated sub-

sequently with DEA-buffer and RIPA-buffer resulting in two fractions of soluble and membrane 

bound proteins. Protein isolation was performed in the lab of Dr. Michael Willem (LMU) with kind 

assistance. 

1ml DEA-buffer was used per hemisphere of mouse brain for the homogenization. Homogenization 

was performed with potter and pistil (10 strokes per brain). The homogenized samples were trans-

ferred to a pre-cooled 1.5ml Eppendorf tube. Potter and pistil were cleaned with cold H2O each time 

before a new set of genotypes was handled. Samples were kept on ice during the homogenization 

procedure. DEA-buffer was used to dissolve and enrich extracellular APP cleavage products such as 

Aβ, sAPPβ or sAPPα. DEA-buffer dissolved samples were centrifuged (5000g, 10min, 4°C). 500µl of 

the supernatant, containing DEA-buffer soluble protein, was transferred to a new 1.5ml Ultracentri-

fuge Eppendorf tube, the remaining supernatant was discarded and the pellet was saved for RIPA-

buffer protein isolation. The 500µl DEA-buffer soluble protein were again centrifuged (130000g, 

60min, 4°C). 450µl of the supernatant were transferred to a new 1.5ml Eppendorf tube and 10% 

0.5M Tris pH6.8 were added for neutralization. Neutralized DEA-buffer soluble protein was kept at 

–80°C until further processing. 
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The pellet obtained by ultracentrifugation of DEA-buffer soluble protein was also kept for the isola-

tion of RIPA-buffer soluble protein. 

 

Figure 2.5: Illustration of DEA and RIPA based isolat ion procedure of APP and protein derivates for the 
analysis of APP processing  
The steps highlighted in green were used to obtain the DEA-soluble protein fraction,  while the steps highlighted 
in blue were used to obtain the RIPA -soluble protein fraction.  

 

RIPA-buffer was used to disrupt the cells and obtain all cytoplasmic and membranous components 

such as full length APP, C99, C83 and AICD. 1ml of RIPA-buffer was added to the pellet, gained by 

the first centrifugation step and 100µl RIPA-buffer were added to the pellet obtained by the second 

ultracentrifugation step. Both pellets were resuspended with blue or yellow pipette tips, respectively. 

The first resuspended pellet was put on the shaker for 30min at 4°C for RIPA-buffer incubation and 

was subsequently centrifuged at 5000g for 10min at 4°C. Afterwards, 900µl of the supernatant was 

transferred to an ultracentrifuge Eppendorf tube. During that time, the second resuspended pellet 

was kept on ice and was now combined with the first sample in the ultracentrifugation Eppendorf 

tube. 500µl of combined pre-RIPA lysate was put for centrifugation (130000g, 60min, 4°C). The 

supernatant, containing RIPA-buffer soluble protein was taken off and stored at -80°C until further 

processing. 

The pellets, remaining after isolation of RIPA-buffer soluble protein contained unsoluble and plaque 

associated APP derivates, which were kept at -80°C for further investigation. 

40µl of neutralized DEA-buffer soluble protein and 40µl of RIPA-buffer soluble protein were used 

for BCA measurement as described below. 

2.2.11.3 Protein quantification / BCA assay 

Protein concentration was assessed by the bicinchoninic acid (BCA) Protein Assay Reagent (Thermo 

scientific) according to the manufacturer’s instructions. Briefly, 25µl of BSA standards, ranging from 
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25µg/µl to 2mg/µl, and sample dilutions (1:10 up to 1:100, depending on the tissue) were applied to 

a 96 well flat bottom plate and incubated for 30’ at 37°C with 200µl of BCA working reagent 

(CuSO4/bicinchoninic acid (1:50)) per well. Samples were analyzed in triplicates with three different 

dilutions, depending on tissue volume. Absorbance at 562nm was measured and samples concentra-

tions were calculated in Excel depending on the standard curve results. 

2.2.11.4 Westernblot standard procedure 

RIPA-soluble protein samples were slowly thawed on ice and diluted in dH2O to the desired concen-

tration. 15µl (containing 10µg to 40µg) of diluted protein per sample were mixed with 5µl Nu-

PAGE® LDS Sample Buffer (4x) and 0.2µl β-Mercaptoethanol for denaturation of the protein. To 

ensure denaturation, samples were additionally heated to 95°C for 3min, cooled down to RT and 

shortly vortexed, to abolish any concentration gradient. 

For SDS-PAGE using the invitrogen blotting system 20µl of heated protein samples and 10µl of 

SeeBlue® Plus2 Pre-Stained Standard  were applied to a NuPAGE® Novex Bis-Tris 4-12% (or 10%) 

Gel. Gelelectorphoresis was performed in 1 x NuPAGE® MES SDS Running Buffer for 1h at 200V. 

Proteins were transferred to PVDF membranes using Transfer Buffer (1 x NuPAGE® Transfer 

Buffer, 5% MeOH) for 1.5h at 30V. 

For SDS-PAGE using the BioRad blotting system the same amount of protein samples and 10µl of 

Full Range Rainbow marker or AppliChem VI protein marker were applied to a 4-12% (or 10%) Bis-

Tris Gel. Gelelectorphoresis was performed in 1 x MOPS Running Buffer for 1h at 200V. For pro-

tein transfer, two Whatmann paper were used below the gel and above the membrane, to ensure a 

tight packing for blotting. For the transfer PVDF membranes and Transfer Buffer (1 x Tris-Glycin 

Buffer, 20% MeOH) were used. Blotting took place over night (~18h) at 20V and 4°C. 

For both systems the following steps were the same. Unspecific binding of the primary antibody was 

prevented by blocking the membrane with 5% skim milk (in TBS-T (0.01% Tween 20)) for 1h at RT 

either in a 50ml falcon tube, or in an open box. Subsequently, the membrane was incubated with the 

primary antibody in a falcon tube (50ml) at the given dilution (see Table 2.1) at 4°C ON. After incu-

bation with the first antibody the membrane was washed three times for 10’ with TBS-T (0.01% 

Tween 20). The secondary antibody, was applied to the membrane (for dilutions see Table 2.1) for 1h 

at RT.  

After three rounds of washing (TBS-T (0.01% Tween 20), 10’) the membrane was developed using 

the ECL system. Briefly, the membrane was put between two layers of transparent film and covered 

with ECL (1:1 mixture, 1ml per 55cm2). The membrane was incubated with ECL for 1min in the 

dark and subsequently chemoluminescent films were used for signal dectection. Exposure times were 

3min, 1min and 30sec and were adjusted according to the detected signal. Films were developed with 

a developing machine. 
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Quantification of the protein signal intensities, was performed using ImageJ2x. 

2.2.11.5 Westernblot APP profile 

Western blots for the analysis of APP and its derivates were carried out at the LMU with friendly 

support of Dr. Michael Willem, similar to the above described standard procedure, with some altera-

tions. 

20µg of DEA or RIPA-soluble protein per sample was incubated together with with 5µl NuPAGE® 

LDS Sample Buffer (4x; Invitrogen) and 0.2µl β-Mercaptoethanol at 95°C for 3’, to obtain denatured 

protein. Protein samples and 10µl of SeeBlue® Plus2 Pre-Stained Standard (Invitrogen) were applied 

in different lanes either to a Novex® 10-20% Tricine Protein Gel or to self-purred acrylamide-Gels 

(protein-gel combination see Table 2.9). 

Gel electrophoresis was performed using Tris-Glycine running buffer for 1h at 100-120V, RT. Pro-

teins were transferred to PVDF or Nitrocellulose membranes for 1.5h at 0.4A per gel, RT. The ni-

trocellulose membranes were heated in PBS for 2x2.5’ at 900W using a microwave and were allowed 

to cool down between heating steps. Unspecific binding of antibodies was blocked by incubation of 

membranes with I-Block for 1h, RT. Membranes were subsequently incubated with primary antibod-

ies, diluted in I-Block, at 4°C, overnight (for antibody specifications see Table 2.1). After washing 

with 0.05% PBS-T, the secondary antibody was applied to the membrane in a 1:10000 dilution for 1h, 

RT. After 3 x 10’ in 0.05% PBS-T, the blot was developed using Hyperfilm ECL and the ECL detec-

tion reagents (Amersham).  



Material and Methods 
Protein based methods 
________________________________________________________________________ 

 
64 

 

Table 2.9: Gel antibody combinations used for analysis of the APP profile  
Either 8% polyacrylamide gels  (8%) or Bis -Tris gels  (π) were used for s ize dependent separ ation of  proteins. 
Antibody/gel combinations are l isted and fragment detection info is  shown.  

 

 

Figure 2.6: Illustraions of the antibody binding sites for the detection of APP expression and processing 
using western blot analysis  

The dark blue column represents the APP and the l ight blue column the A β .  α- ,  β- and γ-cutting s ites  are indi-
cated.The black and yellow lines indicate the approximate  binding sites  of  the used antibodies ,  al lowing the  

recapitulat ion of  cleavage and processing events of  APP and APP derivates .  

 

All incubation steps were performed in trays on a shaker. Quantification of the protein signal, was 

performed using ImageJ2x. Statistical analysis was performed using the one-way ANOVA with post 

hoc Tukey test. Statistical significance was considered at * p ≤ 0.05, **p ≤ 0.01 and *** p ≤ 0.001. 
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2.2.12 Staining procedures 
Table 2.10: Immunohistochemistry protocol  
Standard IHC steps are l isted in white and gray,  yellow boxes outl ine special  treatment for the detection of  APP 
and APP derivates ,  green boxes outl ine the treatment in cases when a secondary antibody of  mouse orignin was 
used.  Steps1-6 represent standard rehydration procedure and steps 25 -29 standard dehydration procedure.  

 

Solution Percentage Duration Temperature 

Xylol   30’ RT 

EtOH 100% Rinse thoroughly RT 

EtOH 96% Rinse thoroughly RT 

EtOH 85% Rinse thoroughly RT 

EtOH 70% Rinse thoroughly RT 

VE H2O   Rinse thoroughly RT 

Citrate Buffer pH6    30' 900W pressure cooker 

TBS-T 0.05% Rinse thoroughly RT 

Formic acid 70% 20' RT 

TBS-T 0.05% Rinse thoroughly RT 

H2O2 + MeOH 3% 5’ RT 

VE H2O 0.05% Rinse thoroughly RT 

Goat serum 3% 30' RT 

1ary AB   over night 4°C 

TBS-T 0.05% Rinse thoroughly RT 

2ary AB   30' RT 

TBS-T 0.05% Rinse thoroughly RT 

Streptavidin peroxidase   30' RT 

TBS-T 0.05% Rinse thoroughly RT 

Avidin-Block   15' RT 

TBS-T 0.05% Rinse thoroughly RT 

Biotin-Block   15' RT 

TBS-T 0.05% Rinse thoroughly RT 

DAB substrate   dependant on staining RT 

H2O   Rinse thoroughly RT 

VE H2O   Rinse thoroughly RT 

EtOH 70% Rinse thoroughly RT 

EtOH 85% Rinse thoroughly RT 

EtOH 96% Rinse thoroughly RT 

EtOH 100% Rinse thoroughly RT 

Xylol   30’ RT 

    

Formic acid treatment: used for APP, Aβ-40 and Aβ-41 antigen retrieval 

Avidin/Biotin-Block: used if 2ary anit-mouse antibodies were applied 
 

 

If not mentioned otherwise, paraffin embedded tissue sections were deparaffinized and hydrated as 

outlined in Table 2.10 steps 1-6 and subsequently to the staining procedure dehydrated and cleared 
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according to the final 6 steps of Table 2.10. Steps where the sections should be rinsed thoroughly 

could be replaced by incubation for 2-5’ at RT. 

2.2.12.1 Immunohistochemistry protocols 

2.2.12.1.1 IHC / DAB staining 

Standard immunohistochemical staining was performed according to Table 2.10. Briefly, slides were 

deparaffinized in Xylol and rehydrated in a decreasing EtOH row, sections were rinsed in VE H2O to 

get rid of remaining EtOH and heat mediated antigen retrieval was performed in 1x sodium citrate 

buffer (pH6) at 900W for 30’ in a pressure cooker. Slides were brought to RT in TBS-T (0.05% 

Tween-20). Peroxidase inactivation was performed with 3% H2O2 for 5’. Remaining MeOH was 

rinsed off in VE H2O. Unspecific antibody binding was blocked by incubation of slides in 3% goat 

serum for 30’. Slides were washed in TBS-T. Primary antibodies were diluted in antibody-dilution 

buffer (DCS) according to Table 2.1 and 200µl of the dilution were applied per slide. Sections were 

incubated with the primary antibody over night at 4°C. Slides were washed with TBS-T and second-

ary antibodies were applied in the listed dilutions (see Table 2.1) for 30’. Sections were washed in 

TBS-T and incubated with streptavidin-peroxidase for 30’. After washing in TBS-T, DAB working 

solution (1ml buffer, 40µl 3,3’-diaminobenzidine (DAB)) was added to the sections for 5’-10’ depend-

ent on strength of the staining. The reaction was stopped in tap H2O and slides were rinsed in VE 

H2O prior to Haematoxylin counterstaining for 1.5’ and blueing in running tap H2O for 10’. Slides 

were rinsed in VE H2O, dehydrated, cleared and covered with Pertex and a coverslip. Sections were 

dried over night at RT. 

2.2.12.1.2 IHC / DAB staining anti-mouse 

In case a secondary anti-mouse antibody was used IHC staning was performed with the usage of the 

M.O.M.TM Kit to prevent high background of anti-mouse secondary antibodies on mouse tisse. 

Staining was done as recommended by the manufacturer. Therefore Mouse IgG Blocking reagent 

was used instead of normal goat serum. Additionally to blocking subsequent Avidin- and Biotin-

Blocking was performed for 15’ at RT. Antibodies were diluted in M.O.M.TM Kit protein concentrate 

and the M.O.M.TM Kit provided secondary antibody was used. 
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Figure 2.7: Imaging areas for visualization of lipidation and MBP expression  
MBP expression,  shown in Figure 3 .11 D was visualized in areas highl ighted by red boxes,  and l ipidat ion  patern 
monitored by Klüver Barrera staining in  Figure 3 .11 A was visual ized in areas highlighted in blue boxes.  

 

2.2.12.1.3 APP, Aß40 and Aß42 immunostaining and plaque counting 

Immunohistochemical staining was carried out on 8µm sections of paraffin-embedded tissues. Paraf-

fin sections were rehydrated and subjected to heat-mediated antigen retrieval using 1x Citrate-Buffer 

pH6. For staining of APP, Aß40 or Aß42 antigen retrieval was additionally mediated by incubation 

with formic acid (70%, 20’, RT; compare to Table 2.10). Endogenous peroxidase was inhibited with 

3% H2O2 for 5’, RT. The slides were incubated with blocking-solution (TBS-T (0.1%), 3% goat se-

rum) for 30’, RT. If secondary anit-mouse antibodies were used Avidin- and Biotin-blocking was 

performed for 15’, RT, each. Primary antibodies or an antibody-complex were applied (for dilutions 

see Table 2.1; incubation was done over night, 4°C). Incubation with the secondary antibodies (for 

dilutions see Table 2.1; 30’, RT) was followed by 30’ incubation with Streptavidin Peroxidase and 

application of 3,3’-diaminobenzidine (DAB) as substrate. Haematoxylin was used for counterstaining. 

Between each step, despite after blocking, slides were washed in TBS-T (0.1%).  

Plaques were counted on coronal brain sections between -1.06mm and -2.54mm from Bregma. An 

average of nine sections was counted per animal (Sms1WT x APPsweTg n=3; Sms1MUT x APPsweTg 

n=5) Data is shown as mean number of plaques per section ± SEM. Statistical analysis was done 

using the two-tailed Student’s T-test. Statistical significance was considered at * p ≤ 0.05, **p ≤ 

0.01 and *** p ≤ 0.001. 
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2.2.12.1.4 IHC / Fluorescent staining 

Fluorescent staining was performed similar to DAB standard stainings, but without peroxidase inac-

tivation (compare to Table 2.10). After incubation of the slides with the primary antibody over night, 

the sections were washed with TBS-T and subsequently incubated for 1h with the fluorescent la-

beled secondary antibody diluted in blocking solution (for dilutions used see Table 2.1). After incuba-

tion the antibody was washed off with TBS-T and sections were counter stained with DAPI. DAPI 

stainin solution was cleared from the slides with PBS and sections were covered with Aqua Poly-

mount and coverslips, dried over night in a dark chamber and subsequently analyzed. 

2.2.12.2 Haematoxylin & Eosin staining 

H&E staining was carried out at RT. Slides were deparaffinized and rehydrated according to the 

standard procedure listed above (Table 2.10). Afterwards, slides were stained with Haematoxylin for 

1.5’, blued with running tap water for 10’. Slides were couterstained with 0.25% Eosin for 12’, cleared 

in tap water and dehydrated according to the standard procedure listed above. Sections were covered 

with Pertex, covered with a coverglas and dried over night at RT. 

2.2.12.3 Peridoic acid – Schiff’s reagent staining 

Periodic acid – Schiff’s reagent (PAS) staining was carried out at RT using the Periodic Acid-Schiff 

(PAS) Kit (Sigma) according to the manufacturer’s instructions. After deparaffinizing and rehydrat-

ing of the tissue sections (Table 2.10), slides were incubated with periodic acid solution for 5’ and 

again cleared under running VE H2O, before they were transferred to Schiff’s reagent for 15’. Schiff’s 

reagent was cleared from the slides in running tap H2O for 5’. Heamatoxylin was used as a counter-

stain. Slides were incubated for 1’, before blueing in tap H2O. Sections were dehydrated and cleared 

as described for the standard procedure. Slides were covered with Pertex and a coverglas and dried 

over night at RT. 

2.2.12.4 Klüver-Barrera staining 

After deparaffination of the slides in Xylol for 30’, slides were brought to 95% EtOH and stained in 

Luxol fast Blue (LFB) over night at 58°C. Slides were rinsed in 95% EtOH to remove excess stain 

and differentiated in lithium carbonate (0.1%) and 70% EtOH for 8s each. Differentiation was 

stopped in tap H2O before counterstaining with cresyl-violet (0.1%) for 10’ at RT and differentiation 

in 95% EtOH and 95% EtOH with 0.01% acidic acid for 15s each. Slides were covered with Pertex 

and coverslips and dried over night at RT. 

2.2.12.5 TUNEL staining and counting of TUNEL positive cells 

TUNEL staining was performed with the ApopTag® Peroxidase In Situ Apoptosis Detection Kit 

(Millipore, California) according to the manufacturer’s instructions. Briefly, formalin fixed, paraffin 

embedded testes sections were deparaffinized and rehydrated according to the listed standard proce-

dure (Table 2.10). Slides were put to PBS for 5’ at RT, subsequently treated with Proteinase K 
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(20µg/ml) for 15’ at RT and afterward washed in two changes of dH2O to remove remaining Pro-

teinase K. Following the pretreatment, endogenous peroxidase was quenched by incubating the sec-

tions with 3% H2O2 in PBS for 5’ at RT. Remaining H2O2 was removed by washing in two changes 

of PBS. Equilibration buffer was applied (80µl/slide) for 1’ at RT. Remaining liquid was taped off and 

working strength TdT enzyme (100µl/section) was applied. Sections were incubated for 1h at 37°C. 

After prolongation of single- and double-strand breaks the reaction was stopped by incubation with 

working strength stop/wash buffer for 10’, RT. Subsequently slides were washed in three changes of 

PBS, before the anti-digoxigenin conjugate was applied (80µl/slide) for 30’ at RT. Slides were 

washed again in four changes of PBS, remaining liquid was removed and the peroxidase substrate 

(80µl/slide, DCS, two component kit) was added to the sections for 10’ RT. Sections were counter-

stained with Haematoxylin for 1.5’, RT, blued, dehydrated and covered and analyzed by light mi-

croscopy. 

TUNEL-positive cells in testes seminiferous tubules were counted in subsequent TUNEL stained 

sections, with an average of 435 tubules per animal counted. Data was listed as average number of 

TUNEL-positive cells per tubule ± SEM. 

2.2.12.6 Β-glactosidase staining 

For lacZ staining embryos (E12.5) and adult brains were dissected as described (see section 2.2.16.1 

and 2.2.7.3). Subsequently the tissue was post-fixed in 4% PFA over night at 4°C. Tissue was washed 

in LacZ-wash-buffer for 10’ at RT in a 50ml falcon tube on a rotor. After washing the tissue was 

stained over night at 30°C using LacZ-staining-solution. LacZ staining was performed by Irina 

Rodionova. 

2.2.13 Transmission electron microscopy 

Animals (Sms1MUT n=2, Sms1WT n=2, age: 12 weeks) were transcardially perfused with 50ml ice cold 

PBS, prior to perfusion with 70ml of transmission electron microscopy (TEM) fixing solution. Brains 

or testes and epididymides were removed. Regions of interest were isolated and cut into 1mm3 cu-

bes, which were post fixed in 2.5% glutaraldehyde containing 0.1M sodium cacodylate buffer (pH 

7.4) at 4°C over night. Tissues were given to Dr. Michaela Aichler for further processing and subse-

quent imaging by TEM. Briefly, tissues were postfixed in 2% aqueous osmium tetraoxide (Dalton, 

1955), dehydrated in gradual ethanol (30–100%) and propylene oxide, embedded in Epon and cured 

for 24 hours at 60°C. Cubes were cut into semi-thin sections and stained with toluidine blue. Ul-

trathin sections of 50 nm were collected onto 200 mesh copper grids, stained with uranyl acetate and 

lead citrate before examination by transmission electron microscopy (transmission electron micro-

scope Zeiss Libra 120 Plus; Carl Zeis NTS GmbH; Oberkochen, Germany). Pictures were acquired 

using a Slow Scan CCD-camera and iTEM software (Olympus Soft Imaging Solution; Münster, 

Germany). 
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2.2.14 Multispectral optoacoustic tomography 

Multispectral optoacoustic tomography (MSOT) was performed by Dr. Steven Ford and the experi-

ment was approved by the TVA 55.2-1-54-2531-189-12. Therefore, animals were transferred to the 

Institute of Biological and Medical Imaging (IBMI), pla-ced under isoflurane anesthesia and imaged 

using a MSOT system described previously (Razansky et al. 2011). In brief, mice were shaved using 

depilation cream on the head and around the testes region for imaging. Animals were placed in a 

prone position in the MSOT imaging system. Ultrasound coupling gel and water were used to pro-

vide acoustically-matched coupling between the tissue and acoustic detector array. The animals were 

positioned in the detector array to provide tomographic slices in the region of interest (ROI; brain, 

testes). The tissue was illuminated over a range of wavelengths (700, 730, 760, 800, and 860 nm) and 

the resulting optoacoustic responses were used to reconstruct cross-sectional images through the 

testes using a back-projection algorithm (Kruger et al. 1995). During imaging, 2mg/kg bodyweight 

Indocyanine Green (ICG) was injected via the tail vein of each animal and serial multispectral images 

were acquired following injection.  Finally, multispectral unmixing was done using linear regression 

(Laufer et al. 2007, Razansky et al. 2007) to derive the ICG absorbance signal.  ROI analysis of the 

unmixed signal provided the quantitative time course of ICG distribution and clearance within the 

brain or testes with a time resolution of ~ 5 seconds. Quantification of the ICG absorbance signal 

was determined by taking the mean pixel intensity value of the ICG signal within specified regions 

of the brain or the inner region of the testes. 

2.2.15 Lipid profiling and enzyme activity assay 

Organ preparation for the generation of a lipid profile was performed as described above. Upon freez-

ing in liquid nitrogen, samples were stored in the gas phase of liquid nitrogen and were shipped on 

dry ice to Homburg, University of Saarland. Here Prof. Dr. Tobias Hartmann and Dr. Marcus 

Grimm performed the further analysis, including lipid measurements and enzyme activity measure-

ments in their lab. A brief summary of the applied methods is given below. 

2.2.15.1 Protein Isolation and quantification 

2.2.15.1.1 Testes preparation 

Organs were dissected and homogenized in H2O on ice using a PotterS (Braun, Melsungen, Germa-

ny) at 1500 revolutions per minute and 50 strokes. Homogenates were adjusted to Protein amount of 

10mg/ml with H2O, snapfrozen in liquid nitrogen and stored at -80°C for further experiments. 

2.2.15.1.2 Protein amount determination 

Protein determination was performed according to Smith et al. (1985). Briefly, we used a standard 

curve of bovine serum albumin with a concentration range of 0.1-1.2 μg/μl. 20µl of the standard 

solutions was pipetted onto a 96-well plate (Nunc, Langenselbold, Germany) and further 1-2µl of 

each sample was pipetted in triplicates onto the 96-well plate. 200µl reagent buffer, consisting of 
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CuSO4/bicinchoninic acid (1:39; v/v) was added to each well using a multichannel pipette (Eppen-

dorf, Germany). The plate was incubated for 15’ at 37°C followed by incubation at RT for 15’ while 

shaking (IKA, Staufen, Germany) at 300 revolutions per minute. Absorbance was measured using a 

MultiscanEX (Thermo Fisher Scientific, Schwerte, Germany) at a wavelength of 550nm. 

2.2.15.2 Mass spectrometry 

All measurements were performed using a 4000 quadrupole linear-ion trap (QTrap) mass spectrome-

ter equipped with a Turbo Spray ion source (AB SCIEX, Darmstadt, Germany): The QTrap was 

connected to a Agilent Cap HPLC comprising of 1200 Capillary Pump, 1200 Micro Wellplate Sam-

pler and 1200 Thermostat Module (Agilent, Böblingen, Germany). Data analysis was carried out 

using Analyst 1.5 software (AB SCIEX, Darmstadt, Germany). For determination of phosphatidyl-

choline, phospatidylcholine-plasmalogen, lyso-phosphatidylcholine, phospatidylethanolamine, sphin-

gomyelin and ceramide levels 20µl sample was injected into sample loop with the following running 

solvent gradient (0.0 – 2.4min, 30µl; 2.4 – 3.0min, 200µl; 3.0min, 30µl). Mass spectrometry settings 

and composition of running solvents used is specified below. 

2.2.15.2.1 Measurement of diacylphosphatidylcholine (PCaa), phospatidylcholine-

plasmalogen (PCae), lyso-phosphatidylcholine (lysoPC) and sphingomyelin 

(SM) levels 

Measurement was performed according to Grimm et al. (2011a). Briefly, 10µl of homogenates was 

applied onto a solvinert 96well plate with a 0.45µm sterile filter at the bottom (Millipore, Schwal-

bach, Germany). Samples were further incubated in a 5% phenylisothiocyanate solution diluted in 

C2H5OH/H2O/pyridine (1:1:1; v/v/v) for 20’. Samples were extracted using 5mM ammonium ace-

tate buffer (300µl) in methanol using a multichannel pipette (Eppendorf, Germany) into a 1ml 96well 

deep well plate (Nunc, Langenselbold, Germany) and further diluted with 600µl of 5mM ammonium 

acetate dissolved in CH3OH/H2O, which also served as the only running solvent.  

2.2.15.2.2 Measurement of ceramide levels 

Ceramide measurement was performed according to Gu et al. (1997). In brief, 50µl of each samples 

was mixed with 500µl CH3OH/H2O/12M HCl (95/5/0,5; v/v/v) and sonicated for 1’ at 4°C. Mix-

ture was shaken for 10’ at RT at maximum speed (Multireax, Heidolph Instruments, Schwabach, 

Germany). After adding 300µl H2O and 500µl CHCl3 samples were shaken for another 10’ at RT. 

Samples were centrifuges at 5000rpm for 10’ and the lower phase was transferred to a new tube. 

700µl CHCl3 was added to the remaining two phases and mixture was shaken for 10’ at RT at maxi-

mum speed. After another centrifugation step as described above, the two lipid containing phases 

were combined and dried in a vacuum concentrator. Finally, lipids were dissolved in 300µl 

CHCl3/CH3OH (95/5; v/v) and transferred into a 96-deep well plate (Nunc, Langenselbold, Germa-

ny). Prior to injection the samples were diluted with 600µl 5mM ammonium acetate dissolved in 
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CH3OH and shaken at 300rpm (IKA, Staufen, Germany) for 10’. The running solvent for ceramide 

analyses was composed of CH3OH/ H2O (97/3; v/v).  

2.2.15.3 Enzyme activity assay 

To assess enzyme activity solubilized membrane preparations were put on a black 96-well plate. The 

measurement was done in triplicates. For BACE1 activity the samples were diluted 1:1 with 1xPBS 

(pH 4.5). With the addition of the substrate, turnover was surveilled continuously in a fluorometer 

with precise emission- and extinction wavelengths and defined cycles (Table 2.11). 

Table 2.11: Wavelength, cycle number and intervals for enzyme activity measurements.  

Secretase Extinction wavelength Emission wavelength Cycle number and intervall 

BACE1 345  ± 5nm 500 ± 2.5nm 180, 60sec 

γ-secretase 355 ± 10nm 440 ± 10nm 50, 180sec 
 

To control for specificity of the turnover of each secretase, activity was also measured in the presence 

of specific inhibitors (for BACE1: 2µM β-secretase inhibitor II (Calbiochem), for γ-secretase: 50µM γ-

secretase inhibitor X (Calbiochem)). 

2.2.16 Cell culture experiments 

2.2.16.1 Generation of mouse embryonic fibroblasts 

Mouse embryonic fibroblasts (MEFs) were generated from E13.5 embryos. Therefore Sms1 x 

APPswe mating were set up with Sms1HET x APPsweTg males and Sms1HET x APPsweWT females. 

Females were controlled for plugs on the morning after the mating was set up and uteri were dis-

sected 13 days afterwards. Embryos were removed from the uterus and washed in PBS before the 

heads were cut off and stored at 4°C for genotyping (see section 2.2.10.1 and 2.2.10.1.2). Heart, inner 

organs and blood vessels of the embryonic bodies were removed. The remaining epithelium was 

again washed in PBS, transferred to a new petri dish (6cm diameter) and cut into small pieces using 

scissors. 2ml Trypsin (0.05%) was added per petri dish and tissue was incubated for 5’ at 37°C, 7% 

CO2. Lysed tissue was additionally homogenized using a 1ml pipet tip and again incubated for 5’ at 

37°C, 7% CO2, before it was transferred to a 15ml falcon tube and centrifuged for 4’ 2500rpm. The 

supernatant was discarded and the cell pellet was dissolved in DMEM (10% FCS, 1% glutamine, 1% 

Pen/Strep). Cells were grown at 37°C, 7% CO2. 

2.2.16.2 Rapamycin treatment 

For Rapamycin treatment MEFs (passage 2 or passage 4) were plated on 6-well or 12-well plates 

and grown in DMEM (10%FCS, 1%glutamin, 1%Pen/Strep) to be 90% confluent. Rapamycin 

(2.74nM) was diluted in DMEM (10%FCS, 1%glutamin) to obtain a working concentration of 10nM 

or 100nM Rapamycin. Additionally 42µl of DMSO, corresponding to the maximum value of DMSO 

diluted Rapamycin was diluted in DMEM (10%FCS, 1%glutamin). Medium was removed, cells were 
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washed with PBS and subsequently treated with either 200µl 10nM Rapamycin, 100nM Rapamycin, 

or DMSO only, as a control. MEFs were incubated for 4h or 8h at 37°C, 7% CO2, to obtain concen-

tration and time dependent results. 

2.2.16.3 Protein Isolation from MEFs 

After the incubation Rapamycin or DMSO solutions were removed and MEFs were covered with 

200µl ice-cold RIPA buffer, put on ice and incubated for 20’, while shaking. Subsequently, MEFs 

were transferred to 1.5ml Eppendorf tubes, vortexed and centrifuged (25’, 4°C, 25krpm). The super-

natant was removed and stored at -80°C until further processing. 

2.2.17 Statistical evaluation 

The exact number of animals used per experiment is either listed in the method section or with the 

respective table or figure illustrating the results of the experiment. Statistical analysis for the com-

parison of two groups was done by two-tailed Student’s t-test. If three or more groups were com-

pared one-way ANOVA was performed. Post hoc analysis, for correction of multiple testing after 

performance of ANOVA, was done either by application of Sidak or Tukey test, depending if a heter-

oscedastic or homoscedastic distribution could be assumed.  

For statistical evaluation of the lipid profile all experiments were performed using at least five differ-

ent animals per genotype and were analyzed in triplicates. Statistical analysis of the data of the Sms1 

mouse line was determined by two-tailed Student’s t-test, while the data of the Sms1 x APPswe 

mouse line was analyzed by one-way ANOVA with post hoc Tukey’s test. 

CORT data, obtained by SRT was analyzed separately for a treatment and genotype effect by two-

way ANOVA. Post hoc analysis was done by Sidak for the treatment effect and with Tukey’s test for 

the genotype effect, respectively. Behavioral data from the SRT was analyzed by two-way ANOVA 

with post hoc Sidak test per analyzed parameter.  

Data on fertility in the Sms1 mouse line after DHA/EPA feeding was analyzed by two-way ANOVA 

with post hoc analysis by Tukey’s test. Data on weight gain in Sms1 x APPswe animals was analyzed 

by two-tailed Student’s t-test as only fed and non-fed groups per genotype were compared. 

Behavioral data of the Sms1 x APPswe mouse line was analyzed separately per parameter by one-way 

ANOVA and post hoc Tukey’s test. 

TaqMan assays were analyzed via SDS 2.4, adjusted to β-actin expression and statistically validated 

by the 2-ΔΔCT method (Livak and Schmittgen 2001). Statistical analysis for significance was performed 

using the two-tailed Student’s t-test. 

Statistical significance was set at # p < 0.1, * p ≤ 0.05, **p ≤ 0.01 and *** p ≤ 0.001 and n.s. p > 0.1 

as not significant. 
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3. Results 

3.1 Sms1 gene trap model 

3.1.1 Validation of insert localization 

 

Figure 3.1: The gene trap β-galactosidase cassette construct is located i n intron five of the Sms1 gene.  

(A) Schematic  drawing of the mouse Sms1  gene on chromosome 19.  Sms1  has 267 kbp and 14 exons.  It is  located 

on the reverse strand.  Exons are shown as boxes,  non -coding exons are marked in gray,  coding exons are marked 

in green.  The gene trap β-galactosidase (betageo) cassette  is  integrated in intron f ive and is  composed of a splice 

adapter (SA),  the beta-galactosidase cDNA sequence (betageo) and a polyA (pA) s ignal .  The cassette is  f lanked by 

two long terminal repeats (LTRs),  frt  (ol ive green),  f l ip  (dark grey),  loxP (l ight grey),  and lox511 (white) s ites .  

(B) Sequence al ignment mapping the gene trap insertion to intron f ive of  the Sms1  gene.  (C) DNA-gel-

electrophoresis ,  showing genotyping results  after  PCR with specif ic primer sets  (shown in (A)) for Sms1W T ,  

Sms1H E T  and Sms1M U T  animals .  

The Sms1 gene trap model was created by random insertion of a gene trap cassette (Figure 3.1 A) 

into the mouse genome (Schnutgen et al. 2005). The gene trap clone (MGI: Sms1Gt(E201D11)Wrst; Figure 3.1 

A), which was the origin of the Sms1 mouse line, listed the insertion in exon three. Genotyping pri-

mers were provided (Table 2.2). In order to validate the localization of the gene trap cassette the 

genotyping PCR products were sequenced and the cassette was found to positioned in intron number 

five (Figure 3.1 A, B).  

Genotyping of the mice was performed by triplet-PCR on genomic tail tip DNA. PCR results as 

depicted in Figure 3.1 C show the homozygous wild-type band (999bp; Sms1WT), the homozygous 

mutant band (577bp; Sms1MUT) and the heterozygous bands for animals bearing one wild-type and 

one mutant allele of the Sms1 gene (999bp plus 577bp; Sms1HET).  
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3.1.2 The Sms1 gene trap mouse model showed remaining expression of Sms1 and brain 

specific splice variants 

 

 

Figure 3.2: Sms1 showed remaining RNA and protein expression . The Sms1_001 splice variant was the only  

Sms1 variant expressed in brain tissue  and was reduced in Sms1M U T  animals.  

(A) Schematic drawing of  the four protein coding splice variants of  Sms1 .  Exons are depicted as green boxes and 

introns as connecting l ines .  Primer pair  local izations (black  arrowheads) and Sms1  probe localization on the f irst 

coding exon (gray l ine) are shown. The gene trap  cassette insertion is marked by a red l ine.  (B) RT -PCR results 

of  the analysis  of  Sms1  spl ice variants expressed in Sms1W T  and Sms1M U T  brain tissue,  with specif ic primer pairs  

for the four protein coding transcripts .  (C) Northern blot on Sms1W T  and Sms1M U T  whole brain RNA with specif ic  

probes for Sms1  and Gapdh .  (D) Representative Western blot results  for remaining SMS1 protein expression of  

C57bl/6J,  Sms1W T ,  Sms1H E T  and Sms1M U T  brain samples .  (E) Sms1  mRNA expression analyzed by TaqMan assay  

with a specif ic primer probe set on whole brain samples from Sms1W T  (n=3) and Sms1M U T  (n=4) animals ,  relative  

to Sms1W T  levels ,  which were set to 100%. (F) Quantif ication of  Northern blot results  for Sms1_001  spl ice variant  
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levels  in brain tissue from Sms1M U T  (n=3) animals ,  compared to levels  of Sms1W T  (n=3) animals ,  which were set 

to 100%. (G) Quantif ication of  SMS1 protein levels  (n=3 per genotype) ,  relative to Sms1W T levels ,  which were set 

to 100%.  (H-J) β-galactosidase staining of  Sms1  in (H) embryonic  (E12.5) and (I ,  J)  adult  brain of  Sms1M U T  ani-

mals (photo:  Dr.  Thomas Floss ) .  Scale bar (I) 1mm and (J) 5mm. Data was analyzed by two-tailed Student’s  T -

test (E,  F) and one-way ANOVA with post  hoc  Tukey ’s  test (G).  Data is  shown as mean ± SEM.  p≤0.1 # ,  p≤0.05*,  

p≤0.01**,  p≤0.001***.  

 

The intronic insertion was located upstream of the first coding exon of Sms1. Therefore the open 

reading frame, starting with exon 7 (Figure 3.1 A, green bars) was not directly affected by the gene 

trap cassette insertion. To validate the disruption of the gene and to quantify Sms1 expression, 

qPCR, taking advantage of specific TaqMan primer probe sets (Table 2.3), was performed. Results 

from mRNA isolated from whole brains of Sms1WT and Sms1MUT male animals, showed a significant 

reduction in Sms1 expression to 28.1 ± 9.2% of the wild-type level (100 ± 3.2%; p=0.003; Figure 3.2 

E).  

Sms1 is widely expressed and found in diverse organs and tissues (Yang et al. 2005). The aim was to 

clarify which of these variants is the most abundant in brain and if the remaining expression was due 

to “leakiness” of the gene trap construct, or if an additional promoter located downstream of the in-

sertion site could be the reason for the remaining 28% of Sms1 mRNA we measured. Therefore a 

RT-PCR on brain mRNA (converted into cDNA) was performed. Figure 3.2 A shows the diverse 

protein coding splice variants, which were investigated, including the primer localizations for the 

different mRNA variants and size of the RT-PCR products. In Sms1WT brain samples only the 

Sms1_001 transcript was found to be expressed, while Sms1_002, _004 and the shorter _014 product 

could not be detected (Figure 3.2 B). In Sms1MUT samples the Sms1_001 product was not detected, 

showing a disruption of Sms1 gene expression, due to the gene trap cassette insertion in intron 5 

(Figure 3.2 B). As RT-PCR is not suitable for quantitative analysis of RNA expression a Northern 

blot on Sms1WT and Sms1MUT whole brain RNA samples was performed additionally. By Northern 

blot just the Sms1_001 transcript and none of the other protein coding mRNA variants was detected, 

validating the results obtained by RT-PCR (Figure 3.2 B, C). It could clearly be seen, that in 

Sms1MUT samples the Sms1_001 variant was expressed at a lower level compared to Sms1WT samples. 

Quantification revealed a 90.2 ± 2.0% reduction of the Sms1_001 transcript relative to the wild-type 

expression levels (Figure 3.2 F). 

Discrepancy between remaining mRNA expression of 28% in TaqMan assay and 9.8% in Northern 

blot, is due to hybridization site of the TaqMan primer probe set (spanning exon 7 to 8; Table 2.3). 

Due to this localization the TaqMan assay also detects other splice variants additionally to 

Sms1_001. Due to their smaller size, these were not be detected by Northern blot. The smaller vari-

ants are supposed to be subject of nonsense-mediated decay (NMD) and are not translated into pro-

tein. 
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SMS1 protein levels were reduced to 54.7 ± 14.1% in Sms1MUT compared to Sms1WT levels 

(p=0.0800). Sms1HET animals did not differ significantly from Sms1WT animals concerning SMS1 

levels (Figure 3.2 D, G). 

Β-galactosidase staining of embryonic and adult brains of Sms1MUT animals showed a strong expres-

sion throughout the brain tissue, starting already at embryonic stages (E12.5; Figure 3.2 H-J). 

In summary, Sms1 was expressed ubiquitously in the brain of embryonic and adult mice. Sms1 dis-

ruption by insertion of the gene trap cassette led to a reduction in Sms1 mRNA and protein levels of 

the brain, but did not cause a complete knock-out.  

3.1.3 Sms1MUT animals appear normal in most instances 

Sms1MUT animals appeared normal in size, and development and without crucial behavioral altera-

tions, despite a subtle reduced anxiety-like behavior, when observed in their home cage. Furthermore 

a slight reduction in body weight was observed in Sms1MUT and Sms1HET animals in comparison to 

Sms1WT animals. These reductions were not fully persistent at different ages of the animals and were 

dependent on sex. However, mean body weights never exceeded Sms1WT levels (Figure 3.3) 

 

Figure 3.3: Sms1H E T  and Sms1M U T  tended to have a reduced body weight, depending on age.  

Body weight was measured in Sms1W T ,  Sms1H E T  and Sms1M U T  animals of  both sexes at dif ferent time points .  Body 

weight [g] at  the corresponding age [days] is  shown. Males :  Sms1W T  (n=18),  Sms1H E T  (n=33),  Sms1M U T  (n=14); 

females :  Sms1W T  (n=22),  Sms1H E T  (n=23),  Sms1M U T  (n=13).  Data was analyzed by one -way ANOVA with post  hoc  

Tukey ’s  test .  Data is  shown as mean ± SEM.  p≤0.1#,  p≤0.05*,  p≤0.01**,  p≤0.001***.  
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3.1.4 Sms1MUT animals show slight alterations in heart an spleen 

At the age of 16 weeks organ weights were measured in the GMC. Sms1MUT males had a reduced 

median liver weight in relationship to body weight, in comparison to male Sms1WT controls (Sms1WT: 

49.98 mg/g (IQR: 2.17), Sms1MUT: 47.24 mg/g (IQR: 5.09), p=0.026; supplementary Table 10.1). In 

female Sms1MUT liver weights relative to body weight were higher in comparison to Sms1WT controls 

(Sms1WT: 49.44 mg/g (IQR: 2.65), Sms1MUT: 51.63 mg/g (IQR: 0.85); supplementary Table 10.1).  

Heart weights relative to body weight were increased in Sms1MUT of both sexes (Sms1WT males: 5.16 

mg/g (IQR: 0.10), Sms1MUT males: 5.34 mg/g (IQR: 0.04); Sms1WT females: 5.08 mg/g (IQR: 0.40), 

Sms1MUT females: 5.54 mg/g (IQR: 0.32); p=0.029; supplementary Table 10.1). Additionally in males 

the diastolic posterior wall width of the heart was reduced to 0.69mm (IQR: 0.05) in comparison to 

Sms1WT males with a median thickness of 0.78mm (IQR: 0.05: supplementary Table 10.2).   

Median spleen weights relative to body weight were also increased in male and female Sms1MUT at an 

age of 16 weeks, in comparison to Sms1WT controls, but reached a trend in males only (Sms1WT 

males: 3.38 mg/g (IQR:0.20), Sms1MUT males: 3.77 mg/g (IQR: 1.04), p=0.699; Sms1WT females: 2.54 

mg/g (IQR: 0.65), Sms1MUT females: 3.29 mg/g (IQR: 1.1), p=0.093; supplementary Table 10.1). 
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3.1.5 Lipid profile 

3.1.5.1 Sphingomyelin species 

 

Figure 3.4: Lipid levels of the most important sphingolipids, metabolites and sphingomyelin measured in  

brain samples from male and female Sms1M U T  in comparison to Sms1W T  animals.  

(A) Relat ive l ipid levels  of  male Sms1W T  (n=9) and Sms1MU T  (n=9) brain samples .  (B) Relative l ipid levels  of  

female Sms1W T  (n=8) and Sms1M U T  (n=10) brain samples .  (C)  Relat ive SM levels  of  male Sms1W T  (n=9) and 

Sms1M U T  (n=9) brain samples.  (D) Relat ive SM levels of  female Sms1W T  (n=8) and Sms1MUT  (n=10) brain samples.  

Sphingomyelin (SM),  ceramide (Cer),  d iacyl -phosphatidylcholin (PCaa),  phosphatidylcholine plasmalogene 

(PCae),  phosphatidylcholin (PC),  phosphatidylethanolamine (PE).  Data was analyzed by two-tailed Student’s  T -

test .  Data is  shown as  mean ± SEM. p<0.01 #  p≤0.05*,  p≤0.01**,  p≤0.001***.  

 

To analyze the functional consequences of the Sms1 disruption, several lipid species of the SL path-

way were quantified with the help of Prof. Dr. Tobias Hartmann and Dr. Marcus Grimm. It should 

be analyzed which amount of SM is still produced, which levels of the direct substrates of SMS1 can 

be found and if the production of closely related SL species is affected. 

SM itself was significantly reduced to 54.9 ± 6.6% (p<0.0001) in male and to 56.7 ± 3.4% (p=0.0002) 

in female brain tissue. Concerning total SM levels, it seemed that male animals were slightly more 

affected than females (Figure 3.4 A, B). The remaining SM detected might either arise from SMS2 

activity, which is not disrupted in our model, or from leaky SMS1 expression, which was shown to be 

at 55% (Figure 3.2 D, G). 

The analysis of the different SM species showed, that most of them were affected by the Sms1 disrup-

tion. Exceptions were SM C14:1 OH, SM C20:2 and SM C22:3, which were neither reduced in males, 

nor in females (Figure 3.4 C, D). However, analysis of the sex difference showed that these three SM 
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species were the only ones regulated between males and females with lower levels in males compared 

to their female counterparts (supplementary Table 10.9). 

SM species with the most prominent reduction in Sms1MUT compared to Sms1WT animals included 

SM C18:0 (53.5 ± 7.6%, p<0.0001; 50.7 ± 3.7%, p=0.0004), SM C18:1 (66.7 ± 9.8%, p=0.0068; 61.1 ± 

5.1%, p=0.0030), SM C24:0 (53.0 ± 5.8%, p<0.0001; 64.4 ± 3.8%, p=0.0041) and SM C24:1 (51.6 ± 

6.4%, p<0.0001; 60.0 ± 4.1%, p=0.0024) which were amongst the five most reduced SM species in 

males and females, respectively. In male mutants additionally SM C22:1 OH (51.7 ± 5.1%, p<0.0001) 

was found to be the second most regulated species right after SM C24:1. Concerning the saturation 

state of SM species, the saturated SM species tended to be more strongly reduced than their unsatu-

rated versions. This effect got lost with increasing FA chain length, especially in male Sms1MUT 

compared to male Sms1WT animals. The LC SM species were stronger reduced in Sms1MUT males, 

compared to female Sms1MUT animals (Figure 3.4 C, D). 

Overall, the insertion of the Sms1 gene trap cassette and the resulting reduction in SMS1 protein led 

to reduced levels of SM of 56%, with a strong reduction in C18:0, C18:1, C24:0 and C24:1. 

3.1.5.2 Ceramide 

With the reduction in SM levels, it would be expected to see an increase in total Ceramide levels, as 

the missing turnover of this substrate should result in its accumulation. However, Ceramide levels 

were not increased in Sms1MUT compared to Sms1WT animals, but rather showed decreased levels. 

The reduction of Ceramide was between 64.7 ± 6.8% (p=0.0124) and 74.6 ± 8.8% (p=0.0416) in 

males and females, respectively. Here again, the effect of Sms1 disruption was more pronounced in 

males, than in females (Figure 3.4 A, B).  

3.1.5.3 Phosphatidylcholines and Plasmalogens 

Besides Ceramide, PC is the second substrate for the synthesis of SM (Huitema et al. 2004, Tafesse et 

al. 2006), therefore the content of PCaa and PCae species in brain tissue of Sms1WT and Sms1MUT 

animals was analyzed. The total amount of PCaa was not changed in either sex. Analysis of PCaa 

saturation levels between Sms1MUT and Sms1WT samples, however, showed a slight but not significant 

reduction in unsaturated species, which was again more pronounced in males, than in females (Figure 

3.4 A, B). 
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Figure 3.5: Levels of diacyl -phosphatidylcholine species,  measured in brain samples from male and female 

Sms1M U T  in comparison to Sms1W T  animals.  
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(A) Relative PCaa levels  of  male Sms1W T  (n=9) and Sms1M U T  (n=9) brain samples .  (B) Relative PCaa levels  of  

female Sms1W T  (n=8) and Sms1M U T  (n=10) brain samples .  (C) Relative ratio  of  PCaa species of  male and female  

brain samples clustered by saturation state .  

Diacyl-phosphatidylcholin (PCaa),  mono-unsaturated fatty acid (MUFA),  poly -unsaturated fatty ac id (PUFA),  

saturated fatty ac id (SFA).  Data was analyzed by two-ta iled Student’s  T -test .  Data is  shown as mean ± SEM. 

p≤0.05*,  p≤0.01**,  p≤0.001***.  

 

PCae levels in female Sms1MUT mice were not significantly changed. Nevertheless, there was a ten-

dency (p=0.0752) to reduced saturated PCae levels (90.7 ± 3.3%; Figure 3.4 B). In contrast, unsatu-

rated PCae in male Sms1MUT animals were significantly reduced by 17.5 ±5.9% (p=0.0267) compared 

to Sms1WT levels, leading to an overall reduction in PCae content to 83.8 ± 6.3% in male Sms1MUT 

brain samples (Figure 3.4 A). 

Although there were no or just marginal changes in total PC content between Sms1WT and Sms1MUT 

animals, the single PCaa and PCae species revealed some alterations. 

In both sexes there were no alterations in PCaa C24:0 to PCaa C32:0 levels, but with increasing FA 

chain length the PCaa profile of the Sms1MUT started to differ more from that of the Sms1WT animals. 

In males PCaa C32:1 and PCaa C32:2 were reduced to 76.5 ± 6.5% (p=0.0057) and 72.0 ± 7.8% 

(p=0.0065), respectively. A similar alteration could be seen for the C36 containing PCaa species 

(PCaa C36:1 with 83.4 ± 6.6%, p=0.0306; PCaa C36:2 with 80.6 ± 6.5%, p=0.0175). Here the fully 

saturated PCaa C36:0 content was also reduced in Sms1MUT compared to wild-type animals (80.6 ± 

6.7% (p=0.0196). PCaa C38 showed a reduction in saturated and monounsaturated (PCaa C38:0, 71.2 

± 6.0, p=0.0005; PCaa C38:1, 67.1 ± 6.4, p=0.0003), but like observed in PCaa C32 and C36, no al-

terations in highly unsaturated FA carrying species. PCaa C40 species also followed this pattern. 

PCaa C40:1 and PCaa C40:2 were reduced to 66.6 ± 6.3% (p=0.0015) and 67.1 ± 6.2% (p=0.0004), 

respectively, while PCaa C40:3 to PCaa C40:6 did not differ significantly between Sms1MUT and 

Sms1WT male brain samples. This pattern changed with PCaa species of a total carbon chain length of 

42. Here an overall reduction in PCaa C42 species was found. Nevertheless, the reduction was more 

pronounced in saturated to di-unsaturated PCaa C42 (PCaa C42:0, 66.9 ± 6.3%, p=0.0095; PCaa 

C42:1, 63.6 ± 6.8%, p=0.0077; PCaa C42:2, 63.4 ± 6.2%, p=0.0021) than in PCaa C42:4 (81.6 ±7.2%, 

p=0.0465) to PCaa C42:6 (77.8 ± 6.8%, p=0.0109; Figure 3.5 A). 

As seen before, female changes were more subtle than those observed in males. Female Sms1MUT did 

not show any alterations in PCaa levels, with a total carbon chain length shorter than 36. Similar to 

male mutants, they showed reduced levels of PCaa C36:0 (86.2 ± 3.4%, p=0.0076), PCaa C36:1 (89.6 

± 2.6%, p=0.0107), PCaa C38:0 (77.0 ± 4.4%, p=0.0086) and PCaa C38:1 (74.3 ± 4.7%, p=0.0078). 

No alterations in PCaa C38:2 levels in female Sms1MUT compared to Sms1WT animals were found. 

However, PCaa C40:1 and PCaa C40:2 were reduced to 72.0 ± 5.0% (p=0.0093) and 76.0 ± 4.9% 

(p=0.0122), respectively which revealed a similar, but again less pronounced down-regulation in 
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female Sms1MUT animals, with respect to their male counterparts. Also in females, the long-chain 

PCaa C42 species showed the strongest alterations ranging from 67.4 ± 5.7% (p=0.0176) of PCaa 

C42:1 to 87.0 ± 3.9% (p=0.0390) of PCaa C42:5. In contrast to male brain samples, no significant 

alterations in PCaa C42:4 and PCaa C42:6 levels were found. The only PCaa species, which were 

significantly reduced in females only were PCaa C40:5 and PCaa C40:6. These sphingolipids were 

reduced by 12.0 ± 3.4% (p=0.0253) and 16.2 ± 3.8% (p=0.0110), respectively (Figure 3.5 B). 

Analysis of PCaa subtypes revealed a more pronounced down-regulation of saturated and mono- or 

di-unsaturated than of poly-unsaturated species. To investigate this topic further, the ratios between 

saturation types were calculated. 

Ratios revealed a reduction in mono-unsaturated fatty acids (MUFAs) and poly-unsaturated fatty 

acids (PUFAs) in comparison to saturated fatty acids (SFAs). Characterization of these ratios in the 

different sexes, showed that males exhibit again the stronger phenotype compared to females. In 

more detail, MUFA/SFA ratio in Sms1MUT females was reduced by 5.2 ± 3.4% (p=0.2491) without 

reaching a significant difference to Sms1WT levels. In Sms1MUT males the MUFA/SFA ratio was sig-

nificantly reduced with a value of 94.8 ± 0.7% (p=0.0012). In both sexes the ratio between PUFAs 

and SFAs was reduced in Sms1MUT animals. Female Sms1MUT reached only 92.0 ± 1.3% (p=0.0014) 

and male Sms1MUT 90.7 ± 1.0% (p=0.0077) of the respective Sms1WT values. The PUFA/MUFA ratio 

was not changed in Sms1MUT compared to Sms1WT animals (Figure 3.5 C). 

A second class of PCs is made up by plasmalogens (PCae), which differ from diacyl-

phosphatidylcholines by the addition of their FA chain at sn-1 position via a vinyl-ether-bond instead 

of an ester bond. 

The levels of several PCae species in Sms1MUT male brain samples were reduced. Among these were 

PCae C34:2, with a value of 78.0 ± 5.2% (p=0.0041) followed by PCae C36:1 to PCae C36:3 (78.5 ± 

5.0%, p=0.0059; 74.3 ± 4.3%, p=0.0015; 79.0 ± 5.0%, p=0.0092). PCae C38, PCae C40 and PCae C42 

showed a reduction in their mono- and di-unsaturated species (PCae C38:1, 67.2 ± 4.8%, p=0.0001; 

PCae C30:2, 67.1 ± 4.6%, p=0.0001; PCae C40:1, 74.9 ± 6.0%, p=0.0023; PCae C40:2, 69.1 ± 5.8%, 

p=0.0003; PCae C42:1, 75.8 ± 6.5%, p=0.0120; PCae C42:2, 79.2 ± 6.7%, p=0.0270). Of these the 

PCae C38 species showed the strongest decrease in Sms1MUT compared to Sms1WT mice. The long 

chain PCae C42 species were additionally reduced in their fully saturated state (PCae C42:0, 71.7 ± 

7.3%, p=0.0025). The levels of all PCae C44 species from Sms1MUT animals were significantly lower 

than those of Sms1WT male mice (PCae C44:3, 81.3 ± 7.6%, p=0.0417; PCae C44:4, 79.5 ± 7.4%, 

p=0.0415; PCae C44:5, 76.7 ± 8.5%, p=0.0234; PCae C44:6, 77.8 ± 6.1%, p=0.0251; Figure 3.6 A). 
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Figure 3.6: Levels of acyl-alkyl-phosphatidylcholine (plasmalogene) species, measured in brain samples 

from male and female Sms1M U T  in comparison to Sms1W T  animals .  

(A) Relative PCae levels  of  male Sms1W T  (n=9) and Sms1 M U T  (n=9) brain samples .  (B) Relative PCae levels  of 

female Sms1W T  (n=8) and Sms1M U T  (n=10) brain samples .   

Phosphatidylcholin plasmalogene  (PCae).  Data was analyzed by two-tailed Student’s  T -test .  Data is  shown as 

mean ± SEM. p≤0.05*,  p≤0.01**,  p≤0.001***.  
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In female Sms1MUT only five PCaa species were significantly altered in comparison to Sms1WT mice. 

All of these were either SFA or MUFA carrying PCae species, with rather long chain lengths. PCae 

C38:1 was reduced to 81.9 ± 4.7% (p=0.0325), PCae C40:0 to 86.7 ± 3.0% (p=0.0149) and PCae 

C40:1 to 86.2 ± 4.2% (p=0.0299). PCae C42:0 showed the strongest reduction to 79.9 ± 4.9% 

(p=0.0407) and PCae C42:1 was reduced to 82.3 ± 4.2% (p=0.0202). In contrast to male Sms1MUT 

neither PCae species with chain lengths shorter than 38 or longer than 42, nor PCae species with 

more than one unsaturated residue were affected (Figure 3.6 B). 

Furthermore, the ratio of PCae MUFAs or PUFAs to SFAs were analyzed, respectively. There were 

no significant changes detected. Also the ratio between PUFAs and MUFAs did not show any alter-

ations between Sms1MUT and Sms1WT animals of either sex (supplementary Table 10.12 and Table 

10.13).  

Detailed analysis of the PCaa data sets revealed a wave like pattern, regarding FA chain length and 

saturation state of PCaa species. It could be seen that the level of PCaas negatively correlated with 

FA chain length and with saturation state of the distinct species (Figure 3.7 A).  

Like PCaa levels, PCae levels also correlated negatively with chain length. However, the decrease in 

PCae levels was less pronounced than it was in PCaa. The wave like pattern was not so clear in 

PCae, but still the highly unsaturated FA containing PCae species were less reduced than those with 

mono- or di-unsaturated FA residues. As already stated before, these findings were stronger in male 

animals, than in females (Figure 3.7 B). 

In summary, Cer, PCaa and PCae levels were rather reduced in Sms1MUT animals, despite showing 

the expected elevation. Importantly, for PCaa and PCae species, the reduction was positively corre-

lated with FA chain length and saturation state, resulting in a wave-like pattern of LC-PCaas and 

LC-PCaes, when mapped against Sms1WT levels. This alterations could be a result of changes in 

elongase and desaturase activities. 
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Figure 3.7: Long-chain FA containing diacyl -phosphatidylcholines and phosphatidylcholine plasmalogene  

species showed a wave like pattern depending on chain length and saturation state in  male and female 

Sms1M U T  in comparison to Sms1W T  animals.  

(A) Relative PCaa levels  of  Sms1M U T  male  and female  brain  samples  in comparison to Sms1W T  levels ,  which were 

set to 100% (B) Relative PCae levels  of  Sms1M U T  male  and female  brain samples in comparison to Sms1W T  levels , 

which were set to 100%. Lipid species with the same total  FA chain length are clustered in gray r ings.   

Diacyl-phosphatidylcholine (PCaa),  p hosphatidylcholin  plasmalogene  (PCae).  Male Sms1W T  (n=9) and Sms1M U T 

(n=9),  female  Sms1W T  (n=8) and Sms1M U T  (n=10).  Data was analyzed by two-tailed Student’s  T -test .  Data is  

shown as mean ± SEM. p≤0.05*,  p≤0.01**,  p≤0.001***.  
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3.1.5.4 Lyso-Phosphatidylcholine species 

To analyze if PC levels are reduced due to higher degradation lyso-PC levels were measured. The 

only species which was significantly elevated in male Sms1MUT was lyso-PC 17:0 (125.6 ± 7.5%, 

p=0.0167). Lyso-PC 6:0 also showed higher values (116.0 ± 4.6%), but only a statistical tendency to 

be elevated (p=0.0637). The levels of all other significantly altered lyso-PC levels were lower in 

Sms1MUT compared to Sms1WT animals. These include lyso-PC 20:4, which showed the strongest 

reduction to 72.6 ± 6.7% (p=0.0291), followed by lyso-PC 18:0 and lyso-PC 18:1 with a reduction to 

75.0 ± 5.6% (p=0.0111) and 76.6 ± 5.8% (p=0.0132), respectively. Additionally lower levels of lyso-

PC 16:0 (82.1 ± 6.8%, p=0.0411) and lyso-PC 20:3 (86.2 ± 6.3%, p=0.0394) were detected (Figure 3.8 

A). 

 

Figure 3.8: Levels  of lyso-phosphatidylcholine species, measured in brain samples from male and female 

Sms1M U T  in comparison to Sms1W T  animals.  

(A) Relative lyso-PC levels  of  male Sms1W T  (n=9) and Sms1 M U T  (n=9) brain samples .  (B) Relative lyso -PC levels 

of  female Sms1W T  (n=8) and Sms1M U T  (n=10) brain samples . 

Lyso-phosphatidylcholin (lyso -PC).  Data was analyzed by two-tailed Student’s  T -test .  Data is  shown as mean ± 

SEM. p≤0.05*,  p≤0.01**,  p≤0.001***.  

 

The only lyso-PC, which had significantly different levels between Sms1MUT and Sms1WT was lyso-

PC 14:0. Its levels were down to 90.1 ± 3.3% (p=0.0105). Female brain samples, other than those of 

males, had high SEM values, which could mask possible elevations of certain lyso-PC species (Figure 

3.8 B). 
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All in all, the reduced levels of lyso-PC point to altered processing of PC species and could reveal a 

reduction in PLA2 activity and reduced free FA release. 

3.1.5.5 Cholesterol and Phosphatidylethanolamine 

Phosphatidylethanolamine (PEae) is closely related to PCae, bearing an ethanolamine instead of a 

choline head group. Significant changes in PEae levels were only found in male brain samples. PEae 

C38:6 was reduced to 75.5 ± 9.3% (p=0.0327), while there was a trend to lower levels of PEae C36:2 

and PEae C40:6 (76.3 ± 11.7%, p=0.0776; 76.5 ± 10.6%, p=0.0661). Results on female PEae levels 

did not differ significantly between Sms1MUT and Sms1WT levels (Figure 3.9 A). 

 

Figure 3.9: Levels of phosphatidylethanolamine species  and cholesterol , measured in brain samples from 

male and female Sms1M U T  in comparison to Sms1W T  animals.  

(A) Relat ive PE levels  of  male  and female brain samples .  (B)  Relat ive cholesterol levels  in male and female brain 

samples .  Sms1W T  data from male and female animals is  shown in dark blue or dark red,  Sms1M U T  data from male 

and female animals is  shown in l ight blue or l ight  red,  respectively.  Male Sms1W T  (n=9),  Sms1M U T  (n=9) and 

female Sms1W T  (n=8),  Sms1M UT  (n=10).  Phosphatidylethanolamine (PEae ).  Data was analyzed by two-tailed Stu-

dent’s  T-test .  Data is  shown as mean ± SEM.  p≤0.05*,  p≤0.01**,  p≤0.001***.  
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Another SL, highly enriched in lipid rafts, besides SM is cholesterol. Therefore, it should be clarified 

if a down-regulation in SM synthesis would also affect this major sterol. Cholesterol levels in 

Sms1MUT brain samples in comparison to Sms1WT samples were measured and found to be slightly 

reduced in the Sms1MUT samples (males: 84.18 ± 9.32%, p=0.2283; females: 72.98 ± 13.33%, 

p=0.1754, in comparison to the respective Sms1WT samples, which were set to 100%). Here, for the 

first time female levels were more affected than those of males. However, results on cholesterol levels 

did not reach significance. (Figure 3.9 B). 

3.1.6 Enzymes of the Sphingolipid pathway 

 

Figure 3.10: mRNA expression levels of enzymes involved in the SL pathway, measured in brain samples 

male Sms1M U T  in comparison to Sms1W T  animals .  

(A) Relative mRNA expression levels  of  Sms1 ,  Sms2 ,  Cers2-6 ,  detected by TaqMan assays.  (B) Relative mRNA 

expression levels  of  Asah1-2,  Acer2 ,  Smpd2-4 ,  detected by TaqMan assays.  (C) Immunoblot against SMS2 from 

whole brain protein lysates of adult Sms1W T  and Sms1M U T  brain.  (D) Quantif icat ion of  immunoblot against SMS2. 

TaqMan assay:  Sms1W T  n=3,  Sms1M U T  n=5;  immunoblot Sms1W T  n=3,  Sms1MU T  n=3.  Sms1W T data is  shown in dark 
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green,  Sms1M U T  data is  shown in l ight green.  TaqMan assay data  was analyzed by  the 2 - Δ Δ C T  method (Livak and 

Schmittgen,  2001).  Statistical  analysis  was done by two-tai led Student’s  T -test (A,  B,  C) .  Data is  presented as 

mean ± SEM. p<0.1 # ,  p≤0.05*,  p≤0.01**,  p≤0.001***.  

 

The down regulation of SM levels was regarded as proof of principle for the disruption of the Sms1 

gene expression by the gene trap cassette insertion. However, it should further be clarified if a dis-

ruption of SMS1 function might trigger an up-regulation of Sms2 expression in order to compensate 

for the loss in total SM synthesis activity. Therefore a quantification of Sms2 mRNA by TaqMan 

assay and SMS2 protein levels by Western blot was performed. While mRNA analysis did not show 

a significant up-regulation of Sms2 expression, the protein levels of SMS2 were slightly increased in 

Sms1MUT (129.8 ± 7.5%, p=0.0372) compared to Sms1WT controls (Figure 3.10 A, C, D). Neverthe-

less, as it could be seen from the lipid profile of Sms1MUT mice, the slight up-regulation of SMS2 lev-

els were not sufficient to fully restore SM levels in Sms1MUT brain tissue (Figure 3.4 A-D). 

The lipid analysis of the Sms1MUT and Sms1WT animals revealed some unexpected results. For exam-

ple, ceramide did not increase in Sms1MUT animals, as it would have been expected due to the disrup-

tion of SMS1 function. Additionally, the PC species were down regulated according to their chain 

lengths and saturation state. Therefore, the expression of enzymes in the SL pathway were con-

trolled for alterations, as these might compensate high and toxic ceramide levels, for example. To see 

if the enzymes are differently regulated an expression microarray analysis on whole brain samples of 

5 months old male Sms1WT and Sms1MUT animals was performed in the GMC. Supplementary Table 

10.22 lists the results according to the detected frequency. Subsequently, the expression microarray 

results by GO terms for biological process (supplementary Table 10.23) and cellular compartment 

(supplementary Table 10.24) were analyzed. Genes listed in the high ranked GO categories involved 

in the SL pathway, lipid metabolism, or regulatory processes crucial for the SL homeostasis are 

summarized in Table 3.1 and described below. 
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Table 3.1: Highest ranked GO categories for biological processes  

GO category analysis  based  on expression microarray results  of  whole brain  samples of  5 months old male  

Sms1W T  (n=3) and Sms1M U T  (n=4) mice.  False discovery range (FDR).  Data was analyzed by Dr. Dietrich 

Trümbach .  

 

3.1.6.1 Alterations in expression levels of catabolic enzymes 

One regulated gene was Smpd2 (sphingomyelin phosphodiesterase 2; nSMase, neutral membrane 

sphingomyelinase 2). The expression of Smpd2, listed in ceramide biosynthetic process, in Sms1MUT 

animals, compared to Sms1WT mice was lowered to 81% (Table 3.1; supplementary Table 10.22). 

nSMase2 is responsible for the breakdown of SM into Ceramide and PC and is mainly located at the 

inner leaflet of the plasma membrane (Tomiuk et al. 1998). A down regulation would therefore re-

duce SM degradation. However, other studies claim, that nSMase2 has rather lysophosphatidase 

than sphingomyelinase function. They propose, that its major enzymatic reaction is the hydrolysis of 

1-acyl-2-lyso-sn-glycero-3-phosphocholine (lyso-PC) and 1-O-alkyl-2-lyso-sn-glycero-3-

phosphocholine (lyso-platelet-activating factor, lyso-PAF) into glycerophosphocholine and a carbox-

ylate. PAF is considered to be the physiological substrate (Sawai et al. 1999). Considering this sub-

strate specificity a down regulation in Smpd2 could alter lyso-PC and lyso-PAF processing. 

One other regulated gene, encoding for an enzyme with catabolic function is Pla1a (phospholipase 

A1 member A; listed in the category: lipid catabolic process; Table 3.1). Its expression level in 

Sms1MUT animals was 20% lower compared to that of Sms1WT animals (supplementary Table 10.22). 

PLA1A has restricted enzymatic activity against phosphatidylserine and lyso-PS, hydrolyzing their 

ester bonds at the sn-1 position, thereby producing 2-acyl lyso-phospholipids. PC, PE, phosphatidic 

acid (PA) or phosphatidylinositol (PI) are not considered as substrates (Sato et al. 1997, Nagai et al. 

1999).  

Asah3/Acer1 (alkaline Ceramidase 1) encodes for another hydrolyzing enzyme, degrading ceramides 

to sphingosine and was listed in three different GO categories (Table 3.1). However, its expression in 

brain is rather low and it is mainly found in epidermis, which underlines its substrate affinity to-
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wards very long chain ceramides (Houben et al. 2006). The up regulation in Asah3 expression to 

124%, which was detected in Sms1MUT mice compared to Sms1WT animals, would lead to an enhanced 

degradation of VLC-ceramide, preventing its toxic accumulation (supplementary Table 10.22). Nev-

ertheless, as stated above Asah3 plays a minor role in the brain. 

Gdpd1 (glycerophosphodiester phosphodiesterase domain containing 1) encodes for a catabolic en-

zyme. It is located in the cytoplasm, near the perinuclear region and belongs to a protein family hy-

drolyzing deacylated glycerophospholipids to glycerol phosphate and alcohol (Chang et al. 2008). In 

the microarray analysis Gdpd1 showed an elevated expression level of 110% in Sms1MUT compared to 

Sms1WT samples (supplementary Table 10.22). 

Clps (pancreatic colipase preproprotein), which was also listed in the GO category lipid catabolic 

process (Table 3.1), is a cofactor of the pancreatic lipase, which allows the anchoring of lipase to the 

surface of micelles and additionally stabilizes the active confirmation of the lipase (Sugar et al. 2003). 

Without CLPS, the lipase would be washed and loose its efficiency. CLPS was believed to play a role 

only in pancreatic acinar cells, but preprocolipase expression was also found in the rat brain (York et 

al. 2006). The expression differences detected in brain (Sms1MUT: 80%, compared to Sms1WT levels, 

supplementary Table 10.22) could therefore lead to altered lipase efficiency. 

3.1.6.2 Alterations in expression levels of anabolic enzymes 

As it was mentioned before, the tight regulation of ceramide levels is crucial for cell function and 

viability. Therefore, not just the degradation of ceramide by ceramidases, but also the synthesis of 

ceramide represents an important point of metabolic regulation. Lass4/Cers4 (ceramide synthase 4) 

was 18% down-regulated in Sms1MUT in comparison to Sms1WT animals, which would result in a re-

duced synthesis of ceramide (supplementary Table 10.22). Lass4 was listed in three different GO 

categories linked to lipid metabolism (Table 3.1). 

Another regulated gene, involved in the generation of lipids, is Prkaa2 (protein kinase, AMP-

activated, alpha 2 catalytic subunit), which encodes for the catalytic subunit of the AMP-activated 

protein kinase (AMPK), functioning as an energy sensor in response to cellular metabolic stress. If 

AMPK is activated it leads to acetyl-CoA carboxylase (ACC) and beta-hydroxy beta-methylglutaryl-

CoA reductase (HMGCR) inhibition by phosphorylation of these enzymes (Hardie 1992, Aguan et al. 

1994)-read again. Both of these enzymes are key enzymes for lipid synthesis pathways. We found 

Prkaa2 listed in 5 GO categories (Table 3.1). Prkaa2 expression was reduced to 84% in Sms1MUT in 

comparison to Sms1WT animals, which would point to an up regulation in energy consuming process-

es such as the two mentioned steps in lipid synthesis (supplementary Table 10.22). 

Gpsn2/Tecr (trans-2, 3-enoyl-CoA reductase) was listed in four GO categories (Table 3.1) and was 

found to be 16% higher expressed in Sms1MUT than in Sms1WT animals (supplementary Table 10.22). 
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GPSN2 represents a multi-pass membrane protein, which is located in the ER and belongs to the 

steroid 5-alpha reductase family. The protein catalyzes the reduction of 6:1 to 16:1, with highest 

activity with 10:1 CoA (Das, Uhler et al. 2000). In another study GPSN2 was found to be responsible 

for the last of 4 sequential reactions in the elongation of microsomal long and very long chain FA. 

This step is the reduction of trans-2, 3-enoyl-CoA to saturated acyl-CoA (Das et al. 2000, Moon and 

Horton 2003). Therefore the slightly elevated levels of Gpsn2 expression might lead to higher levels 

of SFA. 

An enzyme, which is located farther down the lipid synthesis pathway is the mitochondrial glycerol-

3-phosphate acyl transferase, encoded by Gpam. GPAM has a substrate preference for SFA contain-

ing acyl-ACP. The acyl-group of these acyl-ACPs is transferred to the sn-1 position of glycerol-3-

phosphate in an esterification reaction (Yet et al. 1993, Igal et al. 2001). This step is essential for the 

generation of glycerolipids (Lehner and Kuksis 1996). Gpam expression was reduced to 75% in 

Sms1MUT brain samples compared to controls (supplementary Table 10.22) and it was listed in the 

GO category cellular lipid metabolic process (Table 3.1). 

Tpi1 (triosephosphat isomerase 1) encodes for an enzyme responsible for the isomerization of glycer-

aldehyde-3-phosphate and dihydroxy-acetone phosphate in course of glycolysis and gluconeogenesis 

(Brown et al. 1985, Gruning et al. 2014). It was listed in the GO categories fatty acid biosynthetic 

process and lipid biosynthetic process and down regulated to 90% of the Sms1WT expression levels 

(Table 3.1; supplementary Table 10.22).  

Pde3a (cyclic GMP-inhibited phosphodiesterase A) encodes for one of eleven subtypes of phos-

phodiesterases. It is involved in many different cellular processes and is responsible for the degrada-

tion of cAMP and cGMP, therefore contributing to the amplitude and duration of these intracellular 

messengers (Degerman et al. 1994, Kuthe et al. 1999, Feijge et al. 2004, Zhang and Colman 2007).  

These expression differences are based on microarray data and should therefore be validated. Never-

theless, these candidate genes provide interesting evidence for further analysis and investigations. 

To validate the expression levels of enzymes of the SL pathway, which are closely connected to SM 

synthesis, the RNA samples from Sms1WT and Sms1MUT animals were analyzed by gene-specific 

TaqMan assays. 

Sms1 expression in Sms1MUT was verified in these samples to be significantly down-regulated to 20 ± 

7-11% (p=0.0017) of Sms1WT levels, while no altered expression of Sms2 on the mRNA level was 

found (Figure 3.10 A). However, a 29.77 ± 7.53% (p=0.0372) up regulation of SMS2 protein levels 

were detected (Figure 3.10 C, D), which points to posttranslational regulation of the isoenzyme. 

The SMases analyzed per TaqMan assay were all altered in the same direction, namely to higher 

expression levels in Sms1MUT compared to Sms1WT mice (Figure 3.10 B). Smpd2 and Smpd3 were 16 
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± 8-7% and 25 ± 18-15% upregulated, respectively, reaching a trend to elevated mRNA levels 

(p=0.0953 and p=0.0504). Smpd4 showed 32 ± 23-20% higher mRNA levels, which differ significant-

ly from Sms1WT values (p=0.0462, Figure 3.10 B). Smpd3 and 4 were not found to be regulated with 

the microarray approach, while Smpd2 was found to be down-regulated to 81% in Sms1MUT samples 

(supplementary Table 10.22). 

Quantification of the relative expression values of Sms1WT and Sms1MUT CerS2-6 was performed. 

Although, the microarray data suggested a down-regulation of CerS4/Lass4, this could not be veri-

fied by TaqMan expression analysis supplementary Table 10.22; Figure 3.10 A). Here CerS mRNA 

expression did not differ between Sms1WT and Sms1MUT brain samples. In contrast, CerS3 and CerS5, 

which did not show any expression differences in the microarray were upregulated in Sms1MUT ani-

mals in comparison to Sms1WT mice. The CerS3 mRNA level with a value of 262 ± 189-110% did not 

reach significance but a trend (p=0.0628), due to the high standard deviation. CerS5 levels, however 

were significantly upregulated to 119 ± 11-10% (p=0.0414; Figure 3.10 A).  

The microarray data showed an up-regulation of Asah3/Acer1 expression in Sms1MUT animals. How-

ever, this alteration of mRNA levels could not be validated by TaqMan assay, as expression levels 

were under detection limits. Acer2 and Acer3 were found to be equally expressed with both methods 

(supplementary Table 10.22; Figure 3.10 B). For Acer2 high standard deviations were found in the 

Sms1MUT samples. In contrast to the alkaline ceramidases (Acer1-3), which were not altered or rather 

upregulated, the acid and neutral ceramidases showed a tendency to be down-regulated. Asah1 was 

significantly lower expressed in Sms1MUT samples (83 ± 6-5%, p=0.0313), compared to Sms1WT lev-

els, while Asah2 down-regulation did not reach significance (Figure 3.10 B).  

Validation of the microarray data by TaqMan assay showed, that microarray data should be handled 

with care. Nevertheless, in summary, the results point out that the SL metabolism especially con-

cerning enzymes regulating Cer levels is sensitive to changes in the system. Importantly, compensa-

tion of the SMS1 reduction by an upregulation of SMS2 levels was detected, which would explain 

remaining SM levels in brain of 56% despite the disruption of the major SM synthesis enzyme.  

3.1.7 Myelination deficits in the brain and the spinal cord of Sms1MUT 

As reported before, the lipid profile of the Sms1MUT animals was profoundly changed, with a high 

reduction in SM levels. SM is, as its name indicates, one of the major components of the myelin 

sheaths, built up by the plasma membrane of oligodendrocytes in the brain (Kilkus et al. 2008). 

Therefore it should be clarified if this reduction in brain SM levels might result in any myelination 

deficits, hampering isolation integrity and brain function. 

Klüver Barrera Staining, a basic staining method to highlight lipids on tissue sections revealed a 

possible reduction in lipidation in the hippocampus and cortex of Sms1MUT animals, whereas the lipid 
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composition in the cerebellum, striatum and the olfactory bulbs seemed to be unchanged (Figure 3.11 

A). 

To clarify if these staining differences reliably report differences in myelination myelin basic protein 

(MBP) was analyzed, as it represents one of the highest expressed proteins in myelin sheaths (Boggs 

2006, Jahn et al. 2009). Sagittal sections of Sms1WT and Sms1MUT animals were immunohistochemical-

ly stained and analyzed. MBP was found to be expressed differently mostly in hippocampal regions 

(Figure 3.11 D, upper right and middle left panel) and the nucleus accumbens (Figure 3.11 D, middle 

right panel), while the expression pattern in the cerebellum, striatum and brain stem seemed to be 

mostly unaffected (Figure 3.11 D, upper left, lower left and lower right panel).  

Western Blot quantification of another abundant myelin protein (myelin oligodendrocyte glycopro-

tein, MOG) underlined the findings from MBP staining. MOG was significantly reduced to 70.6 ± 

5.5% (p=0.0497) in Sms1MUT in comparison to Sms1WT animals (Figure 3.11 B, C). These findings 

indicate a disturbance in myelination in Sms1MUT animals.  

Myelination in the spinal cord was also investigated. In the 3xTg animals a clear reduction in myelin 

integrity could be seen, as myelin sheaths seemed to be less tightly wrapped around the axons 

(Figure 3.11 E). Also the space between the axons in the bundle seemed to be enlarged in the 3xTg 

animal model. The Sms1MUT in comparison to Sms1WT also showed looser packing of axons inside the 

bundle and one could observe a less dense closure of myelin sheaths around the axons, although 

these results were less striking as in the 3xTg animal model (Oddo et al. 2003) used as positive con-

trol (Figure 3.11 E). 
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Figure 3.11: Sms1M U T  revealed hints to myelination deficit in brain and spinal cord.  

(A) Klüver Barrera staining of  sagittal  brain sections from Sms1W T  and Sms1M U T  animals .  Arrow indicate areas o f  

reduced stain ing in HC and Cortex regions.  Scale bar :  500µm (B) Immunoblot against myelin oligodendrocyte  

glycoprotein (MOG) and (C)  quantif icat ion relative to Sms1 W T  levels ,  which were set to 100%  (WB and quant if i-

cation by  Peter Braun) .  (D) Immunostain ing against myelin basic protein (MBP) on sagittal  brain  sections from 

Sms1W T  and Sms1M U T  animals .  Scale bar :  500µm (E) Fluorescent immunostain ing of  MBP and tubulin  on sections 

of  lumbar exon bundles from Sms1W T ,  Sms1M U T  and 3xT g  animals  (picture by Peter Braun) .  Scale  bar :  20µm. Data 

was analyzed by two-tailed Student’s  T -test .  Data is  presented as mean ± SEM.  p≤0.05*,  p≤0.01**,  p≤0.001***.  

 

3.1.8 Strength, coordination and nociception changes in Sms1MUT 

The observed alterations in myelination in the brain might affect brain function and behavioral per-

formance. Furthermore, the loose-fitting myelin sheaths around axons and the larger gaps between 

the single axon fibers in lumbar axon bundles could have an effect on muscle function and signaling 

speed in the PNS. To elucidate these questions data obtained by the GMC, concerning grip strength 

and coordinator performance was checked. 

Sms1MUT had significantly reduced forepaw grip strength (p<0.001). Sms1WT and Sms1MUT differed 

by 6.55g. Separation of sexes revealed, that these differences are mostly due to alterations in female 

mice. Grip strength with all four paws was not changed between genotypes (supplementary Figure 

10.1, supplementary Table 10.3 and Table 10.4). These observations point to a reduced muscle 

strength in the forepaws, while the two hind paws seem to be largely unaffected. 
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To test for coordination performance, a rotarod test was performed and the latency until the animals 

fall off the rotating and accelerating rod was measured. Sms1MUT mice performed slightly worse than 

their Sms1MUT controls. Sms1MUT had an overall reduction of 22.6 ± 14.2s in mean latencies over all 

three test cycles until the animals fall off from the rotarod. However, these results did not reach sig-

nificance (p=0.1200; see supplementary Figure 10.2 and Table 10.5).  

Additionally to muscle innervation and coordination, the integrity of axons is also important for the 

conductance of sensory stimuli. The hotplate test for nociception was performed and showed a reduc-

tion in the second response time (p=0.022). While Sms1WT females and males started licking their 

feet after 14.5 ± 3.9s or 19.0 ± 7.0s, respectively, Sms1MUT mice showed a second response to the 

stimulus after 17.5 ± 4.7s and 23.5 ± 3.6s. The sex difference in this second response time also 

reached significance (p=0.002). Neither males nor females had genotype specific differences in first 

response time (shaking; see supplementary Figure 10.3 and Table 10.6). 

3.1.9 Blood-Brain-Barrier alterations 

As it was shown, the dysregulation in lipid composition of the plasma membrane and cellular com-

partments might lead to the misrepresentation of several important myelin-related proteins. It could 

be shown that myelin components are reduced in Sms1MUT. Therefore it should be analyzed what 

influence the shift in lipids might have on other proteins of the cellular plasma membrane. Especially 

junction proteins, crucial components of the blood-brain-barrier (BBB) came in the focus, as the BBB 

is one of the most important defense mechanisms of the brain and is often discussed in AD research. 

Protein levels of distinct junction proteins, namely β-Catenin (β-Cat), Connexin 43 (CX43) and Oc-

cludin (Occl), which contribute to adherents, gap and tight junctions, respectively were analyzed. 

Sms1MUT brain samples had 19.2 ± 1.0% higher levels of β-Catenin and 19.3 ± 3.7% higher levels of 

CX43 than Sms1WT brain samples. Both values were significantly different to those of wild-type con-

trols (β-Cat: p=0.0496; CX43: p=0.0409; Figure 3.12 A, B, D, E). Occludin levels also followed the 

same pattern and were slightly elevated, but without reaching significant difference (Occl-115kDa: 

118.4 ± 1.8%, p=0.1420; Occl-59kDa: 136.5 ± 12.5%, p=0.1032; Figure 3.12 C, F). 

These findings indicate, that the myelination and additionally the BBB might be affected by lipid 

alterations observed in the Sms1MUT brain. Up regulation of junction proteins could indicate a com-

pensatory mechanism to strengthen a weakened BBB. After all, the question remained, whether the 

observed changes would lead to leakiness or reduced integrity of the BBB. To answer this question, 

Dr. Steven Ford conducted MSOT measurements, using Iodocyanin green (ICG), an under normal 

conditions BBB impermeable dye, to analyze BBB functionality.  
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Figure 3.12: The blood-brain barrier of Sms1M U T  seemed to be comprised in its functionality .  

(A-C) Immunoblot and (D-F) quantif ication against (A,  D) β-Catenin,  (B,  E) Connexin 43 and (C,  F) Occludin.  

Data was analyzed by two-tailed Student’s  T -test .  Data is  presented as mean ± SEM. p≤0.05*,  p≤0.01**, 

p≤0.001***.  (G,  H) Time series  of  Iodocyanin (ICG, green) distr ibut ion before and after injection of  ICG, where  

the corresponding time points  for image capture  are indicated by the dashed l ines .  Scale bar :  4mm. (H) Repre-

sentative ICG distr ibut ion profile  for a  given pixel  in the brain (indicated by a red dot in panel G),  and the  f itted 

one-compartment pharmacokinetic model described by the equation in (H) .  (I ) Upper panel shows anatomical  

images of  the Sms1W T  and Sms1M U T  brain sections, determined by an average of  al l  fram es at 900 nm wavelength. 

(I) Middle  and lower panel images show the rate constant parameters for the absorption and el iminat ion of  ICG, 

respectively.   The color bars  for each image are set constant for comparison between Sms1W T  (n=5) and Sms1M U T  

(n=3) images.  Scale bar :  4mm.  Data was obtained and analyzed by Dr.  Steven Ford.  Max values on the color bars  

correspond to:  kA  = 0.01 s-1; kE  = 0.55 s-1. 

 

The aim of this analysis was to investigate BBB permeability in the sense of influx (kA) and efflux 

(kE) parameters of ICG in Sms1WT and Sms1MUT animals over time (Figure 3.12 G, H). Preliminary 

data might indicate a possible higher influx and reduced efflux in Sms1MUT, as it is shown in Figure 

3.12 I. This would indicate a higher permeability of the BBB in these animals. However, due to reso-

lution problems of the method and a missing positive control, these measurement should be handled 

with caution.  
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Additional measurements are recommended with a higher number of animals and imaging of compa-

rable brain sections per genotype. Furthermore, different BBB passing and non-passing dyes could 

help to identify regions of BBB leakiness and permeability characteristics such as size tolerance or 

clearance rates. 

3.1.10 HPA axis alterations 

3.1.10.1 Basic results related to stress-coping and anxiety-like behavior 

The primary behavioral screen of the Sms1 mouse line, performed within the GMC standard panel, 

gave results about several changes connected to overall activity and alertness, anxiety-like and 

stress-coping behavior. Data obtained by OF testing for 20min showed that Sms1MUT animals cov-

ered a longer distance in all four time intervals, while the highest difference could be seen in the first 

five minutes. Here the mean distance covered by Sms1MUT was 36% longer than by Sms1WT (Figure 

3.13 A). Additionally the whole average speed of Sms1MUT animals was faster than that of Sms1WT 

animals. Sms1MUT reached a value of 20.75 ± 0.95cm/s, which was 3.77cm/s faster than the average 

speed of Sms1WT animals (Figure 3.13 D). Both results were pointing to hyperactivity of Sms1MUT 

animals.  

As a parameter of anxiety-like behavior the latency to the first entry to the center zone of the OF 

arena was assessed additionally to the number of transits. Furthermore, the distance travelled and 

time spent in the central area were measured. Sms1WT animals entered the center zone after an aver-

age of 7.74 ± 1.21s, while it took Sms1MUT animals 13.75 ± 2.65s (Figure 3.13 E). Although, Sms1MUT 

entered the center zone later than Sms1WT controls, the number of transits to this area was larger in 

Sms1MUT (Sms1WT: 215.35 ± 17.39, Sms1MUT: 308.30 ± 22.02; p<0.01, Figure 3.13 F). These results 

might appear contradictory, as a longer latency is thought to reflect more anxiety-like and a higher 

number of transits a less anxiety-like behavior. 

Sms1WT animals covered between 28.5 ± 1.45% and 31.79 ± 1.55% of the whole distance travelled in 

the center zone, while this percentage in Sms1MUT animals was between 33.56 ± 2.00% and 39.26 ± 

1.74% (Figure 3.13 B). Calculated over all four time intervals, Sms1MUT animals travelled a 6.13 ± 

1.35% longer distance in the center zone compared to Sms1WT animals. In addition to a longer dis-

tance covered in the center zone, Sms1MUT also spent more time in this inner circle of the testing 

arena. Separating data from male and female animals revealed a more pronounced genotype effect in 

female mice. In all four intervals of the testing time, Sms1MUT females spent a higher percentage in 

the center zone, compared to their Sms1WT controls (Figure 3.13 C). Over the whole 20min of testing 

Sms1MUT female mice reached 31.61 ± 1.60%, while Sms1WT female mice only reached 20.11 ± 2.03% 

of the whole testing time spent in the center zone. Male Sms1MUT mice in comparison spent 24.75 ± 

2.27% and male Sms1WT mice 22.43 ± 1.62% of the whole testing time in the center zone (compare 

Figure 3.13 C). The overall distance and time spent in the center zone underlined a less anxiety-like 
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behavior of Sms1MUT animals, which could be already seen in the number of transits. The separation 

of male and female data also points to a more pronounced reduction in anxiety in female animals. 

 

Figure 3.13: Sms1M U T  showed alterations in anxiety -related behavior.  

(A-G) Open f ield (OF) results from Sms1M U T  compared to Sms1W T  animals ,  (A-C) separated by quartiles  of  the 

testing period or (D-F) over the whole testing period.  (A) Mean distance traveled in OF.  (B) Mean distance tr av-

elled in the center zone.  (C) Mean time spent in the center zone. (D) Average speed in OF test. (E) Mean latency 

to f irst transit to center zone. (F) Mean number of  transits  to the center zone.  (G) Mean number of rearings in 

the f irst quartile  of  the tes ting period.  Sms1W T  data is  shown in dark blue and dark red for males and females ,  

respectively,  or in dark green for combined data of  both sexes.  Sms1MU T  data is  shown in light blue and l ight red 

for males and females ,  respectively,  or in l ight green for combined data of  both sexes.  Data was analyzed by  a 

l inear model (A-C) and by two-tailed Student’s  T -test (D-G).  Data is  presented as mean ± SEM. p<0.01 # ,  

p≤0.05*,  p≤0.01**,  p≤0.001***.  

Testing and partial  data analysis  was performed by Dr.Anne-Marie Zimprich.  

 

Rearing behavior was assessed as a parameter of exploration. However, the number of rearings only 

differed significantly in the first five minutes of OF testing time. Here Sms1MUT showed a higher 

number of rearings with an average of 27.2 ± 2.56 compared to Sms1WT mice with an average of 
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18.65 ± 1.53 (p<0.01; Figure 3.13 G). After the first five minutes, the number of rearings in Sms1MUT 

dropped and even sank below the Sms1WT mean value, but without reaching significance. 

An elevated number of rearings in the first testing quarter could be interpreted as higher initial 

alertness. The reduction over time might reflect a habituation effect of the Sms1MUT animals, which is 

not seen in Sms1WT animals, as their number of rearings stays more or less constant over time. 

3.1.10.2 Stress reactivity tests 

3.1.10.2.1 Stress reactivity test with 15 min restraint stress 

All of these behavioral areas involve signaling via the HPA axis. Therefore we started to investigate 

this topic in more detail, by the setup of a SRT and quantification of the major players of the HPA 

axis. 

To get more detailed information about the stress reaction in Sms1WT and Sms1MUT animals we per-

formed an SRT with 15min restraint stress followed by a 20min interval and a subsequent 10min OF 

test. 

Similar to the GMC data, Sms1MUT females and Sms1WT females of the control group differed con-

cerning the distance covered in the whole arena after the full 10min testing time. Sms1MUT females 

covered 6237.67cm more than Sms1WT females of the control group. However, Sms1 males of the 

control group did not differ significantly in the covered distance (data not shown). Overall locomo-

tion speed was not altered between any of the male groups, however female Sms1MUT ran faster than 

their Sms1WT controls of either group (Sms1WT control: 20.80cm/s (IQR: 10.15), Sms1MUT control: 

31.10cm/s (IQR: 11.10), p=0.0007; Sms1WT stress: 25.70cm/s (IQR: 5.10), Sms1MUT stress: 

30.10cm/s (IQR: 3.6), p>0.9999; Figure 3.14 G). This effect was blunted after exposure to stress. 

However, neither Sms1WT, nor Sms1MUT showed a significant effect of stress on locomotion speed, 

when comparing the treatment effect within the genotypes (Figure 3.14 G). 

For anxiety-like linked parameters, namely the distance travelled and time spent in the center zone, 

as well as the number of transits to the center zone similar results to the primary screen were found. 

The male control groups did not reach significantly different levels in the distance travelled in the 

center zone. After 15min restraint stress, however Sms1MUT males covered a longer distance in the 

center area compared to their wild-type controls (Sms1WT stress: 24.8% (IQR: 6.8), Sms1MUT stress: 

39% (IQR: 7.0), p=0.0542; Figure 3.14 D). Both of the female groups differed between Sms1MUT and 

Sms1WT animals, with the Sms1MUT animals showing a longer distance travelled in the center zone 

(Sms1WT control: 25.8% (IQR: 3.95), Sms1MUT control: 35.1% (IQR: 1.4), p=0.0332; Sms1WT stress: 

24.2% (IQR: 5.7), Sms1MUT stress: 39.9% (IQR: 15.6), p=0.0056; Figure 3.14 D). Regarding the time 

spent in the center zone, similar results were found. In the male stress group Sms1WT mice spent 

19.20% (IQR: 8.05) and Sms1MUT mice 34.1% (IQR: 6.7) of the test time in the center zone (p=0.0468, 
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Figure 3.14 E). Female animals differed between genotypes in both groups (Sms1WT control: 18.8% 

(IQR: 4.73), Sms1MUT control: 31.1% (IQR 6.6), p=0.0072; Sms1WT stress: 19.3% (IQR: 6.5), Sms1MUT 

stress: 33.4% (IQR: 17.5), p=0.0025; Figure 3.14 E). No effect concerning distance travelled or time 

spent in center zone could be seen either in male or female animals due to the exposure to restraint 

stress (Figure 3.14 D, E). Only female animals of the control group differed between genotypes in 

the number of transits to the center zone. Sms1MUT animals crossed the line to the central area more 

often than their Sms1WT controls (Sms1WT control: 126.5 (IQR: 50.0), Sms1MUT control: 232 (IQR: 

88), p=0.0003; Figure 3.14 F). Sms1 male animals did not show any difference in transits to the cen-

ter zone and none of the groups showed a restraint stress related effect (Figure 3.14 F). 

Two different blood samples were taken during the SRT, one at the beginning of the test to assess 

the basal CORT level of both groups of the Sms1 mice (control, basal and stress, basal) and a second 

directly after the 15min resting period in the home cage (control, 15min), or 15min restraint stress 

(stress, 15min), respectively. Sms1WT and Sms1MUT animals had comparable basal CORT levels in the 

control and also in the stress group. Sms1WT and Sms1MUT animals of the stress group show elevated 

CORT levels in their second blood sample (15min), taken .after the 15min restraint stress period 

(Sms1WT stress basal: 81.18nmol/L (IQR: 94.04), Sms1WT stress 15min: 392.54nmol/L (IQR: 310.46), 

p<0.0001; Sms1MUT stress basal: 139.63nmol/L (IQR: 183.19), Sms1MUT stress 15min: 468.31nmol/L 

(IQR: 222.97), p<0.0001; Figure 3.14 A). Elevation of CORT due to an activation of the HPA axis 

points to a normal reaction of both genotypes to the stimulus (15min restraint stress). Basal samples 

of Sms1WT and Sms1MUT of the control group did not differ either. In contrary, the blood samples 

taken from the control groups 15min after the initial blood sample differed. Although these animals 

were not exposed to restraint stress, Sms1WT animals show higher CORT levels in their second 

blood sample (Sms1WT control basal: 62.74nmol/L (IQR: 147.82), Sms1WT control 15min: 

344.57nmol/L (IQR: 260.13), p=0.0001; Figure 3.14 A). Sms1MUT animals did not have significantly 

elevated CORT levels in their second blood sample (Sms1MUT control basal: 61.84nmol/L (IQR: 

100.891), Sms1MUT control 15min: 188.33nmol/L (IQR: 102.46), p=0.5036). Sms1WT and Sms1MUT 

CORT levels differed by 156.24 nmol/L (p=0.0297; Figure 3.14 A). 

Detailed analysis of SRT data revealed that basal CORT levels, which seemed not to differ between 

Sms1WT and Sms1MUT need to be regarded separately concerning sex of the animals. However, basal 

CORT levels in male Sms1MUT and Sms1WT controls did not differ (Sms1WT control basal: 

121.59nmol/L (IQR: 261.77), Sms1MUT control basal: 36.22nmol/L (IQR: 23.69), p= 0.7277; Sms1WT 

stress basal: 67.61nmol/L (IQR: 143.99), Sms1MUT stress basal: 48.42nmol/L (IQR: 47.05), p>0.9999; 

Figure 3.14 B). The same could be seen for basal CORT levels in females. Levels in Sms1MUT were 

not significantly elevated in comparison to Sms1WT females (Sms1WT control basal: 62.74nmol/L 

(IQR: 96.35), Sms1MUT control basal: 145.76nmol/L (IQR: 39.69), p=0.9174; Sms1WT stress basal: 
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106.07nmol/L (IQR: 53.83), Sms1MUT stress basal: 220.08nmol/L (IQR: 33.91), p=0.6711; Figure 

3.14 B). 

 

Figure 3.14: 15min stress -reactivity test (SRT) reveals  alterations in stress  coping behavior and corti-

costerone alterations in Sms1M U T  animals.  

(A-C) Cort icosterone levels  of tail  vein blood taken at time point 0 (basal) of  the SRT and 15min after SRT start 

(15min).  Sms1W T  and Sms1M U T  animals were grouped into control (control) and stres s (stress) groups,  indicating 

if  they received 15min restrained stress or not. (D-G) Parameter assessed by open f ield test after  15min SRT in  

control and stress groups .  Sms1W T  data is  shown in dark blue and dark red for males and females ,  respectively,  or 

in dark green for combined data of  both sexes.  Sms1M U T  data is  shown in l ight blue and l ight red for males and 

females ,  respectively,  or in l ight green for combined data of  both sexes.  Data obtained from stress groups is 
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3.1.10.2.2 Stress reactivity test with 2h restraint stress 

To elucidate if CORT levels in Sms1MUT did not rise at all, or were dropping faster, the restraint 

stress period was extended to 2h. Afterwards animals were allowed a 20min resting interval and 

another OF test was performed. 

OF retesting of male animals of the control group after 2h in their home cage did not reveal any 

statistically significant genotype specific differences. However, Sms1MUT males showed a slightly 

elevated distance travelled in the whole area and in the center zone over the whole 10min of OF test-

ing period in comparison to Sms1WT controls (Figure 3.15 E, D). Also the locomotion speed was 

slightly increased and they crossed the border to the center zone more often (Figure 3.15 G, C). 

Concerning the time spent in this inner area, results reached a statistical trend in male animals of the 

stress group, tested after the reception of 2h restraint stress. Sms1MUT spent a higher percentage of 

the whole testing time in the center zone, compared to their Sms1WT controls (Sms1WT stress 2h: 

21.60% (IQR: 16.95), Sms1MUT stress 2h: 37.80% (IQR: 8.70), p=0.0907; Figure 3.15 E, F). Sms1MUT 

males did not differ significantly in their behavioral performance with or without the reception of 

restraint stress (Figure 3.15 C-H). Sms1WT males, however, showed an increase in their distance 

travelled in the whole area, their locomotion speed and the number of rearings, when they were ex-

posed to a 2h period of restraint stress (Distance: Sms1WT control 2h: 6902.60cm (IQR: 3260.70), 

Sms1WT stress 2h: 11283.50cm (IQR: 2333.80), p=0.0251; Speed: Sms1WT control 2h: 11.70cm/s 

(IQR: 5.50), Sms1WT stress 2h: 19.90cm/s (IQR: 4.15), p=0.0214; Rearings: Sms1WT control 2h: 26.50 

(IQR: 4.75), Sms1WT stress 2h: 40.00 (IQR: 17.50), p=0.0905; Figure 3.15 D, G, H).  

In Sms1 females of the control group, the differences which were indicated in the male animals of the 

control group became significant (or at least reached a tendency to be different) in some criteria test-

ed. These included the whole distance travelled, locomotion speed and rearings (Distance: Sms1WT 

control 2h: 6108.25cm (IQR: 3309.08), Sms1MUT control 2h: 11689.90cm (IQR: 3964.10), p=0.0261; 

Speed: Sms1WT control 2h: 10.45 cm/s (IQR: 5.63), Sms1MUT control 2h: 22.40cm/s (IQR: 6.10), 

p=0.0094; Rearings: Sms1WT control 2h: 20.50 (IQR: 7.00), Sms1MUT control 2h: 58.00 (IQR: 14.00), 

p=0.0014). In all of these criteria, Sms1MUT control females had higher values compared to Sms1WT 

control females (Figure 3.15 D, G, H). With the perception of 2h restraint stress, Sms1WT females 

showed higher values in these criteria, reaching the levels seen in Sms1MUT females of the control 

group, while Sms1MUT animals did not increase their values with perception of the stressor. I found 

highl ighted by dashed boxes.  Male Sms1W T  control n=6, stress n=9; Sms1MU T  control n=4,  stress n=5; Female 

Sms1W T  control n=8, stress n=7; Sms1M U T  control n=5, stress n=5.   Data was analyzed separately for genotype 

and treatment effects . Comparison was done by two-way ANOVA with post  hoc  Sidak for treatment and Tukey ’s  

test for genotype effects ,  respectively.  Behavioral  data was analyzed by two -way ANOVA and post  hoc  Sidak test.  

Data is  presented as median ± quartiles .  p<0.01 # ,  p≤0.05*,  p≤0.01**,  p≤0.001***.  

Testing and partial  data analysis  was performed by Dr.  Anne-Marie Zimprich .  
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no significant difference between the behavioral performance of Sms1MUT control females and 

Sms1MUT stress females (Figure 3.15 C-H). Therefore, with 2h restraint stress, the mentioned differ-

ences between Sms1WT control 2h and Sms1MUT control 2h were leveled out equalizing their OF be-

havior (Figure 3.15 C-H). However, in Sms1WT females, perception of restraint stress elevated most 

parameters measured. Most of them were activity related, such as the whole distance travelled, num-

ber of transits to the center, the locomotion speed and the number of rearings (Distance: Sms1WT 

control 2h: 6108.25cm (IQR: 3309.08), Sms1WT stress 2h: 14383.70cm (IQR: 5736.50), p=0.0032; 

Transits: Sms1WT control 2h: 57.50 (IQR: 55.25), Sms1WT stress 2h: 188.00 (IQR: 124.00), p=0.0262; 

Speed: Sms1WT control 2h: 10.45cm/s (IQR: 5.63), Sms1WT stress 2h: 25.50cm/s (IQR: 10.25), 

p=0.0023; Rearings: Sms1WT control 2h: 20.50 (IQR: 7.00), Sms1WT stress 2h: 49.00 (IQR: 16.00), 

p=0.0058; Figure 3.15 D, C, G, H). There was no elevation in the distance travelled in the center 

zone nor in the time spent in the center zone, which would indicate a reduced anxiety-like behavior 

(Figure 3.15 E, F). 

In the 15min SRT it was noticed, that male and female data needed to be regarded separately. Also 

the behavioral data of the 2h SRT points out, that stress-related behavior should be analyzed in sepa-

rate sets concerning sex. Therefore, the CORT data of the 2h SRT was split into male and female 

data sets. 

Male Sms1WT and Sms1MUT basal CORT levels did not differ between genotypes or groups (Sms1WT 

control basal: 54.12nmol/L (IQR: 23.88), Sms1MUT control basal: 39.98nmol/L (IQR: 55.65), 

p=0.8876; Sms1WT stress basal: 66.53nmol/L (IQR: 42.00), Sms1MUT stress basal: 46.47nmol/L (IQR: 

45.39), p=0.9669; Figure 3.15 A). After 2h in their home cage neither the Sms1WT, nor the Sms1MUT 

control group showed any alterations compared to their basal CORT data (Sms1WT control basal: 

54.12nmol/L (IQR:23.88), Sms1WT control 2h: 69.20nmol/L (IQR: 25.08), p=0.9397; Sms1MUT con-

trol basal: 39.98nmol/L (IQR: 55.65), Sms1MUT control 2h: 81.90nmol/L (IQR: 5.41), p=0.9240; Fig-

ure 3.15 A). The elevation of CORT levels with the experience of 2h restraint stress was significant 

in both, Sms1WT and Sms1MUT males of the stress group (Sms1WT stress basal: 66.53nmol/L (IQR: 

42.00), Sms1WT stress 2h: 280.70nmol/L (IQR: 153.34), p<0.0001; Sms1MUT stress basal: 

46.47nmol/L (IQR: 45.39), Sms1MUT stress 2h: 238.12nmol/L (IQR: 28.86), p=0.0006; Figure 3.15 

A). These CORT levels, reached after 2h of restraint stress, are also significantly higher than those 

measured in the control groups after 2h (Sms1WT control 2h: 69.20nmol/L (IQR: 25.08), Sms1WT 

stress 2h: 280.70nmol/L (IQR: 153.34), 2h, p=0.0006; Sms1MUT control 2h: 81.90nmol/L (IQR: 5.41), 

Sms1MUT stress 2h: 238.12nmol/L (IQR: 28.86), p=0.0164 Figure 3.15 A). 
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Figure 3.15: 2h stress-reactivity test (SRT) reveals alterations in stress coping behavior and corti-

costerone alterations in Sms1M U T  animals .  

(A,  B) Corticosterone levels  of tail  vein blood taken at time point 0 (basal) of  the SRT and 2:20h after SRT start 

(2 :20h).  Sms1W T  and Sms1M U T  animals were grouped into control (control) and stres s (stress) groups,  indicat ing if  

they received 15min restrained s tress or not.  (C-H) Parameter assessed by open f ield test  after  2 :20h SRT in 

control and stress groups.  Sms1W T  data is  shown in dark blue and dark red for males and females ,  respectively . 

Sms1M U T  data is  shown in l ight blue and l ight red for males and fe males ,  respectively . Data obtained from stress 

groups is  highlighted by dashed boxes.  Male Sms1W T  control n=6, stress n=7; Sms1M U T  control n=3, stress n=5; 

Female Sms1W T  control n=8, stress n=6; Sms1M U T  control n=4, stress n=4.  Data was analyzed separately f or 

genotype and treatment effects .  Comparison was done by two -way ANOVA with post  hoc  S idak for treatment and 

Tukey’s  test for genotype effects ,  respectively.  Behavioral  data was analyzed by two -way ANOVA and post  hoc  

Sidak test.   Data is  presented as median ± quartiles .  p<0.01 # ,  p≤0.05*,  p≤0.01**,  p≤0.001***.  

Testing and partial  data analysis  was performed by Dr.  Anne-Marie Zimprich .  

 

In females, the basal CORT levels of the control group differed slightly between genotypes, without 

reaching significance (Sms1WT control basal: 33.63nmol/L (IQR: 91.71), Sms1MUT control basal: 
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208.90nmol/L (IQR: 119.78), p= 0.2843). The same was seen after 2h (Sms1WT control 2h: 

47.05nmol/L (IQR: 95.10), Sms1MUT control 2h: 185.45nmol/L (IQR: 128.98), p=0.4567; Figure 3.15 

B). The exposure to 2h restraint stress led to higher CORT levels in Sms1WT and Sms1MUT females, 

while no genotype-dependent difference was observed after perception of restraint stress (Sms1WT 

stress 2h: 511.24nmol/L (IQR: 273.30), Sms1MUT stress 2h: 389.29nmol/L (IQR: 100.12), p=0.5626; 

Figure 3.15 B). CORT values differences between Sms1WT control 2h (47.05nmol/L (IQR: 95.10)) 

and Sms1WT stress 2h (511.24nmol/L (IQR: 273.30)) were highly significant (p<0.0001) with the 

higher value found in the stress group after the exposure to 2h restraint stress. CORT values of 

Sms1MUT control 2h (185.45nmol/L (IQR: 128.98)) and Sms1MUT stress 2h (389.29nmol/L (IQR: 

100.12) were also significantly different (p=0.0376). Here as expected, the higher values were again 

measured after perception of stress (Figure 3.15 B). 

Overall, females show higher CORT levels than their male counterparts. The difference noticed be-

tween Sms1WT and Sms1MUT females of the control group is not reflected in males. 

Comparison of both SRTs 

Comparing data sets from both SRTs (15min and 2h restraint stress), showed that males of the con-

trol groups had a similar CORT pattern. Although, CORT levels were higher in the 15min SRT 

than in the 2h SRT. Sms1MUT animals always had lower CORT values compared to their Sms1WT 

controls, although these differences were not significant. In both SRTs the control groups had 

slightly elevated CORT values, when the second blood sample was taken after 15min and 2h time 

spent in their home cages. After 15min, these differences still reached a trend in Sms1MUT males, but 

not after 2h interval between the first and the second blood taking event (Figure 3.14 B, Figure 3.15 

A). 

In females, the overall CORT values were comparable in height between the 15min and the 2h SRT. 

The hint to elevated CORT levels under basal conditions in Sms1MUT compared to Sms1WT, which 

could be assumed in the 15min SRT already, seemed to persist in the 2h SRT. One major difference 

could be seen in the Sms1WT control group, where in the 15min SRT animals showed higher CORT 

values after 15min but not after 2h in their home cage. The same tendency could be seen in Sms1MUT, 

but to a lesser extent. Concerning the CORT values after 15min or 2h perception of restraint stress, 

both Sms1WT and Sms1MUT showed an elevation in CORT with comparable levels. However, the 

Sms1MUT levels seemed to be a bit lower after 2h of restraint stress than those of Sms1WT females 

(Figure 3.14 C, Figure 3.15 B). 

After 2h, neither Sms1WT nor Sms1MUT controls differed in their basal CORT levels, indicating that 

the CORT elevation seen in Sms1WT animals 15min after basal blood collection had already returned 

to basal levels after 2h. With regard to the stress groups, male and female Sms1MUT data indicated 
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lower levels of CORT compared to Sms1WT animals, after the perception of 2h restraint stress. This 

might indicate, that CORT levels were indeed faster down regulated in Sms1MUT animals. 

On the behavioral level 15min restraint stress did not affected behavior of Sms1WT or Sms1MUT ani-

mals of either sex (Figure 3.14 C-G). After 2h of restraint stress, behavioral differences became obvi-

ous. Male and female Sms1WT animals showed elevation in the whole distance travelled, locomotion 

speed, and number of rearings. Females also differed in the number of transits to the center zone. 

Importantly, these differences were just seen in Sms1WT animals, while no effect was noticed in 

Sms1MUT animals (Figure 3.15 C-H). In summary these results showed that Sms1MUT animals are 

more stress-resistant, not showing altered behavior after perception of a stressor, such as restraint 

stress. 

3.1.10.3 Analysis of the major HPA axis components 

The alterations in stress-coping behavior and CORT values found in Sms1MUT pointed to changes in 

HPA axis signaling. Therefore the expression levels of the major players in HPA axis signaling were 

analyzed in organs involved in stress-axis signaling, namely the brain, pituitary gland and adrenals. 

3.1.10.3.1 Pituitary and Adrenal morphology 

Structural analysis of the pituitary did not show any major alterations between Sms1WT and Sms1MUT 

animals. Anterior, intermediate and posterior lobe were of comparable thickness and cellular struc-

ture (Figure 3.16 H). Also the adrenal structure was similar, although one Sms1MUT analyzed showed 

an enlargement of the X-zone of the adrenal cortex (Figure 3.16 H, J, K). However, the other 

Sms1MUT adrenals analyzed did not show any alterations in comparison to Sms1WT adrenals. 

3.1.10.3.2 Expression level of genes involved in HPA axis signaling 

If we assume an accelerated down regulation of CORT levels after a stress reaction, there are several 

regulatory levels in the HPA axis described above, where the stress reaction could be altered. There-

fore the major players in the HPA axis-regulated stress response were quantified by qPCR (TaqMan 

Assay) and Western Blot. 

No alteration was found in Nr3c1 (GR) or Nr3c2 (MR) mRNA levels in whole brain samples, or in 

hypothalamic brain samples (Figure 3.16 A, C). But in the hippocampus Nr3c2 levels were 1.59 fold 

higher in Sms1MUT in comparison to Sms1WT animals (p=0.0477; Figure 3.16 C). Under basal condi-

tions Sms1MUT animals had 1.63 fold higher Pomc mRNA levels in their pituitary gland (p=0.0175; 

Figure 3.16 D). However, ACTH staining in the pituitary gland revealed, that although Pomc as a 

precursor showed elevated mRNA levels in Sms1MUT, ACTH itself seemed to be reduced in Sms1MUT 

compared to Sms1WT (Figure 3.16 I). Furthermore, Sms1MUT had a reduction in adrenal Mc2r mRNA 

levels (0.43 fold, p=0.0619; Figure 3.16 B). With a reduction of ACTH and a reduction in its receptor 

(Mc2r) it might be that the stress reaction in Sms1MUT is slower compared to Sms1WT standards.  
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Figure 3.16: Sms1M U T  showed alterations in some of the major HPA axis components .  

(A-D) Relat ive expression level  of  major HPA axis  components ,  measured by TaqMan assays using RNA samples 

of  (A) whole brain,  (B) adrenals ,  (C) hippocampus (HC) and hypothalamus (HT) and (D) pituitary of  Sms1W T  and 

Sms1M U T  female animals .  (E) Representative Immunoblot and (F,  G) quant if ication of  multi -drug resistant protein 

1 (MDR-1) and glucocortico id receptor (GR),  performed on whole brain protein samples .  (H) H&E staining of  

pituitary sections of  Sms1W T  and Sms1M U T  animals .  Scale bar :  50µm. (I) Fluorescent immunostaining of  pituitary  

sections of  Sms1W T  and Sms1M U T  using a commercial  antibody against A CTH (red) and DAPI (blue).  Scale bar :  

100µm. (J) Haemalaun and (K)  Periodic ac id-Shiff  (PAS) staining of  Sms1W T  and Sms1M U T  adrenal sections.  Scale 

bar :  400µm and 200µm. 

Anterior lobe (AL),  intermediate lobe (IL),  posterior lobe (PL ),  capsule  (C),  zona glomerulosa (ZG),  zona fascicu-

late (ZF),  X-zone(X),  adrenal medulla  (AM) qPCR data:  Sms1W T  n=3-4,  Sms1M U T  n=4-6;  data is  presented as 

mean ± SD. Immunoblot data:  Sms1W T  n=6,  Sms1HE T  n=6, Sms1M U T  n=4.  TaqMan assay data was analyzed by t he 

2 - Δ Δ C T  method (Livak and Schmittgen,  2001).  Statistical  analysis  was done by two -tailed Student’s  T -test (A-D) 

or one-way ANOVA with post  hoc  Tukey’s  test (F,  G).  Data is  presented as mean ± SEM; p<0.01 # ,  p≤0.05*,  

p≤0.01**,  p≤0.001***.  
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Regarding protein expression only whole brain GR levels could be detected, which were elevated to 

184.6 ± 13.2% in Sms1MUT animals, compared to Sms1WT controls (p=0.0158; Figure 3.16 G). Unfor-

tunately it was not possible to detect MR protein levels, due to low expression levels and bad anti-

body performance. 

An additional player in the HPA axis is the multidrug resistance protein 1(MDR-1). It is responsible 

for the efflux of CORT from the brain to the periphery. MDR-1 therefore regulates CORT levels in 

the brain, binding to receptors and negative feedback regulation. In whole brain samples, MDR-1 

was elevated to 148.3 ± 25.4% (p<0.0001) in Sms1MUT animals in comparison to Sms1WT levels 

(Figure 3.16 F). 

The same tendencies for MDR-1 and GR were also found in Sms1MUT x APPsweTg in comparison to 

Sms1WT x APPsweTg mice (see supplementary data: Figure 10.12). Underlining the relevance of Sms1 

expression on MDR-1 and GR protein levels also on an APPswe transgenic background. 

3.1.11 Aged Sms1MUT animals show splenomegaly 

For Sms1 knock-out animals it is known that they suffer from mild splenomegaly (Dong et al. 2012) 

and Sms1 and Sms2 knock-out animals show several other alterations concerning their immune sys-

tem (Qin et al. 2010, Dong et al. 2012, Hayashi et al. 2014). Therefore spleen histology, cytokine and 

immunoglobulin levels of Sms1 animals were investigated. 

Three out of four Sms1MUT females, aged between 1.7 and 2.3 years, had major splenomegaly. Figure 

3.17 shows the most prominent enlargement found in Sms1MUT animals.  

 

To analyze the spleen phenotype of these female mice in more detail PAS staining was performed to 

monitor overall spleen histology. Furthermore a first check of T-cell and B-cell distribution pattern 

and quantification by IHC and Western blots, respectively was done.  

 

 

Figure 3.17: Major splenomegaly  was found in aged female Sms1M U T  animals.  
(A,  B) Pronounced splenomegaly was seen in 3 out of  4 female Sms1M U T  animals with 1.7 and 2.3 years of  age.  
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PAS staining of cross sections of aged Sms1WT and Sms1MUT spleens showed a loss of spleen struc-

ture, with blurred borders between white (WP) and red pulp (RP) and a disruption of the mantel 

zone (MZ; Figure 3.17 A). PAS staining revealed the presence of golden brownish pigments, repre-

sentative for either hemosiderin or ceroid or lipofuscin, both found in the cytoplasm of macrophages. 

While hemosiderin reflects the removal of effete red blood cells ceroid or lipofuscin appears with the 

oxidation and polymerization of FAs. However, there were no obvious alterations in the extent of 

hemosiderin or ceroid or lipofuscin staining between Sms1WT and Sms1MUT spleens (Figure 3.17 A). 

As former data showed hints to a possible alteration of specific T- and B-cell count (compare sup-

plementary Table 10.7) Western blots and immunostaining against CD3, which if found in most T-

cell types was performed. A high variance of CD3-positive cells in Sms1WT and also in Sms1MUT could 

be seen, with no significant alteration between the genotypes (Figure 3.17 B, D, E). Sms1MUT 2 and 4, 

which had most enlarged spleens, did not show any CD3-positive signal in Western blots (Figure 

3.17 D). Additionally IgG2b, one of the four different IgGs in mice, and TGF-β, which triggers the 

class switch from IgG3 to IgG2b were analyzed. IgG2b was not altered in Sms1MUT compared to 

Sms1WT (Sms1WT 100.00 ± 23.48%, Sms1MUT 60.95 ± 15.95%, p=0.2379). The same could be seen for 

TGF-β (Sms1WT 100.00 ± 25.81%, Sms1MUT 37.31 ± 18.31%, p=0.1180; Figure 3.17 D, E). 

A dysfunctional lysosomal pathway or altered cell degradation might contribute to the spleen en-

largement. To prove this hypothesis, markers for endocytosis or autophagy (early endosome anti-

gen1, EEA1; ubiquitin binding protein p62, p62; catepsin-D, CatD, microtubule-associated protein 1 

light chain 3 beta, LC3) and apoptosis (apoptosis inducing factor; AIF) were analyzed.  

While a high variances of p62 levels and LC3II/LC3I ratios were found in Sms1MUT samples, the 

early endosomal marker EEA1 showed elevated levels in Sms1MUT spleen samples (Sms1WT 100.00 ± 

5.54%, Sms1MUT 154.92 ± 10.35%, p=0.0474; Figure 3.17 F, G) and CatD levels showed a trend to be 

reduced to 40.10 ± 15.71% in Sms1MUTs compared to Sms1WT levels (100.00 ± 19.28%, p=0.0665). 

Additionally, AIF levels were lower in Sms1MUT compared to Sms1WT spleen samples (Sms1WT 100.00 

± 4.56%, Sms1MUT 60.57 ± 3.75%, p=0.0024; Figure 3.17 F, G).  

To check if the increase in spleen volume is correlated to reduced apoptosis of spleen-residual cells, 

TUNEL staining was performed. Events of cell death could be identified clearly and in high number 

in Sms1WT spleens, while in Sms1MUT only the not enlarged spleen showed cell death events in simi-

lar intensity to those of Sms1WT animals (Figure 3.17 H). 
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Figure 3.18: Sms1M U T  showed age-dependent splenomegaly, disruption of spleen structure with possible 

alterations in lysosomal and apoptotic pathways.  

(A-C) Staining of  spleen sections form aged (1 .7 –  2 .3 years) female  Sms1W T  and Sms1M U T  mice.  (A) Periodic  ac id  
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shif f  (PAS) staining.  Different structural  and funct ional zones of  the spleen are labeled.  Hemosiderin or ceroid or  

l ipofuscin positive pigments are marked (white arrows).  Schale bars : 500µm, 200µm, 200 m and 50µm with in-

creasing magnif icat ion.  (B,  C)  Immunostaining against (B) CD3 and (C) IgG2b.  Scale bars :  500µm.  (D-G) Im-

munoblots and quant if icat ion of  (D, E) proteins of  the immune system and (F,  G) markers for endocytosis ,  au-

tophagy or apoptosis .  (H) TUNEL stain ing for Sms1W T  and Sms1M U T  spleens.  Scale bars :  500µm.  

Artery (A),  foll icle  (F),  granular zone (G),  marginal zone (MZ),  red pulp (RP),  white pulp (WP).  Sms1W T  n=3,  

Sms1M U T  n=4.  Statistical  analysis  was done by two -ta iled Student’s  T -test .  Data is  presented as  mean ± SEM; 

#p<0.01 *p≤0.05 ,  **p≤0.01,  ***p≤0.001.  
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3.1.12 Sms1MUT showed altered testes histology and partially comprised fertility 

As a side project Sms1MUT were analyzed with respect to testes functionality and fertility as it was 

known that Sms1-/- animals suffer from male infertility (Dong et al. 2012). However, to my 

knowledge no further research was performed on that topic. Therefore, testes and epididymides sam-

ples and sections of Sms1WT and Sms1MUT were analyzed regarding several points of interest. 

3.1.12.1 Testes specific transcripts and protein levels of Sms1 were strongly re-

duced in Sms1MUT animals 

 

Figure 3.19: The gene trap cassette insertion disrupted  expression of testes specific transcripts and re-

duced SMS1 protein levels.   

(A) Northern blot of  testes RNA. Specif ic probes against exon7 of Sms1  (compare Figure 3 .2) and against Gapdh 

were used for identif icat ion and quantif ication of  testes specif ic Sms1  transcripts .  A lacZ probe,  hybridizing to  

the gene trap cassette (compare Figure 3 .1),  was used for addit ional genotype confirmation.  (B) Immunoblot 

analysis  of  testes tissue from Sms1WT and Sms1MUT animals .  A commercial  ant ibody against SMS1 was used.  

HPRT served as a loading control .  (C) Quantif icat ion of  the Sms1_001 and Sms1_004 splice variants in testes of 

Sms1M U T  in comparison to Sms1W T  animals .  (D) Quantif ication of  testes SMS1 protein levels  of  Sms1M U T  in com-

parison to Sms1W T  animals .  Sms1W T  n=3,  Sms1M U T  n=3.  Statistical  analysis  was done by two -ta iled Student’s  T -

test .  Data is  shown as mean ± SEM; *p≤0.05,  **p≤0.01,  ***p≤0.001.  

 

As stated before, Sms1 has several tissue specific transcripts. In order to determine and quantify, 

which Sms1 transcripts are present in testes and which variants are disrupted by the intronic gene 

trap insertion Northern blots were performed. Therefore, testes RNA was used and a probe covering 

801bp of the first coding exon 7, which was created for the analysis of brain transcripts already 
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(compare: 2.2.10.2.5; Figure 3.2 C). The alternative transcripts Sms1-004 (2.5kb) and Sms1-001 

(3.7kb) were the major transcripts detected in testes, showing a strong mean reduction to 3.1 ± 0.7% 

(p=0.0001) in the Sms1MUT as compared to Sms1WT levels (Figure 3.19 A, C). The transcript Sms1-

002 (4.0kb), initiating upstream of the insertion site, was expressed only in marginal amounts in 

Sms1WT only and was not detected in Sms1MUT testes. The short Sms1-014 transcript was not detect-

ed in neither genotype (Figure 3.19 A, C). A probe against β-galactosidase mRNA was used to vali-

date the expression of the inserted gene trap cassette in Sms1MUT (Figure 3.19 A). SMS1 protein 

levels, analyzed by immunoblotting with a commercial antibody (Santa Cruz), was reduced to 5.5 ± 

1.2% (p=0.0005) in Sms1MUT animals, as compared to protein levels in the Sms1WT (Figure 3.19 B, D). 

3.1.12.2 Testes of Sms1MUT showed specific reduction in lipid levels, which dif-

fered from changes observed in brain tissue 

 

Figure 3.20: Lipid profile of  Sms1M U T  testes, as compared to  Sms1W T  controls.  

(A-C) Relative l ipid levels  of (A) total  sphingomyelin (SM) and ceramide (Cer),  per 100µg or 500µg protein (B)  

total  lyso-phosphatidylcholin  (lyso -PC) per 100µg protein and (C) total  diacyl-phosphatidylcholin  (PCaa) and 

phosphatidylcholine-plasmalogene (PCae) levels per 100µg protein.  PCaa and PCae levels are also shown separat-

ed by fatty acid saturat ion state .  

All  graphs show lipid levels of  Sms1M U T  in comparison to Sms1W T  testes , which were set to 100%. Sms1W T  n=15, 

Sms1M U T  n=17.  Statistical  analysis  was done by two-tailed Student’s  T -test .  Data is  presented as mean ± SEM;  

*p≤0.05,  **p≤0.01,  ***p≤0.001.  

 

To determine SMS1 enzyme activity in testes, lipid profiles from testes of Sms1WT and Sms1MUT lit-

termates were established. Comparable to brain, substrates of SMS1, Cer and PC as well as SM, lyso-
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PC, PCaa and PCae of different chain length and saturation states were analyzed. Compared to 

Sms1WT levels, SMs were reduced to 78.9 ± 2.0% (p<0.0001) in Sms1MUT (Figure 3.20 A; supplemen-

tary Table 10.16). Cer levels were almost unaffected in testes samples (Figure 3.20 A). 

Analysis of PCaa revealed a reduction to 91.9 ± 2.4% (p=0.0089) in Sms1MUT, which mainly resulted 

from a reduction of unsaturated PCaa (91.3 ± 2.4%; p=0.0056). The amount of saturated PCaa was 

comparable to Sms1WT levels (Figure 3.20 C). Neither PCae levels of saturated, nor of unsaturated 

species were altered in Sms1MUT testes samples, compared to Sms1WT levels. (Figure 3.20 C). 

A more detailed dispatch of the most abundant PCaa and PCae species revealed a significant reduc-

tion in MUFA- and PUFA-containing species in Sms1MUT compared to Sms1WT (Table 3.2 A). Most 

striking results among the FAs with a highly significant reduction were found for the PCaa species 

C38:5 and C38:6, indicative of a loss of Arachidonic acid (AA; C20:4), DHA (C22:6) or EPA (C20:5, 

compare to Table 3.2 A). In the PCae profile C38:6 was also one of the lipids showing strong reduc-

tion, pointing to a possible reduction of DHA and EPA incorporation (compare to Table 3.2 B). In-

terestingly, the total level of lyso-PCs was significantly reduced to 73.4 ± 0.2% (p=0.001) in testes of 

Sms1MUT in comparison to the level in Sms1WT samples (Figure 3.20 B). This reduction was found to 

be present in all of the major lyso-PC species with high significance (compare to Table 3.2 C). 
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Table 3.2: Lipid profile of Sms1M U T  testes PCaa, PCae and lyso-PC species, compared to Sms1W T  levels.  

Lipid levels  with the highest intensities  are shown for diacyl -phosphatidylcholines (PCaa,  A) acyl-alkyl-

phosphatidylcholines (PCaes,  B) and lyso -phosphatidylcholines (lyso -PCs,  C).  Addit ionally ,  predicted major fatty 

acids are l isted.  Sms1W T  n=15,  Sms1M U T  n=17.  Statistical  analysis  was done by two -ta iled Student’s  T -test .  Data 

is  presented as mean  percentage ± SEM, with Sms1W T  levels set to 100%, *p≤0.05,  **p≤0.01,  ***p≤0.001.  
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3.1.12.3 Sms1MUT testes showed strongly changed histology and enhanced apop-

tosis 

Testes of Sms1MUT were smaller in size and showed strikingly different histology compared to nor-

mal Sms1WT testes (Figure 3.21 A - J). In Sms1MUT epididymides, mostly round spermatids, lacking 

acrosome structures and tails, were accumulated, while mature spermatozoa were rarely seen (Figure 

3.21 C, D). Additionally, in Sms1MUT seminiferous tubules of different stages, large vacuoles were 

frequently encountered (Figure 3.21 F, J; Figure 3.22 B). In testes, comparison of Sms1WT and 

Sms1MUTs revealed that round and elongated spermatids were strongly reduced in number and that 

only a few spermatozoa were observed in Sms1MUT (Figure 3.21 E, F, I, J).  

Testosterone levels were not significantly decreased in male mutants (Sms1WT: 1.21 + 1.45, - 

1.15nmol/L; Sms1MUT: 0.92 + 1.17, - 0.74nmol/L; p=0.203; Supplementary Figure 10.10). Meaning a 

lack of testosterone, causing spermatogenesis deficits could be excluded. 

Expression and localization of SMS1 (Figure 3.21 E-F) and SMS2 (Figure 3.21 I, J) were determined 

by immunohistochemistry on testes sections. Both SMSs were prominently visible in the acrosome of 

developing Sms1WT spermatids and spermatozoa, a structure that was rarely visible in Sms1MUT 

(Figure 3.21. F, J). SMS1 was diffusely seen at sites of intercellular contacts such as the blood-testis-

barrier (BTB; Figure 3.21 E) made up by Sertoli cells and the blood-epididymis-barrier (BEB; Figure 

3.21 G), where it was strongly expressed in the Principal cells. SMS1 expression overall was strong-

ly reduced in Sms1MUT testes and epididymides, but not totally absent (Figure 3.21 F, H). SMS2 was 

absent from the BTB in Sms1WT testes, but expressed in elongating spermatids. In Sms1MUT testes, 

SMS2 expression was reduced to a small dot found in spermatids (Figure 3.21 I, J). 

To answer the question if the observed vacuoles result from enhanced apoptosis in Sms1MUT testes, 

TUNEL staining was performed. Testes of Sms1MUT had clusters of apoptotic germ cells in the basal 

compartment of the seminiferous tubules (Figure 3.21 K, L). Additionally, apoptotic material accu-

mulated in the lumen of the tubules (Figure 3.21 L). Counting of cell death events (TUNEL positive 

cells per tubule) resulted in a 1.9-fold higher rate in Sms1MUT testes, compared to Sms1WT testes 

(Figure 3.21 M). 
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Figure 3.21: Sms1M U T  males had smaller testes with strikingly different histology compared to Sms1W T  

males.  

(A-B) Representative  images of  10 weeks old (A) Sms1W T  and (B) Sms1M U T  testes .  (C-D) Haemalaun and Eosin  

staining of  16 weeks old (C)  Sms1W T  and (D) Sms1M U T  epididymides.  Scale bar :  50µm. (E-J) Immunostaining 

against (E-H) SMS1 and (I-J) SMS2 in (E,  I) Sms1W T  and (F, J) Sms1M U T  testes and (G) Sms1W T  and (H) Sms1M U T  

epididymides.  Sites  of  SMS1 and SMS2 localizat ion (black arrows) and frequently observed vacuoles (black arrow 

heads) are indicated.  Scale bar :  20µm.  (K) TUNEL stain ing of  Sms1W T  and Sms1M U T  testes are shown. Arrows 

point to TUNEL positive cells .  Scale bar :  200µm.  (L) Fluorescent TUNEL staining of  Sms1M U T  testes , showing 

representative cell  death events at the basal  lami na (upper image) and apoptotic material  in the tubule lumen 

(f luorescent image;  image by Harry Schertan).  Scale bar : 20µm. (M) Counting of  TUNEL positive cells  per tubule 

in Sms1W T  and Sms1M U T  seminiferous tubules .  TUNEL counting:  Sms1W T  n=3,  Sms1M U T  n=4.  Statistical  analysis  

was done by two-tailed Student’s  T -test .  Data is  presented as mean number of  TUNEL positive cells/tubule ± 

SEM, with an average of  435 tubules counted per animal;  *p≤0.05,  **p≤0.01,  ***p≤0.001.  
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3.1.12.4 Sloughing of immature germ cell takes place between pachytene and 

round spermatid stage 

 

Figure 3.22: Specification of spermatogenesis stages with specific histone markers via immunohistochem-

istry (IHC) on testes sections of Sms1M U T  compared to Sms1W T  animals.  Presence of histone modifications 

in epididymis illustrated  sloughing of pachytene spermatocytes to round spermatid  stages. 

(A-L)  IHC using the indicated specif ic ant ibodies for histone variants on sections of  Sms1W T  and Sms1M U T  (A-F)  

seminiferous tubules or (G-L) epididymides.  Stages of  spermatogenesis  are labeled.  Vacuoles ,  frequently encoun-

tered in Sms1M U T  testes are marked (white arrow heads).  Scale bar :  20µm. 

Tri-methylated lysine 4 of  histone 3 (H3K4me3);  tr i -methylated lys ine 9 of histone 3 (H3K9me3);  elongating 

spermatids (elSpt) leptotene spermatocytes (Le p),  mitosis  phase I (MpI),  mitosis  phase  II (MpII),  pachytene 

spermatocytes (Pa),  Principal  cells  (PC);  Sertoli cell  ( SC),  spermatogonia (SG),  spermatids (Spt) ,  spermatozoa 

(Sz) .  

From these findings, I hypothesized sloughing of spermatid stages into Sms1MUT testes lumen and 

their accumulation in the epididymides. In order to determine, the exact stage of spermatogenesis at 

which germ cells of Sms1MUT lose contact to Sertoli cells, the expression of specific histone modifica-

tions, taking place during the course of spermatogenesis, were analyzed. Histone modifications dur-

ing meiosis include tri-methylation of histone H3 at lysine residue 4 (H3K4me3) prior to meiotic foci 

formation, a modification that is associated with active chromatin (Khalil et al. 2004, Khalil and 

Driscoll 2006, Godmann et al. 2007). The expression pattern of H3K4me3 was determined and found 

the histone modification was found to be expressed weakly in Sms1WT Sertoli cells and in the sper-

matogonia nuclei. H3K4me3 was also detectable in pachytene spermatocytes and covered the entire 

nucleus of spermatids, but was again absent from mature spermatozoa (Figure 3.22  A, B). In epidi-

dymides H3K4me3 was mainly found in Principal cells (Figure 3.22 G). Expression of H3K4me3 in 
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Sms1MUT testes showed equal results as in Sms1WT animals (Figure 3.22 A, B, G, H). H3K4me3 ex-

pression marks the entire nucleus of spermatids, which were found in the lumen of Sms1MUT epidi-

dymides. Elongated spermatids found in the Sms1WT lumen of the epididymides were not H3K4me3 

positive (Figure 3.22 H). 

Histone H3 lysine 9 becomes first tri-methylated (H3K9me3) in spermatogonia, a modification that 

is associated with inactive chromatin. While H3K9me3 is not found in the XY-body of pachytene 

spermatocytes, it is detectable in the heterochromatin clusters of spermatogonia up to the round 

spermatid stages (Mermoud et al. 2002, Peters et al. 2002). This modification was seen in Sms1WT as 

well as in Sms1MUT testes (Figure 3.22 C, D). Expression pattern of H3K9me3 in Sms1WT and 

Sms1MUT testes was strongest in spermatogonia and pachytene spermatocytes and was maintained 

until spermatid stage (Figure 3.22 C, D). In epididymides H3K9me3 was mainly found in Principal 

cells. (Figure 3.22 I, J). In the Sms1MUT epididymides lumen spermatids contained the typical hetero-

chromatin cluster stained by H3K9me3, indicating sloughing of histone-retaining spermatocytes 

cells up to late spermatid stages (Figure 3.22 J).  

Histone H2Ax becomes phosphorylated at serine residue 139 (γH2AX) (Kubler et al. 2011) formation 

during S-phase and meiotic prophase (Rogakou et al. 1998, Mahadevaiah et al. 2001). γH2Ax for-

mation occurs during S-phase in B-type spermatogonia and remains detectable until the pachytene-

stage, where it localizes to the XY-body (Hamer et al. 2003). γH2Ax formation initiates during lepto-

tene – zygotene where it is necessary for homologous recombination-mediated DNA repair 

(Mahadevaiah et al. 2001, Govin et al. 2004). However, this histone modification is only faintly de-

tectable in spermatid heterochromatin (Peters et al. 2002, Khalil et al. 2004, Khalil and Driscoll 2006). 

In both, Sms1WT and Sms1MUT γH2Ax staining of B-type spermatogonia and of the XY-body in 

pachytene spermatocytes could be detected. Staining was maintained until spermatid stage (Figure 

3.22 E, F). γH2Ax -positive cells were not observed in the epididymal lumen of Sms1WT mice (Figure 

3.22 K), while γH2Ax-positive spermatocytes and haploid spermatids were present in mutant epidi-

dymides (Figure 3.22 L), indicating that sloughing involved pachytene to late spermatid stages and 

thus a compromised function of the seminiferous epithelium.  
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3.1.12.5 Sms1MUT testes showed alterations in junction protein expression and 

localization and in blood-testes-barrier functionality 

 

 

Figure 3.23: The blood-testes-barrier of Sms1M U T  appeared to be established but impaired.  

(A,  B) Unmixed Iodocyanin  green (ICG) s ignal (green) overlayed on anatomical images (reconstructed image at  

860nm) of  (A) Sms1W T  and (B) Sms1M U T  testes ,  immediately  following ICG inject ion .  Color maps are shown for 

the overall  absorbance s ignal in the anatomical  images and (grey) and mult ispectra lly-unmixed ICG signal  

(green).  Mean pixel intensity was determined in the area of  t he testes , as  indicated by red ell ipsoids ,  and plotted 

vs .  t ime.  Scale bar :  3mm (C) Representative ICG-absorbance vs .  t ime curves  for Sms1W T  (black trace) and 

Sms1M U T  (grey trace) animals .  (D) Peak values of  the ICG absorbance vs . t ime curves .  MSOT A.U. values are 

normalized by subtracting the  overall  s ignal by the baseline s ignal me asured prior to ICG injection  (Image by 

Dr.  Steven Ford).  (E,  F) Transmission electron microscopy (TEM) of  Sertoli  cell  (SC) boundaries in the testes of  

(E) Sms1W T  and (F) Sms1M U T  mice.  Tight- junctions (black arrows),  necessary for the formation and integr ity of  

the BTB between SC could be shown. Magnif ication:  x 50000.  (G) Immunoblot of  junct ion markers .  Β-catenin (β-

cat) was used as adherence junction marker,  connexin 43 (Cx43) as  gap junction marker and occluding ( Occl) as  

tight junction marker.  (H) Quantif icat ion of  immunoblot results  on testes samples .   

MSOT data:  Sms1W T ,  nobs=3 from 3 animals ;  Sms1M U T ,  n o b s=6 from 3 animals ;  Immunoblot data:  Sms1W T  n=3, 

Sms1M U T  n=3.  Statis tical  analysis  was done by two-ta iled Student’s  T -test .  Data is  presented as  mean ± SEM; 

*p≤0.05,  **p≤0.01,  ***p≤0.001.  Absorption units  (A.U).  
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It was hypothesized that the specific reduction of PUFAs (AA, EPA, DPA and DHA) in Sms1MUT 

testes may cause sloughing of pachytene spermatocytes and spermatids due to a disturbance of the 

integrity of the BTB, as proposed by Stoffel et al., (2008) (Stoffel et al. 2008). In order to test the 

hypothesis of a compromised BTB, testes of Sms1MUT animals were analyzed on different levels. 

By TEM it could be shown that tight junctions between Sertoli cells were established equally in 

Sms1WT and Sms1MUT testes (Figure 3.23 E, F). 

However, when the protein levels of representative junction markers were quantified in testicular 

and epididymal samples by immunoblotting, β-catenin (β-cat, 283.3 ± 26.0%, p=0.0054) and connex-

in 43 (Cx43, 112.0 ± 1.7%, p=0.0084) as subunits of adherents- or gap-junctions, respectively, were 

significantly elevated in Sms1MUT testes (Figure 3.23 G, H), while their protein levels in the epidi-

dymides were unchanged (supplementary Figure 10.11). Occludin levels in the Sms1MUT showed a 

tendency to be elevated in testes (Occl, 149.1 ± 18.7%, p=0.0776) but were also not altered in the 

epididymides compared to Sms1WT levels (Figure 3.23 G, H and supplementary Figure 10.11).  

I wondered if the elevated expression levels of junctional proteins might correlate with hampered 

protein trafficking to their site of destination. A misregulation of protein trafficking to the cellular 

surface or an altered distribution between basal and apical compartment might lead to profound de-

fects in germ cell maturation due to guidance and communication deficits between Sertoli cells and 

maturating germ cells. Therefore I checked for localization of the respective markers in testes and 

epididymides tissue. Immunostaining, using β-catenin and anti-Connexin 43 antibodies showed their 

location in Sms1WT and Sms1MUT near the BTB and in the adluminal compartment of the testes, re-

spectively (Figure 3.23 A, B, G, H). No alteration between Sms1WT and Sms1MUT could be detected. 

For β-catenin, however, a dislocation in the caput of the epididymides in Sms1MUT was found. While 

in Sms1WT testes β-catenin localized mostly to the adluminal compartment it was found to be more 

abundantly distributed in Sms1MUT (Figure 3.23 C, D). In the epididymal cauda no alteration of β-

catenin location between both genotypes was detected (Figure 3.23 E, F). Connexin 43 was equally 

expressed in the epididymides of Sms1WT and Sms1MUT (Figure 3.23 I-L). The tight-junction marker 

occludin was less prominent near the BTB in Sms1MUT (Figure 3.23 M, N) and was found to be more 

prominent in the adluminal part of the tubules in the epididymal cauda compared to Sms1WT (Figure 

3.23 Q, R). 
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Figure 3.24: Sertoli/Sertoli and Sertoli/germ cell junction marker show ed partial  dislocation in Sms1M U T  

testes or epididymides.  

(A-R) Immunostaining against junct ion proteins on sections of  Sms1W T  and Sms1M U T  testes and epididymides.  

Representative pictures of (A-F) β-catenin staining as adherence junction marker, (G -L) Connexin 43 (Cx43) 

staining as gap junction marker and (M -R) Occludin stain ing as t ight junct ion marker are shown.  Scale bar : 

50µm. Localizat ion of  β-catenin near the BTB (black arrows) in Sms1W T  and Sms1M U T testes and its  delocalizat ion  

towards the basal  compartment in the epididymal caput (black arrow heads) in Sms1M U T  is  indicated.  In Sms1M U T  

the retraction of  Occludin from the BTB (white arrow heads) and its  accumulation in the adluminal compartment 

of  the epididymal cauda (gray arrow head) is  shown.  Blood-testes-barrier  (BTB).  
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The up regulation of junction proteins and their partial delocalization in the testes and/or epididy-

mal tissue could lead to a comprised function of the BTB. In order to elucidate this hypothesis in 

vivo, Multi-Spectral Optoacoustic Tomography (MSOT) imaging of Iodocyanin Green (ICG) distri-

bution in the testes was performed. Following ICG injection, Sms1WT testes show little ICG peak 

signal within testes, while, a qualitatively higher signal was detected in Sms1MUT testes (Figure 3.23 

A, B). Representative time courses of ICG distribution in the Sms1WT and Sms1MUT mice are shown 

in Figure 3.23 C, indicating higher peak ICG levels and slower clearance of ICG in the Sms1MUT 

animals when compared to the Sms1WT values (8.43e-5 ± 1.25e-5, p=0.040, Figure 3.23 D). 

The elevated levels of junction markers might indicate a compensatory mechanism between Sertoli 

cells and germ cells in order to maintain functional cross-talk and adhesion. It may also indicate re-

duced trafficking of these junctional proteins to the cellular membrane, as it was shown for both 

SMSs to have an impact on TGN-mediated trafficking and secretion (Subathra et al. 2011). Neverthe-

less, the higher ICG signal in the Sms1MUT animals indicates increased permeability of the BTB, since 

a loss of integrity results in ICG leaking from vessels to testicular tissue. 
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3.1.12.6 Sms1MUT showed partial reduction in fertility, which could be ameliorat-

ed by DHA/EPA diet 

 

Figure 3.25: DHA/EPA enriched diet led to partial rescue of the sloughing phenotype in infert ile Sms1M U T .   

(A) Schematic t ime course of  the infertil ity test mating scheme,  with subsequent DHA/EPA supplementation.  

Sms1W T ,  Sms1H E T  and Sms1M U T  were mated at the age of  2 0 weeks to an 11 week old C57Bl/6J female (mat ing 1) 

for a test of  fertil ity .  After three weeks these mating were terminated and the female was replaced by a new 11 

week old C57Bl/6J female (mating 2).  These mating were maintained for 13 weeks,  before they  were terminated 

(separation).  With the start o f  mat ing 2 all  males were provided with a  DHA/EPA diet supplementation (9mg 

total  omega-3 content/animal/day,  oral  dose) for the durat ion of  14 weeks.  At the age o f  38 weeks males were 

sacrif iced and testes were analyzed.  (B) Mean number of  offspring produced by Sms1W T ,  Sms1H E T ,  Sms1M U T  fertile 

and Sms1M U T  infertile  without  (green boxes) and with DHA/EPA diet supplementation (dotted green boxes).  (C) 

Mean latency between l itters with DHA/EPA diet supplementatio n.  (D) Representative images of  H&E stained 

testes of fertile  Sms1M U T ,  infertile  not rescued Sms1M U T  and infertile  rescued Sms1M U T are shown after receiving 

DHA/EPA diet.  Arrows point to remaining Pa and Spt in seminiferous tubules .  Accumulation of  immatur e germ 

cells  (dark arrow heads) and empty tubes (white arrow heads) are shown.  Scale bar :  50µm, for all  pictures .  

Pachytene spermatocytes (Pa),  spermatids (Spt).  Sms1W T  n=2,  Sms1H E T  n=4 and Sms1M U T  n=6.  Statis ical  analysis  

was done by two-way ANOVA with post  hoc  Tukey’s  test .  Data is  shown as median ± quart iles .  
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When Sms1MUT males were initially mated at the age of 8 weeks I found that 33% were not able to 

produce offspring. At the age of 20 weeks the fully prominent testis dysmorphology in six out of six 

mutant males as described above was present in Sms1MUT (Figure 3.21 C, D). Therefore, I wondered 

about the fertility state of males of the Sms1 mouse line at that age. In total twelve male animals 

including all genotypes were analyzed (Sms1WT n=2, Sms1HET n=4, Sms1MUT n=6). First the fertility 

status was determined in a mating set up with C57Bl/6J females (age: eleven weeks) for a three week 

period. Infertility of Sms1MUT was assumed in this experiment when a male failed to produce off-

spring during the mating time of 3 weeks (Figure 3.25 A). All Sms1WT and Sms1HET males tested 

produced offspring. However, just two out of the six Sms1MUT were fertile (33%), while four failed to 

produce offspring (66%). These results point to an early age related decrease of total fertility in 

Sms1MUT males compared to Sms1HET and Sms1WT controls. The litter size was also analyzed. Fertile 

Sms1MUT males produced 5.50 (IQR: 3.5) pups per litter, while Sms1HET and Sms1WT males produced 

8.5 (IQR: 3.25) and 7.50 (IQR: 0.5) pups per litter, respectively (Figure 3.25 B). Therefore, at the age 

of 20 weeks, fertile Sms1MUT males could be considered as subfertile compared to controls.  

The observed reduction in DHA (Table 3.2 A, B) and its profound role in spermatogenesis clearly 

indicated that a loss of this FA might be responsible for the observed male sub-/infertility phenotype 

(Figure 3.25 B).Therefore, I decided to treat Sms1 males with a supplement of 38% DHA and 46% 

EPA (kindly provided by KD-Pharma GmbH, Bexbach) in order to see if the sub-/infertility pheno-

type could be reversed.  

The supplementary diet experiment was set up as a follow up to the fertility analysis. After the three 

weeks period, in which the fertility status was determined, Sms1 males of all genotypes were re-

mated to an eleven week old C57Bl/6J female and were manually fed with an oral dose 

(9mg/day/animal) of the omega-3 FA containing oil on a daily basis for the duration of 13 weeks 

(Figure 3.25 A). During that testing period, Sms1WT and subfertile Sms1MUT males produced an aver-

age of 2.50 ± 0.71 litters, each. Sms1HET males produced 3.00 ± 0.00 litters in average. Of the con-

firmed infertile Sms1MUT 50% produced offspring with feeding, while the other 50% failed to generate 

offspring. The Sms1MUT with rescued fertility had produced one litter each during the testing period 

of 13 weeks. The mean latency between litters was also determined. The results for Sms1WT (29.00 

(IQR: 3.0) days) and Sms1HET males (29.00 (IQR: 9.5) days) were similar (Figure 3.25 C,). Subfertile 

Sms1MUT and infertile Sms1MUT males needed more time for reproduction (subfertile Sms1MUT: 32.50 

(IQR: 11.5) days, infertile Sms1MUT: 84.00 (IQR: 48.0) days; Figure 3.25 C). It must be noted, that 

infertile Sms1MUT just obtained one litter each during the testing period, therefore the average laten-

cy between litters could not be determined, but it rather reflected the latency to the first litter. I not-

ed, that for Sms1WT and Sms1HET males the number of offspring was reduced with the feeding of the 

DHA/EPA diet to an average of 6.33 (IQR: 2.5) pups per litter for Sms1WT and to 5.33 (IQR: 0.33) 

pups per litter for Sms1HET males (Figure 3.25 B). This was most likely due to the stress associated 
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with the daily feeding procedure. Previously subfertile Sms1MUT males also produced less offspring 

after feeding (4.84 (IQR: 1.17) pups per litter).The 50% previously infertile males, which started to 

reproduce obtained an average of 2.00 (IQR: 4.5) pups per litter (Figure 3.25 B). 

All offspring was heterozygous, confirming homozygosity of the males, which was also confirmed by 

re-genotyping via triplex-PCR (data not shown).  

Mating were terminated and males sacrificed after one additional week of DHA/EPA enriched diet. 

As it is shown in Figure 3.25 D, progression of spermatogenesis reflects the number of offspring 

obtained. Only few rounded spermatids were visible in fertile Sms1MUT mutant epididymides after 

feeding, while the majority of cells had matured into spermatozoa (Figure 3.25 D). In the Sms1MUT 

males, which remained infertile after DHA/EPA diet we found empty epididymal caput tubules and 

also a large amount of round spermatids in the lumen of the epididymal cauda tubules. In the rescued 

formerly infertile Sms1MUT animals spermatogenesis was found to progress normally in some semi-

niferous tubules, with a large number of major sperm produced. However round spermatids re-

mained present in the epididymides (Figure 3.25 D). The histological results therefore reflect the 

findings on the level of reproduction. 
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3.2 Sms1 x APPswe mouse model 

3.2.1 General characterization of the Sms1 x APPswe mouse model 

3.2.1.1 Birth rates 

The genotype distribution of the born pups was analyzed. As homozygous APPsweTg are not viable 

the expected distribution of the remaining six genotypes was calculated and the expected percent-

ages were compared to the actual numbers (Table 3.3). 

Table 3.3: Birth ratios of the different genotypes of Sms1 x APPswe mice.  

Percent of genotypes born,  in respect to genotypes expec ted by birth rates in Mendelian ratios .  Homozygous 

APPsweT g  an imals were not viable .  Therefore APPsweT g  refers to heterozygous APPsweT g  animals .  The Sms1  

genotype is  labeled Sms1W T  for  wild-type,  Sms1H E T  for  heterozygous and Sms1M U T  for  homozygous gene trap 

cassette insertion carriers .  

 

If one assumes that Sms1WT x APPsweWT animals were born in a normal rate, it was found that only 

52.63% of all expected pups are born. The distribution between male and female pups was in an al-

most normal range with 49.08% of all expected male pups and 56.19% of all expected female pups 

born, which represented a slight deviation of the 1:1 ratio between males and females (Table 3.3). 

With regard to the Sms1WT x APPsweWT animals 20.18% more females than expected were counted, 

while only 80.12% of the expected males were born. This higher representation of females was seen 

in all genotypes except of Sms1MUT x APPsweWT, where 89.48% of expected male and 88.96% of ex-

pected female pups were born (Table 3.3). 

All three possible genotypes with the APPsweWT background were reduced to 90.44%, while these 

genotypes with an APPsweTg background were reduced to 34.79%. Therefore about two third of all 

animals bearing the APPsweTg background seemed not to be born (Table 3.3). 

In summary, a slight reduction in male pubs born and a loss of about 2/3 of hAPPswe transgene 

bearing pubs, prior to birth, was noticed. 
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3.2.1.2 Survival rates 

 

Figure 3.26: Sms1M U T  x APPsweT g  animals  showed reduced survival rates and reduced weight gain com-

pared to Sms1W T  x APPsweT g  animals.  

(A,  B) Survival rates of  Sms1  x APPswe  animals ,  grouped by (A) genotype and (B) genotype and sex. (C,  E) Mean 
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age at death of  (C) male and (E) female animals .  (D, F) Death ratios calculated over the f irst 25 weeks of  (D) 

male and (F) female an imals .  (G) Weight gain during the f irst 110 days.  Survival data:  males :  Sms1W T  x 

APPsweW T  n=154,  Sms1H E T  x APPsweW T  n=297 ,  Sms1M U T x APPsweW T  n=172,  Sms1WT  x APPsweT g  n=118, 

Sms1H E T  x APPsweT g  n=263, Sms1M U T  x APPsweT g  n=128;  females :  Sms1W T  x APPsweW T  n=231,  Sms1H E T  x 

APPsweW T  n=333 ,  Sms1M U T  x APPsweW T  n=171,  Sms1W T  x APPsweT g  n=137,  Sms1HE T  x APPsweT g  n=272, 

Sms1M U T  x APPsweT g  n=152;  data is  presented as percent of  total  pups born per genotype,  or as  mean ± SEM ; 

weight data:  Sms1W Tx APPswe T g  n=14-3,  Sms1H E T  x APPsweT g  n=31-5,  Sms1M U T  x APPsweT g  n=24-2.  Statistical  

analysis  was done by one-way ANOVA with post  hoc  Tukey’s  test .  Data is  presented as mean ± SEM p<0.01 # ,  

p≤0.05*,  p≤0.01**,  p≤0.001***.   

 

In course of the breeding I noticed, that Sms1MUT x APPsweTg animals died within their first few 

weeks. Therefore the survival rates of the six different genotypes were analyzed during the first 25 

weeks after birth. 

Sms1MUT x APPsweTg animals showed a massive decline in animal numbers during the first 25 weeks, 

with a 50% death rate within the first 17.43 weeks (Figure 3.26 A). The mean age at death of male 

pups was 7.83 weeks, while female pups lived shortly longer with a mean age of 8.99 weeks (Figure 

3.26 C, E). In the 25 weeks period 53.91% of male Sms1MUT x APPsweTg and 51.97% of the female 

mice died (Figure 3.26 B, D and F). The remaining survivors died successively within the next 2 year 

period. 

Although death rates were less dramatic compared to Sms1MUT x APPsweTg also the Sms1HET x 

APPsweTg and Sms1WT x APPsweTg showed a reduction in their life span. In Sms1HET x APPsweTg 

death rates ranged from 12.13% in females to 14.45% in males (Figure 3.26 B, D, F). The mean age 

at death lied between 12.15 weeks and 15.99 weeks in males and females, respectively (Figure 3.26 C, 

E). 7.63% of all male and 4.38% of all female Sms1WT x APPsweTg animals died within the first 25 

weeks, while male animals reached a mean age of 10.13 weeks and females of 8.5 weeks. This showed, 

that although Sms1HET x APPsweTg have a higher death rate compared to Sms1WT x APPsweTg, the 

average age at death is higher in both sexes (Figure 3.26 C-F).  

Death rates in the remaining three genotypes analyzed (Sms1WT x APPsweWT, Sms1HET x APPsweWT 

and Sms1HOM x APPsweWT) ranged from 1.30% in female Sms1WT x APPsweWT to 7.62% in male 

Sms1WT x APPsweTg animals. The 3.90% of Sms1WT x APPsweWT males found dead had a mean age of 

26.67 weeks, the 4.04% of Sms1HET x APPsweWT of 20.98 weeks and the Sms1MUT x APPsweWT of 

9.87 weeks, which showed a clear genotype related life expectancy on the APPsweWT genetic back-

ground. In females, this correlation is not so clear, as the 1.30% of Sms1WT x APPsweWT animals, 

which were found dead had a mean age of 7.95 weeks. However, this percentage of animals found 

dead can be regarded to be in a normal range. Sms1HET x APPsweWT and Sms1MUT x APPsweWT fe-

males showed a 4.50% and 2.34% death rate and a mean age of 26.07 and 12.86 weeks at death, re-

spectively (Figure 3.26 A-F).  
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These show a genotype related effect on life expectancy, dependent on the Sms1 genotype, but also 

on the APPswe background, with animals having a homozygous insertion of the gene trap cassette in 

Sms1 additionally to carrying the hAPPswe transgene having the least life expectancy. Additionally 

males were more prone to premature death than females.  

3.2.1.3 Body and organ weight 

Shortly before death some of the Sms1MUT x APPsweTg animals looked skinny, while others did not 

show any signs of approaching death. The weight of Sms1WT x APPsweTg, Sms1HET x APPsweTg and 

Sms1MUT x APPsweTg was measured on a weekly basis and genotype specific weight differences were 

found. These differences were increasing with age (Figure 3.26 G, Figure 3.26 A, C and supplemen-

tary Figure 10.4 and Table 10.8). 

The weight of Sms1HET x APPsweTg animals was reduced 0.24% at the mean age of 21.33 days in 

comparison to Sms1WT x APPsweTg. This difference had increased with advancing age up to 23.37% 

at the mean age of 110.71 days. These observed weight differenced were even more pronounced in 

Sms1MUT x APPsweTg animals. The smallest weight reduction of 7.37% in comparison to Sms1WT x 

APPsweTg animals was recorded at the mean age of 28.22 days. The highest difference was again 

reached at a mean age of 110.71 days, when both genotypes differ by 27.40% (Figure 3.26 G and 

supplementary Table 10.8). Male and female data did not differ in weight incline and increasing 

weight differences (see supplementary Figure 10.4, Table 10.8). 

As mentioned before, Sms1MUT x APPsweTg animals dyed with an age between 7.83 and 8.99 days. 

Therefore I decided to dissect Sms1WT x APPsweWT, as a control, Sms1MUT x APPsweWT and Sms1WT 

x APPsweTg as components and Sms1MUT x APPsweTg as the double mutant at the age of 8 weeks in 

order to analyze the different organs for alterations, which might be responsible for the premature 

death. 

The body weight of these animals dissected at the age of 8 weeks revealed a decline in weight de-

pending on the genotype. Male Sms1MUT x APPsweWT (26.31 ± 0.81g) showed already slightly, but 

not significantly reduced body weight compared to Sms1WT x APPsweWT (27.52 ± 1.12g). Sms1WT x 

APPsweTg and Sms1MUT x APPsweTg males showed further and significantly reduced body weight of 

23.60 ± 0.82g (p=0.0288) and 20.04 ± 1.14g (p=0.0001), respectively (Figure 3.27 A). 
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Figure 3.27: Sms1 x APPswe animals  showed alterations in body and organ weights depending on geno-

type. 

(A,  C)  Absolute body weight of  (A)  male and (C) female an imals at the age of  8 weeks.  (B,  D) Absolute organ 

weights of  (B) male and (D) female animals at the age of  8 weeks. Males :  Sms1W T  x APPsweW T  (n=8),  Sms1M U T  x 

APPsweW T  (n=12),  Sms1W T  x APPsweT g  (n=16), Sms1M U T  x  APPsweT g  (n=10);  females : Sms1W T  x APPsweW T  

(n=12),  Sms1M U T  x APPsweW T  (n=21),  Sms1W T  x APPsweT g  (n=11),  Sms1M U T  x APPsweT g  (n=12).  Statistical  analy-

sis  was done by one-way ANOVA with post  hoc  Tukey’s  test .  Data is  presented as mean ± SEM; p<0.01 # ,  p≤0.05*,  

p≤0.01**,  p≤0.001***.   

 

In order to analyze organ weights the measured weights relative to the body weight was calculated 

(supplementary Figure 10.6). In male animals there was no significant difference in lung or liver 

weights. Brain weight in Sms1WT x APPsweWT control males was 1.70 ± 0.06% of the body weight. 

The brain weight of Sms1MUT x APPsweWT (1.65 ± 0.05%) did not differ from that of controls, while 

Sms1WT x APPsweTg and Sms1MUT x APPsweTg had a higher relative brain weight of 1.94 ± 0.06% 

(p=0.0980) and 2.11 ± 0.11% (p=0.0061), respectively. It is important to notice that the absolute 
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brain weight showed a Sms1 genotype dependent reduction in both Sms1MUT x APPsweWT (0.43 ± 

0.01g, p=0.0267) and Sms1MUT x APPsweTg (0.41 ±0.01g, p=0.0007) in comparison to Sms1WT x 

APPsweWT controls (0.46 ± 0.01g; Figure 3.27 B). In Addition, the absolute brain weight of Sms1MUT 

x APPsweTg males was again significantly lower than that of Sms1WT x APPsweTg component males 

(0.45 ± 0.01g, p=0.0029; Figure 3.27 B). However, as stated before, this reduction in brain weight 

did not persist the body weight loss correction. 

The relative heart, lung and liver weights of males did not differ compared to controls (supplemen-

tary Figure 10.6 A). 

In the spleen Sms1MUT x APPsweWT (0.44 ± 0.03%, p=0.0005); and Sms1MUT x APPsweTg males (0.45 

± 0.02%, p=0.0004) showed higher relative weights compared to Sms1MUT x APPsweTg males (0.33 ± 

0.03%; supplementary Figure 10.6 A). 

Highly significant differences in relative organ weight was also noticed in testes. Testes weight in 

relation to body weight in Sms1WT x APPsweWT reaches 0.47 ± 0.02%. Sms1MUT x APPsweWT only 

reach a value of 0.38 ± 0.01% (p=0.0042). Sms1WT x APPsweTg males, with 0.50 ± 0.02%, and 

Sms1MUT x APPsweTg males with 0.49 ±0.02% did not show alterations (p=0.6272, p=0.8859). How-

ever, in comparison to Sms1MUT x APPsweWT, both Sms1 x APPsweTg genotypes had highly signifi-

cantly elevated testes weights (p<0.0001, p=0.0002; supplementary Figure 10.6 A). 

Females of the Sms1 x APPswe line showed the same genotype specific pattern of body mass decline 

as it was recorded in male mice.  

Sms1WT x APPsweWT control females had a mean body mass of 20.46 ± 0.49g, which is about 7g less 

than their male counterparts. This reflects the normal sex difference in mice. Significantly lower 

body weight, in comparison to controls, was reached in Sms1WT x APPsweTg and Sms1MUT x 

APPsweTg females, which had a mean weight of 17.02 ± 0.67g (p<0.0001) and 18.40 ±0.39g 

(p=0.0266), respectively (Figure 3.27 C). In contrast to males, female Sms1 x APPsweTg mice did not 

show a further reduction dependent on the Sms1 genotype (Figure 3.27 C). 

In female mice, relative heart weights were not correlated to the genotype (supplementary Figure 

10.6 B), while liver weights of Sms1MUT x APPsweTg females showed a trend to be higher than those 

of Sms1WT x APPsweWT controls (p=0.0925) and of Sms1WT x APPsweTg (p=0.0530). 

Regarding brain weight, Sms1WT x APPsweTg females, with a mean relative brain weight of 2.54 ± 

0.08% had a significantly higher weight than controls (Sms1WT x APPsweWT: 2.25 ± 0.05%, 

p=0.0010). With the additional mutation in Sms1 both, Sms1MUT x APPsweWT and Sms1MUT x 

APPsweTg, lost relative brain mass. Sms1MUT x APPsweWT had mean relative brain weight of 2.13 ± 

0.04% and Sms1MUT x APPsweTg of 2.25 ± 0.04%, representing a 0.12% and 0.29% reduction of rela-
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tive brain weight in comparison to Sms1WT x APPsweWT controls (p=0.1944) or Sms1WT x APPsweTg 

compounds (p=0.0013), respectively (supplementary Figure 10.6 B). 

In the lungs I found the same pattern as seen in the brain, although the weight differences were less 

pronounced. The relative lung weight of Sms1MUT x APPsweWT (0.85 ± 0.02%) was slightly but not 

significantly lower than in Sms1WT x APPsweWT controls (0.87 ±0.06%), while the relative lung 

weight of Sms1MUT x APPsweTg (0.82 ± 0.02%) was again lower than in Sms1WT x APPsweTg (0.91 ± 

0.04%, p=0.0478; supplementary Figure 10.6 B). These results, as mentioned for the brain, reflected 

a Sms1 genotype dependent reduction of relative lung mass in female mice amplified on an APPsweTg 

background. 

The absolute spleen weights of Sms1MUT x APPsweWT (0.089 ± 0.003g) and Sms1MUT x APPsweTg 

(0.072 ± 0.003g) showed marginal elevation in comparison to Sms1WT x APPsweWT controls (0.086 ± 

0.003g) and Sms1WT x APPsweTg components (0.066 ± 0.004g), respectively (Figure 3.27 D). Howev-

er, with correction for body mass loss, the elevation on the APPsweTg background got lost (Sms1WT x 

APPsweTg: 0.39 ± 0.02%, Sms1MUTx APPsweTg: 0.39 ± 0.02%), while it persisted on APPsweWT back-

ground (Sms1WT x APPsweWT: 0.42 ±0.01%, Sms1MUT x APPsweWT: 0.45 ± 0.01%; supplementary 

Figure 10.6 B).  

In summary the genotype-dependent weight reduction noticed before could be validated. As dis-

cussed before, the differences were more pronounced in male animals. Importantly, in both male and 

female animals, brain weight was reduced in genotypes homozygously carrying the Sms1 gene trap 

cassette. This could demonstrate a modification of brain structure due to disrupted SM synthesis. 

3.2.2 Lipid profile 

Regarding the life expectancy and body weight gain, crucial differences between Sms1MUT x 

APPsweWT and Sms1MUT x APPsweTg were found, which led me to the question, if the additional ex-

pression of the APPswe transgene also has further influence on the already altered lipid metabolism 

of the Sms1 mouse line. Therefore a profile of the most important lipids concerning SM synthesis in 

brains was generated of Sms1WT x APPsweWT control, Sms1MUT x APPsweWT and Sms1WT x 

APPsweTg component and Sms1MUT x APPsweTg double mutant mice with the help of Dr. Marcus 

Grimm and Prof. Tobias Hartmann.  

3.2.2.1 Sphingomyelin 

In both, male and female Sms1MUT x APPsweWT animals sphingomyelin (SM) levels were down 

regulated to 57.61 ± 4.49% (p<0.0001) and 56.02 ± 4.47% (p<0.0001) of the respective Sms1WT x 

APPsweWT control (Figure 3.28 A, B). Sms1WT x APPsweTg animals showed similar levels to 

controls (Sms1WT x APPsweTg male: 111.85 ± 3.53%, Sms1WT x APPsweTg female: 96.75 ± 

2.66%). Therefore there was also no further significant reduction or elevation of SM levels in the 
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Sms1MUT x APPsweTg double mutant animals in comparison to Sms1MUT x APPsweWT com-

pound mice. Sms1MUT x APPsweTg male and female had SM levels between 55.18 ± 1.15% 

(p<0.0001) and 49.35 ± 4.40% (p<0.0001) of controls, respectively (Figure 3.28 A, B). 

 

Figure 3.28: Brain sphingomyelin was  reduced to a s imilar extend in Sms1M U T  x APPsweW T  and Sms1M U T  x 

APPsweT g  at the age of 8 weeks.  

(A,  B) Relative sphingomyelin (SM) levels  of  (A) male and (B) female brain t issue.  (C) Relative levels  of  the dis-

tinct SM species in brain tissue.  Combined data from both sexes.  Males:  Sms1W T  x APPsweW T  n=5,  Sms1M U T x 

APPsweW T  n=6,  Sms1W T  x APPsweT g  n=11,  Sms1M U T  x APPsweT g  n=6;  females :  Sms1W T  x APPsweW T  n=6,  Sms1M U T  

x APPsweW T  n=11,  Sms1W T  x APPsweT g  n=13,  Sms1M U T  x APPsweT g  n=5.  Stat istical  analysis  was done by one -way 

ANOVA with post  hoc  Tukey’s  test .  Data is  presented as mean ± SEM; p<0. 01# ,  p≤0.05*,  p≤0.01**,  p≤0.001***.  

 

Comparing the different SM species between males and females revealed that females did not have 

generally more or less SM, but differ dependent on the SM species. Sms1WT x APPsweWT females had 

higher levels of the abundant C16:1 OH, C18:0 and C18:1 species. The same could be seen in 

Smd1MUT x APPsweWT females, although C16:1 OH and C18:0 levels dropped due to the disruption 

of Sms1. Sms1WT x APPsweTg females had overall lower SM levels compared to their male counter-

parts. The SM levels of the Sms1MUT x APPsweTg double mutant females followed those of the 

Sms1MUT x APPsweWT component females, however, due to their APPsweTg background, levels were 

even lower in comparison to their male counter parts. With increasing FA chain length (> SM C22:1 

OH), female mice of all genotypes had lower SM levels, compared to males (supplementary Figure 

10.7).  
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In male animals the levels of the different SM species of the Sms1WT x APPsweTg compound mice 

were generally elevated in comparison to Sms1WT x APPsweWT controls (Figure 3.28 C), while female 

Sms1WT x APPsweTg mice did not differ much from Sms1WT x APPsweWT levels (supplementary Ta-

ble 10.17). 

Male and female mice carrying the Sms1 gene trap cassette showed the expected reduction in most of 

the SM species. The highest reduction was seen in the most abundant SM species C18:0 (Sms1MUT x 

APPsweWT male: 50.86 ± 4.70%, p<0.0001; female: 47.31 ± 4.26%, p<0.0001; Sms1MUT x APPsweTg 

male: 41.57 ±4.79%, p<0.0001, female: 41.57 ± 4.79%, p<0.0001), C18:1 (Sms1MUT x APPsweWT male: 

56.17 ± 3.30%, p=0.0009; female: 54.84 ± 5.19%, p<0.0001; Sms1MUT x APPsweTg male: 48.39 ± 

8.04%, p=0.0004, female: 48.39 ± 8.04, p<0.0001) and C24:1 (Sms1MUT x APPsweWT male: 59.41 ± 

4.59%, p=0.0003; female: 62.54 ± 5.66%, p=0.0004; Sms1MUT x APPsweTg male: 55.36 ± 4.95%, 

p=0.0002; female: 55.36 ± 4.95%, p=0.0004; Figure 3.28 C, supplementary Table 10.17). 

Exceptions from down regulation were C16:1, C20:2, C22:3 and C26:0 (Figure 3.28 C). C20:2 was 

even higher in Sms1MUT x APPsweTg mice (male: 121.77 ± 4.06%, p=0.0223; female: 117.49 ± 5.54%, 

p=0.0594) in comparison to Sms1WT x APPsweWT controls. The same was seen for C22:3 (Sms1MUT x 

APPsweTg male: 112.51 ± 2.78%, p=0.0283; female: 124.45 ± 6.81%, p=0.0100; (Figure 3.28 C, sup-

plementary Table 10.17). 

Overall, the disruption of Sms1 led to a reduction of SM levels of more than 40% without striking 

differences between sexes. The reduction affected all commonly found SM species except of SM 

C20:2 and SM C22:3. 
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3.2.2.2 Diacyl-phosphatidylcholine species 

 

Figure 3.29: Brain diacyl-phosphatidylcholin showed alterations between genotypes amongst others, con-

cerning saturation state.   

(A,  B) Relat ive diacyl-phosphatidylcholin (PCaa) levels  of  (A) male and (B) female brain t issue.  (C) Relat ive lev-

els  of the distinct PCaa species in brain tissue.  Combined data from both sexes. (D) Comparison of  female l ipid 

levels relative to male levels, which were set to 100%. (E) Relative PCaa rat ios of  mono -unsaturated (MUFA),  

poly-unsaturated (PUFA) and saturated fatty acids (SFA).  Males :  Sms1W T  x APPsweW T  n=5,  Sms1M U T  x APPsweW T  

n=6,  Sms1W T  x APPsweT g  n=11, Sms1M U T  x APPsweT g  n=6;  females : Sms1W T  x APPsweW T  n=6,  Sms1M U T  x 

APPsweW T  n=11,  Sms1W T  x APPsweT g  n=13,  Sms1M U T  x APPsweT g  n=5.  Age 8 weeks. Statistical  analysis  was done  
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by one-way ANOVA with post  hoc  Tukey’s  test .  Data is  presented as mean ± SEM; p<0.01 # ,  p≤0.05*,  p≤0.01**, 

p≤0.001***.  

 

PCaa as one of the precursor molecules of SM was not significantly elevated in Sms1MUT x APPsweTg 

(104.37 ± 1.85%, p=0.4034) animals compared to Sms1WT x APPsweWT controls, which were set to 

100% (Figure 3.29 A, B). 

Comparison of the distinct PCaa species per genotype showed a massive regulation of certain distinct 

PCaas, mainly in the Sms1MUT x APPsweTg double mutant mice. PCaa C30:0, C34:2, C34:3, C34:4, 

C36:3, C36:4 and C36:5 were elevated most, while C32:2 was significantly lower. In the LC-FA 

range of PCaa I did not see peaks of that extend as in short-chain FA containing PCaa, however, the 

levels still follow a wave like pattern (Figure 3.29 C). PCaa levels of Sms1MUT x APPsweTg animals 

seemed to be amplified in comparison to the levels found in Sms1WT x APPsweTg compound mice. In 

more detail, the peak in C34:2 to C34:4 could be detected in Sms1WT x APPsweTg mice, with the high-

est level in C34:3. C34:3 in those animals was 11.5 ± 2.98% (p=0.2214) higher than in Sms1WT x 

APPsweWT mice, in Sms1MUT x APPsweTg mice, however, the levels of this lipid species reached 

137.33 ±7.50% (p<0.0001) of controls (Figure 3.29 C). The same could be noticed for the C36:3 to 

C36:5 peak. Here Sms1WT x APPsweTg animals reached a level of 108.06 ± 2.25% (p=0.2869) for 

C36:5 while in Sms1MUT x APPsweTg this level was amplified to 125.54 ± 4.04% (p<0.0001) of 

Sms1WT x APPsweWT controls (Figure 3.29 C). With regard to the LC-FA containing PCaas (starting 

with C36), Sms1MUT x APPsweTg double mutant animals had low levels in the SFA-, MUFA- and di-

unsaturated FA- (DUFA-) containing LC-PCaas, while levels of LC-PCaa species with three or more 

unsaturated residues were elevated (Figure 3.29 C). This was also reflected in the MUFA/SFA and 

PUFA/SFA ratio of male and female animals, where these ratios dropped in both, Sms1MUT x 

APPsweWT and Sms1MUT x APPsweTg, to a similar extend (MUFA/SFA: Sms1MUT x APPsweWT male: 

-7.24%, female: -8.42%; Sms1MUT x APPsweTg male: -8.22%, female: -8.46%; PUFA/SFA: Sms1MUT x 

APPsweWT male: -5.87%, female: -3.80%; Sms1MUT x APPsweTg male: -0.46%, female: -2.32%; Figure 

3.29). Results on the PUFA/MUFA ratio differed between males and females. Female animals with 

the Sms1MUT x APPsweWT and the Sms1MUT x APPsweTg genotype had a 5.04% and 6.71% higher 

PUFA/MUFA ratio, respectively, in comparison to Sms1WT x APPsweWT and Sms1WT x APPsweTg 

animals (Figure 3.29 E). In males, I did not find an elevation of the PUFA/MUFA ratio in Sms1MUT 

x APPsweWT animals, but again Sms1MUT x APPsweTg animals had an 8.44% higher ratio in compari-

son to Sms1WT x APPsweWT controls (Figure 3.29 E). It is worth to mention, that except of the fe-

male PUFA/MUFA ratio, Sms1WT x APPsweTg animals showed slightly higher ratios compared to 

Sms1WT x APPsweWT controls (Figure 3.29 E). 

The differences between male and female PCaa data can be found in Figure 3.29 D. Sms1WT x 

APPsweWT females had a distinct pattern of PCaa species level in comparison to males. However, this 
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pattern got less pronounced with the mutation of Sms1, while it got more pronounced with the ex-

pression of the APPswe transgene. In detail, female animals of all genotypes, in comparison to male 

animals, had a reduced levels of LC-PCaas with SFA-, MUFA- of DUFA-residues, while their reduc-

tion in PUFA-LC-PCaas was less pronounced, or in case of Sms1MUT x APPsweWT females rose above 

male levels. These results became clearer with increasing FA-chain length (Figure 3.29 D). 

In summary, PCaa levels were upregulated in male Sms1 gene trap carrying genotypes, but not in 

females. PCaa analysis showed that some distinct species are highly upregulated and that LC-PCaas 

followed a wave like pattern, reflected in the PUFA/SFA and MUFA/SFA ratios, which were re-

duced in Sms1 gene trap carrying genotypes. 

3.2.2.3 Acyl-alkyl-phosphatidylcholine (plasmalogene) species 

Total levels of plasmalogens (PCaes), which differ from PCaas by an ether bond at the sn-1 position, 

were not crucially changed in male or female animals of either genotype (Figure 3.30 A). 

Overall, female mice had lower levels of PCaes than males (Figure 3.30 C). Comparison of male and 

female data sets revealed a similar pattern to PCaas, with Sms1MUT x APPsweWT females having less 

reduced level of LC-PCaes and Sms1MUT x APPsweTg females having the strongest reduction com-

pared to their male counterparts (Figure 3.30 C, supplementary Table 10.19 A, B). 

PCae C36:4 and C36:5 were elevated in Sms1MUT x APPsweTg male and female mice, similar to the 

above described PCaa pattern (PCae C36:4 in Sms1MUT x APPsweTg males: 115.61 ± 0.84%, 

p=0.1485, females: 118.34 ± 4.49%, p=0.1086; PCae C36:5 in Sms1MUT x APPsweTg males: 113.11 ± 

4.08%, p=0.3898, females: 107.86 ± 3.60%, p=0.7832). The same could be seen for C38:5 (PCae C38:5 

in Sms1MUT x APPsweTg males: 111.32 ± 1.15%, p=0.3218, females: 109.64 ± 4.28%, p=0.4535; sup-

plementary Table 10.19 A, B). However, in PCaes, just C36:4 reached significantly different levels 

compared to Sms1WT x APPsweWT animals. The mostly reduced PCaes in Sms1MUT x APPsweTg mice 

was C38:1. In males these reduced levels were almost the same between Sms1MUT x APPsweWT (86.85 

± 6.48%, p=0.8870) and Sms1MUT x APPsweTg animals (87.59 ± 3.34%, p=0.3943), while in Sms1MUT 

x APPsweTg females (80.88 ± 5.05%, p=0.0610), the levels dropped far below that of Sms1MUT x 

APPsweWT females (95.22 ± 2.85%, p=0.8621) in comparison to Sms1WT x APPsweWT levels of the 

respective sex (supplementary Table 10.19 A, B). C38:2 and C40:2 represented the second most re-

duced PCae species in both, male and female Sms1MUT x APPsweTg animals (supplementary Table 

10.19 A, B). Of these only female PCae C40:2 with 84.10 ± 3.99% of Sms1WT x APPsweWT levels was 

significantly lower (p=0.0450). Results summarized for both sexes are shown in Figure 3.30 B. 
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Figure 3.30: Distinct brain acyl-alkyl-phosphatidylcholines showed alterations between genotypes 

amongst others, concerning saturation state.  

(A) Relat ive acyl-alkyl-phosphatidylchol in (PCae ) levels  of  brain tissue.  (B) Relat ive levels  of  the distinct  PCae  

species in brain tissue.  (C) Comparison of  female l ipid levels relative to male lev els,  which were set to 100%. (D) 
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LC-PCaes were regulated differently in male and female mutants. While male Sms1MUT x APPsweWT 

LC-PCaes levels dropped below the Sms1WT x APPsweWT levels, the female Sms1MUT x APPsweWT 

levels of these lipid species were higher than those of their Sms1WT x APPsweWT controls (supple-

mentary Table 10.19 A, B). For the double mutant SMS1MUT x APPsweTg animals, the opposite regu-

lation was detected (supplementary Table 10.19 A, B). 

In contrast to PCaas, in the PCaes no clear correlation between lipid level and saturation sate could 

be detected (Figure 3.29 E, Figure 3.30 D). Only a minor but not significant reduction of 

MUFA/SFA levels was found in both Sms1 defective genotypes (Figure 3.30 D). The PUFA/SFA 

ratios were unchanged in males and slightly elevated in female Sms1WT x APPsweTg animals. 

PUFA/MUFA ratios pointed to a possible elevation of PUFAs against MUFAs with the disruption 

of Sms1 (Figure 3.30 D).  

The results in PCae species resembled those found in PCaa, with several species being elevated and a 

kind of wave-like pattern in the LC-PCaes. The MUFA/SFA ratio resembled the pattern seen in the 

Sms1 mouse line, however, it was less prominent. The PUFA/SFA ratios did not show any alteration 

depending on the Sms1 genotype. 

3.2.2.4 Lyso-PC species 

PC species get degraded by phospholipases, which cut of the mainly unsaturated FAs at the sn-2 

position, to generate so called lyso-PCs. The analysis of PCaa and PCae showed a selective loss or 

elevation of several species. Therefore it should be clarified if the lyso-PC composition could give any 

hint on how the PCaa and PCaes get metabolized.  

Total levels of lyso-PCs were similar in Sms1MUT x APPsweWT (10.508 ± 4.38%, p=0.5104) and in 

Sms1MUT x APPsweTg (15.18 ± 6.16%, p=0.2728) animals (Figure 3.31 A). Neither male, nor female 

levels differed significantly between genotypes (supplementary Table 10.20 A, B). With regard to 

sex, the different lyso-PC species were again differently regulated between males and females 

(Figure 3.31 D).  

Relative PCae rat ios of  mono-unsaturated (MUFA),  poly -unsaturated (PUFA) and saturated fatty acids (SFA).  

Combined data form both sexes.  Males :  Sms1W T  x APPsweW T  n=5,  Sms1M U T  x APPsweW T  n=6,  Sms1W T  x APPsweT g  

n=11,  Sms1M U T  x APPsweT g  n=6;  females :  Sms1W T  x APPsweW T  n=6,  Sms1M U T  x APPsweW T  n=11,  Sms1W T  x 

APPsweT g  n=13, Sms1M U T  x APPsweT g  n=5.  Age 8 weeks.  Statist ical  analysis  was done by one -way ANOVA with 

post  hoc  Tukey’s  test .  Data is  presented as mean ± SEM; p<0.01 # ,  p≤0 .05*,   

p≤0.01**,  p≤0.001***.  
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Figure 3.31: Lyso-phosphatidylcholine and carnitine levels are part ial ly elevated in Sms1M U T  x APPsweW T  

and in Sms1M U T  x APPsweT g  animals .  

(A) Relat ive lyso-phosphatidylcholine (lyso -PC) levels  of  brain tissue.  (B) Relat ive carnitine levels of  brain tis-
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sue.  (C) Relat ive levels  of  lyso-PC species .  Combined data form both sexes .  (D) Comparison of  female lyso-PC 

levels relative to male levels , which were set to 100%. (E) Relative levels  of carnitine species .  Combined data 

form both sexes .  Males : Sms1W T  x APPsweW T  n=5,  Sms1MU T  x APPsweW T  n=6,  Sms1W T  x APPsweT g  n=11,  Sms1MU T  

x APPsweT g  n=6;  females :  Sms1W T  x APPsweW T  n=6,  Sms1M U T  x APPsweW T  n=11,  Sms1W T  x APPsweT g  n=13,  

Sms1M U T  x APPsweT g  n=5.  Age 8 weeks.  Statistical  analysis  was done by one -way ANOVA with post  hoc  Tukey’s  

test .  Data is  presented as mean ± SEM; p<0.01 # ,  p≤0.05*,  p≤0.01**,  p≤0.001***.  

 

The lyso-PC species differed between genotypes in C16:0 and C24:0, where both compound animals 

(Sms1MUT x APPsweWT and Sms1WT x APPsweTg) and the double mutant animals (Sms1MUT x 

APPsweTg) had elevated levels in comparison to Sms1WT x APPsweWT controls (Figure 3.31 C).  

With higher FA chain length the lyso-PC levels of all genotypes analyzed were comparable to those 

of Sms1WT x APPsweWT controls (Figure 3.31 C). Peak values of lyso-PC levels were reached in 

Sms1MUT x APPsweTg animals for the lyso-PCs C16:0 (120.87 ± 7.53%, p=0.1585), C16:1 (133.99 ± 

8.67%, p=0.0094) and C18:2 (130.01 ± 10.82%, p=0.0496; Figure 3.31 C). 

Due to the sex differences in total lyso-PC levels, I also analyzed lyso-PC species for both sexes sep-

arately. In both sexes, the levels of lyso-PCs in Sms1WT x APPsweTg compound animals was lower 

than in Sms1MUT x APPsweWT compound animlas (supplementary Table 10.20 A, B). When these 

levels were compared to Sms1WT x APPsweWT control levels of the respective sex, however, female 

levles of both compound lines were well above those of controls (lyso-PC C16:0 to C20:4; supplemen-

tary Table 10.20 B), while male compound levles were more similar to those of controls (supplemen-

tary Table 10.20 A). The levles of lyso-PC species in double mutant Sms1MUT x APPsweTg males and 

females had a similar pattern in both sexes (supplementary Table 10.20 A, B). Nevertheless, in 

females the peaks at lyso-PC C16:1 (141.59 ± 12.39%, p=0.0474) and 18:2 (134.94 ±  10.33%, 

p=0.0915) were more pronounced in comparison to male peaks (lyso-PC C16:1: 124.48 ± 7.03%, 

p=0.3433; C18:2: 120.15 ± 10.28%, p=0.4850), related to the respective Sms1WT x APPsweWT control 

levles (supplementary Table 10.20 B). 

When female lyso-PC levels per genotype were mapped against male lyso-PC levels, it could be seen 

that both Sms1WT x APPsweWT controls differed most, with the female level well below that of males 

(Figure 3.31 D). The same could be seen for Sms1MUT x APPsweTg animals, while the levels of com-

pound mice (Sms1MUT x APPsweWT and Sms1WT x APPsweTg) were more close to those of male ani-

mals (Figure 3.31 D). 

3.2.2.5 Carnitines 

In comparison to Sms1WT x APPsweWT controls, Sms1MUT x APPsweWT (105.66 ± 1.75%, p=0.0972) 

had the tendency to elevated Carnitine levels. The same was seen for Sms1MUT x APPsweTg mice 

(103.54 ± 1.46%, p=0.0185) in comparison to Sms1WT x APPsweTg animals. Here a significant differ-

ence was reached (Figure 3.31 B). With regard to the different carnitine species Sms1MUT x 
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APPsweWT and Sms1MUT x APPsweTg animals showed elevated levels of species carrying FA chains 

with more than ten carbon residues (Figure 3.31 E). Total intensities of carnitines were rather low, 

therefore these results should be handled carefully. 

3.2.3 DHA/EPA diet reduced hampered weight gain, but did not affect death rates 

 

Figure 3.32: DHA/EPA supplemented diet rescued  hampered weight gain, but did not improve survival of 

Sms1M U T  x APPsweT g  animals .  

(A) Weight increase of  DHA/EPA fed Sms1  x APPsweT g  animals sorted by genotype in comparison to non -fed 

animals  of  the same genotype which were set to 100%. (B) Survival rates of  DHA/EPA fed Sms1  x APPsweT g  

animals .  Combined data form both sexes.  Sms1W T  x APPsweT g  n=6,  Sms1HE T  x APPsweT g  n=10, Sms1M U T  x 

APPsweT g  n=9.  Statistical  analysis  was done by one -way ANOVA with post  hoc  Tukey’s  test .  Data is  presented as 

mean ± SD; p<0.01 # ,  p≤0.05*, p≤0.01**,  p≤0.001***.  

 

As mentioned before, a reduction in MUFAs and PUFAs compared to SFAs was found in mice with 

the Sms1MUT genotype. It is well known, that unsaturated FA are crucial for development and health 

(Kihara 2012). Therefore I wondered if a supplemental diet with omega-3 and omega-6 FA could 

help to improve the body weight gain and life expectancy of the affected genotypes of the Sms1 x 



Results 
Sms1 x APPswe mouse model 
________________________________________________________________________ 

 
146 

 

APPswe mouse line. Due to the fact, that MUFAs and PUFAs play already a role in early develop-

ment and represent an important parameter of mother milk, which is influenced by fatty acid uptake 

by nutrition (Antonakou et al. 2013, Nishimura et al. 2014), I started the feeding experiment already 

with the breeding pair females. They obtained omega-3 FAs (9mg total omega-3 FAs/animal/day) 

in addition to normal diet from the first day of the mating until weaning of the pubs. With weaning 

the pups themselves were fed the FA diet at a concentration of 4.5mg total omega-3 

FAs/animal/day, which was doubled when they reached the age of 4 weeks. 

3.2.3.1 Weight gain 

Body weight gain of the fed animals improved compared to their non-fed controls of the correspond-

ing genotype. All three genotypes had slightly increased body weight at weaning, which declined to 

the level of non-fed controls at the age of 40 to 60 days. From that age onwards, the increase in body 

weight improved and at the age of 90 days Sms1WT x APPsweTg animals reached 91.51 ± 7.56% 

(p=0.0697), Sms1HET x APPsweTg animals 119.01 ± 23.33% (p=0.0301) and Sms1MUT x APPsweTg 

145.93 ± 8.17% (p=0.0155) of the body weight of respective non-fed controls. It is important to no-

tice that animals of the Sms1MUT x APPsweTg genotype, which had the most restricted weight gain, in 

the non-fed cohort, showed the best improvement in weight gain, compared to the other genotypes 

Sms1HET x APPsweTg and Sms1WT x APPsweTg (Figure 3.32 A). 

3.2.3.2 Life expectancy 

Live expectancy in APPswe transgenic animals did not change due to the supplementary feeding of 

omega-3. At the age of 13 weeks survival rates of Sms1WT x APPsweTg animals were 100%, while 

survival rates in Sms1HET x APPsweTg animals were down to 85.71% and in Sms1MUT x APPsweTg to 

50% (Figure 3.32 B). 

Taken together DHA/EPA supplement could rescue the genotype-related hampered weight gain 

observed in animals of the Sms1 x APPswe mouse line, with best results for Sms1MUT x APPsweTg 

animals. Nevertheless, survival could not be increased with supplement diet. 

3.2.4 APP processing 

3.2.4.1 APP cleavage products 

APP and its cleavage enzymes, BACE1, ADAM10 and γ-secretase, are all transmembrane proteins. 

The lipid profile of Sms1MUTx APPsweTg animals was profoundly changed and this change in lipid 

composition is likely to affect plasma membrane functionality, such as formation of lipid rafts and 

vacuoles, lipid-protein interactions and lipid signaling. All of these events are likely to influence APP 

cleavage. To analyze if the lipid composition changes due to Sms1 disruption led to a shift in APP 

cleavage products, I set up an APP profile from brain samples of 8 week old male animals of the Sms1 

x APPswe mouse line (Figure 3.33). In addition BACE1 and γ-secretase activity in brain samples of 8 
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week old male and female animals of this line was measured (Figure 3.34) to asses direct or indirect 

effects of lipid alterations on their enzymatic activity. 

 

Figure 3.33: Amyloid beta precursor protein (APP) cleavage profile revealed a shift towards non-

amyloidogenic processing in Sms1M U T  x APPsweT g  animals .  

(A )  Immunoblot of  DEA-soluble APP cleavage products .  (B) Immunoblot of  RIPA -soluble APP cleavage products 

and BACE1. (C-L) Quantif ication of  immunoblot results  for  (D) total  full  lengths APP. (D) total  soluble  APP, (E-

G) endogenous sAPP-α ,  sAPP-β  including the ir  ratio,  (H -J) α-stub,  β-stub including their  ratio and (K,  L)  

transgene sAPP-α ,  sAPP-β  inc luding the ir  ratio.  Immunoblots were performed on male whole  brain samples ,  n=3 

per genotype,  age 8 weeks.  Statist ical  analysis  was done by one -way ANOVA with post  hoc  Tukey’s  test .  Data is  

presented as mean ± SEM; p<0.01 # ,  p≤0.05*,  p≤0.01**,  p≤0.001***.  

 

In the RIPA fraction isolated from total brain samples, the membrane bound products for the APP 

profile can be found, such as total APP full length, C-terminal fragments (APP-CTF) and BACE1. 

Total APP full length levels were expectedly higher in APPswe transgenic animals (Sms1WT x 

APPsweTg and Sms1MUT x APPsweTg, mean APP full length: 190.03 ± 26.09%), which express endog-

enous App and human APPswe in comparison to APPswe non transgenic animals (Sms1WT x 
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APPsweWT and Sms1MUT x APPsweWT, mean APP full length: 100.00 ± 15.13%, p<0.0001), which 

just express endogenous App (Figure 3.33 B, C). 

Additionally, Sms1MUT x APPsweWT animals had slightly reduced APP full length levels, which were 

down to 79.61 ± 5.76% (p=0.0502) of Sms1WT x APPsweWT control levels. A similar tendency, with-

out significance could be found in Sms1MUT x APPsweTg double mutant mice in comparison to 

Sms1WT x APPsweTg compound mice. Here the total APP full length level 82.00 ± 8.61% of Sms1WT x 

APPsweWT level (p=0.2878; Figure 3.33 B, C). 

After the first cleavage by either BACE1 or ADAM10, soluble APP-beta (sAPP-β) or soluble APP-

alpha (sAPP-α), respectively, can be found to be released from the cellular membrane. These APP 

products could be detected in the DEA fraction. Additionally, the APP C-terminal fragment (APP-

CTF; C99, 16kDa or C83, 7kDa respectively) remains membrane bound and could be found in the 

RIPA fraction of brain protein. The total level of sAPP (sAPP total) was not changed between 

Sms1WT x APPsweWT and Sms1MUT x APPsweWT (Figure 3.33 A, D). 

In APPswe transgenic animals, first of all higher levels of sAPP total were found (mean sAPP total: 

217.66 ± 27.17%) in comparison to APPswe non transgenic animals (mean sAPP total: 100.00 ± 

9.20%, p<0.0001), due to the additional expression of human APPswe and its processing (Figure 3.33 

A, D). Furthermore, a correlation between the reduced levels of APP full length and sAPP total 

could be detected in Sms1MUT x APPsweTg animals. sAPP total was also reduced to 80.89 ± 5.13% 

(p=0.0020) in Sms1MUT x APPsweTg animals compared to Sms1WT x APPsweTg compound mice, which 

reflected the reduced APP full length expression in these animals. 

After the cleavage by ADAM10 or BACE1 alpha-stubs (α-stubs) or beta-stubs (β-stubs) remain in 

the cellular membrane, while soluble APP-alpha (sAPP-α) or soluble APP-beta (sAPP-β) are re-

leased, respectively. 

α-stub/APP total ratio was found to be higher in APPswe non-transgenic compared to APPswe 

transgenic animals. Sms1MUT x APPsweWT had an 18.04 ± 11.41% higher, but not significantly differ-

ent (p=0.1666), ratio than Sms1WT x APPsweWT controls. Sms1WT x APPsweTg and Sms1MUT x 

APPsweTg animals, however had lower ratios of 37.79 ± 7.80% (p=0.0002) and 34.99 ± 3.16% 

(p=0.0001), respectively compared to Sms1WT x APPsweWT controls (100.00 ± 12.42%; Figure 3.33 

B, H). These results indicated, that a higher amount of the total APP full length in APPswe non-

transgenic animals, was processed to α-stubs in comparison to APPswe transgenic animals, where a 

lower percentage of the produced APP full length was cleaved in the α-secretory pathway. 

With regard to the β-stub/APP total ratio, contrary results were found. Sms1 x APPsweTg animals 

had higher ratios (Sms1WT x APPsweTg: 335.29 ± 50.70%, p=0.0012; Sms1MUT x APPsweTg: 351.79 ± 
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64.20%, p=0.0007) than Sms1 x APPsweWT animals (Sms1MUT x APPsweWT: 140.47 ± 38.75%, 

p=0.7187) compared to Sms1WT x APPsweWT control animals (100.00 ± 21.66%; Figure 3.33 B, I). 

These higher β-stub/APP total ratios showed a preference in APPswe transgenic animals for the β-

secretory pathway. That shift towards BACE1 cleavage was expected, as the APPswe mutation leads 

to a higher affinity of BACE1 towards APP as its substrate and therefore promotes the generation of 

β-stubs over the generation of α-stubs. 

The preference towards BACE1-mediated cleavage in Sms1 x APPsweTg animals could also be seen in 

the α-stub/β-stub ratio itself. While Sms1 x APPsweWT animals had ratios between 5.88 ± 1.37 

(Sms1MUT x APPsweWT) and 6.82 ± 0.92 (Sms1WT x APPsweWT), representing a higher amount of α-

stubs over β-stubs (p<0.0001). Sms1 x APPsweTg animals had ratios between 0.76 ± 0.7 (Sms1WT x 

APPsweTg) and 0.68 ± 0.07 (Sms1MUT x APPsweTg), pointing to higher amounts of β-stubs over α-

stubs (Figure 3.33 B, J). 

No differences were found within Sms1 x APPsweWT or Sms1 x APPsweTg animals, correlating with 

the Sms1 genotype. 

sAPP-α and sAPP-β were measured with specific antibodies, making it possible to distinguish be-

tween endogenous and transgenic cleavage products. 

Endogenous sAPP-α/total APP ratio was lower in Sms1 x APPsweTg animals (Sms1WT x APPsweTg: 

50.38 ± 3.89%, p=0.0006; Sms1MUT x APPsweTg: 66.11 ± 8.60 %, p=0.0068) than in Sms1 x 

APPsweWT animals (Sms1MUT x APPsweWT: 106.61 ± 10.73%, p=0.7987) compared to Sms1WT x 

APPsweWT controls (100.00 ± 10.48%; Figure 3.33 A, E). The lower levels in sAPP- α/total APP 

ratio in the Sms1 x APPsweTg animals compared to Sms1 x APPsweWT animals reflect the concur-

rence between endogenous APP and transgenic APPswe. From the total amount of APP full length, 

present in these animals, a lower percentage of endogenous APP was processed via the α-secretory 

pathway, as transgenic APPswe competes as a substrate for ADAM10. 

Endogenous sAPP-β/total APP ratio showed a similar pattern as sAPP-α/total APP ratio, with 

Sms1 x APPsweTg animals having a lower ratio (Sms1WT x APPsweTg: 62.25 ± 8.76%, p=0.0210; 

Sms1MUT x APPsweTg: 67.76 ± 7.79%, p=0.0454) than Sms1 x APPsweWT animals (Sms1MUT x 

APPsweWT: 101.72 ± 15.98%, p=0.9980) in comparison to Sms1WT x APPsweWT controls (100.00 ± 

13.80%; Figure 3.33 A, F). I did not find any Sms1 correlated alterations between genotypes. Similar 

to the sAPP- α/total APP ratio these results showed the competition between endogenous APP and 

transgenic APPswe, which resulted in a lower percentage of endogenous APP to be cleaved by 

BACE1.  
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In all four genotypes, the ratio between endogenous sAPP-α and sAPP-β indicated a higher amount 

of sAPP-α produced. Nevertheless a lower sAPP-α/sAPP-β ratio was found in Sms1WT x APPsweTg 

animals (1.10 ± 0.08) compared to Sms1WT x APPsweWT controls (1.36 ± 0.12, p=0.0273). This re-

duction could not be found in Sms1MUT x APPsweTg animals (1.32 ± 0.03, p=0.9335; Figure 3.33 A, 

G). These results could point out, that in Sms1WT x APPsweTg compound mice had a slightly shifted 

processing of endogenous APP towards the β-secretory pathway, which was revoked with the addi-

tional mutation in Sms1. However, this possible observation needs to be clarified further. 

Transgenic sAPP-α and sAPP-β were also measured in Sms1 x APPsweTg animals. In comparison to 

total APP levels there was a 62.82 ± 26.76% higher ratio of sAPP-α/APP total in Sms1MUT x 

APPsweTg double mutant animals compared to Sms1WT x APPsweTg compound mice (100.00 ± 

12.69%, p=0.0379; Figure 3.33 A, K), while there was no difference in sAPP-β/APP total between 

both genotypes (Figure 3.33 A, K). Direct comparison of both soluble products in the sAPP-

α/sAPP-β ratio also showed an elevation of sAPP-α levels in the Sms1MUT x APPsweTg mice (1.53 ± 

0.25), compared to Sms1WT x APPsweTg animals (1.04 ± 0.10, p=0.0583; Figure 3.33 A, L). 

At the age of 8 weeks no endogenous Aβ could be detected in either Sms1WT x APPsweWT or 

Sms1MUT x APPsweWT animals (Figure 3.33 A). In brain samples of Sms1WT x APPsweTg and Sms1MUT 

x APPsweTg animals of the same age small amounts of Aβ were found, with Sms1MUT x APPsweTg 

animals having less Aβ then Sms1WT x APPsweTg. This reduction was not significant (Figure 3.33 A). 

3.2.4.2 Activity of APP processing enzymes 

Due to the hints obtained from the APP profile, that APPswe processing in Sms1MUT x APPsweTg 

animals compared to Sms1WT x APPsweTg animals was shifted to the α-secretory pathway leading to 

higher amounts of sAPP-α, compared to sAPP-β, it should be analyzed whether this shift was linked 

to alterations in secretase activity. Therefore, activities of BACE1 and γ-secretase was measured in 

male and female brain samples, collected at the age of 8 weeks.  
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Figure 3.34: Secretase activity was altered in Sms1 x APPswe animals .  

(A,  B)  Beta s ite APP cleavage enzyme 1 (BACE1) act ivity in (A)  male and (B)  female brain samples .  (C,  D) γ-

secretase activity in (C)  male and (D) female brain samples .  Males :  Sms1W T  x APPsweW T  n=5,  Sms1M U T  x 

APPsweW T  n=6,  Sms1W T  x APPsweT g  n=11,  Sms1M U T  x APPsweT g  n=6;  females :  Sms1W T  x APPsweW T  n=6,  Sms1M U T  

x APPsweW T  n=11,  Sms1W T  x APPsweT g  n=13,  Sms1M U T  x APPsweT g  n=5.  Age 8 weeks.  Statist ical  analysis  was 

done by one-way ANOVA with post  hoc  Tukey’s  test .  Data is  presented as mean ± SEM; p<0.01 # ,  p≤0.05*,  

p≤0.01**,  p≤0.001***.   

 

3.2.4.2.1 BACE1 activity 

Compared to Sms1WT x APPsweWT controls, BACE1 activity in male brain samples was elevated to a 

similar extend, when Sms1 was disrupted, independent on the APPswe background. Additionally, the 

expression of the APPswe transgene led to a slightly higher, but not significantly increased BACE1 

activity compared to Sms1 x APPsweWT animals (Sms1WT x APPsweWT: 100.00 ± 6.45%; Sms1MUT x 

APPsweWT: 118.96 ± 6.70%, p=0.0759; Sms1WT x APPsweTg: 108.68 ± 6.94%, p=0.3866; Sms1MUT x 

APPsweTg: 122.83 ± 7.23%, p=0.0463; Figure 3.34 A). In female samples the elevation of BACE1 

activity with the mutation in Sms1MUT x APPsweTg was also found compared to Sms1WT x APPsweTg, 

however, BACE1 activity was reduced in Sms1WT x APPsweTg compound mice in comparison to 

Sms1WT x APPsweWT control animals (Sms1WT x APPsweWT: 100.00 ± 2.96%; Sms1MUT x APPsweWT: 

102.94 ± 5.46%, p=0.6497; Sms1WT x APPsweTg: 90.23 ± 2.12%, p=0.0278; Sms1MUT x APPsweTg: 

105.91 ± 1.44, p=0.1105; Figure 3.34 B). Although these results were not persistent within sex, they 

give a hint that BACE1 activity might be negatively influenced by Sms1 expression. 
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3.2.4.2.2 Γ -secretase complex activit 

Γ-secretase represents the second step in the amyloidogenic pathway of APP processing, but is also 

responsible for the second cleavage in the non-amyloidogenic pathway. No significant alterations of 

γ-secretase activity in male or female animals on a Sms1 x APPsweWT background were found (male: 

Sms1WT x APPsweWT: 100.00 ± 4.22%; Sms1MUT x APPsweWT: 100.52 ± 5.45%, p=0.9419; female: 

Sms1WT x APPsweWT: 100.00 ± 3.02%; Sms1MUT x APPsweWT: 90.58 ± 4.53%, p=0.1217; Figure 3.34 

C, D). On an Sms1 x APPsweTg background, however, both, male and female data revealed an up 

regulation of γ-secretase activity with the disruption of Sms1 in comparison to Sms1WT x APPsweTg 

compound mice (male: Sms1WT x APPsweTg: 100.00 ± 6.25%; Sms1MUT x APPsweTg: 117.61 ± 4.63%, 

p=0.0660; female: Sms1WT x APPsweTg: 100.00 ± 3.47%; Sms1MUT x APPsweTg: 111.36 ± 1.86%, 

p=0.0366; Figure 3.34 C, D). Without the additional mutation in Sms1, there was a down regulation 

of γ-secretase activity in Sms1WT x APPsweTg animals in comparison to Sms1WT x APPsweWT con-

trols, which reached significance in female animals only (male: Sms1WT x APPsweWT: 100.00 ± 4.22%; 

Sms1WT x APPsweTg: 93.93 ± 6.25%, p=0.4433; female: Sms1WT x APPsweWT: 100.00 ± 3.02%; 

Sms1WT x APPsweTg: 86.68 ± 3.47%, p=0.0199; Figure 3.34 C, D). For Sms1 x APPsweTg animals, 

these results indicated, that Sms1 expression might also facilitate γ-secretase activity. 

3.2.5 pTAU/TAU ratio 

Additionally to the human APPswe transgene endogenous TAU and pTAU levels in the brains of 

Sms1 x APPswe mice were analyzed to check if the changes in the APP processing pathway affect the 

phsophorylation of TAU.  

With an age of 8 weeks, pTAU/TAU ratios were not significantly different between the genotypes 

of the Sms1 x APPswe mouse line.  

 

Figure 3.35: TAU and pTAU levels in the brains of Sms1 x APPswe mice.  

(A) Immunoblot against TAU and pTAU in brain sa mples of  8 week old  Sms1 x APPswe animals .  (B) Relative  

quantif ication of  pTAU/TAU ratios with Sms1WT x APPsweWT set to 100%. Sms1WT x APPsweWT n=3, 

Sms1MUT x APPsweWT n=3, Sms1WT x APPsweTg n=3, Sms1MUT x APPsweTg n=3.  Statist ical  analysis  was  

done by one-way ANOVA with post hoc Tukey’s  test .  Data is  presented as mean ± SEM; p<0.01#, p≤0.05*, 

p≤0.01**,  p≤0.001***.   
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3.2.6 Brain histology of Sms1 x APPswe mice 

As Aβ generation could be detected in Sms1MUTx APPsweTg and Sms1WT x APPsweTg mice, immuno-

histochemical staining was performed to check for possible formation of plaques. I decided to directly 

stain and distinguish Aβ-40 and Aβ-42 positive plaques to analyze possible aggregation differences 

in the Sms1 x APPsweTg animals. Aβ-40 positive plaques were found in Sms1WT x APPsweTg and in 

Sms1MUT x APPsweTg animals. Representative pictures of Aβ-40 plaques found in cortical and tha-

lamic regions are shown in Figure 3.36 A, B. However, when Aβ-40 positive plaques were counted 

Sms1MUT x APPsweTg animals with a mean number of 1.28 ± 0.17 plaques per section had less 

plaques compared to Sms1WT x APPsweTg animals with a mean number of 2.44 ± 0.53 plaques per 

section (p=0.0449; Figure 3.36 E). These results were most significant in the hypothalamic region 

(Figure 3.36 F). Aβ-42 positive plaques were also rarely found, but mostly in Sms1WT x APPsweTg 

animals (Figure 3.36 C, D). Quantification of Aβ-42 positive plaques did not reveal any significant 

alteration between genotypes (Figure 3.36 G). Importantly, the observed Aβ-40 and Aβ-42 positive 

plaques had a rather diffuse structure, missing an aggregation core (Figure 3.36 C, D). Regarding the 

overall low number of plaques counted per section the Aβ pathology should be regarded as minor. 

To check for antibody performance and plaque authenticity Thioflavin-S staining was performed. 

Detected plaques were Thioflavin-S positive (compare supplementary Figure 10.5), underlining the 

results mentioned above. 

In summary the reduction in Aβ-40 positive plaques could contribute to the finding on a possible 

shift towards the α-secretory pathway in Sms1MUT x APPsweTg animals in comparison to Sms1WT x 

APPsweTg animals. 
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Figure 3.36: Aβ-40 and Aβ-42 positive plaques were found in Sms1 x APPsweT g  animals, with a reduction 

of Aβ-40 positive plaques in Sms1M U T  x APPsweT g  mice.  

(A,  B)  Representative immunostaining  of  Aβ-40 posit ive plaques  in the (A)  cortex and (B)  thalamus of  Sms1W T  x  

APPsweT g  and Sms1M U T  x APPsweT g  animals .  (C,  D) Representative immunostain ing  of  Aβ-42 positive plaques in 

the (C) cortex and (D) h ippocampus of  Sms1W T  x APPsweT g  animals .  Scale bars for A-D: 500µm, 100µm and 50µm 

with increasing magnif ication.  (E) Mean number of  Aβ-40 positive p laques  per section.  (F) Mean number of  Aβ-

40 positive plaques per section shown by brain region.  (G) Mean number of  Aβ-42 positive plaques per section. 

Sms1W T  x APPsweT g  n=3,  Sms1M U T  x APPsweT g  n=5,  with 7-10 brain sections  counted per animal.  Age 8 weeks.  

Statist ical  analysis  was done by two -tailed Student’s  t -test .  Data is  presented as mean ± SEM; p<0.01 # ,  p≤0.05*,  

p≤0.01**,  p≤0.001***.  
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3.2.7 Studies on general behavior and memory performance 

 

Figure 3.37: Behavioral studies did not reveal any alterations in memory performance in Sms1 x APPsweT g  

animals at the age of 8 weeks.  

(A-F) Open f ield (OF) results .  (A) Average speed in whole area,  periphery and center zone.  (B) Average resting 

time in periphery and center zone.  (C) Average distance travelled in periphery and center zone.  (D) Average time 
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spent in periphery and center zone .  (E) Average latency to enter center zone. (F) Average number of transits  to 

the center zone.  (G-I) Y-Maze results .  (G) Average number of  arm entries  and performed tr iplets .  (H) Average  

percentage of  spontaneous alterations (SPAs),  al ternate arm returns (AARs) and same arm returns (SARs).  (I )  

Average latency to f irst arm entry.  Sms1W T  x APPsweW T  n=9,  Sms1M U T  x APPsweW T  n=13,  Sms1W T  x APPsweT g  

n=5,  Sms1M U T  x APPsweT g  n=8.  Age 8 weeks.  Data represents results  of  the whole testing period for each test.  

Statist ical  analysis  was done by one -way ANOVA with post hoc Tukey’s  test .  Data is  presented as median ± 

quartiles ;  p<0.01 # ,  p≤0.05*,  p≤0.01**,  p≤0.001***.  

 

The detection of plaques at the age of eight weeks, although without a major Aβ pathology, pro-

voked the question if one would be able to detect behavioral deficits in animals of the Sms1 x APPswe 

mouse line, at this early age. The question was, if these animals show signs of general behavioral 

alterations and especially of memory performance. As there was the need to perform these tests with 

young animals at the age of eight weeks they should be regarded as preliminary results. Open field 

(OF) results showed a higher average speed in Sms1MUT x APPsweWT (21.7cm/s (IQR: 4.6), 

p=0.0507) and in Sms1MUT x APPsweTg (21.4cm/s (IQR: 8.0), p=0.0002) animals compared to 

Sms1WT x APPsweWT (17.1cm/s (IQR: 7.5)) and Sms1WT x APPsweTg (10.7cm/s (IQR: 3.4)) animals, 

respectively, pointing to an alteration of behavior based on the Sms1 mutation. The average speed of 

each genotype except of Sms1WT x APPsweTg animals did again differ between periphery and center 

zone of the OF, with a higher speed seen in the center zone (Figure 3.37 A). Sms1WT x APPsweTg 

animals did not just show the lowest average speed but also had shortest resting times while the OF 

test performance (45.8s (IQR: 21.5)). These reached significance when comparing the center zone 

data (Figure 3.37 B). The relation between genotypes found for the average speed were also reflected 

in the average distance travelled during OF (Sms1WT x APPsweTg < Sms1WT x APPsweWT < Sms1MUT 

x APPsweWT < Sms1MUT x APPsweTg). For all genotypes the distance travelled in the periphery was 

longer than that travelled in the center zone (Figure 3.37 C). The same relation between periphery 

and center zone could be seen for the time spent in the respective area. However, here Sms1MUT x 

APPsweWT (322.8s (IQR: 134.8)) and Sms1WT x APPsweTg (338.5s (IQR: 133.9)) animals spent longer 

time in the center zone compared to Sms1WT x APPsweWT (212.6s (IQR: 85.2)) and Sms1MUT x 

APPsweTg animals (203.8s (IQR: 56.2)), although, these data did not reach significance (Figure 3.37 

D). The average latency to enter the center zone for the first time during the OF test did not differ 

between genotypes (Figure 3.37 E), while the average number of entries to the center zone was 

higher in Sms1MUT x APPsweWT (312 (IQR: 116), p=0.0057) and in Sms1MUT x APPsweTg (249 (IQR: 

48)) animals compared to Sms1WT x APPsweWT (236 (IQR: 91), p=0.0544) and Sms1WT x APPsweTg 

animals (142 (IQR: 36)), respectively (Figure 3.37 F). 

In order to measure memory performance, a Y-Maze test was conducted. The average number of 

arm entries and performed triplets showed similar to the OF test, that Sms1MUT x APPsweTg animals 

had a higher activity and travelled more compared to Sms1WT x APPsweWT animals (Figure 3.37 G). 

However, in comparison to the OF test in the Y-Maze I did not find the correlation between higher 
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activity (average speed and distance travelled or number of arm entries and performed triplets) and 

the mutation in Sms1, as Sms1MUT x APPsweWT animals had similar numbers of arm entries and tri-

plets like Sms1WT x APPsweWT animals (Figure 3.37 A, C, G). Concerning the latency until the first 

arm entry the Y-Maze test verified the results obtained by the OF, with no difference between geno-

types detected (Figure 3.37 E, I). 

Concerning memory performance parameters of the Y-maze no striking differences were found be-

tween the genotypes. The number of same arm return (SAR), was similarly small in all tested geno-

types with average numbers between 1.0 and 2.8 (1.1 to 4.5%; Figure 3.37 H). Interestingly, sponta-

neous alteration performance (SAP), measuring the tendency to enter another arm than the most 

recently visited, was worse in Sms1MUT x APPsweTg (51.04% (IQR: 9.31) compared to Sms1MUT x 

APPsweWT animals (64.00% (IQR: 6.67), p=0.0481), while alternate arm returns (AAR) were ob-

served more often (Sms1MUT x APPsweWT: 36.00% (IQR: 9.91), Sms1MUT x APPsweTg: 49.21% (IQR: 

13.48), p=0.0872; Figure 3.37 H). This points to an effect of hAPPswe expression on memory per-

formance, although no effect was observed between Sms1WT x APPsweTg and Sms1WT x APPsweWT 

animals. 

In total, the higher activity described in Sms1MUT animals was also seen in Sms1MUT x APPsweWT and 

Sms1MUT x APPsweTg animals. Anxiety-like behavior seemed to be reduced in Sms1MUT x APPsweWT 

compared to Sms1WT x APPsweWT animals, but gave controversial results on Sms1MUT x APPsweTg 

animals, as they showed a reduced time spent in the center zone, but elevated number of center zone 

entrances and a longer distance travelled in the center zone. With regard to memory, no major effect 

of Sms1 disruption, which could be connected to Aβ or plaque load observed in the brains of Sms1WT 

x APPsweTg and Sms1MUT x APPsweTg animals, could be detected.  

3.2.8 APP Expression pattern of APPswe in different organs  

There were no major alterations in brains of Sms1 x APPswe animals detected, which could explain 

the early death phenotype. Therefore Sms1 x APPswe animals, which were found dead (post-mortem 

interval < 3h) together with age-matched controls were transferred to the Institute of Pathology for 

pathological investigation by Dr. Frauke Neff. Macroscopic and histological analysis revealed slight 

alterations in heart, lung and liver. Those included dilation of one or both ventricles of the heart, 

hyperemia of the lung and microgranuloma and/or glycogen storage of different severity in the liver. 

However, none of these findings was restricted to Sms1MUT x APPsweTg or could give an obvious hint 

to the cause of death (see supplementary data Table 10.21). 

In an earlier description of the APPswe/Tg2576 mouse model (Kawarabayashi et al. 2001) it is men-

tioned, that the hAPPswe is not just expressed in the brain of these animals, but is also found in 

heart, lung and spleen. Therefore I checked for hAPPswe expression in different organs of the Sms1 x 

APPswe mouse model. 
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Figure 3.38: Tissue specific expression of hAPPswe in the Sms1 x APPswe mouse line . 

(A,  B) Immunoblot against hAPPswe  using the commercial  6E10 antibody and protein samples of  dif ferent organs 

from 8 week old animals of  the Sms1  x APPswe  mouse l ine.  

 

The hAPPswe was found to be expressed in brain, heart and lung, as it was expected from literature 

((Kawarabayashi et al. 2001); Figure 3.38 A, B). Expression was high in heart samples, followed by 

brain and less pronounced in lung samples. However, it is necessary to mention, that HPRT expres-

sion is not equal between the tested tissues, and that comparison of protein amount therefore is not 

straight forward. Different to literature, the expression of hAPPswe could not confirmed in spleen 

samples of the Sms1 x APPswe mouse model. There was also no expression in liver and kidney 

(Figure 3.38 A, B). 

As the differences found in brain samples were not crucial, it should be investigated, wheather 

APPswe processing in one of the other organs was profoundly changed. Preliminary analysis of the 

APP profile in lung and heart in comparison to brain revealed different levels of full length APP to 

be expressed in the analyzed organs (heart>brain>lung), without differences between Sms1WT x 

APPsweTg and Sms1MUT x APPsweTg animals (Figure 3.39 A, B). Immunoblot analysis did not reveal 

any statistical significant differences in expression of BACE1 or ADAM10, APP full length, APP-

CTF or Aβ between genotypes (Figure 3.39 A-F). Nevertheless, 5- to 15-fold higher Aβ levels were 

found in lung and heart compared to the traces detected in the brain samples (heart>lung>brain). 

Additionally, slightly enhanced, but not statistically different, levels of Aβ were found in Sms1MUT x 

APPsweTg in comparison to Sms1WT x APPsweTg animals in both organs (Figure 3.39 A, D). Expres-

sion of the cleavage enzymes differed between the tissues with BACE1 having similar levels in lung 

and heart, while its expression in brain was 5-fold higher. ADAM10 expression wax 2.5-fold higher 

in heart and 4.8-fold to 5.8-fold higher in lung in comparison to brain samples (Figure 3.39 A, E, F). 

The α-stub/β-stub ratio was 2- to 3-fold higher in the heart and more than 10-fold higher in the 

lung compared to the brain (Figure 3.39 A, C). These results correlated with the expression of the 

APP cleavage enzymes of the non-amyloidogenic and amyloidogenic pathway (Figure 3.39 A, C, E, 

F). 
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Figure 3.39: APP profile of lung and heart in comparison to brain samples  

(A) Immunoblot of  APP full  length,  major cleavage products and cleavage enzymes of  lung,  heart and brain pro-

tein samples .  (B-F) Quant if ication of  APP full  length (B) ,  α-stub/β-stub ratio (C),  Aβ  (D),  BACE1 (E) and 

ADAM10 (F) of  lung,  heart and brain samples .  Calnexin was used as house keeping protein.  

Immunoblots were performed on male whole brain samples ,  n=2  per genotype,  age 8 weeks.  Statistical  analysis  

was done by two-tailed Student’s  t -test .  Data is  presented as mean ± SEM; p<0.01 # ,  p≤0.05*,  p≤0.01**,  

p≤0.001***.  
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In summary the analysis of hAPPswe expression and cleavage in organs other than the brain, re-

vealed that expression of the transgene was found in heart and lung and could potentially lead to 

accumulation of Aβ in these tissues. Additionally a high rate of AICD production in these organs 

could alter intracellular signaling and affect transcription as AICD is known to act as a regulator on 

transcriptional level e.g. on enzymes of the SL pathway (Slomnicki and Lesniak 2008, Grimm et al. 

2011b). 

3.2.9 Myelination was altered between Sms1WT x APPsweTg and Sms1MUT x APPsweTg ani-

mals depending on the brain region 

The Sms1 mouse model showed alterations in myelination pattern in the CNS and PNS due to the 

deficit in SMS1. The expression of hAPPswe as a transmembrane protein could additionally alter the 

formation of myelin sheaths. Therefore, the myelination state of Sms1WT x APPsweTg and Sms1MUT x 

APPsweTg animals was investigated. As brain regions for the analysis the cortex and hippocampus, 

representing regions of AD pathology, were chosen. In both genotypes myelin sheaths appeared 

normal in shape (Figure 3.40 A-P). The mean axon diameter in cortex of Sms1MUT x APPsweTg ani-

mals was 0.16 ± 0.07µm smaller in comparison to Sms1WT x APPsweTg animals (2.66 ±0.06µm, 

p=0.0955; Figure 3.40 Q). In hand with a reduced axon diameter, the thickness of myelin sheath was 

decreased from 0.37 ± 0.01µm in Sms1WT x APPsweTg to 0.30 ± 0.01µm in Sms1MUT x APPsweTg 

animals (p<0.0001; Figure 3.40 R). Axon diameter in the hippocampus remained unaffected and was 

accompanied by an increase in myelin thickness (Figure 3.40 S, T). In average hippocampal myelin 

sheaths of the Sms1MUT x APPsweTg animals were 0.03 ± 0.01µm thicker than those of Sms1WT x 

APPsweTg animals (Figure 3.40 T). 

Taken together the disruption of Sms1 affected myelination not only in adult Sms1MUT animals, but 

also in young Sms1MUT x APPsweTg animals. As seen before axon diameter and packing of myelin 

sheaths was altered. However in the brain of Sms1MUT x APPsweTg animals the loss of SMS1 lead to 

brain region specific decrease (as seen in the cortex) or increase (as seen in the hippocampus) of mye-

lin thickness. Thus, region specific brain capacity could be altered, leading to changes in action po-

tential transmission and signaling.  
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Figure 3.40: Axon diameter and myelin sheaths thickness in the cortex were reduced in Sms1M U T  x 

APPsweT g  animals, while in the hippocampus myelin thickness was increased 

(A-P)  TEM images from (A-H) the cortex and (I-P)  the hippocampus of  Sms1W T  x APPsweT g  and Sms1M U T  x  

APPsweT g  animals .  Magnif ication as indicated.  (Q,  S) Mean axon diameter in the (Q) cortical  and (S) h ippocampal  

region of  Sms1W T  x APPsweT g  (n=2) and Sms1M U T  x APPsweT g  (n=2) animals ,  with an average of  170 axons meas-

ured per animal.  (R,  T) Mean myelin thickness in the (R) cortical  and (T) h ippocampal region of  Sms1W T  x 
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APPsweT g  (n=2) and Sms1M U T  x APPsweT g  (n=2) animals ,  with an average of  240 axons measured per animal.  

Magnif icat ion x4000 and x 50000 .  Statistical  analysis  was done by two -tailed Student’s  t - test .  Data is  presented 

as mean ± SEM, p<0.01 # ,  p≤0.05*,  p≤0.01**,  p≤0.001***.  

 

3.2.10 Inflammatory hints 

AD is known to be related in brain inflammation, including microglia activation and release of in-

flammatory factors. 

High levels of IgG were detected in heart samples of Sms1MUT x APPsweTg animals by unspecific 

binding in immunoblots directed against APP derivates (supplementary Figure 10.8 A). To validate 

these findings and get a first overview on immunological reactions additional immunoblots on heart 

samples from animals of the Sms1 x APPswe mouse line were performed in order to specifically de-

tect IgG2b (IgGs are sequestered to the blood by activated B-lymphocytes) and CD3 (a common 

marker expressed on most T-cells) levels. IgG2b levels were highly variant amongst the analyzed 

genotypes. Nevertheless, IgG2b levels suggested an influence of the Sms1 genotype on their levels 

(Sms1MUT x APPsweWT (276.86 ± 51.56%) and in Sms1MUT x APPsweTg animals (488.55 ± 31.60%) in 

comparison to Sms1WT x APPsweWT (100.00 ± 95.94%) and Sms1WT x APPsweTg (184.87 ± 66.29%), 

compare: supplementary Figure 10.8 B, E). CD3, as a common T-cell marker, was just found in mu-

tant genotypes, but not in Sms1WT x APPsweWT animals. No significant differences in protein level 

were detected (supplementary Figure 10.8 B, D, E). 

In Sms1MUT animals a possible alteration of BBB functionality was proposed. Therefore, it should be 

elucidated if the high levels of IgG found in heart samples would also be reflected in the brain due to 

a defect in the BBB. If so, this could lead to neuro-inflammatory processes in animals of the Sms1 x 

APPswe mouse model. To address this question, immunoblotting and quantification of several in-

flammatory markers in whole brain protein lysates was performed. 

The high levels of IgG2b found in heart samples were reflected in the brain. Despite a higher repre-

sentation of IgG2b in the heart of Sms1MUT x APPsweWT animals compared to Sms1WT x APPsweTg, 

the relationship in brain was vice versa. Sms1MUT x APPsweWT reached 158.76 ± 53.31% and Sms1WT 

x APPsweTg 180.99 ± 28.33% of Sms1WT x APPsweWT levels. However, similar to the heart, Sms1MUT 

x APPsweTg (748.47 ± 289.21%, p=0.0692) showed the highest IgG2b levels in the brain in compari-

son to Sms1WT x APPsweWT (Figure 3.41 A, F). 

IgGs represent the most important class of Igs of the specific immune system. During the process of 

an immune response, different IgGs are generated and a so called class switch takes place. The 

switch from IgG3 to IgG2b is triggered by TGF-β, therefore the level of this mediator was meas-

ured in the heart and the brain to elucidate if enhanced levels of IgG2b occur due to an enhanced 

class switch mediated by TGF-β. TGF-β levels in the heart had a high intra-genotype variability, 
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but did not reveal any significant difference between the genotypes (supplementary Figure 10.8 B, 

F). In the brain TGF-β levels were slightly lower in those animals carrying the Sms1 gene trap cas-

sette, but there were no significant differences detected (Figure 3.41 A, E). 

I wondered if the IgG2b levels detected in brain reflect the levels found in heart due to blood remain-

ing in both tissues, upon preparation and protein lysate generation, or if IgG2b was able to enter the 

brain tissue due to a misfunctional BBB. MFSD2A represents a rather recently discovered FA-

transporter expressed in the BBB, regulating the passage of LC-lyso-PCs into the brain, being con-

nected to transcytosis of Igs across epithelial barriers, and being crucial for embryonic development 

and adult maintenance of the BBB (Ben-Zvi et al. 2014, Nguyen et al. 2014, Guemez-Gamboa et al. 

2015). A high abundance of IgG2b could correlate with a higher transcytosis or a partially permeable 

BBB, which could both be credited to alterations in MFSD2A expression. There were no alterations 

in MFSD2A levels in the heart (supplementary Figure 10.8 B, C), which was analyzed as a control 

tissue, but indeed I found reduced levels of MFSD2A in Sms1MUT x APPsweWT (79.94 ± 1.91%, 

p=0.0400) and in Sms1MUT x APPsweTg animals (86.73 ± 2.89%, p=0.0197) compared to Sms1WT x 

APPsweWT, correlating with the observed higher rates of IgG2b (Figure 3.41 A, G). 

To check if reduced expression of MFSD2A would allow the passage of IgG2b through the BBB 

epithelium, immunostaining against IgG2b was performed on brain sections of Sms1WT x APPsweTg 

and Sms1MUT x APPsweTg animals. Results showed clearly more IgG2b positive staining in the brain 

vessels of Sms1MUT x APPsweTg animals, but no infiltration into brain tissue itself (Figure 3.41 B). 

In summary IgG2b levels in the brain correlated just in part with the levels of the heart. Neverthe-

less, in both tissues IgG2b levels were highest in the Sms1MUT x APPsweTg animals. I was not able to 

identify alterations in TGF-β mediated class switch from IgG3 to IgG2b as a reason for IgG2b ac-

cumulation. Furthermore, despite a reduction in MFSD2A levels, IgG2b was restricted to brain ves-

sels, but did not infiltrate the brain tissue of Sms1MUT x APPsweTg animals.  

Inflammation is reflected in the brain by specific activation of microglia. Although, these differences 

did not reach significant levels, CD68 and Iba-1 expression, as two different markers for microglia 

activation showed, that with the expression of the hAPPswe transgene the potential for neuro-

inflammation might be increased, while a disruption of Sms1 could lead to a reduced activation of 

microglia. Thus, Sms1MUT x APPsweWT (88.80 ± 5.03%) and Sms1MUT x APPsweTg animals (95.11 ± 

9.05%) had reduced levels of CD68 in comparison to Sms1WT x APPsweWT (100.00 ± 8.74%) or 

Sms1WT x APPsweTg animals (121.16 ± 4.72%), respectively (Figure 3.41 A, H). Quantification of Iba-

1 gave similar results (Sms1WT x APPsweWT: 100.00 ± 5.18%, Sms1MUT x APPsweWT: 85.10 ± 5.25%, 

Sms1WT x APPsweTg: 115.08 ± 6.15%, Sms1MUT x APPsweTg: 101.93 ± 7.60; Figure 3.41 A, I). 
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Figure 3.41: Inflammatory markers of the brain in Sms1 x APPswe mouse model.  

(A) Immunoblot of  brain samples from 8 week old animals of  the Sms1  x APPswe  mouse l ine using antibodies  

against immunological  markers .  (B) Representative immunostaining against IgG2b on brain sections of  Sms1W T  x 

APPsweT g  and Sms1M U T  x APPsweT g  animals .  Areas of  IgG2b positive staining are indicated (black arrows)  and 

magnif ied .  Scale bars :  200µm and 50µm with increasing magnif ication.  (C) Representative  immunostain ing 

against  CD68 on brain sections of  Sms1W T  x APPsweT g  and Sms1M U T  x APPsweT g  animals .  Scale bar :  200µm.  (D-I) 

Quantif icat ion of  immunoblot results  relative to Sms1W T  x APPsweW T  levels ,  which were set to 100% . Sms1W T  x 

APPsweW T :  n=4,  Sms1M U T  x APPsweW T :  n=3,  Sms1W T  x APPsweT g :  n=3,  Sms1M U T  x APPsweT g :  n=5. Statis ical  

analysis  was done by one -way ANOVA with post  hoc  Tukey’s  test .  Data is  presented as mean ± SEM, p<0.01#, 

p≤0.05*,  p≤0.01**,  p≤0.001***.  
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The reductions in CD68 and even more in Iba-1 were just marginal. Nevertheless, CD68 differences 

reached a statistical trend, when just two genotypes were copared directly. Therefore immunostain-

ing against CD68 was performed. Expression was found in the cortex, the hippocampus, as well as in 

Bergmann glia next to cerebellar Purkinje cells, without any major differences between Sms1WT x 

APPsweTg and Sms1MUT x APPsweTg brain sections (Figure 3.41 C). 

Persistent inflammation is known to upregulate BDNF expression in the brain and to be connected 

to AD pathology (Laske et al. 2006, Faria et al. 2014). Therefore I checked for BDNF protein levels 

and found them to negatively correlate with levels of CD68 and Iba-1, with highest levels detected in 

Sms1WT x APPsweTg animals (123.16 ±3.81%, p=0.0322) compared to Sms1WT x APPsweWT levels 

and a decrease of 18.42 ±4.81% in Sms1MUT x APPsweTg in comparison to Sms1WT x APPsweTg ani-

mals (p=0.0947; Figure 3.41 A, D). 

That a loss of glia cells might be responsible for the lower levels of markers could be excluded by the 

absence of TUNEL-positive cells in brain sections of Sms1 x APPswe animals (data not shown). 

Taken together microglial activation marker analysis could point to a hampered activation of micro-

glia in genotypes of the Sms1 x APPswe mouse line carrying the Sms1 gene trap cassette. Additional-

ly a reduction in BDNF levels in Sms1MUT x APPsweTg in comparison to Sms1WT x APPsweTg animals 

underlines a possible effect of Sms1 disruption on brain inflammation. 

3.2.11 Autophagy alterations in brain and MEFs of Sms1 x APPswe nimals 

Changes in the lipid metabolism of the cell profoundly affect the composition of the cell membrane, 

but also of intracellular membranes and therefore might alter vesicle formation. Formation of vesi-

cles is an important step in several crucial cellular processes, such as vesicular transport, endo- and 

exocytosis and autophagy, which are also tightly connected to AD-relevant protein processing. 

In brain lysates of untreated animals of the Sms1 x APPswe mouse line EEA1, a marker for early 

endosomes, did not show any alteration between genotypes. Especially in Sms1MUT x APPsweTg ani-

mals a high variability was detected (Figure 3.42 A, B). 

LC3II/LC3I ratio and expression levels of p62 represent two different indicators for the autophagic 

flux. LC3I is processed to LC3II with the formation of autophagosomes and incorporated into the 

vesicular membrane. Autophagosomes enclose particles which are primed for degradation. P62 binds 

ubiquitinated/phosphorylated proteins, designated for enzymatic degradation and is taken up into 

lysosomes. Fusion of autophagosomes with lysosomes leads to the formation of autolysosmes, the 

final cellular compartment for enzymatic degradation of redundant protein. It seemed that induction 

of autophagic degradation was higher in Sms1MUT x APPsweTg animals, as the LC3II/LC3I ratio was 

58.47 ± 50.84% higher compared to Sms1WT x APPsweWT (100.00 ± 30.15%, p=0.0197). In addition 

the disruption of Sms1 led to lower levels of p62 (Sms1MUT x APPsweWT: 69.91 ± 9.48%; Sms1MUT x 
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APPsweTg: 61.03 ± 10.94%) in comparison to Sms1WT x APPsweWT (100.00 ± 16.87%, p=0.0291) and 

to Sms1WT x APPsweTg (83.21 ± 7.05%, p=0.0919) animals, respectively (Figure 3.42 A, D, C). 

 

 

Figure 3.42: Alterations in protein expression l inked to autophagy induction and lysosomal degradation 

were detected in the brain of  Sms1 x APPswe mouse line.  

(A) Immunoblot against markers for early endosomes (EEA1),  autophagosomes (LC3II/LC3I) and lysosomes 

(p62) on whole brain protein lysates  of  8 week old animals the Sms1  x APPswe  mouse l ine.  (B-D) Quant if ication  

of  the immunoblot results  relative to Sms1W T  x APPsweW T  l evels ,  which were set to 100%.  Sms1W T  x APPsweW T :  

n=4,  Sms1M U T  x APPsweW T :  n=3,  Sms1W T  x APPsweT g :  n=3,  Sms1M U T  x APPsweT g :  n=6.  Statis ical  analysis  was 

done by one-way ANOVA with post  hoc  Tukey’s  test .  Data is  presented as mean ± SEM, p<0.01#, p≤0.05*, 

p≤0.01**,  p≤0.001***.  

 

A higher induction of autophagy in Sms1MUT x APPsweTg animals, together with a better rate of ly-

sosomal clearance could contribute to an enhanced degradation of redundant intracellular proteins 

and derivates. 

To check for autophagy induction and autophagic flux, MEFs were generated from a Sms1 x APPswe 

breeding. The obtained primary cell lines originating from E13.5 siblings were treated with either 

DMSO as a control or 10µM or 100µM Rapamycin to induce mTOR mediated autophagy. Expres-

sion levels of autophagic markers were checked by immunoblot 4h or 8h after induction. 

After 4h, results showed a lower production rate of LC3I in Sms1MUT x APPsweWT and Sms1MUT x 

APPsweTg MEFs, while the turnover of LC3I into LC3II seemed to be similar between the genotypes 
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(supplementary Figure 10.9). This difference in LC3I generation led to a higher LC3II/LC3I ratio in 

Sms1MUT x APPsweTg with 10µM and 100µM Rapamycin treatment compared to the other geno-

types. In Sms1MUT x APPsweWT this effect was less pronounced, but similar (Figure 3.43 A, D). 8h 

after induction LC3I production was nearly stopped except in Sms1MUT x APPsweWT animals, here 

also still LC3II levels were increasing (Figure 3.43 A, D). 10µM Rapamycin treatment led to an ele-

vation of p62 levels 4h after induction, while 100µM Rapamycin led to a drastic decrease in p62 lev-

els, strongest in Sms1MUT x APPsweTg MEFs, although these findings were similar in MEFs of all 

analyzed genotypes (Figure 3.43 A, C). After 8h, the elevation due to 10µM Rapamycin was only 

seen in Sms1MUT x APPsweWT animals, but a reduction of p62 levels with 100µM Rapamycin treat-

ment was still observed (Figure 3.43 A, C).  

These results of Sms1MUT x APPsweTg MEFs were similar to the results obtained from Sms1MUT x 

APPsweTg brain lysates, with high LC3II/LC3I ratios and a strong reduction in p62 levels. In sum-

mary this could point to a strong induction of autophagy and a rapid degradation process, just as 

seen for the brain samples. Additionally Sms1MUT x APPsweWT MEFs seemed to react slower to the 

autophagy-inducing trigger as other genotypes. 

EEA1 and LAMP1 represent markers for early and late endosomes, respectively and should not be 

directly influenced by induction of mTOR-mediated autophagy. Nevertheless 4h after treatment, 

Sms1WT x APPsweWT and Sms1WT x APPsweTg MEFs reacted to 10µM and 100µM Rapamycin 

treatment with an up regulation of EEA1 and LAMP1 levels. For LAMP1 this up regulation was 

more dosage-dependent in comparison to EEA1 results (Figure 3.43 A, B, E). 8h after induction ele-

vated EEA1 persisted in Sms1WT x APPsweTg MEFs, but were down in Sms1WT x APPsweWT MEFs. 

Additionally Sms1MUT x APPsweWT MEFs showed a highly variable up regulation of EEA1. Differ-

ent to EEA1, LAMP1 levels in Sms1WT x APPsweWT MEFs treated with Rapamycin for 8h remained 

upregulated, but were unaltered or down regulated in Sms1WT x APPsweTg MEFs. Levels of LAMP1 

were also increased in Sms1MUT x APPsweTg MEFs. Again Sms1MUT x APPsweWT MEFs reacted with 

a massive and highly variant increase in LAMP1 levels. (Figure 3.43 A, B, E). 

The time shifted reaction of Sms1MUT x APPsweWT animals could be seen for p62, EEA1 and 

LAMP1, which might point to an altered capability of vesicle formation in MEFs of that genotype. A 

strong reaction in EEA1 and LAMP1 production after Rapamycin treatment was already 4h after 

induction was only seen in Sms1WT x APPsweWT MEFs, which might point to a connection between 

autophagy and endocytosis. As LAMP1 levels were still higher than EEA1 the turnover of newly 

formed early endosomes to late endosomes might be already proceeded 4h after Rapamycin treat-

ment. 
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Figure 3.43: Preliminary data on t ime and dosage-dependent autophagy induction in MEFs obtained from 

breedings of the Sms1 x APPswe mouse line  

Sms1W T  x APPsweW T  (n=1),  Sms1M U T  x APPsweW T  (n=2),  Sms1W T  x APPsweT g  (n=1) and Sms1M U T  x APPsweT g  

(n=4) MEFs obtained from E13.5 l ittermate embryos were treated with DMSO, 10µM or 100µM Rapamycin for 
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4h or 8h,  respectively.  (A) Immunoblot against autophagy mak ers in protein lysates of  treated MEFs with 4h or 

8h incubation times.  (B-E) Quantif icat ion of  immunoblots  with 4h or 8h incubation times relative to DMSO con-

trol ,  which was set to 100%. Data was not statistically analyzed as n -numbers were too small .  Data is  presented 

as mean ± SEM.  
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4. Discussion 

4.1 Sms1 has tissue specific transcripts in mice 

Human and mouse SMS1 is known to be expressed in a large variety of tissues and to have different 

tissue-specific splice variants (Huitema et al. 2004, Yang et al. 2005, Rozhkova et al. 2011). Therefore 

the expression of mouse Sms1 splice-variants in brain and testes samples were analyzed. In brain the 

full length protein coding transcript Sms1_001 was found to be the only splice variant expressed. 

These results differ from previous findings, which describe two different full length protein coding 

Sms1 variants and one shorter variant to be expressed in brain (Yang et al. 2005). Reports on human 

Sms1 mRNA state that the major bulk of mRNA found in brain encodes for the full length protein, 

which is in line with the data on the Sms1 mouse line (Dergunova et al. 2013). Furthermore, it was 

shown recently that circular RNAs (circRNAs) of Sms1 exists in the brain of humans and mice. 

These special variants are thought to be part of the system regulating Sms1 gene functionality 

(Filippenkov et al. 2015). 

In testes three variants could be detected. Sms1_001 and Sms1_004 were found to be prominently 

expressed with comparable levels. The Sms1_002 variant could be detected in traces only. All of 

these splice-variants are protein coding and are known to get translated into the six-pass TMD pro-

tein with enzymatic activity. In former studies, the two described shorter Sms1 variants were shown 

to be most prominent in testes, while just one of two full length protein encoding transcripts was 

detected (Yang et al. 2005). It might be that the different methods (Northern blot and RT-PCR) ac-

count for the discrepancies in detection. The amplification step in RT-PCR could lead to alterations 

in transcription efficiency depending on the sequence. Nevertheless, the long transcripts all encode 

for the six-pass TMD protein found in both analyzed tissues, while the shorter variants encode for 

proteins with yet unknown function and misses the catalytic site for SM synthesis.  

4.2 The intronic gene trap cassette insertion leads to a tissue-specific 

reduction in SMS1 

The Sms1 mouse model is based on a gene trap clone with a random insertion of a β-galactosidase 

cDNA carrying cassette (Schnutgen et al. 2005). The gene trap cassette could be localized in intron 

five after exon three of the Sms1 gene. The intronic insertion did not completely abolish gene expres-

sion, although the main Sms1 promoter is located upstream of the insertion site (Yang et al. 2005, 

Rozhkova et al. 2011 , Rozhkova et al. 2015). Exon skipping or leakiness of the cassette’s polyA could 

be a cause of remaining Sms1 mRNA and protein expression. Furthermore, for human SMS1 it was 

suggested that there are additional tissue-specific promoters located downstream of the gene trap 

cassette insertion site, which may explain remaining expression and differences in expression levels 

between tissues (Rozhkova et al. 2011, Rozhkova et al. 2015). In both tissues, brain and testes, mRNA 
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levels in the Sms1MUT animals were significantly reduced compared to Sms1WT levels. However, re-

maining full length SMS1 protein levels were still at 55% in brain, whereas in testes SMS1 protein 

levels were down to 5.5%.  These differences point out that the Sms1_001 transcript found in brain is 

more stable and efficiently translated. It was indicated by Rozhkova et al. (2011) and other studies 

(Sudarkina et al. 2015), that regulation of human SMS1 expression occurs mainly at the post-

transcriptional, but also on the transcriptional and the translational level, which was verified by 

Filippenkov et al. (2015) through the investigation of circRNAs of human SMS1 and mouse Sms1. In 

this context it was recently shown that in human tissue the expression of SMS1 variants might also 

depend on polyadenylation of intronic regions, leading to the formation of truncated transcripts, 

which account for shorter proteins prone to NMD and represent one mechanism of regulation of 

SMS1 levels (Dergunova et al. 2013). In accordance with previous findings shorter protein variants 

of SMS1 could not be detected by immunoblotting (Sudarkina et al. 2015). 

4.3 The tissue-specific SMS1 reduction is not fully compensated by 

SMS2 

As mentioned before, SMS1 is located in the trans-Golgi apparatus and is therefore responsible for 

the synthesis of the major bulk of SM (Huitema et al. 2004, Yamaoka et al. 2004, Tafesse et al. 2007), 

but it is not the only SM synthesizing enzyme. SMS2 as its isoenzyme is mainly located in the outer 

plasma membrane, where it is responsible for the synthesis of 70% of the local SM (Tafesse et al. 

2007). It is still discussed if, due to activity similarities, its main function is similar to that of SMSr at 

the ER, meaning to participate in monitoring and regulating Cer levels at the membrane to avoid 

apoptosis induction (Vacaru et al. 2009, van Meer and Hoetzl 2010, Tafesse et al. 2014). Furthermore, 

SMS2 is found in a smaller portion in the Golgi apparatus and therefore can contribute to SM de novo 

synthesis from ER derived Cer and PC (Huitema et al. 2004, Tafesse et al. 2007). No enhanced mRNA 

levels of Sms2 in brain or testes could be detected, but a slight elevation of SMS2 protein levels in 

brain, pointing to post-translational regulation or higher stability, as it was also seen for brain SMS1 

(Rozhkova et al. 2011). That disruption of Sms1 does not affect Sms2 mRNA levels was also found in 

liver and macrophages of Sms1 knock-out animals (Li et al. 2012). Whether higher protein levels 

correlate with higher activity of SMS2 was not measured in the Sms1 mouse line. However, SM lev-

els in the brain of Sms1MUT mice were significantly reduced to 55-57% of Sms1WT levels, with a simi-

lar reduction found on APPsweWT and APPsweTg background, while in the testes still 79% of Sms1WT 

SM levels were produced. Pointing out, that SMS2 was not capable to fully compensate the loss of 

SMS1 in neither tissue. An incomplete redundancy between SMS1 and SMS2 was also stated previ-

ously (Tafesse et al. 2007). Tafesse et al. (2007) claimed that in human HeLa cells SMS1 is responsi-

ble for 60-80% of the SMS activity in the cell, while SMS2 takes over the remaining 20-40%. The 

remaining protein levels and the up-regulation of SMS2 levels found in Sms1MUT mice could contrib-

ute to the less severe reduction of SM in these animals. Additionally, the differences need to be treat-
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ed carefully as different cell system or tissue were used for data generation. Furthermore, SM can 

also be produced in three steps from Cer by generation of sphingosine and sphingosylphosphocholine 

as intermediate products, bypassing SMS1 (Sribney 1966, Fujino et al. 1968). This was also noticed 

by Tafesse et al. (2007), who report only a minor reduction of SM levels of about 20%, after treat-

ment of HeLa cells with siRNA against both, SMS1 and SMS2.  

In brain, Sms1MUT showed 67% of Sms1WT SMS1 protein levels remaining but a mean reduction of 

56% in SM levels, while in testes just 6% of Sms1WT SMS1 protein levels were observed, while SM 

levels were still at 79%. These differences might either depend on a tissue-specific enzymatic activity 

of SMS1, or one can state that in the testes, compared to the brain, SMS1 plays a reduced role in SM 

production. Another option would be, that SMS2 is able to compensate better for the loss of SMS1 in 

testes, compared to the brain. 

4.4 Sms1 disruption affects birth rates and survival depending on expression 

of hAPPsweTg 

There were no alterations in birth rates between the different genotypes of the Sms1 mouse line. 

Furthermore, mice of all genotypes had a normal life expectancy. This is controversial to reports 

from Sms1 knock-out animals, which are known to be born at a lower Mendelian ratio and show 

moderate neonatal lethality (Yano et al. 2011, Dong et al. 2012). As described above, depending on 

the tissue, Sms1MUT animals still have 6 to 67% of Sms1WT SMS1 protein levels, and 56 to 79% re-

maining SM, which accounts for the missing effects on birth rates and life span in comparison to 

complete Sms1 knock-out animals.  

Homozygous Tg2576 mice are not viable, thus Tg2576 are grouped in transgene positive and 

transgene negative animals for investigations (Hsiao et al. 1996, King and Arendash 2002). Animals 

of the Sms1 x APPswe mouse line carrying a hAPPswe transgene (APPsweTg) were born with approx-

imately 2/3 reduced Mendelian frequency, with no additional effect of the Sms1 mutation on birth 

rates.  

Tg2576 animals are known to have a reduced life span with 63% survival rates through 19 months of 

age and a most prominent loss of transgene positive animals during the first 6-12 months (King and 

Arendash 2002). With the mating of Tg2576 mice to Sms1 animals this phenotype was amplified. 

Thus, Sms1HET x APPsweTg and Sms1MUT x APPsweTg animals showed higher death rates compared 

to the other genotypes. Highest rates were found in Sms1MUT x APPsweTg animals with just 52-54% 

survival in the first 25 weeks and a mean age at death of 8-9 weeks, depending on sex. Male animals 

were affected stronger than female animals. These results suggest a synergism between Sms1 and the 

hAPPswe transgene or its derivates. In accordance with these results, APP/PS1/aSMase-/- animals 

show early death and other deficits (Lee et al. 2014), linking amyloidogenic processing to SM homeo-

stasis with effects on the life span. Additionally, the higher survival rates of females, point to a sex-
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dependent mechanism which might be based on the altered lipid and energy metabolism between 

males and females (Blaak 2001). 

4.5 Sms1 disruption leads to reduced body weight or weight gain  

Sms1 knock-out animals show reduced growths and body weight (Yano et al. 2011, Dong et al. 2012). 

Assessment of weight in Sms1WT, Sms1HET and Sms1MUTanimals of both sexes could not fully confirm 

these findings. Sms1HET and Sms1MUT had just slightly reduced body weight compared to Sms1WT 

animals of the same sex, at an age between 24 and 67days. Furthermore, the observed weight differ-

ences were not persistent or amplified with age. Nevertheless, the mean weight of Sms1HET or 

Sms1MUT animals never exceeded the mean weight of Sms1WT animals. 

Studies about weight in Tg2576 are partially controversial. Some report no weight differences in 

comparison to wild-type animals at all (d'Uscio et al. 2012), others state minor, not progressing 

weight reduction (Luo et al. 2012), or they show a slight but significant reduction in body weight 

gain positively correlated to age (Ishii et al. 2014). Animals observed in these studies were all be-

tween two and 20 months old. Sms1HET x APPsweTg and Sms1MUT x APPsweTg animals showed re-

duced weight gain between four to 16 weeks of age. Sms1MUT x APPsweTg animals were affected most 

and differences got more pronounced with proceeding age. Although, these data did not reach signif-

icance there is a clear tendency to a genotype- and age-dependent eased body weight gain. The re-

ported and/or observed reduction in weight of Tg2576 and Sms1MUT was less pronounced than that 

observed in Sms1MUT x APPsweTg animals compared to Sms1WT or Sms1WT x APPsweTg controls, 

respectively. Confirming the proposed synergetic effect between the amyloidogenic pathway and the 

SM metabolism and the need for a control of SM levels. 

4.6 Disruption of Sms1 triggers further changes in SL-metabolism, which 

are magnified on a hAPPsweTg background 

4.6.1 Maintenance of Cer homeostasis as an important aspect in the brain of Sms1MUT  

Besides the reduction in SM several other changes in SL content were found in the Sms1MUT brain 

and testes. Cer represents a substrate for SMSs (Huitema et al. 2004) and it was thought to accumu-

late upon SMS1 disruption. However, total Cer levels were 25-35% reduced in brains of female and 

male Sms1MUT, respectively, but were not affected in the testes samples. Thus, a stronger reduction 

in SM levels went hand in hand with a stronger reduction of Cer.  

Cer is known to function as lipid signaling molecule, amongst others leading to cell cycle arrest and 

promoting apoptosis (Spiegel and Merrill 1996, Toman et al. 2002, Tafesse et al. 2014), but also SM 

itself is associated with cell death and apoptosis (Taniguchi and Okazaki 2014). It is therefore likely, 

that transient shifts in the SM/Cer ratio are immediately processed, to prevent any cytotoxic accu-

mulation. Thus, the elevated level of SMS2, measured in the brain, might contribute to the rapid turn 
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over of Cer as soon as it reaches the PM. It might also be that SMSr as specified Cer sensor (Tafesse 

et al. 2014) maintains the amount of this lipid mediator at a tolerated level by direct intervention at 

the ER. Expression levels of additional enzymes involved in the SL pathway and in Cer regulation 

were analyzed in the brain by microarray and TaqMan assays in order to check for specific compen-

satory mechanisms contributing to Cer homeostasis. The lower expression of Smpd2, and CerS4, 

both Cer producing enzymes (Clarke et al. 2006, Mullen et al. 2012), and the upregulation of Asah3 

expression, degrading Cer to sphingosine (Mao et al. 2003, Sun et al. 2008), in microarray analysis 

made them promising candidates for the maintenance of Cer homeostasis upon Sms1 disruption. 

However, these data sets could not be validated by TaqMan assays. Data from brain samples were 

quite controversial and did not deliver persistent results, which would allow a clear statement on 

regulatory enzymatic actions. 

Nevertheless, microarray analysis of brain samples gave several promising hints for new candidate 

genes, which could be affected by a disruption of Sms1. These genes could contribute to alterations in 

the SL pathway. They include Pla1a, which cleaves exclusively PS and lyso-PS at their sn-1 position 

(Sato et al. 1997), thereby potentially altering their content in the plasma membrane and the availa-

bility and release of SFA from these substrates. Importantly, a PS-mediated uptake of Aβ into mi-

croglia for degradation was described by Yuyama et al. (2012), linking Pla1a to AD. PS is amongst 

others implicated in apoptosis and blood coagulation, thus lower Pla1a expression could contribute 

to an upregulation of these mechanisms (Turner et al. 1970, Rimon et al. 1997, Sato et al. 1997, 

Uchida et al. 1998, Nagai et al. 1999, Lentz 2003). Second, Prkaa2, with reduced expression in 

Sms1MUT, represents a subunit of AMPK. AMPK is said to act as an energy sensor for metabolic 

stress and upon activation inhibits HMGCR and ACC by phosphorylation. HMGCR is responsible 

for the formation of mevalonate, by reduction of two hydroxyl methylglutaryl-CoA with NADPH as 

a cofactor. Mevalonate represents the major precursor for the subsequent synthesis of Chol and other 

sterols. ACC with ATP and Biotin as cofactors represents the rate limiting step for the synthesis of 

FAs. It catalyzes the formation of malonyl-CoA, the basis for the FA elongation cycle (Hardie 1992, 

Aguan et al. 1994). Importantly Prkaa2 mRNA reduction was also found in 6 month old 

APPswe/PS1dE9 mice, suggesting a change in energy metabolism prior to the development of ma-

jor AD pathology (Pedros et al. 2014). Another gene involved in FA elongation is Tecr, the third 

candidate gene with higher expression in Sms1MUT. It is responsible for the last of four steps in the 

formation of LC- and VLC-FAs (Das et al. 2000, Moon and Horton 2003). Targeting Sms1 might 

therefore also influence elongation of FAs. 

However, enzyme levels do not necessarily reflect enzymatic activity. Therefore, one would need to 

measure substrate turnover rates of all these enzymes to clearly state how the disruption of SMS1 

triggers compensatory mechanisms of the SL pathway. The quantification of enzyme activities would 

not be possible without isolation and purification of the enzyme in question. Here another problem 
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arises, as enzymatic activity is at least in part dependent on the surrounding membrane composition. 

This was shown e.g. by Silva et al. (2009) analyzing SMase activities in dependence of lipid rafts and 

especially of Chol. Both are important parameters in the Sms1 mouse line and would be altered by 

the isolation process.  

4.6.2 The disruption of Sms1 affects PC species, with specific saturation and elonga-

tion states in Sms1MUT animals 

Besides Cer, PC represents a substrate for SMS1 (Huitema et al. 2004). PC is regarded as a crucial 

lipid for the maintenance of membrane integrity, as it accounts for approximately 40% of all PL in 

most cellular membranes (Klein 2000). Total PCaa levels were found to be slightly elevated in 

Sms1MUT x APPsweTg animals compared to controls without Sms1 disruption, showing a parallel to 

APP/PS1/aSMase-/- animals, in which the disbalance of SM homeostasis evoked PC elevation as 

well (Lee et al. 2014). In Sms1MUT female and/or male brain samples, reduced MUFA/SFA and 

PUFA/SFA ratios of PCaa species compared to Sms1WT were found, while there was no additional 

reduction in the PUFA/MUFA ratio. These ratios were not affected in PCae species. In the Sms1 x 

APPswe mouse line, the PCaa results were similar to those found in the Sms1 mouse line and the 

disruption of Sms1 led to a lower MUFA and PUFA content, with a more pronounced reduction in 

MUFAs. Furthermore, MUFA/SFA ratios of PCaes were significantly reduced, leading to elevated 

PUFA/MUFA ratios for both PCs measured. Thus, Sms1MUT x APPsweWT and Sms1MUT x APPsweTg 

animals were especially deprived of MUFA-PCaa and -PCae content (MUFA<PUFA<SFA). 

Taken together, these data sets could potentially point to altered regulation of desaturases in animals 

with a Sms1 disruption. ∆9-desaturase is responsible for the generation of MUFAs (C16:1 and C18:1) 

from palmitic acid (C16:0) or stearic acid (C18:0), respectively (Kihara 2012). The lack of MUFAs, 

could therefore result from reduced expression or lower activity of ∆9-desaturase. ∆12-desaturase is 

needed for the transformation of oleic acid (C18:1) to linoleic acid (C18:2) the shortest FA of the n-6 

PUFAs. ∆15-desaturase is responsible for the generation of α-linoleic acid (C18:3), representing the 

first n-3 PUFA. For further desaturation steps of n-6 or n-3 PUFA ∆6- and ∆5-desaturase are need-

ed (Kihara 2012). As MUFAs are significantly more reduced than PUFAs, the results would be in 

agreement with an interpretation that the lack in PUFAs might rather result from reduced substrate 

availability, than from altered ∆12- or ∆15-desaturase activity and that the metabolism of generated 

MUFAs to PUFAs could lead to a deprivation of ∆9-desaturase-generated FAs.  

Additionally to specific saturation states, also PC elongation states were selectively altered in 

Sms1MUT animals. The PCaa levels and PCae levels correlated negatively with the FA chain length. 

This shows, that additionally to desaturases also elongases are potentially affected by the disruption 

of Sms1. These effects were background- or age-specific as they could not be reproduced in the Sms1 

x APPswe mouse line. Nevertheless, together with the proposed candidate genes Prkaa2 and Tecr 
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these findings provide additional evidence that SMS1 could be involved in regulation of FA elonga-

tion steps especially for LC and VLC-FAs. 

Lipids with their special head groups and specific FA composition do not only contribute to the 

membrane properties of the PM and cellular organelles such as thickness, fluidity or curvature, but 

also influence TM proteins (Gil et al. 1998, van Meer et al. 2008, Holthuis and Menon 2014). The 

loss of LC-FA containing PCs would lead to reduced thickness and fluidity of membranes, altering 

protein trafficking and embedding of transmembrane proteins. An overall shift in saturation states 

towards SFA containing PCs would result in a more rigid membrane constitution and reduced traf-

ficking, which might be able to balance the loss of SM with its rigidity promoting characteristics. 

The reduction in LC-PCaas on the other hand was positively correlated with saturation state, which 

would render thicker membranes less stable as their fluidity increases (Li et al. 2000, Rawicz et al. 

2000, Zhai et al. 2014). 

4.6.3 Sms1MUT x APPsweTg accumulate PCaa and PCae species which could influence 

inflammation and acetylcholine availability 

PCaas and PCaes differ from another at their sn-1 position. While in PCaas FAs are bound by an 

ester bond, PCaes form an enol-ether bond. Despite this difference, both PCs carry mostly a C16:0 or 

C16:1 or a C18:1 FA residue at their sn-1 position (Vance 1989). 

Total PCaa levels were not changed significantly. Nevertheless, two specific peaks were observed in 

the PCaa profile. PCaa C34:2, C34:3 and C34:4 built up the first peak in Sms1MUT x APPsweTg, this 

reflects an accumulation of C16:0/C16:1 or C18:1 combinations with other unsaturated C16/C18 

FAs. These components represent the major building and energy FAs (Vance 1989). The second 

peak was found in the PCaas C36:3, C36:4 and C36:5. This elevation points e.g to EPA (C20:5, n-3 

FA) combined with C16:0 (reflected in C36:5) and AA (C20:4, n-6 FA) combined with C16:0 or 16:1 

(reflected in C36:4 or C36:5). An elevation of potentially AA containing PCae species (C36:4, C36:5, 

C38:5 combined with C16:0, C16:1 or C18:1, respectively) was also found. PCae C36:4 and C38:5 

additionally could be composed of C16:0 in combination with EPA or DPA (C22:5, n-6 FA), respec-

tively. High levels of AA, EPA and DPA bound in PCaa and PCae species, could serve as a reserve 

pool in lipid signaling and inflammatory response (reviewed by: Yacoubian and Serhan (2007), 

Serhan et al. (2008)). 

PCs are not only used as a substrate for the synthesis of complex SL, but can also be cleaved at the 

sn-2 position, releasing lyso-PCs and a free FA as a byproduct. This cleavage is mediated by cPLA2 

(Farooqui and Horrocks 2006). As the sn-2 position is mostly occupied by unsaturated FAs the in-

creased abundance of several lyso-PC species as it was indicated for Sms1MUT x APPsweTg in compar-

ison to Sms1WT x APPsweWT animals could be linked to the release of free unsaturated FAs. cPLA2 is 

e.g. activated by C1P involving the action of CPTP an C1P transfer protein (Pettus et al. 2004, 
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Simanshu et al. 2013). The generation of C1P might be one way, how Cer levels are kept on a non-

cytotoxic level. Therefore, it might be interesting to measure and compare C1P levels in the different 

genotypes of the Sms1 x APPswe mouse model. cPLA2-mediated release of bound AA, represents the 

rate limiting step for the production of lipoxins and free EPA is processed further to resolvins of the 

E series (RvE; (Serhan et al. 2008)), connecting these lipids to anti-inflammatory processes. Interest-

ingly, it was also shown, that four month of AA and DHA (as a downstream product of EPA) sup-

plemented diet positively influence memory performance in 13 month old Tg2576 animals and that 

additional 6 month of supplemented diet also decreased the burden of SP in these animals (Hosono et 

al., Hosono et al.). Therefore, these alterations in PUFA-containing PCs was of special interest with-

in the Sms1 x APPswe mouse line, as they represent one possible link to AD parameters. 

However, the question remains, if elevated levels of AA, EPA and DPA containing PCs account for a 

greater availability of these PUFAs or if the cleavage by cPLA2 is hampered and these PCs accumu-

late without providing PUFAs to the organism.  

Furthermore, PCaa plays also a crucial role as choline storage for the production of acetyl-choline 

(ACh). ACh, one of the most important neurotransmitters in the brain, is reduced in AD patients and 

was shown to contribute to memory performance in rats (Whitehouse et al. 1981, Whitehouse et al. 

1982, Nyakas et al. 2011, Schliebs and Arendt 2011). The administration of PCaa elevated ACh re-

lease and led to improvement in memory performance in AD mice (Chung et al. 1995). An elevation 

in total PCaa levels as it was seen in Sms1MUT x APPsweWT and in Sms1MUT x APPsweTg males could 

lead to enhanced availability of choline for synthesis of ACh, thus mimicking in part the effect of 

AChE inhibitors, which are often used in AD therapy and are still studied to prevent or resolve AD 

pathology (Duan et al. 2015, Lee et al. 2015, Ye et al. 2015).  

These important aspects give rise to the question, whether the observed lipid alterations affect two 

major pathways related to AD, namely neuronal inflammation and ACh metabolism. ACh metabo-

lism was not further investigated in these animals, but they might represent a model to study the 

impact of lipid alterations on the cholinergic system. 

Interestingly, the most prominently altered PCaes in Sms1MUT x APPsweTg reflect well the altera-

tions found in mean human AD brain samples (Grimm et al. 2011a). In both cases PCae C36:4, C36:5 

and C38:5 were strongly upregulated, while PCae C38:1, 38:2 and 40:2 were the lipid species with 

most reduced levels. Therefore the Sms1MUT x APPsweTg animals can be considered as a good model 

to study AD-relevant changes in PCaes. 
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4.7 EPA/DHA supplemented diet improves weight gain, without influ-

encing life span of Sms1MUT x APPsweTg animals 

As free FAs themselves were not measured, it could not be finally clarified if SFA-, MUFA- and 

PUFA-PCs, as well as the reserve pools of potentially AA-, EPA- and DPA-containing PCaas and 

PCaes were metabolized and free FAs were released, or if the higher levels of these PCaa and PCae 

species represent a lack in processing of these special FAs due to a reduced cPLA2-mediated release 

from the reserve pool. To check if the important PUFAs were lacking and if a supply of these essen-

tial FAs would improve weight gain and survival rates of Sms1 x APPswe animals, these mice were 

fed an n-3 FA diet containing EPA and DHA. DHA is also known to positively influence PLA2 activ-

ity (Rao et al. 2007a). Already during matings females were fed with the supplementary diet, ensur-

ing a sufficient supply of FA during embryogenesis and after birth by maternal milk (Antonakou et 

al. 2013, Nishimura et al. 2014). Subsequently the offspring was supplied with the supplementary 

diet. APPsweTg animals, regardless of their Sms1 genotype, were already born with slightly elevated 

body weight, compared to animals from litters, where the mother did not receive n-3 supplemented 

food. This higher weight was maintained until weaning, when it started to drop continuously until it 

reached the level of non-fed controls at the age of 40 to 60 days. However, with proceeding age, the 

n-3 fed animals gained body weight faster than their controls, with the Sms1MUT x APPsweTg animals 

having the highest difference compared to non-fed animals of the same genotype. This indicates, that 

the supplementation with n-3 FAs is crucial for development and body weight gain in Sms1 x 

APPsweTg animals and is influenced by both, the Sms1 genotype and the APPsweTg background. In 

humans a similar beneficial role of n-3 LC-PUFAs is discussed, however, also controversial data is 

reported (for a review see: Imhoff-Kunsch et al. (2012)). The results indicate, that the observed loss in 

MUFA and PUFA containing lipids contribute for the observed weight phenotype and that 

EPA/DHA supplemented diet enabled the fed animals to overcome the reduction in weight gain 

caused by Sms1 disruption, either through direct availability of EPA and DHA or by promoting 

cPLA2-mediated FA release. 

Although, body weight gain was improved by supplementary feeding of n-3 FAs, the survival of 

Sms1HET x APPsweTg and Sms1MUT x APPsweTg animals was not affected in the first 15 weeks. As a 

higher survival rate with age could not be expected, the feeding experiment was aborted after 15 

weeks. Thus, the early death phenotype caused by the proposed synergistic effect between Sms1 and 

hAPPswe could not be rescued by EPA/DHA supplementary diet, but might rather be caused by 

other effects of Sms1 disruption. 

4.8 Changes in lipid composition lead to altered myelination patterns 

in CNS and PNS 

Besides the total body weight, also brain weight was affected by Sms1 disruption. As the brain, dif-

ferent to other organs, is not directly connected to size and body weight (Herschel 1972), absolute 
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brain weight was analyzed the in Sms1 x APPswe mice without correction for the body weight loss. 

In both Sms1MUT genotypes a reduction in brain weight of about 6.7 to 10.6% in comparison to 

Sms1WT x APPsweWT brain weight was found, or a reduction of 3.7 to 8.1% in comparison to Sms1WT 

x APPsweTg animals. This reduction in weight correlates with the measured reduction of total SM in 

the brain of both Sms1MUT genotypes to 53-57% of Sms1WT x APPsweWT levels, as SM makes up 10% 

of brain lipids (lipidlibrary.aocs.org). 

Myelin is unique amongst the plasma membranes, as its dry weight is made up by an unusually high 

amount of 70-75% of lipids and SM as a crucial component of myelin sheaths is highly abundant in 

the brain. Furthermore, myelin is specifically enriched in plasmalogens, which make up 12-15% of 

myelin lipids, in Chol and in VLC-SFAs (C22:0 – C24:0) (Norton and Poduslo 1973, Morell and 

Jurevics 1996, Imgrund et al. 2009). SMSs represent important enzymes in oligodendrocytes, which 

are responsible for the formation of myelin sheaths. The ratio of SM/Cer in oligodendrocytes is 9:1, 

while in neurons a ratio of 1.5/1 was reported (Kilkus et al. 2008). Consistently, in vitro experiments 

revealed low SMS and high SMase activity in neurons, while in three days old oligodendrocytes ac-

tivities are vice versa (Kilkus et al. 2008). It should be clarified to which extent the observed reduction 

in SM to half of Sms1WT levels and the reduction of MUFAs and PUFAs containing PCaas and 

PCaes affect the myelination pattern in Sms1MUT and Sms1MUT x APPsweTg animals. 

Using Klüver Barrera staining for brains of Sms1MUT animals a changed lipidation pattern with a 

reduction in the cortex and the hippocampus but equal staining intensity in the cerebellum, striatum 

and the OB was discovered. These findings were validated by reduced abundancy of MOG and MBP 

in protein lysates or immunostainings, respectively. MBP, as a major protein in myelin sheaths, 

makes up 8% of all myelin proteins and is thought to mediate the adhesion between the surfaces of 

the myelin layers (Boggs 2006, Jahn et al. 2009). Reduced MBP levels were detected in the hippo-

campus and the nucleus accumbens while the cerebellum, striatum and brain stem seemed unaffected 

by the reduction. The nucleus accumbens was discussed to contribute to memory formation 

(Goldenberg et al. 1999) but is mostly known to regulate the reward system and was found to be 

reduced in volume in late onset AD (Fjell and Walhovd 2010, Pievani et al. 2013) Thus, the mye-

lination pattern was altered in brain areas affected in AD, while areas, which are less affected by AD 

had normal levels of lipidation and of MBP expression.  

Reduction in axon diameter and a reduced myelin thickness was also observed by TEM in the cortex 

of 8 week old Sms1MUT x APPsweTg in comparison to Sms1WT x APPsweTg animals. However, in the 

hippocampus, axon diameter was not altered and myelin sheaths were even slightly thicker. This 

might be connected to higher physical activity levels in Sms1MUT x APPsweTg mice, which is dis-

cussed below, as running exercise was shown to specifically enhance myelination in the hippocampal 

dentate gyrus in 6-month-old APP/PS1 transgenic mice (Chao et al. 2015). It might also be that the 

loss of SM and the accompanied changes in SL homeostasis might have a progressing age-related 
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demyelination effect as it was suggested to happen in AD (Svennerholm and Gottfries 1994, 

Bartzokis 2004, Carmeli et al. 2013). 

An imbalance in the unique lipid composition of myelin could affect its structure and properties, as it 

is known form LSDs. Studies on Krabbe or NPA and diverse animal studies were addressing this 

topic (Chrast et al. 2011). E.g. aSMase knock-out mice, a model for NPC, accumulated SM, GM2 and 

GM3, leading to reduced expression of myelin-associated proteins in the cerebellum and cortical 

regions (Buccinna et al. 2009). In this study the defects were linked to reduced oligodendrocyte me-

tabolism, which might be reflected in the reduced levels of MOG found in Sms1MUT animals, as MOG 

is said to be expressed in oligodentrocytes with remyelination potential (Crang et al. 2004). That SM 

elevation as well as reduction could influence proteins linked to myelination highlights the need for a 

tight control of SM levels in the brain. 

Furthermore, a recent study combining ultra-high-resolution imaging mass spectrometry and in situ 

hybridization revealed that especially SM d18:1/24:1 is found in white matter, due to the specific 

expression of CerS2 in these regions, which selectively provides SMS with its substrate (Sugimoto et 

al. 2015). SM 24:1 levels were reduced in all Sms1MUT genotypes of both mouse lines investigated in 

this study and expression levels of CerS2 in the brain were upregulated in Sms1MUT. This could be 

interpreted as a compensatory mechanism, trying to overcome the myelination deficits, ensuring 

delivery of VLC-SFAs. In line with its expression in highly myelinated regions, CerS2 deficient mice, 

lacking VLC-SFAs have been shown to have myelination deficits and suffer from gradual demye-

lination predominantly in the PNS (Imgrund et al. 2009). In Sms1MUT animals reduced axon diame-

ters were found in the lumbar exon bundles of the PNS and axonal MBP-positive myelin showed a 

less dense packing. Therefore, it would also be interesting to analyze the SM levels and CerS expres-

sion and activity directly in the PNS. 

The results suggest, that the disruption of Sms1 leads to deficits in myelin generation or mainte-

nance. In both mouse models there were no severe effects of these alterations on daily life perfor-

mance, however, Sms1MUT showed reduced fore paw grip strengths, slightly worse motor coordina-

tion and partial reduced nociception. These alterations might be connected to myelination deficits in 

the CNS and PNS. The relevance of this data needs to be investigated in more detail. Myelin sheaths 

should be isolated and analyzed concerning their lipid and protein composition. Furthermore, thick-

ness and isolation parameters of the myelin sheaths should be measured. Thus, electrophysiological 

measurements are suggested to analyze signal conductance in the CNS and PNS. 
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4.9 Is the disruption of Sms1 protective concerning AD pathology of the 

brain? 

4.9.1 The APP level seems to be influenced by Sms1 

Numerous studies have focused on the correlation between membrane lipids and the generation of 

amyloid in AD patients and in mouse models for AD (for a recent summary on human studies see: 

Reitz (2013)). From the latter its known that lipids can influence APP trafficking, cleavage or degra-

dation by direct interaction with relevant proteins or by alteration of lipid raft-mediated processing 

steps (Ehehalt et al. 2003, Cordy et al. 2006, Kim et al. 2006, Fabelo et al. 2012, Hicks et al. 2012, 

Bhattacharyya et al. 2013, Walter and van Echten-Deckert 2013, Fabelo et al. 2014). Furthermore, it 

was shown, that Aβ itself could influence phase separation of lipids, through its interaction with the 

ganglioside GM1, triggering the uptake of those lipid components into Aβ aggregates, leading to 

reduced membrane fluidity (Sasahara et al. 2013) or by influencing Chol and SM metabolism by al-

teration of HMGR or nSMase activity (Grimm et al. 2005). In this way lipids and APP or its cleavage 

products, alter each other, with the ability to crucially change cellular function. To study the effects 

of Sms1 disruption-mediated brain lipid composition changes on the processing of endogenous APP 

and transgenic hAPPswe, the levels of these precursors and their cleavage products, as well as the 

enzymes of the amyloidogenic pathway were analyzed. 

As expected in Sms1 x APPsweTg animals a higher amount of full length APP was detected, due to 

the additional expression of the human transgene. That the elevation is mostly due to higher expres-

sion rates, was shown earlier, as hAPPswe and endogenous APP have approximately the same pro-

cessing rate, although hAPPswe has a tendency to be more stable as 50% of initially generated 

hAPPswe but just 30% of endogenous APP persisted in brain after 23h (Morales-Corraliza et al. 

2009). The current data revealed a 2-fold elevation in full length APP on the protein level in 8 week 

old Sms1WT x APPsweTg in comparison to full length APP levels in Sms1WT x APPsweWT. This eleva-

tion was less than the origninally described 5.6-5.8% in ten to 61 week old Tg2576 animals (Hsiao et 

al. 1996). It might be that the age difference accounts for the inconsistency of APP levels, but it is 

more likely that the different background due the crossing of the Sms1 to the Tg2576 mouse line 

altered protein expression levels, or that ongoing breeding of Tg2576 animals in different facilities 

led to strain specific alterations compared to the original description by Hsiao et al. (1996). 

Sms1 seems to positively influence APP levels, as the levels of the full length protein were 18-21% 

reduced in Sms1MUT x APPsweWT and in Sms1MUT x APPsweTg animals in comparison to their con-

trols not bearing the Sms1 mutation. As TGN-mediated protein trafficking depends on SMS activity 

(Subathra et al. 2011), an altered delivery of APP to the cell surface and back could possibly affect 

APP processing and total levels (Choy et al. 2012). In vitro experiments on Chinese hamster ovary 

(CHO) cells stably expressing hAPP695, however, could not show an altered expression of APP up-

on SMS1 inhibitor-mediated reduction of SM synthesis (Hsiao et al. 2013). It might be that the dif-
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ferent cell type and/or the different promoters controlling hAPP695 expression in both cases ac-

count for the discrepancy (Hsiao et al. 1996, Hsiao et al. 2013).  

sAPP total was found in similar amounts in Sms1WT x APPsweWT and Sms1MUT x APPsweWT animals, 

therefore the reduction mediated by Sms1 disruption was not reflected in this processed product. In 

Sms1WT x APPsweTg and Sms1MUT x APPsweTg animals, the genotype-specific 20% reduction in APP 

total level was still mirrored in the levels of total sAPP. Further comparison revealed 25-33% higher 

levels of sAPP in comparison to the respective APP full length levels. This could be interpreted to be 

in compliance with a reduced clearance rate and therefore a higher half-life of transgene derived sol-

uble hAPP (Morales-Corraliza et al. 2009). 

In summary there are indications that Sms1 influences full length hAPPswe and, to a lesser extent, 

endogenous full length APP levels in a positive manner, which might be connected to TGN altera-

tions. sAPP was processed in a similar rate but seemed to be more stable on in Sms1 x APPsweTg 

animals. 

4.9.2 hAPPswe expression shifts APP processing of towards the β-secretory pathway 

In general, APP can be processed either via the α-secretory (non-amyloidogenic) or the β-secretory 

(amyloidogenic) pathway (compare 1.1.4).  In Sms1 x APPsweWT animals the endogenous APP was 

preferentially processed via the α-secretory pathway. Thus reflecting physiological conditions and 

generating an α-stub/β-stub ratio of 6-7:1. The AD-associated double mutation (K670N/M671L) in 

the hAPPswe leads to a higher affinity of BACE1 towards this substrate, resulting in a 50-60-fold 

increased efficiency of β-site cleavage of hAPPswe compared to wild-type APP (Tomasselli et al. 

2003, Barman et al. 2011). Consistent with this data, the β-secretory pathway was clearly preferred in 

APPswe transgenic mice, leading to an α-stub/β-stub ratio of 0.7-0.8:1. 

sAPP-α/sAPP-β ratios were compared with specific antibodies allowing to distinguish endogenous 

and transgenic APP. Interestingly, for endogenous APP the same shift towards β-cleavage, with a 

20% reduction in endogenous sAPP-α/sAPP-β ratios in Sms1WT x APPsweTg compared to Sms1WT x 

APPsweWT animals was found. Pointing out, that expression of the transgene also impacts processing 

of the endogenous BACE1 substrate. 

4.9.3 Is there an impact of Sms1 disruption on APP processing? 

The endogenous sAPP-α/sAPP-β ratio in Sms1MUT x APPsweTg was comparable to Sms1WT x 

APPsweWT animals, despite a lower ratio found in Sms1WT x APPsweTg. Thus, the reduction in the 

sAPP-α/sAPP-β ratio, evoked by the expression of the transgene, was revoked with the additional 

disruption of Sms1 expression. The same increase in the ratio of about 20% was seen for the trans-

genic sAPP-α/sAPP-β ratio comparing Sms1WT x APPsweTg and Sms1MUT x APPsweTg animals. 
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These results could be interpreted as a Sms1 disruption-dependent shift of APP processing towards 

the α-secretory pathway, while β-secretory cleavage was not affected. 

Overall, Aβ was not detectable in Sms1 x APPsweWT animals and just small amounts were found in 

both Sms1 x APPsweTg genotypes. Between the latter, no significant differences were found. It might 

nevertheless be that differences in Aβ levels became visible or more pronounced, if Sms1 x APPswe 

animals of a higher age would have been analyzed.  

That a reduction in SL levels could influence APP processing in direction of the α-secretory pathway 

without alteration of β-cleavage products was shown by Sawamura et al. (2004), who found that inhi-

bition of SPT in CHO-cells resulted in an elevation of sAPP-α and α-stubs. A tight connection be-

tween SPT and APP was also found by Grimm et al. (2011b), who proposed, that AICD downregu-

lates the expression of the catalytic subunit of SPT. A reduction in SL or SM in particular could thus 

be protective, preventing further processing of APP via the β-secretory pathway. In agreement with 

this hypothesis SPT and SMS1 were found upregulated in a subgroup of sporadic AD patients or AD 

patients without significant neuropathology, respectively (Geekiyanage and Chan 2011, Hsiao et al. 

2013). The data from AD patients revealed, that SMS1 expression is elevated in the hippocampus, 

while it is unchanged in the cerebellum. These findings could be connected to a dose-dependent re-

duction in Aβ levels upon inhibition of SMS1 in CHO cells (Hsiao et al. 2013). In PC-12 cells it could 

be shown that SM promotes the accumulation of Aβ bound to gangliosides, especially GM1 (Yuyama 

and Yanagisawa 2010). These studies provide additional cues for a possible positive effect of Sms1 

disruption on Aβ generation. It might be that lipid alterations precede plaque pathology and that 

regulations in enzyme expression levels promote or delay disease progression.  

The data obtained from the APP profile and the activity measurements of enzymes of the amyloido-

genic-pathway seemed controversial, because Sms1MUT x APPsweTg showed an up regulation of amy-

loidogenic enzymes (BACE1 and y-secretase). ADAM10 and BACE1 protein levels were not altered, 

but its enzymatic activity of ADAM10 was not measured. Thus, it remains to be clarified if the up 

regulation of BACE1 and γ-secretase activity is counter balanced by an increased activity of α-

secretase, which could explain the higher abundance of sAPP-α in Sms1MUT x APPsweTg. 

Another possible explanation would be, that despite a higher activity of BACE1, APP access to this 

enzyme is limited in Sms1MUT x APPsweTg animals, due to their altered membrane composition. If 

one considers an influence of lipid rafts on the APP cleavage, APP could be drifting out of lipid rafts, 

with the reduction in SM and Chol and the accompanying loss of rigidity. If APP is found more in 

the non-raft regions of the membrane, it might be more frequently exposed to ADAM10-mediated 

cleavage and be processed by the non-amyloidogenic pathway (Ehehalt et al. 2003), despite higher 

enzymatic activity of BACE1. Increased Chol levels in NPC-cells contributed to higher colocalization 
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rates of APP and BACE1 in endosomes, increasing BACE1-mediated processing of APP (Malnar et 

al. 2012), while HEK-cells depleted of Chol demonstrated increased APP processing via the α-

secretory pathway due to a 6-fold higher activity of ADAM10, while its expression was not changed 

(Kojro et al. 2001). These interesting results suggest further investigation of APP processing in the 

Sms1 x APPswe mouse. 

4.9.4 Sms1 x APPsweTg animals develop diffuse plaques early in life and a reduced 

number of Aß-40 positive plaques with the disruption of Sms1 

At 8 weeks of age no plaques were expected in Tg2576, which are known to develop plaques with 6 

month of age (Kawarabayashi et al. 2001). Nevertheless, Aβ could be detected by immunoblotting 

and both Aβ-40 and Aβ-42 positive plaques were present in brain sections of Sms1 x APPsweTg ani-

mals. Detected plaques had a diffuse structure, often missing an aggregation core. These kind of 

plaques are also detected in human AD brains (Alafuzoff et al. 2008) and represent an early stage of 

plaque development (Griffin et al. 1995). Interestingly, plaques did not mainly appear in cortical or 

hippocampal regions, where they would have been expected due to the expression pattern of 

hAPPswe under the hamster prion promoter (Irizarry et al. 1997). 

Aβ-42 positive plaques formed very rarely and were not changed in number between genotypes. It 

was shown, that soluble Aβ-42 activates nSMase leading to reduction in SM (Grimm et al. 2005). As 

no significant alteration in the number of Aβ-42 plaques was found an additive effect of this APP 

cleavage product on SM levels was not expected. Aβ-40 positive plaques were reduced in Sms1MUT x 

APPsweTg. If this reduction can be connected to the elevated sAPP-α/sAPP-β ratio in Sms1MUT x 

APPsweTg mice is not clear. 

It would be worth to have a deeper look on plaque analysis including Chol alterations in the Sms1 x 

APPswe mouse model, as this sterol plays an important role in membrane structuring, regulation of 

AD-enzyme activities, substrate mobilization and processing (Simons et al. 1998, Kojro et al. 2001, 

Grimm et al. 2005, Grimm et al. 2008, Fantini and Yahi 2010, Kosicek et al. 2010, Liu et al. 2010, 

Malnar et al. 2012). Chol is known to accumulate around senile plaques (Panchal et al. 2010) and to 

be connected to Aβ generation. Elevated Aβ40 results in reduced HMGR activity, thereby reducing 

the synthesis of Chol, but in turn the inhibition of HMGR also leads to reduced Chol and hence re-

duced Aβ formation (Fassbender et al. 2001, Grimm et al. 2005). Reduced Chol could shift lipid-raft 

mediated APP cleavage in a protective manner, evoking redistribution of proteins, altering endocy-

tosis and elevating ADAM10 levels (Simons et al. 1998, Kojro et al. 2001, Harris et al. 2009, Marquer 

et al. 2011). Thus, there might be a possible additive effect of shifted Chol levels and changed SM 

levels, which could be investigated in aged Sms1HET x APPsweTg animals. 
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4.9.5 Memory performance is not altered between the different genotypes of the 

Sms1 x APPswe mouse line 

It was of interest, if the detected alterations in APP processing and plaque formation would be re-

flected on a behavioral level. Therefore, a Y-maze test was set up in order to check for memory per-

formance of animals of the Sms1 x APPswe mouse line. Tg2576 are known to show altered perfor-

mance in the Y-maze test, although they do not show widespread cognitive deficits (King and 

Arendash 2002). However, due to the early death phenotype behavioral testing had to start at a ra-

ther early age of 7.5 weeks, rendering results rather indicative then clear-cut.  

No major alterations in spatial memory performance were found in animals of the Sms1 x APPswe 

mouse line. The number of SARs, was not altered between the genotypes. SAP was worse in 

Sms1MUT x APPsweTg compared to Sms1MUT x APPsweWT, but not in Sms1WT x APPsweTg compared 

to Sms1WT x APPsweWT. Tg2576 show reduced SAP at 9-10 months of age (Hsiao et al. 1996). At an 

age of 9-10 month, equal memory deficits were seen in the Morris Water Maze. Here Tg2576 were 

also tested at 3-6 months of age, with no deficits compared to wild-type animals (Hsiao et al. 1996). 

These results show the age-dependent decline in memory performance in Tg2576 mice and explain, 

why there was no strinking and persistant alteration detected in Sms1 x APPswe animals at an early 

age of 7.5 weeks. 

Nevertheless, it would be of interest to see if the disruption of Sms1 and the changed lipid composi-

tion in brain has an effect on memory performance and amyloid generation in later periods of life. 

Therefore studies should be continued with Sms1HET x APPsweTg animals, which have a higher life 

expectancy. Spatial and social memory as well as brain structure and pathology should be assessed in 

those animals. Furthermore, conditional Sms1 knock-out animals might provide a promising tool to 

study the impact of a disrupted SL-homeostasis on AD relevant parameters and behavior. 

4.10 Do Sms1MUT and Sms1MUT x APPswe animals show indications 

related to a “healthier life style” in humans with respect to AD 

risk? 

4.10.1 Sms1MUT and Sms1MUT x APPsweTg animals show a higher physical activity rate 

With respect to AD, frequent exercise is discussed to be preventive against development of dementia 

(Loprinzi 2015, Tapia-Rojas et al. 2015, Williams 2015). Sms1MUT and Sms1MUT x APPsweTg animals 

showed a higher level of locomotor activity and higher speed in the OF in comparison to Sms1WT or 

Sms1WT x APPsweWT, respectively. The Y-maze test underlined the previously seen changes in be-

havior, such as enhanced locomotion and reduced anxiety-like behavior detected by the OF test. Cor-

relations between these two behavioral tasks especially in young animals were also seen by 

(Arendash and King 2002), who analyzed correlation parameters of different behavioral tests in 
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Tg2576 animals at different ages. To my knowledge, there are no studies, reporting about locomotor 

activity in Sms1 knock-out animals so far.  

The higher levels of activity might have attenuating effects on the development of an AD-like pheno-

type in animals of the Sms1 x APPswe mouse line. Thus, the level of exercise potentially could corre-

late negatively with amyloidogenic processing of APP and Aβ40 plaque counts. Additionally, as dis-

cussed above voluntary running could contribute to the observed thicker myelin sheaths in the hip-

pocampus of Sms1MUT x APPsweTg animals. 

4.10.2 Sms1MUT show altered stress-coping behavior 

Standard behavioral testing showed additionally to higher locomotor activity higher exploratory 

activity in Sms1MUT animals, measured by the number of rearings. Sms1MUT animals were calmer and 

less anxious compared to Sms1WT, when handled in their home cages. This was reflected in a longer 

distance travelled in the center zone of the OF and a smaller latency to the first entry in the center 

zone, indicative of reduced anxiety-related behavior. Thus, Sms1MUT appear less anxious and more 

tolerant to stress compared to their Sms1WT controls, which might be beneficial with respect to AD, 

as chronically high stress levels are thought to enhance the risk of disease development (Machado et 

al. 2014, Huang et al. 2015). 

The HPA axis is the main endocrine system regulating a stress reaction (Smith and Vale 2006, 

Papadimitriou and Priftis 2009). Briefly, on perception of a stressor corticotrophin-releasing-

hormone (CRH) and Vasopressin, generated by neuroendocrine neurons of the hypothalamic para-

ventricular nucleus (PVN), are secreted by the neurosecretory nerve terminals of the median emi-

nence and released via the portal blood vessels to the pituitary gland. Here they bind to specific re-

ceptors (corticotrophin-releasing-hormone receptor (CRHR1; (Vita et al. 1993)) and vasopressin re-

ceptor 1b (V1B; (Hernando et al. 2001)) and trigger the release of adrenocorticotrophin releasing 

hormone (ACTH) from the anterior lobe (Vale et al. 1981, Rivier and Vale 1983). ACTH is one of 

several peptide hormones generated form the prohormone pro-opiomelanocortin (POMC) by subse-

quent cleavage (Lacaze-Masmonteil et al. 1987, Raffin-Sanson et al. 2003). ACTH is distributed by 

the blood stream and functions as an endocrine hormone. It binds to the adrenocorticotrophic recep-

tor (MCR, encoded by the Mc2r gene) located in the adrenocortical zona fasciculata (Mountjoy et al. 

1992, Schioth et al. 1996), leading to steroidogenesis and CORT release from the adrenals into the 

blood circulation (Walker et al. 2015). Here CORT is bound by albumin and the corticosteroid bind-

ing globulin (CBG) and is transported to target organs and tissues, to elicit specific stress reactions 

on a metabolic or cardiovascular level (Slaunwhite and Sandberg 1959, Pardridge and Mietus 1979). 

CORT is also transported back to the brain, where (if it is not bound to CBG) it is able to pass the 

BBB (Pardridge and Mietus 1979) and to act as an agonist for two different kinds of steroid recep-

tors, which trigger the negative feedback response, namely mineralocorticoid receptors (MR, encod-

ed by Nc3r2) and glucocorticoid receptors (GR, encoded by Nc2r1) (Arriza et al. 1988). GRs are 
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abundant in brain with highest levels in the hippocampus, septum, cortical and thalamic regions, 

while MRs are mainly found in the hippocampus and the lateral septum (Reul and de Kloet 1985, 

1986). Both receptor types regulate CORT-mediated negative feedback on the HPA-axis. MRs, with 

a five to ten times higher affinity to CORT are thought to mediate the circadian feedback regulation, 

while GRs get occupied if CORT levels rise in the brain and therefore take over the negative feed-

back regulation in a stress reaction (Reul and de Kloet 1985, 1986). 

The SRT tests underlined the observation of an altered stress-coping behavior in Sms1MUT animals. 

Interestingly, a high elevation in CORT levels was found in the Sms1WT control animals 15min after 

the initial blood taking, but without receiving restraint stress, while CORT was just slightly higher 

in Sms1MUT animals. This could be interpreted in three different ways; 1) Sms1MUT animals are re-

stricted in the synthesis or release of CORT upon perception of a stressor; 2) Sms1MUT perceive the 

first blood taking as a less stressful event compared to Sms1WT animals, underlining a reduced anxie-

ty-related and reduced stress perception phenotype of Sms1MUT, which might correlate with the ob-

served reduction in nociception in these animals; 3) CORT levels in Sms1MUT rise comparable to 

Sms1WT, but drop faster, converging basal levels after 15min already. In that case one could also 

postulate a better coping with restraint stress in Sms1MUT animals. 

As CORT is lipophilic, it cannot be stored inside the adrenal glands, but on demand, is rapidly syn-

thesized from Chol upon its translocation into the mitochondria (Lin et al. 1995, Arakane et al. 1997). 

There were no major persistent alterations in the adrenal zona fasciculata, which could point to an 

altered synthesis of CORT. Furthermore, the perception of 15min restraint stress led to comparable 

elevation in CORT levels in Sms1WT and Sms1MUT animals, eliminating the first hypothesis on al-

tered CORT synthesis and/or secretion. The similar CORT levels were also reflected on the behav-

ioral level, where genotype dependent locomotion and anxiety-related parameter detected previously 

persisted between Sms1WT and Sms1MUT animals after perception of restraint stress. 

As, with extended duration of restraint stress, two hours after the initial blood taking Sms1WT and 

Sms1MUT CORT levels of the control groups were back to base line, we could state that after a mild 

stressor, such as handling accompanied by blood taking, Sms1MUT animals either do not show a rise 

in CORT levels or drop their CORT levels within 15min, while Sms1WT animals show a more sensi-

tive stress reaction, or a slower negative feedback. In both cases Sms1MUT animals could be consid-

ered to be more stress-resistant.  

A higher protein level of total brain GR and a higher expression levels of MR in the hippocampus of 

Sms1MUT could be one reason for the described observations. MRs regulate the diurnal rhythm of 

CORT and have a high affinity for this steroid (Reul and de Kloet 1985, 1986). A higher expression 

could lead to a faster feedback regulation, lowering CORT levels in response to small fluctuations. 

GRs on the other side have a lower affinity for CORT and take over the negative feedback reaction 
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in response to stress, when larger amounts of CORT reach the brain and MRs are already saturated 

(Reul and de Kloet 1985, 1986, Arriza et al. 1988). Similar to the studies by Reichardt et al. (2000) 

and Ridder et al. (2005), this overexpression of GRs could lead to a faster drop in CORT levels after 

perception of a stressor. This could explain the observed differences in CORT down regulation in 

Sms1MUT mice after perception of stress by handling and blood taking or by fixation in course of the 

SRT. However, GR overexpressing mice are also known to have lower basal serum CORT levels 

(Reichardt et al. 2000, Ridder et al. 2005), which was not observed in Sms1MUT animals, showing that 

GR upregulation alone is not enough to explain the observed differences. 

 

 

Figure 4.1: Hypothalamus-Pituitary-Adrenal axis signaling  
Upon perception of  an external stress the HPA-axis  gets activated (green arrows).  CRH triggers the release of  
ACTH from the pituitary,  wich is  distr ibuted by the blood stream and binds to MC 2R in the adrenal cortex. 
Upon binding CORT is  released to the bloodstream, and tr iggers the systemic stress reaction.  CORT is  bound to 
CBG, when released to the blood and gets transported to the  BBB. Here MDR -1 is  a major  transporter responsi-
ble for the regulation of  CORT in the brain,  due to eff lux regulat ion.  The negative feedback regulation mediated 
by CORT (red arrows) can be tr iggered at the level  of  the pituitary gland,  the hypothalamus or the hippocampu s.  
Here CORT can bind to two dif ferent kinds of receptors ,  MR and GR, regulating diurnal or stres s-related activa-
tion of  the HPA-axis .  
Adenocorticotroph hormone (ACTH),  blood -brain-barrier  (BBB),  cort icosterone binding globulin (CBG),  Cort i-
costerone (CORT),  cort icotrophin releasing hormone (CRH),  glucocort icoid receptor (GR),  hypothalamus-
pituitary-adranal axis  (HPA-axis) ,  melanocortin 2 receptor / adrenocorticotrophic receptor (MC2R),  multidrug 
resistance protein 1 (MDR-1),  mineralocorticoid receptor (MR),  paraventricular nucleus (PVN).  
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It could not be definitely excluded, that CORT levels did not rise at all in Sms1MUT after handling 

and the initial blood taking. A missing reaction could be due to altered signaling upstream of CORT 

synthesis and release. Reichardt et al. (2000) showed that overexpression of GR had such effects, by 

lowering CRH and POMC levels 2 to 3-fold, respectively, leading to reduced ACTH immunoreactiv-

ity in the pituitary gland without alteration in pituitary structure. In agreement with that study 

normal histological appearance of the pituitary gland was observed and reduced ACTH in the inter-

mediate and anterior pituitary lobe, but higher pituitary Pomc mRNA levels were detected. This 

could be an indication for an altered processing of POMC in the Sms1MUT animals. Together with 

reduced adrenal expression levels of Mc2r, these might point to restricted stress signaling in 

Sms1MUT animals and the need for a stronger trigger/stressor to elicit HPA-axis signaling. Fur-

thermore, MC2R-mediated activation of steroid synthesis and release is not just dependent on pure 

expression levels, but can be modulated in its sensitivity. Clark et al. (2003) proposes, that this could 

be achieved by the colocalization of MC2R with PKA in lipid rafts. PKA phosphorylates and there-

fore activates HSL, responsible for cholesterol synthesis and StAR, mediating Chol import to mito-

chondria. MC2R-mediated action of ACTH is additionally modified by internalization of the receptor 

(Clark et al. 2003). However, absent or strongly hampered MC2R signaling should be reflected in 

high levels of circulating ACTH with very low levels of secreted mineralo- or glucocorticoids, as it is 

known from MC2R knock-out animals or MC2R mutations in familial glucocorticoid deficiency 

(Chida et al. 2007, Chan et al. 2008), which were not found in Sms1MUT animals. Nevertheless, altered 

membrane composition could affect MC2R colocalization with PKA and its internalization character-

istics, contributing to altered HPA signaling parameters. 

In fact, based on current results, altered sensitivity of the HPA-axis is proposed, with higher basal 

CORT levels, leading to increased arousal and basal activity levels and a faster down regulation of 

CORT in response to a stress-reaction, possibly contributing to a more stress-resistant phenotype in 

Sms1MUT animals. 

Overall one could say that 2h of restraint stress affected behavior only in Sms1WT animals, elevating 

distance and speed of locomotion as well as number of rearings. That Sms1MUT animals are not af-

fected in their behavioral performance despite elevated blood CORT levels underlines again an al-

tered stress-coping behavior between Sms1WT and Sms1MUT mice. Either additional stress signaling 

could not alter stress-related behavior anymore, due to saturation, or it outlines a more stress re-

sistant phenotype of Sms1MUT animals. 

Measurement of MDR-1 levels in the brain showed an elevation in Sms1MUT compared to Sms1WT. 

MDR-1 or Pgp-1 belongs to the family of ATP-dependent ABC-transporters (Juranka et al. 1989). It 

is amongst others found in the BBB where it is responsible for the efflux of several substances includ-

ing CORT from the brain (Wolf and Horwitz 1992, Uhr et al. 2002, Muller et al. 2003, Mittapalli et 

al. 2013), although, the transport of CORT is discussed controversially (Karssen et al. 2001).  In case 
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of MDR-1-mediated CORT transport, elevated levels of MDR-1 could alter HPA-axis signaling 

under basal conditions, by hampering CORT transit via the BBB and the subsequent binding to the 

steroid receptors (Uhr et al. 2002, Muller et al. 2003). This could explain higher basal blood CORT 

levels and behavioral activity, which was found in Sms1MUT animals. Despite higher MDR-1 expres-

sion, a massive rise in CORT upon perception of a stressor would be mirrored in the brain, as MDR-

1-mediated efflux might not be able to compensate. In this case, the high density of steroid receptors, 

especially GRs, observed in the Sms1MUT brain, would lead to a fast mediated negative feedback re-

sponse, rapidly down regulating HPA-axis signaling rendering Sms1MUT animals more stress-

resistant (Reichardt et al. 2000, Ridder et al. 2005). 

To clarify this topic further, one would have to set up another SRT experiment with a shorter recov-

ery period, measuring CORT levels five or ten minutes after initial blood sampling, to check for 

CORT rise or rapid decrease. Additionally a dialysis set up to follow stress-induced blood and brain 

levels of CORT in a time-dependent manner could help to elucidate further questions, such as altered 

CRH/Vasopressin signaling and differences in ACTH release. Interestingly MC2R was also found to 

be of importance in mediation of the general lipolysis pathway in adipocytes, where shRNA targeting 

led amongst others to increased AA levels but in parallel to reduced desaturase expression, resulting 

in lower MUFAs level (Betz et al. 2012). These results render this receptor and other components of 

the HPA-axis promising candidates for further studies on lipid pathways and stress reactivity in the 

Sms1 mouse line. Beyond that, the proposed higher stress-resistance of Sms1MUT represents a crucial 

aspect for additional studies in the Sms1 x APPswe mouse line, concerning the often discussed corre-

lation between stress-sensitivity and AD risk (Gottfries et al. 1994, Nasman et al. 1995, Pomara et al. 

2003, Rothman and Mattson 2010). 

4.11 hAPPswe is also expressed in lung and heart of APPsweTg 

mice 

As suggested in earlier studies, hAPPswe was found to be expressed not only in the brain, but also in 

heart and lung (brain>heart>lung), while a previously described expression in the spleen could not 

be confirmed (Kawarabayashi et al. 2001). Additionally, as stated before, the endogenous APP pro-

cessing enzymes were expressed in different intensities in those organs (Marcinkiewicz and Seidah 

2000). In situ expression data in P4 pups was similar to our results obtained by immunoblotting of 

samples from 8 week old mice for BACE1 (brain>heart=lung), but differed for ADAM10 

(lung>heart>brain), where at P4 staining intensities were highest in the brain, followed by the lung 

and almost not detectable in the heart (Marcinkiewicz and Seidah 2000). 

Enzymatic cleavage gave rise to APP degradation products such as stubs and Aβ. With regard to 

Aβ, levels in lung and heart were between 5 to 20-fold higher compared to the brain. Although geno-

type differences did not reach significance, our data suggested that amyloid production could be en-
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hanced in Sms1MUT x APPsweTg in comparison to Sms1WT x APPsweTg animals in an organ-specific 

manner. 

With a disruption of Sms1, processing of hAPPswe seems to result in overproduction of Aβ in heart 

and lung. In general, an accumulation of protein cleavage products could affect systemic functions 

leading to early death. The investigations on expression and cleavage of hAPPswe in lung and heart 

were just preliminary. Nevertheless, it would be interesting to study Aβ deposition and related organ 

function in those tissues with a higher number of animals and additional methods, to elucidate if the 

disruption of Sms1 functions as a trigger to shift the anyway high production of Aβ in lung and heart 

of Sms1WT x APPsweTg animals to a critical level, causing organ failure.  

Vascular diseases like stroke and heart disease are also regarded as a risk factor for sporadic AD 

(Sparks et al. 1990, Soneira and Scott 1996, Knopman et al. 2001, Cermakova et al. 2015). The rele-

vance of SM in heart disease is discussed controversially. In a multi ethnic study by Yeboah et al. 

(2010) elevated plasma SM levels could not be associated with a higher risk for coronary heart dis-

ease (CHD). Other studies, however, report high SM levels to be a risk factor for CHD and left ven-

tricular systolic dysfunction. (Chatterjee et al. 2006, Chen et al. 2011). With respect to these studies, 

the mutation in Sms1 would be rather protective than contributing to the development of heart dis-

ease. However the reduced MUFA/PUFA content observed with the Sms1 disruption were not tak-

en into account and moreover increased SM could point towards different dietary habits. It was also 

found that major changes of phospholipid and triacylglycerol content, including shifts of saturation 

states of these lipids, occur during postnatal heart development in the rat (Novak et al. 2006). An 

alteration of phospholipid and FA availability due to the mutation in Sms1 might therefore affect 

already the development of the heart, leading to defects and failure in later life. 

Sms1MUT animals had higher heart weight relative to body weight and a reduced diastolic posterior 

wall width in males, but no functional alterations have been observed. The weight increase was not 

detected in animals of the Sms1 x APPswe line, but all of the examined Sms1MUT x APPsweTg animals 

showed a dilatation of the right ventricle. Importantly, this was also seen in some of the other geno-

types. Therefore the relevance of these subtle changes in the Sms1 x APPswe mouse line is question-

able. To elucidate whether Sms1MUT x APPsweTg animals suffer from Aβ-mediated heart failure con-

tributing to the premature death phenotype would be of major interest. This question could be ad-

dressed further by studies on heart morphology, function and resilience, which could be done by 

immunostaining and echocardiogramms. 
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4.12 Sms1 seems to be involved in regulation of the immune sys-

tem and the autophagic flux 

4.12.1 Sms1MUT animals suffer from age-dependent splenomegaly  

It is said that, due to its localization at the plasma membrane, SMS2 rather than SMS1 is involved in 

cytokine-mediated inflammatory response (Gowda et al. 2011). However, studies on Sms2 and also on 

Sms1 provided evidence for the importance of both enzymes in either the regulation of viral infection, 

such HIV-1 membrane fusion (Hayashi et al. 2014), or in alteration of T-cell (Dong et al. 2012) or 

macrophage function (Liu et al. 2009a, Li et al. 2012).  

The spleen represents one of the most important organs of the immune system. It is responsible for 

the synthesis of lymphocytes and the storage of red blood cells and platelets, but also for the removal 

of disused blood cells (Song 1974). Relative to body weight spleen weights were slightly increased in 

Sms1MUT animals, at an age of 16 weeks. Additional analysis of aged (1.7-2.3 years) Sms1 females 

showed that Sms1MUT suffered from major splenomegaly. These data go in hand with the previous 

description of Sms1 knock-out animals, which at an age of up to 12 months, have a normal appear-

ance, except of mild splenomegaly (Dong et al. 2012). These data suggest that disruption of Sms1 

leads to age-dependent increase in spleen weight and size. 

Factors contributing to splenomegaly include viral, parasitic or bacterial infections such as endocar-

ditis. Cirrhosis of the liver, blood cancers and blood clots as well as general inflammation are also 

connected to an enlargement of the spleen. In addition, LSDs such as Gaucher’s disease and NPD 

are, besides other symptoms, characterized by splenomegaly (reviewed by: vom Dahl and Mengel 

(2010), Grabowski (2012), Pastores and Hughes (2015)). 

One reason for LSDs and the resulting splenomegaly is a defective clearance of lipids and/or pro-

teins by the autophagic pathway (Schulze and Sandhoff 2011). In Sms1MUT mice autophagy, common-

ly monitored by LC3I/LC3II ratio and p62 levels (Jiang and Mizushima 2015), was not clearly al-

tered and highly variable. EEA1 levels, however, were elevated and CatD levels reduced. EEA1 

would point to an elevated level of early endosomes (Mu et al. 1995), while CatD, a lysosomal aspar-

tyl protease, is found in the early endosomes, maturating endosomes and lysosomes, where it gets 

activated and degrades proteins (Benes et al. 2008), but is also involved in autophagy mediated cell 

death (Zheng et al. 2008). CatD translocation from the lysosome to the cytoplasm was found to be 

the earliest event in triggering caspase independent apoptosis, by activation of Bax, leading to outer 

mitochondrial membrane permeabilization and the release of AIF, which is residing in the intermem-

brane space of mitochondria. Release of AIF triggers early apoptotic events in T-cells (Bidere et al. 

2003). Thus reduced CatD and reduced AIF levels in Sms1MUT spleen could point to a reduced num-

ber of apoptotic events. Consistently, the number of TUNEL-positive cells was reduced in Sms1MUT 
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with enlarged spleens. These findings could point to an inefficient removal of superfluous blood cells 

and other debris, after induction of endocytosis and reduced apoptosis, leading to splenomegaly. 

To check for efficient removal of blood cells in spleens of Sms1WT and Sms1MUT animals hemosiderin 

and ceroid or lipofuscin pigment was labeled by PAS staining. Hemosiderin is found in macrophages 

and is detected in mice of all ages, while it is more prominent in females and increases with age. 

Normal levels reflect the removal of effete red blood cells. It can be increased in cases of chemically 

induced hemolytic anemia or methemoglobinemia (Travlos et al., 1996). Ceroid or lipofuscin is also 

found in cytoplasm of macrophages. It derives from oxidation and polymerization of fatty acids 

(Crichton et al., 1978). As pigment levels did not differ between both genotypes, it can be assumed 

that the number of splenic macrophages and therefore the removal of effete red blood cells is similar. 

Additionally, the oxidation and polymerization process of fatty acids seems to be unaffected by the 

disruption of Sms1. 

Some unclear effects on IgG2b and TGF-β levels were found in Sms1MUT spleen samples, which 

might represent a hampered secretion of IgG2b due to a lack of TGF-β signaling (Garcia et al. 1996). 

However, these results did not reach significance and should be elucidated in more detail. 

4.12.2 Does the BBB provide sufficient barrier function? 

The altered HPA-axis regulation and the higher expression of the BBB-residing MDR-1 in Sms1MUT 

animals led me to the question if the BBB per se shows changed functionality, which could amongst 

others also affect the spreading of systemic inflammation to the brain. Several studies mention the 

regulatory task of the BBB and emphasize that the BBB can be altered in response to glucocorticoid 

stimuli and inflammation (Bolton et al. 1998, Forster et al. 2005, Quan and Banks 2007, McCaffrey et 

al. 2008), but is also affected in AD (Dickstein et al. 2006, Bowman et al. 2007, Viggars et al. 2011, 

Kook et al. 2013, Takeda et al. 2013, Takeda et al. 2014). 

Misregulation of specific junction proteins could contribute to a size-selective opening of the BBB, 

thereby permitting infiltration of the brain (Nitta et al. 2003). To elucidate this topic BBB resident 

junction protein markers were investigated. Occludin is a crucial component of TJ (Hirase et al. 1997, 

Bolton et al. 1998), while Cx43 represents a marker for GJ and was recently connected to promotion 

of immune quiescence in the brain (Ezan et al. 2012, De Bock et al. 2014, Gaete et al. 2014, Boulay et 

al. 2015). Catenin-β, an AJ protein, was also found to be important for BBB development (Liebner et 

al. 2000, Liebner et al. 2008, Liu et al. 2014). Marker analysis revealed an up regulation of all of these 

proteins in brain samples of Sms1MUT animals. This could be a result of disrupted TGN-mediated 

protein trafficking and protein secretion, which was shown by Subathra et al. (2011) to be constricted 

upon Sms1 disruption. Thus misguidance of junction proteins to their site of destination could affect 

BBB functionality in means of pure permeability, but also in regulation of the immune response and 

development. 
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Additionally, to mere junctions, the BBB is made up and regulated by specific transporter proteins 

(Glavinas et al. 2004, Rautioa and Chikhale, Pardridge 2012). One of the transporters analyzed was 

MFSD2A. This FA-transporter is exclusively found in specialized barriers such as the BBB epitheli-

um, where it is crucial for embryonic BBB development and adult maintenance (Ben-Zvi et al. 2014, 

Nguyen et al. 2014, Guemez-Gamboa et al. 2015). The FA transporter selectively delivers LC-lyso-

PCs containing MUFAs and PUFAs into the brain and thus is responsible for the vast majority of 

DHA uptake (Ben-Zvi et al. 2014, Nguyen et al. 2014, Alakbarzade et al. 2015). Although, LC-lyso-PC 

were not altered in brain samples of Sms1 x APPswe animals, the reduced levels of MFSD2A, found 

in Sms1MUT x APPsweWT and in Sms1MUT x APPsweTg animals, could be an indicator of a misfunc-

tional BBB. Mice bearing a homozygous mutation in MFSD2A residue (p.Ser339Leu), rendering the 

transporter less active, showed progressive microcephaly syndrome (Alakbarzade et al. 2015). Addi-

tionally, MFSD2A knock-out animals are reported to be smaller in size and leaner, with a signifi-

cantly higher rate of voluntary movement (Berger et al. 2012). These observations are similar to 

those made in Sms1MUT x APPsweTg animals, which showed reduced brain mass, reduced body weight 

gain and higher activity rates, additionally to reduced levels of MFSD2A. Thus, results could point 

to developmental changes in Sms1MUT x APPsweTg animals due to alterations in MFSD2A function 

in development  

MFSD2A is further known to regulate transcytosis through epithelial cells into the brain tissue, 

without affecting TJs (Ben-Zvi et al. 2014). Transcytosis allows the passage of immunoglobulins 

through the epithelium and is highly enhanced in MFS2A knock-out animals (Ben-Zvi et al. 2014). 

This affects the isolated character of the brain, with respect to inflammation and allows the passage 

of Igs into the brain. 

As mentioned before, Sms1MUT mice had enhanced IgG2b levels in the spleen. Additionally, high 

levels of endogenous IgGs in general and also of IgG2b in heart samples of Sms1MUT x APPsweTg 

animals were found. Although, IgG2b differences did just partially reach significance, the elevation 

was more prominent in genotypes carrying the Sms1 gene trap cassette. I wondered if the lower ex-

pression of MFSD2A in Sms1MUT x APPsweTg animals would affect the passage of IgG into the brain. 

However, immunological staining showed that despite high IgG2b levels found in brain samples, 

positive staining was restricted to the blood vessels of the brain. That IgG2b did not infiltrate the 

brain, gives further evidence that the BBB, despite the described changes in lipid composition, junc-

tion proteins and MFSD2A levels, remains functional upon mutation of Sms1. 

Another specific transporter contributing to BBB functionality is MDR-1 which, as mentioned be-

fore, regulates efflux from the brain (Wolf and Horwitz 1992, Uhr et al. 2002, Muller et al. 2003, 

Mittapalli et al. 2013). Interestingly, one substrate of the ATP-dependent transporter is Aβ. Changes 

in MDR-1-mediated efflux parameters, would therefore affect Aβ transport and its removal from the 

brain (Cirrito et al. 2005). The findings from Sms1MUT animals could be validated, as also Sms1MUT x 
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APPsweTg animals had higher MDR-1 levels compared to their Sms1WT x APPsweTg controls. Knock-

out animals of MDR-1 have a 50% reduced clearance rate of CNS injected I125 labeled Aβ40 and 

Aβ42. Besides this, 12 month old Tg2576/MDR-1 knock-out double mutants had higher accumula-

tion of Aβ in the brain compared to Tg2576 mice without the additional knock-out of MDR-1 

(Cirrito et al. 2005). A correlation of MDR-1 activity and AD is also found in AD patients with mild 

dementia. Reduced activity was detected in parietotemporal, frontal and posterior cingulate cortices 

and the hippocampus of PET examined subjects (Deo et al. 2014). These findings provide evidence, 

that BBB alterations such as higher expression of MDR-1 and specific export Aβ could prevent ac-

cumulation of Aβ oligomers and fibril formation in the brain of Sms1MUT x APPsweTg mice, leading to 

the observed reduction in plaque formation. 

In AD research, the interest for the BBB is on the rise. In Tg2576 mice a functionally compromised 

BBB was found already at the age of 4-10 month, prior to development of plaque pathology (Ujiie et 

al. 2003). Therefore maintenance of BBB integrity is a target for early intervention. On the other 

hand a recent study using ultra sound to open the BBB, resulted in reduction of plaques, improve-

ment of spatial memory performance, a higher number of new born neurons and improved dendrite 

outgrowth in a model of advanced AD (Burgess et al. 2014), providing evidence, that a permeabiliza-

tion of the BBB could also contribute to AD therapy. 

Analysis of the BBB by MSOT measurement did not reveal any significant alterations in permeabil-

ity with respect to ICG absorbance into the brain. However, these results are just preliminary and 

should be repeated. Additional experiments elucidating this topic should be conducted to analyze 

BBB permeability, dynamics and diffusion rates in Sms1 animals for specific substrates. A proper 

positive control, meaning an animal model with known BBB dysfunction or opening of the BBB by 

ultra sound and staining with two differentially sized dyes would be recommendable. Thus it would 

be possible to better distinguish diffusion pattern of a BBB-permeable and a BBB-non-permeable dye. 

Furthermore, a wider range of TJ markers additionally to occludin should be investigated, including 

crucial TJ components such as caudin-5 and zona occludens-1, as this junction type is mainly respon-

sible for the perpetuation of barrier function. It would also be worth it to analyze BBB alterations 

further in Sms1 x APPswe animals, to investigate the effects on Aβ accumulation and plaque for-

mation. 

4.12.3 Neuro-inflammatory processes might be alterd in Sms1MUT x APPsweTg animals 

Inflammation is an important aspect in AD. The inflammatory process causes a vicious cycle, with 

Aβ production promoting inflammation and inflammation triggering the production of Aβ (Hjorth et 

al. 2013). AD patients show a reduction of PUFAs (Grimm et al. 2011a). As PUFAs (AA and EPA) 

also serve as precursors for lipid mediators in the inflammatory process, a reduction could lead to a 

lack of lipoxins and RvEs. (Serhan et al. 2008). Their anti-inflammatory and pro-resolving character-
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istics contribute to the regulation of cytokines (reducing the levels of Il-1β, IL-6) and ROS, to a de-

crease of the inflammatory response and neutrophil traffic and to stimulation of Aβ-42 phagocytosis 

(Serhan et al. 2000, Serhan et al. 2002, Serhan 2007, Hjorth et al. 2013). Therefore the proposed high-

er release of AA and EPA for the production of lipoxins and RvE, as it was discussed above, could 

serve as a compensatory mechanism to reduce the inflammatory response and to prevent the outlined 

vicious cycle in Sms1MUT x APPsweTg animals. 

The inflammatory response in the brain includes the activation of microglia, which is also observed 

early in AD (Arends et al. 2000). Activated, proliferating microglia are especially found in the prox-

imity to SPs and are thought to actively participate in the neuro-inflammatory process and Aβ-

clearance (Matsuoka et al. 2001, Janelsins et al. 2005, Marlatt et al. 2014, Matsumura et al. 2015). 

CD68 and Iba-1 represent common markers for microglia activation and are frequently used to as-

sess neuro-inflammation in AD models (Krabbe et al. 2013, Matsumura et al. 2015). In Sms1 x 

APPswe animals, data on CD68 and Iba-1 were not significantly different. Nevertheless, Sms1WT x 

APPsweWT had slightly higher levels compared to the levels in Sms1MUT x APPsweWT and Sms1MUT x 

APPsweTg levels dropped slightly below their respective controls with functional Sms1. If one would 

consider these data as relevant, the grade of amyloidogenic processing of APP and the number of 

Aβ40 positive plaques would correlate positively with activation of microglia cells. The parallel ap-

pearance of plaques and activated microglia was reported earlier (Arends et al. 2000, Matsuoka et al. 

2001, Marlatt et al. 2014). Matsuoka et al. (2001) reported further that activated microglia associate 

with fibrillary, but also with the diffuse non-fibrillar plaques, which were observed in the Sms1 x 

APPswe mouse line. These results could promote the assumption of a protecting effect of Sms1 dis-

ruption on AD-related proteinopathies and neuronal inflammation. 

Especially the elevated levels of EPA-containing PCs could participate in the clearance or prevention 

of plaques in Sms1MUT x APPsweTg mice, through elevation of phagocytosis (Halvorsen et al. 1997, 

Adolph et al. 2012). In human M2-microglia enhanced phagocytosis of non-fibrillar Aβ-42 upon 

DHA and/or EPA treatment was shown (Hjorth et al. 2013). Co-incubation with Aβ-42 and EPA 

also resulted in lower production of pro-inflammatory cytokines and elevation of the neurotrophic 

factor BDNF (Hjorth et al. 2013). 

Altered BDNF expression makes up another immunological characteristics of AD (Phillips et al. 

1991, Poon et al. 2011). Levels of BDNF change during AD progression. While in early AD BDNF is 

upregulated as a kind of compensatory repair mechanism, trying to prevent neurodegeneration, in 

late AD BDNF levels are found to be decreased (Laske et al. 2006, Faria et al. 2014). BDNF was 

found elevated in Sms1WT x APPsweTg animals, where EPA-containing PCaas were just slightly ele-

vated and was decreased to Sms1WT x APPsweWT levels in Sms1MUT x APPsweTg animals, which had 

the highly elevated levels of EPA-containing PCaas. These findings would fit to the results of Hjorth 
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et al. (2013), who reported BDNF elevation in microglia treatment only with the lowest dosage of 

EPA. Furthermore, Sms1WT x APPsweTg were the only genotype with a higher PUFA/SFA ratio in 

PCs, validating the positive correlation between PUFA content and BDNF levels as AD-relevant 

parameters, which was stated before (Rao et al. 2007b, Ferreira et al. 2014). 

Despite the difference in protein levels, not different intensities or a clustering of CD68 immunoreac-

tivity could be seen in the brain of Sms1WT x APPsweTg and Sms1MUT x APPsweTg. To further inves-

tigate whether CD68 or Iba-1 positive cells accumulate in the proximity of plaques immunological 

co-staining with Aβ-40 and Aβ-42 should be performed and could be expanded to animals in ad-

vanced age, including Sms1HET x APPsweTg mice. Furthermore it would be interesting to check for 

increased phagocytosis of Aβ in primary microglial cell culture derived from Sms1 x APPswe ani-

mals. 

4.13 Autophagy alterations in CNS, connections between LSDs and 

AD 

The SL-influenced autophagic process and clearance of APP metabolites by the lysosomal pathway 

plays an important role in AD (Tamboli et al. 2011a, Tamboli et al. 2011b). Impairment of the au-

tophagic flux, attended by hampered autophagic degradation was observed (lee, 2010, Lai and mclau-

rin 2012). Thus, neuronal accumulation of autophagic vacuoles (autophagosome, amphisome, autoly-

sosome), which represent a typical pathological hallmark of LSDs, have been observed in AD brains 

(Nixon et al. 2005, Boland et al. 2008). On the other hand LSD also show neuronal tangles and amy-

loid aggregations, similar to those found in AD (Saito et al. 2002, Nixon et al. 2008, Ohmi et al. 2009), 

linking both diseases to each other.  

In aSMase knock-out mice, representing a model for NPD-A, it was shown, that particularly the 

accumulation of SM leads to a disruption of the autophagic flux and an accumulation of autophagoly-

sosomes due to misfunctional clearance (Gabande-Rodriguez et al. 2014).  

Brains of Sms1MUT x APPsweWT and Sms1MUT x APPsweTg animals both had reduced levels of p62 in 

comparison to Sms1WT x APPsweWT mice, which were underlined in Sms1MUT x APPsweTg with a 

higher ratio of LC3II/LC3I. Elevated ratios of LC3II/LC3I are connected to an up regulation of the 

autophagic process as the conversion of LC3I to LC3II takes place in forming autophagosomes 

(Mizushima 2004, Tanida et al. 2004, 2008), while reduced levels of p62 reflect a fast removal of au-

tolysosmes and a rapid degradation process (Ichimura and Komatsu 2010). Boland et al. (2008) pro-

posed that neurons have a relatively high rate of autolysosomal clearance in comparison to fibro-

blasts. A highly efficient degradation process of autolysosomes is indicated by the reduced levels of 

p62 in Sms1MUT x APPsweWT and Sms1MUT x APPsweTg and shows a negative involvement of SM 

levels in autophagic clearance, as it was proposed by Gabande-Rodriguez et al. (2014). 
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Lysosomes and endosomes play a dual role in APP metabolism. On the one hand they harbor BACE1 

and γ-secretase, needed for the generation of Aβ and its release to the vacuolar lumen. On the other 

hand they content nephrilysin and cathepsins, necessary for Aβ degradation and clearance (Tamboli 

et al. 2011a, Tamboli et al. 2011b). SL act in two ways on this system. They enhance the induction of 

autophagy thereby promoting APP cleavage and they block autophagic clearance in the autolyso-

somes. Both actions lead to accumulation of autophagosomal and lysosomal compartments and en-

hanced aggregation of APP-CTFs and Aβ, promoting AD pathological characteristics (Tamboli et al. 

2011a, Tamboli et al. 2011b). 

 

 

Figure 4.2: Overview on the autophagic pathway  
The autophagic pathway describes a degradat ion process for the recycling of  biomolecules .  It  starts  with the 
formation of  a bilaminar phagophore,  which takes up cytoplasmic cell  organelles ,  porteins or other cell  debris . 
With the induct ion of  phagophore formation an d its  closure to form the so called autophagosome, the conversion 
of  LC3I to LC3II takes place.  Furthermore,  p62 serves as an adaptor protein to bind ubiquitinated proteins ,  
labeled for degradation and to fuse them to the inner wall  of  the phagophore.  The fusion of  the autophagosome 
with the lysosome leads to the formation of  autolysosmes with a more acidic pH. These autolysosmes can also be 
build out of  amphisomes,  fusing with lysosomes.  Amphisomes arise by fusion of  endodomes (characterized by 
EEA1 expression) with autophagosomes and therefore carry extracellular cargo and membrane associated pro-
teins .  Toghether with the del ivery of  acid hydrolases the acidic condiditons make the autolysosme the perfect 
compartment for the degradat ion process ,  where not on ly intravesicular components are degraded,  but also an-
chor and adaptor proteins .  
APP turn over is  t ightly connected to the autophagic  pathway.  APP is  del ivered from the TGN to the plasma 

membrane,  here it  can be cleaved by α-secretase and the sAPPα  is  released to extracellular space.  By endocytosis 

the α-stub and full  length APP can get  internalized into endosomes.  Here β- and γ-secretase are residing and 
gain h igher act ivity due to pH changes.  Within the endosomes amyloidogenic processing,  but also the cleavage of  

the α-stub takes place,  creating AICD, p3,  Aβ  and sAPPβ .  These cleavage products can be directed to enzymatic  

degradat ion in the autolysosome or be released at the plasma membrane,  leading to  accumulation of  A β  in extra-
cellular space and plaque formation.  
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No significant alteration of early endosome formation could be observed. Β-cleavage takes place in 

early endosomes, from here Aβ is driven to multivesicular bodies (MVBs) and a fraction can be se-

creted by exosomes (Rajendran et al. 2006). Thus, the formation of endosomes would lead to amyloi-

dogenic processing of APP. These results might point to a similar rate of APP processing, but also in 

accordance with the findings of Tamboli et al. (2011a) to a faster degradation of derivates in Sms1MUT 

x APPsweTg in comparison to Sms1WT x APPsweTg, which could contribute to the observed reduction 

in the number of SPs. 

To check for differences in mTOR mediated autophagy induction and dosage effects, Rapamycin 

treated MEFs obtained from embryos of Sms1 x APPswe breading were investigated. Results were 

similar to those obtained from brain lysates. With the highest dosage of Rapamycin, Sms1MUT x 

APPsweTg MEFs showed a high LC3II/LC3I ratio and strong reduction in p62 levels, 4h after 

treatment. Compared to Sms1WT x APPsweTg MEFs, Sms1MUT x APPsweTg MEFs seem to be more 

sensitive to Rapamycin concerning amplitude and speed of autophagy induction, but also of autoly-

sosmal turnover. This could be interpreted as a negative effect of SM on induction of autophagy and 

autolysosomal clearance.  

4.14 Sms1 is crucial for male fertility 

One of the most prominent lipid fractions in sperm cell membranes is represented by PL with a high 

content of PUFAs, e.g. VLC-PUFA-SM. These lipids have a role in sperm capacitation, but are also 

found in Sertoli cells (Robinson et al. 1992, Lenzi et al. 1996, Cross 2000). The two SMSs responsible 

for SM generation - SMS1 and SMS2 have redundant and non-redundant functions in different or-

gans. This was shown in knock-out animals of Sms1 (Yano et al. 2011, Li et al. 2012, Lu et al. 2012), 

and Sms2 (Hailemariam et al. 2008, Mitsutake et al. 2011). While there are no reports of spermato-

genesis or fertility defects from Sms2 knock-out animals, but normal reproduction was observed 

(Hailemariam et al. 2008, Liu et al. 2009b, Li et al. 2013), altered reproduction has been noted from 

male Sms1 knock-out animals (Dong et al. 2012). Unlike this study by Dong et al., (2012), where 

complete infertility of male Sms1 knock-out animals was stated, residual age dependent fertility in 

some male Sms1MUT mice was observed. Controversial results might be explained by the remaining 

Sms1 expression in the Sms1MUT animals, as well as by potential differences in diet and age of the 

animals. A yet unknown role for SMS1 during spermatogenesis was described in Sms1MUT animals, 

where disruption of Sms1 expression leads to extended changes in the testicular lipid profile, espe-

cially in unsaturated FA containing species and sloughing of pachytene to late spermatid stages due 

to altered cell-cell contacts, including a dysfunctional BTB. Further, the observed accumulation of 

immature sperm in the epididymides of Sms1MUTs is connected to progressive sub- to infertility, 

which could be in part rescued by DHA/EPA supplemented diet. 
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Testes SM levels of Sms1MUT were 20% reduced as compared to Sms1WT males, although VLC-

PUFA-SMs (≥C24) were not quantified. This reduction is in agreement with previous reports (Dong 

et al. 2012, Li et al. 2012) and the remaining 80% are likely resulting from SMS2 activity and dietary 

uptake. One explanation for the different impact of SMS1 and SMS2 on male fertility is the subcellu-

lar localization and functional differences of both enzymes, as described above (Ternes et al. 2009, 

Holthuis and Menon 2014). The role of SMS1 includes the maintenance of intracellular SM homeo-

stasis and generation of the bulk SM pool and its supply to the plasma membrane (Jeckel et al. 1990). 

The imbalance in the lipid metabolism, caused by disruption of Sms1 in testes therefore affects intra-

cellular, but also cell surface lipid composition, altering protein delivery, enzymatic activity and lipid 

based cell signaling, similar to other organs analyzed above. 

4.14.1 The Sms1 mutation altered the lipid profile of mutant testis 

As stated before, although Cer and PC are the direct substrates of SMS1, they did not accumulate in 

Sms1MUT testes. Sms1MUTs maintained their levels of otherwise potentially cytotoxic Cer. As dis-

cussed above, Cer homeostasis is maintained mostly by enzymes other than SMS1. This was seen in 

previous studies on Sms1, where a complete knock-out had just marginal effects on Cer while knock-

out of Sms2 led to Cer elevation in plasma (Liu et al. 2009b, Mitsutake et al. 2011, Li et al. 2012). In 

parallel to unaltered Cer, unsaturated PCaa and PCae species were decreased. Reduction of specific 

PUFA (AA, EPA, DPA and DHA) containing lipids and an overall reduction in MUFA/SFA and 

PUFA/SFA ratios was found in the PCaa and less pronounced in the PCae profile. This alteration 

likely reduced the ability of Sertoli cells to support accumulation of LC-PUFA and VLC-PUFA in 

spermatozoa (Furland et al. 2007). The production of these PUFA-SMs, gaining importance during 

the germ cell maturation process, appears to be primarily derived from the activity of SMS1. The 

observed reduction in several unsaturated testicular PCaes, representing one of the major phospho-

lipids of sperm membranes, together with a decrease in SM levels, alters membrane properties and 

thus affects the special composition crucial for the interaction and communication between Sertoli 

cells and spermatocytes necessary for the differentiation into mature sperm.  

4.14.2 BTB functionality was compromised in Sms1 mutants 

Immature spermatogenic cell types ranging from pachytene to late spermatid stages were sloughed 

and accumulated in the epididymal lumen of Sms1MUTs. A malfunction of the BTB as the reason for 

this sloughing phenotype is supported by several lines of evidence. Usually, the BTB is crossed by 

spermatocytes, when developing from preleptotene to leptotene stage. Meiotic prophase stage cells 

are held back, as long as they gain their special set of proteins and lipids, which primes them for the 

passage. Similar to the BBB, the BTB is made up of several distinct junction types, which build a 

dynamic network. In the BTB these junctions link Sertoli/Sertoli and Sertoli/germ cells, thereby 

regulating the passage of germ cells from the basal to the adluminal compartment (Hermo et al. 

2010, Mital et al. 2011). Indications for a BTB deficiency in Sms1MUT arose from altered junction 



Discussion 
 

________________________________________________________________________ 

 
201 

 

protein levels, mirroring those seen in the BBB. Elevated β-catenin and Cx43 were observed, repre-

senting subunits of AJ and GJ, respectively (Risley et al. 1992, Mital et al. 2011). Another GJ-protein, 

connexin-31 (CX31, encoded by Gjb3) showed elevated expression in testes microarray studies. Con-

nexins represent a highly flexible system for intercellular contact and communication as they are 

continuously synthesized and degraded and are known to influence expression levels of other junc-

tional proteins (Carette et al. 2010, Mital et al. 2011). The observed increase in testicular junction 

proteins may like in the brain result from disrupted TGN-mediated protein trafficking and protein 

secretion, which was shown to be dependent on SMS activity (Subathra et al. 2011). Although the 

subcellular localization of junctional proteins was found mostly unaltered in Sms1MUTs, their elevated 

expression might reflect a disturbed Sertoli cell/germ cell interaction. The protein levels of occludin, 

one of the major component of TJ, had the tendency to be elevated as well in Sms1MUT. TEM analy-

sis of the TJ structure between Sertoli cells did not reveal any obvious morphological differences in 

the Sms1MUT in comparison to Sms1WT testes. However, the BTB is not established through TJ only, 

as AJ, GJ, channel proteins and transporters also play important roles in intercellular contacts and 

communication (Griswold 1995). After injection of ICG into tail veins of living animals followed by 

life imaging using MSOT we determined a significantly higher fluorescent signal from the testes 

lumen of Sms1MUT animals. Different to the imaging results of the BBB, this clearly indicates BTB 

dysfunction and leakiness of this physiological barrier.  

4.14.3 DHA/EPA diet rescued the sloughing phenotype of infertile Sms1 mutants  

Sms1MUT males were found to suffer from age-dependent partial infertility, as indicated by a progres-

sive loss in number of offspring and the decreasing ability to reproduce.  

Several studies in different organisms suggested crucial role for PUFAs in male fertility already 

(Arscott et al. 1965, Zadravec et al. 2011, Gulliver et al. 2012, Yan et al. 2013). Additionally, epidemio-

logical studies showed a negative impact of a SFA enriched diet ("Western diet") on the sperm quali-

ty in young men (Jensen et al. 2013). Evidence that the impact of PUFAs on spermatogenesis is me-

diated by a reduction of BTB integrity was recently described for the Δ6-desaturase (Fads2) mutant 

mice (Stoffel et al. 2008, Roqueta-Rivera et al. 2010). Fads2 knock-out animals shared phenotypic 

similarities with Sms1MUT males, including specifically reduced DHA/EPA/ARA levels, a significant 

decrease in PUFA-PCaa and possible leakiness of the BTB. These common findings prompted us to 

supplement the diet of Sms1MUT with n-3 PUFAs (DHA/EPA). DHA/EPA supplementation rescued 

the fertility status in 50% of animals tested to be infertile with normal diet. By taking into account 

that pregnancies last approximately three weeks and that the first litter was obtained 36 days after 

mating, a minimum treatment length of two weeks was calculated to be necessary to restore fertility 

in Sms1MUT males. Given the fact that a full cycle of spermatogenesis takes 34 days in mice and is 

made up of four sub-cycles (8.6 days each), the current data support the hypothesis that DHA/EPA 

supplementation affects pachytene spermatocytes and spermatid stages (Hogarth and Griswold 
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2010). Rabionet et al. (2008), suggests that after passing the BTB and with the onset of CerS3 expres-

sion, the production of SM (C16) and glycosphingolipids, which starts around prophase, switches to 

the production VLC-PUFAs (Rabionet et al. 2008). This would be in good agreement with the cur-

rent findings, proposing that an external source of DHA/EPA delivers a sufficient supply for the 

restoration of decreased DHA and for the generation of VLC-PUFAs for pachytene spermatocytes. 

More recently, it was demonstrated by Rabionet et al. (2015) through a germ cell-specific knock-out 

of CerS3 that the enzyme is involved in the formation of intercellular bridges (ICB) between syncyti-

al spermatids. The cell-type specific knock-out of CerS3 resulted in elevated apoptosis of spermato-

genic cells (Rabionet et al. 2015), similarly to the phenotype of Sms1MUT animals as ICB stability is 

based on ultra-long PUFA-containing SMs. Histological analysis revealed a high numbers of mature 

spermatozoa in epididymides of DHA/EPA-fed offspring-producing Sms1MUT males, while only few 

rounded cells remained present. This suggests further that a longer treatment duration might be 

even more effective in restoring male fertility. 

Although, the exact cause for sloughing of germ cells in Sms1MUTs is not entirely clear, the results 

indicate some of the following mechanism involved. 1) A dysfunctional BTB, which is initiated in 

Sms1MUT, as it was demonstrated by the existence of TJs seen in TEM and marker analysis, but also 

seems to be leaky, reflected by higher absorbance rates in MSOT. 2) A hampered production of LC-

PUFAs, which seems to gain importance after the passage of the BTB, as it was shown by the reduc-

tion in AA, EPA, DPA and DHA containing PCaas and PCaes, and restoration of EPA/DHA levels. 

3) Abnormal regulation of inter-cellular contacts and cell-cell communication after the passage of the 

BTB, indicated by the increase of adluminal junctional proteins. 

These findings, together with the time window required to rescue fertility underline that sloughing 

occurred immediately after crossing the BTB, representing the time point in germ cell maturation, 

when PUFAs gain importance. 

In summary, in absence of SMS1, the testical levels and composition of major phospholipids PCaa, 

PCae, SM and lyso-PC are altered. Especially the reduction in phospholipid n-3/6 PUFA content, 

important in the later stages of sperm development, cause male infertility. Infertility is apparently 

mediated by the altered formation of specified junctions between Sertoli- and maturating germ cells 

and likely by reduction of ICB formation, which contributes to sloughing of these stages to the epidi-

dymis. DHA/EPA supplemented diet provides both cell types with essential PUFAs, partially rescu-

ing the observed sloughing and fertility, validating the link between SMS1-induced loss of these 

PUFAs and male infertility. 
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5. Conclusion 

Sms1 could be shown to have tissue specific splice variants and that a disruption of the gene by gen-

trap cassette insertion crucially affects SM levels independent on the genetic background, as a simi-

lar reduction with gene disruption was observed in the Sms1 and the Sms1 x APPswe mouse line. 

SMS2 was not able to compensate this loss. Additionally to SM, SMS1 substrates, such as Cer and 

PC species were affected. In Sms1MUT PCaa and PCae levels correlate negatively with FA-chain 

length and saturation state, possibly also including action of SMS1 on ∆9-desaturase and elongases. 

However, the alterations in chain length did not persist in the Sms1 x APPswe mouse line, pointing 

to a background specific modulation. These reduced levels of MUFAs and PUFAs and particularly 

the reduction in SM are proposed to be the cause for reduced brain weights in Sms1MUT x APPsweWT 

and Sms1MUT x APPsweTg animals, connected to myelination defects. These were found in the PNS 

and/or CNS of Sms1MUT and Sms1MUT x APPsweTg, leading to slightly worse performance in motor 

and nociception tasks in Sms1MUT. 

Sms1MUT were found to suffer from age-dependent splenomegaly, possibly connected to enhanced 

inflammation and reduced CatD and AIF mediated apoptosis. Furthermore, Sms1MUT males were 

subfertile, with an age-dependent decline in fertility. It could be shown that sloughing of germ cells 

occurs between the pachytene spermatocyte and round spermatid stage. This early loss of germ cells 

is likely to involve BTB dysfunction caused by miss-communication between Sertoli cells and germ 

cells and hampered ICB formation, leading to a disruption of the specific microenvironment, needed 

for germ cell maturation. It is proposed, that this effect is due to the lack of essential LC-PUFAs in 

the testes, such as DHA and EPA. DHA/EPA supplemented diet was sufficient to rescue the infertil-

ity phenotype in 50% of formerly infertile male Sms1MUT. 

Sms1MUT x APPsweTg animals were born below Mendelian ratios and unexpectedly suffered from 

pre-mature death, at an age of 8 weeks, although both single mutant animal models have normal or 

just slightly reduced life expectancies. Furthermore, Sms1MUT x APPsweTg animals had reduced 

weight gain during the first month. In Sms1MUT x APPsweTg specific AA, and/orEPA and/or DPA 

containing PCaa and PCae species were accumulated, which together with enhanced lyso-PCs might 

be indicative of an elevated release of these PUFAs, serving as anti-inflammatory lipid mediators. 

Consistent with these observations, microglial activation, monitored by CD68 and Iba-1, was found 

to be slightly, but not significantly reduced in brain samples of Sms1MUT x APPsweWT and Sms1MUT x 

APPsweTg. Thus, data on neuronal inflammation needs to be elucidated further. 

Amyloidogenic processing in Sms1MUT x APPsweTg was altered, leading to slightly lower Aβ levels 

and a reduced number of Aβ40-positive plaques, but without affecting Aβ42 plaque count. As mecha-

nisms contributing to plaque prevention an altered autophagic process was proposed, which seemed 

to be enhanced in induction and in autophagic clearance. 
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On the behavioral level Sms1MUT and Sms1MUT x APPsweTg animals display an increased level of vol-

untary movement, additionally to altered HPA-axis signaling, which could be found in Sms1MUT and 

was connected to higher stress-resistance. AD is negatively correlated with physical activity and 

chronic stress, thus, these results could be interpreted as a beneficial behavior concerning AD risk. 

Further behavioral testing of Sms1MUT x APPsweTg animals did not reveal any genotype effect in 

memory performance in early life. 

APP was found to be additionally expressed and cleaved in heart and lung, with slightly higher lev-

els of Aβ generated in the Sms1MUT x APPsweTg and higher IgG levels in heart samples, which could 

be shown to not infiltrate the brain. Thus, in summary these results could be interpreted in a way 

that the disruption of Sms1 in Sms1MUT x APPsweTg mice had a protective effect on AD-related as-

pects such as APP cleavage, autophagic clearance and plaque formation in the brain. Additionally 

neuro-inflammation might be reduced. Nevertheless, survival rates of these animals were strongly 

affected, which might be connected to APP processing in heart and lung and an enhanced accumula-

tion of Aβ in these tissues. 
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10. Supplementary data 
 

 

Table 10.1: Organ weight of Sms1 animals.  
Medians,  f irst and third quarti le  and p -values calculated by a Wilcoxon rank -sum test.  
a  Number not based on the full number of  animals (missing values).  
(GMC report data)  

 
 

 

Table 10.2: Echocardiography of Sms1 animals.  
Medians,  f irst and third quarti le  and p -values calculated by a Wilcoxon rank -sum test.  
a  Number not based on the full number of  animals (missing values).  
(GMC report data)  
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Figure 10.1: Grip Strength test results  
Mean force (2 and 4 paws) boxplat,  split  by sex and genotype.  Female (f ) ,  male (m)  
(GMC report data)  

 

 

Table 10.3: Grip Strength test results, 2 paws  
Linear model for 2 -paws grip strength (mean of  3 tr ials)  
(GMC report data)  

 
 

 

Table 10.4: Grip Strength test results, 2 and 4 paws  
Group means and SD 
(GMC report data)  
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Figure 10.2: Rotarod test results  
Latency to fall  (mean) boxplot with str ipchart split  by sex and genotype . 
(GMC report data)  

 

 

Table 10.5: Rotarod test results  
Latency to fall .  Mean values and SD.  
(GMC report data)  

 
 

 
 
 

 

  
Figure 10.3: Hot plate test results.  
1 s t  and 2 n d  response time boxplot with str ipchart,  split  by sex and genotype . 
(GMC report data)  
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Table 10.6: Hot plate test results.  
1 s t  and 2 n d  response time,  group mean and SD and ANOVA  including post  hoc  calculation.  
(GMC report data)  

 
 

 

Table 10.7: Flow cytometry data of Sms1 animals.  
Frequencies of  Leukocyte subpopulations in peripheral  blood after erythrocyte lysis  [percentage of  al l  leukocytes 
(CD45+ cells) ,  or corresponding parent gate,  respectively].  Means,  SD and p -values calculated by a l inear model .  
(GMC report data)  
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Figure 10.4: Body weigh increase with age of Sms1 x APPsweTg male and female animals.  
Animals of  al l  genotypes of  the Sms1  x APPswe  mouse l ine bearing a hAPPswe  transgene where weight on a 
weekly basis .  Mean age and mean weight  per genotype and sex was calculated.  Weight gain during the f irst 110 
days  is  d isplayed.  Males :  Sms1W Tx APPsweT g  n=9-1,  Sms1HE T  x APPsweT g  n=14-1,  Sms1MU T  x APPswe T g  n=12-1; 
Females :  Sms1W Tx APPsweT g  n=5-2,  Sms1H E T  x APPsweT g  n=17-4, Sms1M U T  x APPsweT g  n=12-1; data is  presented 
as mean ± SEM p<0.01 # ,  p≤0.05*,  p≤0.01**,  p≤0.001*** .  
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Table 10.8: Weight difference of Sms1H E T  x APPsweT g  and Sms1M U T  x APPsweT g  animals in comparison to 
Sms1W T  x APPsweT g  animals.  
Weight is  given in % dif ference to Sms1W T  x APPsweT g  levels and calculated corresponding to age.  

 

% difference to Sms1WT x APPsweTg weight 

mean age [days] Sms1HET x APPsweTg Sms1MUT x APPsweTg 

21.33 0.24 12.61 

28.22 2.32 7.37 

35.11 6.12 11.78 

42.17 9.15 12.66 

49.21 8.22 15.09 

56.21 6.60 21.86 

62.98 8.75 16.59 

69.84 6.24 20.49 

76.80 10.99 20.86 

84.57 8.45 17.60 

91.06 17.38 26.21 

96.78 12.62 24.67 

103.78 17.52 26.81 

110.71 23.37 27.40 
 

 

 

 
Figure 10.5: Thioflavin-S staining of brain sections from the Sms1 x APPswe mouse line  
Brain sections are stained with Thioflavin -S.  Arrows point to Thioflavin -S positive stained plaques.   
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Figure 10.6: Organ weight of  8 week old male and female Sms1 x APPswe mice, relative to body weight  
Organ weight relat ive to body weight of  (A)  male and (B ) female animals at the age of  8 weeks.  Males:  Sms1W T  x 
APPsweW T  n=8,  Sms1M U T x APPsweW T  n=12,  Sms1W T  x APPsweT g  n=16, Sms1M U T  x APPsweT g  n=10; females : 
Sms1W T  x APPsweW T  n=12,  Sms1M U T  x APPsweW T  n=21,  Sms1W T  x APPsweT g  n=11,  Sms1M U T  x APPsweT g  n=12. 
Statist ical  analysis  was performed using one -way ANOVA and post  hoc  Tukey’s  test .  Data is  presented as percent 
of  body weight  ± SEM; p<0.01# ,  p≤0.05*,  p≤0.01**,  p≤0.001***.  
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Figure 10.7: Comparison of female sphingomyelin species  to male data.  
Comparison of  female SM species  levels  relative to male levels ,  which were set to 100%. Males :  Sms1W T  x 
APPsweW T  n=5,  Sms1M U T  x APPsweW T  n=6,  Sms1W T  x APPsweT g  n=11,  Sms1M U T  x APPsweT g  n=6;  females :  Sms1W T 
x APPsweW T  n=6,  Sms1M U T  x APPsweW T  n=11,  Sms1W T  x APPsweT g  n=13,  Sms1M U T  x APPsweT g  n=5.  Age 8 weeks. 
Data is  presented as percent dif ference  ± SEM. 

 

 
Figure 10.8: Immunological parameters of the heart .  
(A) Immunoblot of  heart tissue,  showing high levels  of  endogenous mouse IgGs,  detected with ant i -mouse IgG 
secondary antibodies (B) Immunoblot of  heart tissue against several  inflammatory proteins .  (C -F) Quantif icat ion  

of  (C) MFSD2A, (D) CD3, (E) IgG2b and (F) TGF -β .  Sms1W T  x APPsweW T  n=4,  Sms1M U T  x APPsweW T  n=3, 
Sms1W T  x APPsweT g  n=3,  Sms1M U T  x APPsweT g  n=3.  Age 8 weeks.  Statistical  analysis  was performed using one -
way ANOVA and post  hoc  Tukey’s  test .  Data is  presented as mean ± SEM; p<0.01# ,  p≤0.05*,  p≤0.01**,  
p≤0.001***.  
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Figure 10.9: Time and dosage-dependent autophagy induction in MEFs obtained from breeding of the Sms1 
x APPswe mouse l ine 
Sms1W T  x APPsweW T  (n=1),  Sms1M U T  x APPsweW T  (n=2),  Sms1W T  x APPsweT g  (n=1) and Sms1M U T  x APPsweT g  
(n=4) MEFs obtained from E13.5 l ittermate embryos were treated with DMSO, 10µM or 100µM Rapamycin for 
4h or 8h,  respectively.  (A-D) Quantif icat ion of  LC3I (A,C) and LC3II (B,D) levels  of  immunoblots  from Figure 
3 .43 with 4h (A,B) or 8h (C,D) incubation times relative to DMSO control , which was set to 100%.  Data is  pre-
sented as mean  ± SEM. 

 

 

 
Figure 10.10: Testosterone levels of Sms1W T  and Sms1M U T  animals, measured in blood samples of  16 week 
old animals .  
Blood testosterone levels  measured in of  Sms1W T  and Sms1M U T  animals  at the age of  16 weeks.  Statistical  analysis  
was performed using two-tailed Student’s  t -test .  Data is  presented as mean ± SEM. 
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Figure 10.11: Quantification of BTB components in the epididymides of Sms1W T  and Sms1M U T  animals  

(A-C) Immunoblot quant if icat ion of  of  junction markers .  Β-catenin (β-cat)  was used as adherence junction mark-
er ,  Connexin 43 (Cx43) as  gap junction marker and occluding (Occl) as  tight junction marker.  Quantif ication of  
immunoblot results  is  based on epididymides samples shown in Figure 3 .23Figure 3 .23 
Sms1W T  n=3,  Sms1M U T  n=3.  Statist ical  analysis  was performed using two -ta iled Student’s  t -test .  Data is  present-
ed as mean ± SEM; *p≤0.05,  **p≤0.01,  ***p≤0.001.  

 

 

Table 10.9: Level of  SM measured in brain samples of  male (A) and female  (B) Sms1W T  and Sms1M U T  ani-
mals.  
Statist ical  analysis  was performed using two -tailed Student’s  t -test 
*p≤0.05,  **p≤0.01,  ***p≤0.001.  
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Table 10.10: Level of PCaa species, measured in male Sms1W T  and Sms1M U T  brain samples .  
Statist ical  analysis  was performed using two -tailed Student’s  t -test .  
*p≤0.05,  **p≤0.01,  ***p≤0.001.  
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Table 10.11: Level of PCaa species, measured in female Sms1W T  and Sms1M U T  brain samples .  
* Statistical  analysis  was performed using two -ta iled Student’s  t -test .  
p≤0.05,  **p≤0.01,  ***p≤0.001.  
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Table 10.12: Level of PCae species, measured in male Sms1W T  and Sms1M U T  brain samples .  
Statist ical  analysis  was performed using two -tailed Student’s  t -test .  
*p≤0.05,  **p≤0.01,  ***p≤0.001.  
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Table 10.13: Level of PCae species, measured in female Sms1W T  and Sms1M U T  brain samples .  
Statist ical  analysis  was performed using two -tailed Student’s  t -test .  
*p≤0.05,  **p≤0.01,  ***p≤0.001.  
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Table 10.14: Level of PEae measured in brain samples of  male (A) and female  (B) Sms1W T  and Sms1M U T  
animals . 
Statist ical  analysis  was performed using two -tailed Student’s  t -test .  
*p≤0.05,  **p≤0.01,  ***p≤0.001.  
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Table 10.15: Level of lyso-PC measured in brain samples of male (A) and female  (B) Sms1W T  and Sms1M U T  
animals. 
Statist ical  analysis  was performed using two -tailed Student’s  t -test .  
*p≤0.05,  **p≤0.01,  ***p≤0.001.  

 

 

Table 10.16: Level of SM species, measured in testes samples of Sms1W T  can Sms1M U T  animals .  
Statist ical  analysis  was performed using two -tailed Student’s  t -test .  
*p≤0.05,  **p≤0.01,  ***p≤0.001.  
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Table 10.17: Level of SM species measured in brain samples of male (A) and female  (B) animals of  the 
Sms1 x APPswe mouse line .  
Males:  Sms1W T  x APPsweW T  n=6,  Sms1M U T  x APPsweW T  n=11,  Sms1W T  x APPsweT g  n=13,  Sms1M U T  x APPsweT g  
n=5;  females :  Sms1W T  x APPsweW T  n=5,  Sms1M U T  x APPsweW T  n=6,  Sms1W T  x APPsweT g  n=11,  Sms1M U T  x 
APPsweT g  n=6.  Statistical  analysis  was performed using one -way ANOVA with post  hoc  Tukey’s  test .  *p≤0.05, 
**p≤0.01,  ***p≤0.001.  
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Table 10.18: Level of PCaa species  measured in brain samples of male (A) and female  (B) animals of the 
Sms1 x APPswe mouse line .  
Males:  Sms1W T  x APPsweW T  n=6,  Sms1M U T  x APPsweW T  n=11,  Sms1W T  x APPsweT g  n=13,  Sms1M U T  x APPsweT g  
n=5;  females :  Sms1W T  x APPsweW T  n=5,  Sms1M U T  x APPsweW T  n=6,  Sms1W T  x APPsweT g  n=11,  Sms1M U T  x 
APPsweT g  n=6.  Statistical  analysis  was performed using one -way ANOVA with post  hoc  Tukey’s  test .  *p≤0.05, 
**p≤0.01,  ***p≤0.001.  
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% SEM % SEM p-value sig. % SEM % SEM p-value sig.

PC aa C24:0 100.00 9.38 98.37 5.16 0.9979 ns PC aa C24:0 100.00 6.22 113.12 10.17 0.8026 ns

PC aa C26:0 100.00 10.50 104.82 8.15 0.9862 ns PC aa C26:0 100.00 9.18 95.40 12.87 0.9941 ns

PC aa C28:1 100.00 6.72 105.46 4.78 0.9289 ns PC aa C28:1 100.00 6.83 102.32 9.45 0.9980 ns

PC aa C30:0 100.00 8.49 111.30 3.32 0.4021 ns PC aa C30:0 100.00 2.58 103.67 2.61 0.8908 ns

PC aa C30:2 100.00 4.47 104.19 2.29 0.8477 ns PC aa C30:2 100.00 5.76 104.09 7.08 0.9774 ns

PC aa C32:0 100.00 4.27 100.07 2.50 > 0.9999 ns PC aa C32:0 100.00 2.48 94.63 2.11 0.4571 ns

PC aa C32:1 100.00 6.22 112.63 3.15 0.1271 ns PC aa C32:1 100.00 2.38 99.24 2.73 0.9985 ns

PC aa C32:2 100.00 7.88 113.77 5.19 0.2800 ns PC aa C32:2 100.00 6.02 93.10 3.07 0.6946 ns

PC aa C32:3 100.00 5.61 103.32 2.52 0.9517 ns PC aa C32:3 100.00 4.09 107.97 7.39 0.8654 ns

PC aa C34:1 100.00 2.49 101.50 1.22 0.8815 ns PC aa C34:1 100.00 1.28 98.49 1.05 0.7884 ns

PC aa C34:2 100.00 6.61 111.67 3.51 0.3839 ns PC aa C34:2 100.00 2.61 107.95 3.42 0.4647 ns

PC aa C34:3 100.00 6.66 109.90 3.38 0.6412 ns PC aa C34:3 100.00 2.21 113.00 4.11 0.2416 ns

PC aa C34:4 100.00 6.57 107.03 3.62 0.7219 ns PC aa C34:4 100.00 2.54 107.59 3.61 0.6070 ns

PC aa C36:0 100.00 5.80 103.68 3.89 0.9415 ns PC aa C36:0 100.00 3.21 100.06 3.24 > 0.9999 ns

PC aa C36:1 100.00 4.85 103.19 3.29 0.9380 ns PC aa C36:1 100.00 2.32 98.99 2.70 0.9938 ns

PC aa C36:2 100.00 5.74 108.85 3.54 0.5062 ns PC aa C36:2 100.00 2.61 101.57 2.91 0.9830 ns

PC aa C36:3 100.00 5.76 105.39 3.77 0.8081 ns PC aa C36:3 100.00 3.14 101.16 3.01 0.9962 ns

PC aa C36:4 100.00 5.27 104.59 3.61 0.8489 ns PC aa C36:4 100.00 3.50 96.57 2.86 0.9047 ns

PC aa C36:5 100.00 7.87 107.04 3.45 0.7362 ns PC aa C36:5 100.00 1.66 108.93 2.70 0.4102 ns

PC aa C36:6 100.00 5.95 108.00 2.63 0.4715 ns PC aa C36:6 100.00 2.46 105.25 2.65 0.6323 ns

PC aa C38:0 100.00 6.31 106.51 4.72 0.8329 ns PC aa C38:0 100.00 5.80 103.02 4.56 0.9642 ns

PC aa C38:1 100.00 6.48 104.97 5.21 0.9305 ns PC aa C38:1 100.00 6.56 101.11 4.55 0.9983 ns

PC aa C38:3 100.00 5.99 105.92 4.15 0.7893 ns PC aa C38:3 100.00 3.08 100.48 2.71 0.9996 ns

PC aa C38:4 100.00 5.18 105.23 3.59 0.7821 ns PC aa C38:4 100.00 2.93 97.84 2.69 0.9650 ns

PC aa C38:5 100.00 5.87 107.64 3.70 0.5921 ns PC aa C38:5 100.00 2.24 97.94 2.81 0.9697 ns

PC aa C38:6 100.00 6.19 103.04 3.70 0.9575 ns PC aa C38:6 100.00 2.40 97.08 2.97 0.9254 ns

PC aa C40:1 100.00 6.11 100.72 4.87 0.9998 ns PC aa C40:1 100.00 7.43 97.65 5.95 0.9914 ns

PC aa C40:2 100.00 6.44 105.60 5.18 0.9212 ns PC aa C40:2 100.00 5.99 101.56 5.19 0.9958 ns

PC aa C40:3 100.00 6.01 105.02 4.22 0.8857 ns PC aa C40:3 100.00 3.39 104.64 2.85 0.7676 ns

PC aa C40:4 100.00 6.10 105.44 4.26 0.8460 ns PC aa C40:4 100.00 2.81 99.06 2.51 0.9973 ns

PC aa C40:5 100.00 6.49 107.37 4.26 0.7031 ns PC aa C40:5 100.00 3.54 99.47 2.63 0.9995 ns

PC aa C40:6 100.00 6.51 104.58 4.37 0.9086 ns PC aa C40:6 100.00 4.64 98.06 3.03 0.9817 ns

PC aa C42:0 100.00 4.88 95.96 4.20 0.9553 ns PC aa C42:0 100.00 8.43 97.99 5.84 0.9948 ns

PC aa C42:1 100.00 6.07 96.65 5.00 0.9813 ns PC aa C42:1 100.00 9.31 92.59 6.81 0.8642 ns

PC aa C42:2 100.00 6.26 100.39 4.48 > 0.9999 ns PC aa C42:2 100.00 8.45 95.44 6.40 0.9522 ns

PC aa C42:4 100.00 6.07 101.64 4.26 0.9955 ns PC aa C42:4 100.00 2.95 99.51 3.16 0.9996 ns

PC aa C42:5 100.00 5.93 105.00 4.15 0.8885 ns PC aa C42:5 100.00 2.47 104.53 2.83 0.7116 ns

PC aa C42:6 100.00 6.56 105.45 4.25 0.8553 ns PC aa C42:6 100.00 4.49 103.18 2.29 0.8931 ns

Pcaa total 100.00 4.41 103.51 2.68 0.8575 ns Pcaa total 100.00 1.76 98.08 2.05 0.9320 ns

% SEM % SEM p-value sig. % SEM % SEM p-value sig.

PC aa C24:0 100.00 9.38 105.17 4.77 0.9565 ns PC aa C24:0 100.00 6.22 96.10 10.22 0.9962 ns

PC aa C26:0 100.00 10.50 100.66 12.41 > 0.9999 ns PC aa C26:0 100.00 9.18 101.43 14.35 > 0.9999 ns

PC aa C28:1 100.00 6.72 94.05 8.30 0.9343 ns PC aa C28:1 100.00 6.83 92.70 10.56 0.9687 ns

PC aa C30:0 100.00 8.49 130.66 2.64 0.0041 ** PC aa C30:0 100.00 2.58 123.74 5.64 0.0037 **

PC aa C30:2 100.00 4.47 100.99 5.09 0.9982 ns PC aa C30:2 100.00 5.76 94.93 9.16 0.9767 ns

PC aa C32:0 100.00 4.27 112.76 1.96 0.0584 # PC aa C32:0 100.00 2.48 106.85 2.79 0.4235 ns

PC aa C32:1 100.00 6.22 92.84 1.76 0.6574 ns PC aa C32:1 100.00 2.38 84.86 4.83 0.0597 #

PC aa C32:2 100.00 7.88 68.11 1.86 0.0046 ** PC aa C32:2 100.00 6.02 62.55 3.57 0.0002 ***

PC aa C32:3 100.00 5.61 108.39 5.69 0.6420 ns PC aa C32:3 100.00 4.09 97.93 7.53 0.9984 ns

PC aa C34:1 100.00 2.49 104.56 0.71 0.2179 ns PC aa C34:1 100.00 1.28 100.71 1.37 0.9839 ns

PC aa C34:2 100.00 6.61 128.71 6.05 0.0080 ** PC aa C34:2 100.00 2.61 124.99 5.28 0.0036 **

PC aa C34:3 100.00 6.66 136.84 9.61 0.0033 ** PC aa C34:3 100.00 2.21 133.53 8.95 0.0018 **

PC aa C34:4 100.00 6.57 128.09 4.67 0.0052 ** PC aa C34:4 100.00 2.54 121.02 6.90 0.0412 *

PC aa C36:0 100.00 5.80 103.26 2.23 0.9696 ns PC aa C36:0 100.00 3.21 95.80 3.95 0.8922 ns

PC aa C36:1 100.00 4.85 103.75 1.73 0.9298 ns PC aa C36:1 100.00 2.32 95.81 3.33 0.8191 ns

PC aa C36:2 100.00 5.74 106.44 2.25 0.7984 ns PC aa C36:2 100.00 2.61 98.14 3.66 0.9846 ns

PC aa C36:3 100.00 5.76 117.74 2.23 0.0670 # PC aa C36:3 100.00 3.14 113.54 4.66 0.1760 ns

PC aa C36:4 100.00 5.27 115.45 2.86 0.0986 # PC aa C36:4 100.00 3.50 105.04 3.84 0.8487 ns

PC aa C36:5 100.00 7.87 124.13 3.13 0.0220 * PC aa C36:5 100.00 1.66 125.20 8.17 0.0056 **

PC aa C36:6 100.00 5.95 110.16 2.84 0.3650 ns PC aa C36:6 100.00 2.46 106.75 4.80 0.5968 ns

PC aa C38:0 100.00 6.31 96.33 2.62 0.9737 ns PC aa C38:0 100.00 5.80 86.78 3.36 0.3454 ns

PC aa C38:1 100.00 6.48 91.97 2.79 0.8220 ns PC aa C38:1 100.00 6.56 82.11 3.03 0.1494 ns

PC aa C38:3 100.00 5.99 109.54 2.41 0.5501 ns PC aa C38:3 100.00 3.08 103.39 4.29 0.9400 ns

PC aa C38:4 100.00 5.18 111.18 2.54 0.3006 ns PC aa C38:4 100.00 2.93 101.88 4.00 0.9869 ns

PC aa C38:5 100.00 5.87 111.39 2.76 0.3549 ns PC aa C38:5 100.00 2.24 103.55 4.38 0.9225 ns

PC aa C38:6 100.00 6.19 111.15 2.55 0.3734 ns PC aa C38:6 100.00 2.40 105.23 3.67 0.8034 ns

PC aa C40:1 100.00 6.11 99.59 4.52 > 0.9999 ns PC aa C40:1 100.00 7.43 84.41 4.39 0.4113 ns

PC aa C40:2 100.00 6.44 96.86 2.48 0.9889 ns PC aa C40:2 100.00 5.99 84.01 3.44 0.2506 ns

PC aa C40:3 100.00 6.01 109.71 1.78 0.6022 ns PC aa C40:3 100.00 3.39 99.81 3.85 > 0.9999 ns

PC aa C40:4 100.00 6.10 113.01 2.19 0.3264 ns PC aa C40:4 100.00 2.81 101.28 4.19 0.9964 ns

PC aa C40:5 100.00 6.49 109.13 2.51 0.6361 ns PC aa C40:5 100.00 3.54 100.41 4.11 0.9999 ns

PC aa C40:6 100.00 6.51 107.35 2.54 0.7767 ns PC aa C40:6 100.00 4.64 100.48 3.90 0.9998 ns

PC aa C42:0 100.00 4.88 95.55 3.78 0.9576 ns PC aa C42:0 100.00 8.43 83.04 4.77 0.3531 ns

PC aa C42:1 100.00 6.07 97.04 6.02 0.9907 ns PC aa C42:1 100.00 9.31 81.29 4.72 0.3939 ns

PC aa C42:2 100.00 6.26 96.28 3.81 0.9790 ns PC aa C42:2 100.00 8.45 84.28 3.85 0.4625 ns

PC aa C42:4 100.00 6.07 105.30 2.30 0.9081 ns PC aa C42:4 100.00 2.95 90.06 3.95 0.3733 ns

PC aa C42:5 100.00 5.93 104.94 1.92 0.9202 ns PC aa C42:5 100.00 2.47 93.39 3.79 0.5883 ns

PC aa C42:6 100.00 6.56 103.63 1.69 0.9643 ns PC aa C42:6 100.00 4.49 95.87 3.40 0.8757 ns

Pcaa total 100.00 4.41 104.22 1.45 0.4062 ns Pcaa total 100.00 1.76 103.21 2.70 0.9894 ns
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% SEM % SEM p-value sig. % SEM % SEM p-value sig.

PC aa C24:0 100.00 6.96 106.65 4.84 0.9053 ns PC aa C24:0 100.00 8.21 96.22 10.24 0.9951 ns

PC aa C26:0 100.00 8.43 93.17 11.48 0.9616 ns PC aa C26:0 100.00 10.21 114.10 16.14 0.9722 ns

PC aa C28:1 100.00 6.50 96.75 8.54 0.9875 ns PC aa C28:1 100.00 7.32 106.14 12.09 0.9820 ns

PC aa C30:0 100.00 6.05 120.30 2.43 0.0368 * PC aa C30:0 100.00 3.37 113.92 5.19 0.0528 #

PC aa C30:2 100.00 4.02 107.00 5.39 0.6338 ns PC aa C30:2 100.00 5.33 105.07 10.14 0.9757 ns

PC aa C32:0 100.00 3.02 105.42 1.83 0.5838 ns PC aa C32:0 100.00 2.19 97.91 2.56 0.9381 ns

PC aa C32:1 100.00 5.23 115.06 2.18 0.1933 ns PC aa C32:1 100.00 3.90 110.10 6.26 0.4380 ns

PC aa C32:2 100.00 5.00 105.66 2.88 0.9679 ns PC aa C32:2 100.00 7.20 99.86 5.69 > 0.9999 ns

PC aa C32:3 100.00 5.73 108.63 5.71 0.5869 ns PC aa C32:3 100.00 5.59 99.61 7.66 > 0.9999 ns

PC aa C34:1 100.00 1.14 103.31 0.70 0.4334 ns PC aa C34:1 100.00 0.82 100.40 1.37 0.9958 ns

PC aa C34:2 100.00 5.52 127.68 6.00 0.0068 ** PC aa C34:2 100.00 3.06 119.98 5.07 0.0069 **

PC aa C34:3 100.00 5.23 136.22 9.57 0.0023 ** PC aa C34:3 100.00 3.49 127.89 8.57 0.0024 **

PC aa C34:4 100.00 4.71 122.15 4.45 0.0170 * PC aa C34:4 100.00 3.55 113.29 6.46 0.1682 ns

PC aa C36:0 100.00 5.97 106.50 2.30 0.8022 ns PC aa C36:0 100.00 2.37 90.72 3.74 0.2648 ns

PC aa C36:1 100.00 5.15 105.55 1.76 0.7932 ns PC aa C36:1 100.00 1.90 91.94 3.19 0.2226 ns

PC aa C36:2 100.00 6.14 109.69 2.32 0.5129 ns PC aa C36:2 100.00 2.22 97.56 3.64 0.9527 ns

PC aa C36:3 100.00 4.54 117.52 2.23 0.0544 # PC aa C36:3 100.00 3.32 106.82 4.38 0.5933 ns

PC aa C36:4 100.00 3.64 112.81 2.79 0.1629 ns PC aa C36:4 100.00 3.32 100.69 3.68 0.9992 ns

PC aa C36:5 100.00 5.70 119.65 3.02 0.0484 * PC aa C36:5 100.00 3.57 118.81 7.75 0.0163 *

PC aa C36:6 100.00 5.09 112.94 2.91 0.1619 ns PC aa C36:6 100.00 2.45 103.60 4.65 0.8653 ns

PC aa C38:0 100.00 7.57 104.78 2.85 0.9504 ns PC aa C38:0 100.00 2.51 87.64 3.40 0.3122 ns

PC aa C38:1 100.00 8.04 102.17 3.10 0.9961 ns PC aa C38:1 100.00 3.02 84.18 3.11 0.1701 ns

PC aa C38:3 100.00 4.46 113.57 2.50 0.2462 ns PC aa C38:3 100.00 3.15 99.79 4.14 > 0.9999 ns

PC aa C38:4 100.00 3.66 113.22 2.59 0.1560 ns PC aa C38:4 100.00 2.90 99.37 3.90 0.9992 ns

PC aa C38:5 100.00 4.42 112.34 2.79 0.2571 ns PC aa C38:5 100.00 2.87 101.31 4.28 0.9934 ns

PC aa C38:6 100.00 4.14 108.50 2.49 0.5427 ns PC aa C38:6 100.00 2.79 96.19 3.35 0.8510 ns

PC aa C40:1 100.00 8.88 102.93 4.68 0.9898 ns PC aa C40:1 100.00 2.63 82.06 4.27 0.1814 ns

PC aa C40:2 100.00 9.66 101.80 2.60 0.9979 ns PC aa C40:2 100.00 2.14 83.94 3.44 0.1630 ns

PC aa C40:3 100.00 6.42 112.90 1.83 0.3494 ns PC aa C40:3 100.00 2.78 91.50 3.53 0.3061 ns

PC aa C40:4 100.00 5.18 114.51 2.22 0.2136 ns PC aa C40:4 100.00 3.29 93.07 3.85 0.4938 ns

PC aa C40:5 100.00 5.24 111.08 2.56 0.4561 ns PC aa C40:5 100.00 2.88 94.81 3.88 0.7106 ns

PC aa C40:6 100.00 5.00 106.88 2.53 0.7840 ns PC aa C40:6 100.00 2.85 93.17 3.62 0.5692 ns

PC aa C42:0 100.00 8.95 98.06 3.88 0.9959 ns PC aa C42:0 100.00 2.56 81.31 4.67 0.1700 ns

PC aa C42:1 100.00 8.25 99.60 6.18 > 0.9999 ns PC aa C42:1 100.00 3.37 79.79 4.63 0.2189 ns

PC aa C42:2 100.00 9.23 98.00 3.88 0.9963 ns PC aa C42:2 100.00 2.53 82.75 3.78 0.2683 ns

PC aa C42:4 100.00 6.65 108.97 2.38 0.6661 ns PC aa C42:4 100.00 2.85 85.78 3.76 0.0448 *

PC aa C42:5 100.00 6.91 111.23 2.04 0.4971 ns PC aa C42:5 100.00 2.21 90.22 3.66 0.1505 ns

PC aa C42:6 100.00 5.90 110.59 1.80 0.5376 ns PC aa C42:6 100.00 2.72 90.81 3.22 0.2179 ns

Pcaa total 100.00 3.51 107.50 1.45 0.4037 ns Pcaa total 100.00 1.90 98.15 2.62 0.9478 ns

% SEM % SEM p-value sig. % SEM % SEM p-value sig.

PC aa C24:0 100.00 5.25 106.91 4.85 0.8554 ns PC aa C24:0 100.00 8.99 84.96 9.04 0.6919 ns

PC aa C26:0 100.00 7.77 96.03 11.84 0.9892 ns PC aa C26:0 100.00 13.49 106.32 15.04 0.9200 ns

PC aa C28:1 100.00 4.53 89.18 7.87 0.5428 ns PC aa C28:1 100.00 9.24 90.59 10.32 0.9019 ns

PC aa C30:0 100.00 2.99 117.39 2.37 0.0372 * PC aa C30:0 100.00 2.52 119.35 5.44 0.0049 **

PC aa C30:2 100.00 2.20 96.93 4.88 0.9111 ns PC aa C30:2 100.00 6.80 91.21 8.80 0.8312 ns

PC aa C32:0 100.00 2.50 112.69 1.96 0.0193 * PC aa C32:0 100.00 2.23 112.92 2.95 0.0169 *

PC aa C32:1 100.00 2.80 82.43 1.56 0.0043 ** PC aa C32:1 100.00 2.75 85.51 4.86 0.0343 *

PC aa C32:2 100.00 4.56 59.87 1.63 < 0.0001 *** PC aa C32:2 100.00 3.29 67.18 3.83 0.0004 ***

PC aa C32:3 100.00 2.44 104.90 5.51 0.8284 ns PC aa C32:3 100.00 6.85 90.70 6.97 0.7969 ns

PC aa C34:1 100.00 1.20 103.02 0.70 0.3989 ns PC aa C34:1 100.00 1.07 102.25 1.39 0.5787 ns

PC aa C34:2 100.00 3.14 115.26 5.42 0.0818 # PC aa C34:2 100.00 3.17 115.78 4.89 0.0283 *

PC aa C34:3 100.00 3.08 124.52 8.75 0.0109 * PC aa C34:3 100.00 3.64 118.17 7.92 0.0374 *

PC aa C34:4 100.00 3.39 119.67 4.36 0.0134 * PC aa C34:4 100.00 3.36 112.48 6.42 0.1892 ns

PC aa C36:0 100.00 3.75 99.60 2.15 0.9999 ns PC aa C36:0 100.00 3.24 95.75 3.95 0.8405 ns

PC aa C36:1 100.00 3.18 100.54 1.68 0.9995 ns PC aa C36:1 100.00 2.72 96.79 3.36 0.8713 ns

PC aa C36:2 100.00 3.26 97.78 2.07 0.9765 ns PC aa C36:2 100.00 2.86 96.63 3.61 0.8763 ns

PC aa C36:3 100.00 3.58 111.71 2.12 0.1589 ns PC aa C36:3 100.00 2.98 112.24 4.61 0.1433 ns

PC aa C36:4 100.00 3.45 110.38 2.73 0.2033 ns PC aa C36:4 100.00 2.96 108.76 3.97 0.4104 ns

PC aa C36:5 100.00 3.22 115.96 2.93 0.0636 # PC aa C36:5 100.00 2.48 114.94 7.50 0.0535 #

PC aa C36:6 100.00 2.43 102.01 2.63 0.9741 ns PC aa C36:6 100.00 2.52 101.43 4.56 0.9883 ns

PC aa C38:0 100.00 4.43 90.44 2.46 0.5095 ns PC aa C38:0 100.00 4.43 84.24 3.27 0.1000 ns

PC aa C38:1 100.00 4.96 87.61 2.66 0.3591 ns PC aa C38:1 100.00 4.50 81.21 3.00 0.0549 #

PC aa C38:3 100.00 3.92 103.42 2.28 0.9293 ns PC aa C38:3 100.00 2.70 102.89 4.27 0.9420 ns

PC aa C38:4 100.00 3.42 105.65 2.41 0.6702 ns PC aa C38:4 100.00 2.75 104.12 4.09 0.8420 ns

PC aa C38:5 100.00 3.44 103.48 2.57 0.9109 ns PC aa C38:5 100.00 2.87 105.74 4.47 0.6673 ns

PC aa C38:6 100.00 3.59 107.87 2.47 0.4946 ns PC aa C38:6 100.00 3.06 108.40 3.78 0.3832 ns

PC aa C40:1 100.00 4.84 98.88 4.49 0.9990 ns PC aa C40:1 100.00 6.09 86.44 4.50 0.4313 ns

PC aa C40:2 100.00 4.91 91.72 2.35 0.7245 ns PC aa C40:2 100.00 5.11 82.72 3.39 0.0992 #

PC aa C40:3 100.00 4.02 104.46 1.70 0.8882 ns PC aa C40:3 100.00 2.72 95.38 3.68 0.7798 ns

PC aa C40:4 100.00 4.04 107.18 2.08 0.6286 ns PC aa C40:4 100.00 2.54 102.24 4.22 0.9729 ns

PC aa C40:5 100.00 3.96 101.64 2.34 0.9926 ns PC aa C40:5 100.00 2.65 100.95 4.13 0.9976 ns

PC aa C40:6 100.00 4.17 102.65 2.43 0.9729 ns PC aa C40:6 100.00 3.09 102.48 3.98 0.9712 ns

PC aa C42:0 100.00 4.38 99.57 3.94 > 0.9999 ns PC aa C42:0 100.00 5.96 84.74 4.87 0.3406 ns

PC aa C42:1 100.00 5.18 100.41 6.23 > 0.9999 ns PC aa C42:1 100.00 7.36 87.79 5.10 0.6854 ns

PC aa C42:2 100.00 4.46 95.91 3.80 0.9543 ns PC aa C42:2 100.00 6.71 88.31 4.04 0.6268 ns

PC aa C42:4 100.00 4.19 103.60 2.26 0.9457 ns PC aa C42:4 100.00 3.17 90.51 3.97 0.2966 ns

PC aa C42:5 100.00 3.95 99.95 1.83 > 0.9999 ns PC aa C42:5 100.00 2.71 89.34 3.62 0.0862 #

PC aa C42:6 100.00 4.04 98.28 1.60 0.9919 ns PC aa C42:6 100.00 2.22 92.91 3.29 0.4336 ns

Pcaa total 100.00 2.59 104.22 1.40 0.7232 ns Pcaa total 100.00 2.09 103.21 2.75 0.7953 ns
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Table 10.19: Level of PCae species measured in brain samples of male (A) and female  (B) animals of the 
Sms1 x APPswe mouse line .  
Males:  Sms1W T  x APPsweW T  n=6,  Sms1M U T  x APPsweW T  n=11,  Sms1W T  x APPsweT g  n=13,  Sms1M U T  x APPsweT g  
n=5;  females :  Sms1W T  x APPsweW T  n=5,  Sms1M U T  x APPsweW T  n=6,  Sms1W T  x APPsweT g  n=11,  Sms1M U T  x 
APPsweT g  n=6.  Statistical  analysis  was performed using one -way ANOVA with post  hoc  Tukey’s  test .  *p≤0.05, 
**p≤0.01,  ***p≤0.001.  
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% SEM % SEM p-value sig. % SEM % SEM p-value sig.

PC ae C30:0 100 4.63481 107.289029 3.50516 0.5728 ns PC ae C30:0 100 4.59053 104.25992 3.771 0.8644 ns

PC ae C30:1 100.00 2.99 103.62 2.29 0.8539 ns PC ae C30:1 100.00 5.26 108.19 6.80 0.8133 ns

PC ae C30:2 100.00 9.75 96.95 5.29 0.9888 ns PC ae C30:2 100.00 6.03 115.59 11.35 0.7684 ns

PC ae C32:1 100.00 5.99 106.88 3.28 0.6012 ns PC ae C32:1 100.00 4.88 97.55 3.81 0.9761 ns

PC ae C32:2 100.00 4.49 104.26 2.04 0.8419 ns PC ae C32:2 100.00 3.45 105.49 4.15 0.7922 ns

PC ae C34:0 100.00 5.84 104.21 4.73 0.9267 ns PC ae C34:0 100.00 5.35 97.13 4.33 0.9736 ns

PC ae C34:1 100.00 6.32 105.23 3.89 0.8262 ns PC ae C34:1 100.00 3.78 101.78 3.88 0.9892 ns

PC ae C34:2 100.00 5.82 106.04 3.48 0.7402 ns PC ae C34:2 100.00 4.46 96.75 3.68 0.9331 ns

PC ae C34:3 100.00 1.44 105.91 2.23 0.4558 ns PC ae C34:3 100.00 3.92 101.22 4.84 0.9980 ns

PC ae C36:0 100.00 3.25 101.09 3.38 0.9974 ns PC ae C36:0 100.00 5.12 104.47 3.70 0.8549 ns

PC ae C36:1 100.00 5.46 103.16 4.07 0.9592 ns PC ae C36:1 100.00 6.54 99.17 3.70 0.9992 ns

PC ae C36:2 100.00 6.05 104.67 3.64 0.8811 ns PC ae C36:2 100.00 5.52 99.38 3.67 0.9996 ns

PC ae C36:3 100.00 4.93 108.04 3.80 0.6185 ns PC ae C36:3 100.00 4.06 98.94 4.04 0.9979 ns

PC ae C36:4 100.00 6.70 108.89 4.36 0.5029 ns PC ae C36:4 100.00 4.10 104.50 4.25 0.8936 ns

PC ae C36:5 100.00 6.81 104.99 4.62 0.9000 ns PC ae C36:5 100.00 4.83 100.70 3.46 0.9996 ns

PC ae C38:0 100.00 5.19 102.46 3.48 0.9784 ns PC ae C38:0 100.00 3.15 104.28 2.80 0.7941 ns

PC ae C38:1 100.00 5.12 104.98 4.12 0.8870 ns PC ae C38:1 100.00 6.46 101.52 3.59 0.9940 ns

PC ae C38:2 100.00 5.60 106.22 4.23 0.8218 ns PC ae C38:2 100.00 7.15 102.24 3.98 0.9855 ns

PC ae C38:3 100.00 4.94 101.37 4.69 0.9984 ns PC ae C38:3 100.00 4.58 109.57 5.17 0.5745 ns

PC ae C38:4 100.00 4.84 108.51 5.39 0.6512 ns PC ae C38:4 100.00 5.83 101.35 5.29 0.9980 ns

PC ae C38:5 100.00 5.88 108.51 3.94 0.4669 ns PC ae C38:5 100.00 3.25 101.37 3.47 0.9937 ns

PC ae C38:6 100.00 5.82 107.09 3.72 0.6278 ns PC ae C38:6 100.00 4.01 101.38 3.35 0.9928 ns

PC ae C40:0 100.00 6.16 104.02 4.48 0.9414 ns PC ae C40:0 100.00 3.32 97.28 3.26 0.9557 ns

PC ae C40:1 100.00 4.87 102.72 4.12 0.9808 ns PC ae C40:1 100.00 3.20 101.69 3.17 0.9828 ns

PC ae C40:2 100.00 5.23 104.52 3.57 0.9175 ns PC ae C40:2 100.00 4.91 105.81 3.14 0.6081 ns

PC ae C40:3 100.00 6.82 101.05 5.09 0.9995 ns PC ae C40:3 100.00 3.10 111.22 4.09 0.3003 ns

PC ae C40:4 100.00 5.95 102.83 4.92 0.9859 ns PC ae C40:4 100.00 3.76 113.46 5.83 0.3247 ns

PC ae C40:5 100.00 5.88 100.99 4.59 0.9993 ns PC ae C40:5 100.00 4.35 112.67 4.60 0.2701 ns

PC ae C40:6 100.00 6.21 104.38 4.23 0.9186 ns PC ae C40:6 100.00 6.79 102.29 3.71 0.9843 ns

PC ae C42:0 100.00 7.72 105.02 4.75 0.9231 ns PC ae C42:0 100.00 7.52 103.46 4.60 0.9634 ns

PC ae C42:1 100.00 4.51 103.23 3.62 0.9582 ns PC ae C42:1 100.00 3.32 100.31 3.76 > 0.9999 ns

PC ae C42:2 100.00 6.35 103.71 3.86 0.9557 ns PC ae C42:2 100.00 2.38 106.77 3.14 0.3959 ns

PC ae C42:3 100.00 6.95 103.33 5.31 0.9771 ns PC ae C42:3 100.00 2.84 101.70 2.91 0.9845 ns

PC ae C42:4 100.00 7.17 96.74 6.01 0.9897 ns PC ae C42:4 100.00 4.22 117.70 5.10 0.1206 ns

PC ae C42:5 100.00 7.22 95.27 5.97 0.9742 ns PC ae C42:5 100.00 5.93 125.57 5.56 0.0313 *

PC ae C44:3 100.00 6.75 103.20 3.96 0.9668 ns PC ae C44:3 100.00 4.12 109.14 2.41 0.1614 ns

PC ae C44:4 100.00 6.54 106.36 4.37 0.8493 ns PC ae C44:4 100.00 5.77 107.31 3.52 0.5508 ns

PC ae C44:5 100.00 8.30 106.25 5.86 0.9068 ns PC ae C44:5 100.00 7.45 104.21 5.39 0.9562 ns

PC ae C44:6 100.00 5.12 95.22 5.08 0.9497 ns PC ae C44:6 100.00 5.44 113.82 4.26 0.1838 ns

PC ae total 100.00 5.51 104.44 3.62 0.8768 ns PC ae total 100.00 3.80 100.71 3.10 0.9988 ns

% SEM % SEM p-value sig. % SEM % SEM p-value sig.

PC ae C30:0 100 4.63481 109.778151 1.66741 0.4241 ns PC ae C30:0 100 4.59053 109.59977 3.09564 0.4930 ns

PC ae C30:1 100.00 2.99 101.94 3.80 0.9808 ns PC ae C30:1 100.00 5.26 99.18 6.49 0.9999 ns

PC ae C30:2 100.00 9.75 101.45 5.73 0.9991 ns PC ae C30:2 100.00 6.03 93.27 10.64 0.9861 ns

PC ae C32:1 100.00 5.99 106.45 2.98 0.7249 ns PC ae C32:1 100.00 4.88 103.55 4.00 0.9615 ns

PC ae C32:2 100.00 4.49 108.00 2.56 0.5227 ns PC ae C32:2 100.00 3.45 101.55 4.68 0.9965 ns

PC ae C34:0 100.00 5.84 99.46 3.10 0.9999 ns PC ae C34:0 100.00 5.35 100.79 6.28 0.9997 ns

PC ae C34:1 100.00 6.32 103.06 1.85 0.9696 ns PC ae C34:1 100.00 3.78 103.58 5.09 0.9552 ns

PC ae C34:2 100.00 5.82 98.83 2.24 0.9980 ns PC ae C34:2 100.00 4.46 96.14 4.95 0.9386 ns

PC ae C34:3 100.00 1.44 107.70 3.16 0.3277 ns PC ae C34:3 100.00 3.92 104.15 6.16 0.9614 ns

PC ae C36:0 100.00 3.25 96.43 2.71 0.9415 ns PC ae C36:0 100.00 5.12 93.69 5.13 0.7957 ns

PC ae C36:1 100.00 5.46 94.85 2.50 0.8881 ns PC ae C36:1 100.00 6.54 94.19 6.91 0.8855 ns

PC ae C36:2 100.00 6.05 99.59 2.51 > 0.9999 ns PC ae C36:2 100.00 5.52 98.15 6.28 0.9942 ns

PC ae C36:3 100.00 4.93 102.35 3.51 0.9885 ns PC ae C36:3 100.00 4.06 104.79 6.43 0.9116 ns

PC ae C36:4 100.00 6.70 115.61 0.84 0.1485 ns PC ae C36:4 100.00 4.10 118.34 4.49 0.1086 ns

PC ae C36:5 100.00 6.81 113.11 4.08 0.3898 ns PC ae C36:5 100.00 4.83 107.86 3.60 0.7832 ns

PC ae C38:0 100.00 5.19 105.59 3.11 0.8530 ns PC ae C38:0 100.00 3.15 103.07 5.59 0.9487 ns

PC ae C38:1 100.00 5.12 87.59 3.34 0.3943 ns PC ae C38:1 100.00 6.46 80.88 5.05 0.0610 #

PC ae C38:2 100.00 5.60 90.10 3.36 0.6152 ns PC ae C38:2 100.00 7.15 84.47 5.74 0.2281 ns

PC ae C38:3 100.00 4.94 104.13 4.69 0.9711 ns PC ae C38:3 100.00 4.58 98.19 7.36 0.9971 ns

PC ae C38:4 100.00 4.84 105.25 2.06 0.9172 ns PC ae C38:4 100.00 5.83 103.58 6.72 0.9805 ns

PC ae C38:5 100.00 5.88 111.32 1.52 0.3218 ns PC ae C38:5 100.00 3.25 109.64 4.28 0.4535 ns

PC ae C38:6 100.00 5.82 105.82 1.61 0.8139 ns PC ae C38:6 100.00 4.01 103.85 4.16 0.9254 ns

PC ae C40:0 100.00 6.16 105.20 3.00 0.9139 ns PC ae C40:0 100.00 3.32 99.19 4.56 0.9993 ns

PC ae C40:1 100.00 4.87 106.32 4.81 0.8595 ns PC ae C40:1 100.00 3.20 95.65 4.29 0.8674 ns

PC ae C40:2 100.00 5.23 92.76 4.01 0.7972 ns PC ae C40:2 100.00 4.91 84.10 3.99 0.0450 *

PC ae C40:3 100.00 6.82 105.00 5.22 0.9632 ns PC ae C40:3 100.00 3.10 94.63 4.76 0.8977 ns

PC ae C40:4 100.00 5.95 106.79 3.93 0.8837 ns PC ae C40:4 100.00 3.76 100.72 6.30 0.9998 ns

PC ae C40:5 100.00 5.88 106.36 3.93 0.8971 ns PC ae C40:5 100.00 4.35 100.69 6.22 0.9998 ns

PC ae C40:6 100.00 6.21 100.97 2.45 0.9993 ns PC ae C40:6 100.00 6.79 99.48 6.20 0.9999 ns

PC ae C42:0 100.00 7.72 101.92 3.16 0.9965 ns PC ae C42:0 100.00 7.52 93.60 3.44 0.8882 ns

PC ae C42:1 100.00 4.51 103.49 2.79 0.9627 ns PC ae C42:1 100.00 3.32 92.18 3.46 0.5891 ns

PC ae C42:2 100.00 6.35 106.01 2.24 0.8809 ns PC ae C42:2 100.00 2.38 99.82 3.80 > 0.9999 ns

PC ae C42:3 100.00 6.95 111.06 3.15 0.6342 ns PC ae C42:3 100.00 2.84 102.75 4.07 0.9654 ns

PC ae C42:4 100.00 7.17 105.40 6.10 0.9682 ns PC ae C42:4 100.00 4.22 97.32 6.29 0.9919 ns

PC ae C42:5 100.00 7.22 103.93 6.98 0.9892 ns PC ae C42:5 100.00 5.93 94.72 7.14 0.9605 ns

PC ae C44:3 100.00 6.75 107.78 1.64 0.7512 ns PC ae C44:3 100.00 4.12 100.48 3.32 0.9997 ns

PC ae C44:4 100.00 6.54 110.17 2.75 0.6613 ns PC ae C44:4 100.00 5.77 104.53 4.40 0.9067 ns

PC ae C44:5 100.00 8.30 110.67 4.53 0.7387 ns PC ae C44:5 100.00 7.45 105.65 3.73 0.9437 ns

PC ae C44:6 100.00 5.12 103.47 5.47 0.9854 ns PC ae C44:6 100.00 5.44 90.20 6.13 0.6321 ns

PC ae total 100.00 5.51 102.46 2.02 0.9825 ns PC ae total 100.00 3.80 99.22 4.69 0.9991 ns

Sms1WT x 

APPsweWT

Sms1MUT x 

APPsweTg One Way ANOVA

Sms1WT x 

APPsweWT

Sms1MUT x 

APPsweTg One Way ANOVA

Sms1WT x 

APPsweWT Sms1WT x APPsweTg One Way ANOVA

Sms1WT x 

APPsweWT Sms1WT x APPsweTg One Way ANOVA
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% SEM % SEM p-value sig. % SEM % SEM p-value sig.

PC ae C30:0 100 4.75555 106.670413 1.77863 0.6677 ns PC ae C30:0 100 2.52859 106.19986 3.28756 0.7116 ns

PC ae C30:1 100.00 4.21 106.11 4.03 0.6275 ns PC ae C30:1 100.00 4.59 105.33 6.84 0.9595 ns

PC ae C30:2 100.00 7.83 105.25 6.03 0.9606 ns PC ae C30:2 100.00 9.43 93.01 9.89 0.9782 ns

PC ae C32:1 100.00 3.12 106.03 3.16 0.7341 ns PC ae C32:1 100.00 3.22 101.82 4.08 0.9918 ns

PC ae C32:2 100.00 6.10 108.49 2.78 0.4363 ns PC ae C32:2 100.00 3.05 102.45 4.79 0.9818 ns

PC ae C34:0 100.00 3.92 101.54 3.15 0.9968 ns PC ae C34:0 100.00 3.19 97.87 6.15 0.9906 ns

PC ae C34:1 100.00 4.10 104.41 1.93 0.9083 ns PC ae C34:1 100.00 2.57 100.73 5.13 0.9994 ns

PC ae C34:2 100.00 5.16 102.80 2.30 0.9736 ns PC ae C34:2 100.00 2.42 96.52 4.78 0.9374 ns

PC ae C34:3 100.00 3.52 110.32 3.48 0.1076 ns PC ae C34:3 100.00 3.52 110.83 6.82 0.5447 ns

PC ae C36:0 100.00 6.00 103.15 2.79 0.9608 ns PC ae C36:0 100.00 2.28 90.06 4.62 0.3469 ns

PC ae C36:1 100.00 5.36 101.57 2.53 0.9963 ns PC ae C36:1 100.00 3.11 91.49 6.33 0.6121 ns

PC ae C36:2 100.00 5.71 101.61 2.55 0.9954 ns PC ae C36:2 100.00 2.50 94.94 5.97 0.8523 ns

PC ae C36:3 100.00 5.90 99.89 3.50 > 0.9999 ns PC ae C36:3 100.00 2.08 100.86 6.49 0.9990 ns

PC ae C36:4 100.00 2.78 113.13 0.94 0.2180 ns PC ae C36:4 100.00 3.17 110.61 4.97 0.3755 ns

PC ae C36:5 100.00 3.72 114.48 4.68 0.2767 ns PC ae C36:5 100.00 4.85 99.83 3.60 > 0.9999 ns

PC ae C38:0 100.00 5.95 109.12 3.39 0.5560 ns PC ae C38:0 100.00 2.17 99.14 5.55 0.9980 ns

PC ae C38:1 100.00 7.46 100.85 3.37 0.9996 ns PC ae C38:1 100.00 2.99 84.93 4.29 0.1426 ns

PC ae C38:2 100.00 7.44 98.96 3.32 0.9993 ns PC ae C38:2 100.00 2.90 86.87 4.99 0.2921 ns

PC ae C38:3 100.00 8.61 105.18 4.93 0.9395 ns PC ae C38:3 100.00 2.98 91.03 6.70 0.6337 ns

PC ae C38:4 100.00 4.50 109.18 2.24 0.6714 ns PC ae C38:4 100.00 3.00 101.94 6.85 0.9952 ns

PC ae C38:5 100.00 3.00 113.41 1.72 0.1719 ns PC ae C38:5 100.00 2.76 106.60 4.57 0.6441 ns

PC ae C38:6 100.00 4.38 107.34 1.73 0.6623 ns PC ae C38:6 100.00 2.34 99.20 4.12 0.9987 ns

PC ae C40:0 100.00 5.49 105.34 3.16 0.8955 ns PC ae C40:0 100.00 3.10 92.90 4.23 0.5678 ns

PC ae C40:1 100.00 6.22 109.54 5.27 0.6267 ns PC ae C40:1 100.00 2.01 92.29 3.96 0.3990 ns

PC ae C40:2 100.00 8.31 101.34 4.06 0.9984 ns PC ae C40:2 100.00 1.78 88.91 3.55 0.1941 ns

PC ae C40:3 100.00 9.30 107.40 5.61 0.8859 ns PC ae C40:3 100.00 3.89 92.90 4.42 0.7203 ns

PC ae C40:4 100.00 7.88 110.15 4.32 0.6867 ns PC ae C40:4 100.00 2.92 91.35 5.75 0.6781 ns

PC ae C40:5 100.00 8.02 107.05 4.20 0.8509 ns PC ae C40:5 100.00 3.12 90.93 5.66 0.5441 ns

PC ae C40:6 100.00 5.89 105.18 2.57 0.9048 ns PC ae C40:6 100.00 2.83 93.98 5.83 0.8017 ns

PC ae C42:0 100.00 7.05 107.20 3.39 0.8556 ns PC ae C42:0 100.00 3.39 86.62 2.98 0.2811 ns

PC ae C42:1 100.00 6.92 106.86 2.98 0.7728 ns PC ae C42:1 100.00 1.97 88.10 3.05 0.1272 ns

PC ae C42:2 100.00 7.60 106.04 2.38 0.8640 ns PC ae C42:2 100.00 1.50 90.77 3.45 0.1488 ns

PC ae C42:3 100.00 6.14 110.06 3.46 0.6610 ns PC ae C42:3 100.00 2.74 93.15 3.79 0.4831 ns

PC ae C42:4 100.00 10.12 106.01 6.46 0.9518 ns PC ae C42:4 100.00 3.92 85.05 5.35 0.1982 ns

PC ae C42:5 100.00 11.53 105.67 7.37 0.9662 ns PC ae C42:5 100.00 4.38 79.72 5.69 0.0769 #

PC ae C44:3 100.00 6.63 111.52 1.83 0.4529 ns PC ae C44:3 100.00 2.22 90.20 3.00 0.1097 ns

PC ae C44:4 100.00 7.88 110.13 3.03 0.6297 ns PC ae C44:4 100.00 1.85 91.42 4.02 0.3755 ns

PC ae C44:5 100.00 6.34 109.11 4.94 0.7907 ns PC ae C44:5 100.00 3.85 91.78 3.42 0.7224 ns

PC ae C44:6 100.00 8.88 106.02 5.80 0.9263 ns PC ae C44:6 100.00 3.21 83.52 5.12 0.0896 #

PC ae total 100.00 5.06 105.07 2.13 0.8634 ns PC ae total 100.00 2.19 95.03 4.46 0.7572 ns

% SEM % SEM p-value sig. % SEM % SEM p-value sig.

PC ae C30:0 100 3.26703 102.320015 1.70609 0.9647 ns PC ae C30:0 100 3.61692 105.12167 3.25418 0.7981 ns

PC ae C30:1 100.00 2.21 98.37 3.74 0.9785 ns PC ae C30:1 100.00 6.28 91.67 5.95 0.7985 ns

PC ae C30:2 100.00 5.45 104.64 6.00 0.9594 ns PC ae C30:2 100.00 9.82 80.69 8.58 0.5700 ns

PC ae C32:1 100.00 3.06 99.60 2.97 0.9998 ns PC ae C32:1 100.00 3.90 106.15 4.25 0.7807 ns

PC ae C32:2 100.00 1.95 103.59 2.65 0.8668 ns PC ae C32:2 100.00 3.93 96.26 4.50 0.9243 ns

PC ae C34:0 100.00 4.54 95.45 2.96 0.8817 ns PC ae C34:0 100.00 4.45 103.77 6.52 0.9561 ns

PC ae C34:1 100.00 3.70 97.94 1.81 0.9811 ns PC ae C34:1 100.00 3.81 101.77 5.18 0.9906 ns

PC ae C34:2 100.00 3.28 93.20 2.08 0.5758 ns PC ae C34:2 100.00 3.81 99.37 4.92 0.9996 ns

PC ae C34:3 100.00 2.10 101.69 3.21 0.9622 ns PC ae C34:3 100.00 4.78 102.90 6.34 0.9786 ns

PC ae C36:0 100.00 3.35 95.39 2.58 0.8155 ns PC ae C36:0 100.00 3.54 89.68 4.60 0.2908 ns

PC ae C36:1 100.00 3.95 91.95 2.29 0.5196 ns PC ae C36:1 100.00 3.73 94.98 6.57 0.8895 ns

PC ae C36:2 100.00 3.48 95.14 2.39 0.8292 ns PC ae C36:2 100.00 3.69 98.76 6.21 0.9973 ns

PC ae C36:3 100.00 3.52 94.74 3.32 0.7944 ns PC ae C36:3 100.00 4.08 105.91 6.81 0.7907 ns

PC ae C36:4 100.00 4.01 106.17 0.89 0.6712 ns PC ae C36:4 100.00 4.06 113.25 5.09 0.1952 ns

PC ae C36:5 100.00 4.40 107.74 4.40 0.6370 ns PC ae C36:5 100.00 3.44 107.11 3.86 0.7582 ns

PC ae C38:0 100.00 3.39 103.06 3.20 0.9496 ns PC ae C38:0 100.00 2.69 98.85 5.53 0.9949 ns

PC ae C38:1 100.00 3.93 83.44 2.79 0.0585 # PC ae C38:1 100.00 3.54 79.67 4.02 0.0137 *

PC ae C38:2 100.00 3.98 84.83 2.85 0.1067 ns PC ae C38:2 100.00 3.90 82.62 4.74 0.0686 #

PC ae C38:3 100.00 4.62 102.72 4.81 0.9850 ns PC ae C38:3 100.00 4.72 89.61 6.59 0.4841 ns

PC ae C38:4 100.00 4.97 96.99 1.99 0.9635 ns PC ae C38:4 100.00 5.21 102.19 6.87 0.9927 ns

PC ae C38:5 100.00 3.63 102.59 1.56 0.9540 ns PC ae C38:5 100.00 3.43 108.17 4.63 0.4642 ns

PC ae C38:6 100.00 3.47 98.81 1.59 0.9955 ns PC ae C38:6 100.00 3.31 102.43 4.26 0.9679 ns

PC ae C40:0 100.00 4.30 101.14 3.03 0.9980 ns PC ae C40:0 100.00 3.36 101.97 4.65 0.9865 ns

PC ae C40:1 100.00 4.01 103.50 4.98 0.9497 ns PC ae C40:1 100.00 3.12 94.07 4.04 0.6131 ns

PC ae C40:2 100.00 3.41 88.75 3.56 0.3102 ns PC ae C40:2 100.00 2.97 79.48 3.17 0.0008 ***

PC ae C40:3 100.00 5.04 103.91 5.42 0.9689 ns PC ae C40:3 100.00 3.68 85.08 4.05 0.0842 #

PC ae C40:4 100.00 4.78 103.85 4.08 0.9563 ns PC ae C40:4 100.00 5.14 88.78 5.59 0.4284 ns

PC ae C40:5 100.00 4.55 105.31 4.13 0.8951 ns PC ae C40:5 100.00 4.09 89.37 5.56 0.3714 ns

PC ae C40:6 100.00 4.05 96.73 2.37 0.9514 ns PC ae C40:6 100.00 3.62 97.25 6.03 0.9764 ns

PC ae C42:0 100.00 4.52 97.05 3.07 0.9763 ns PC ae C42:0 100.00 4.45 90.46 3.12 0.5838 ns

PC ae C42:1 100.00 3.51 100.25 2.80 > 0.9999 ns PC ae C42:1 100.00 3.75 91.90 3.18 0.4399 ns

PC ae C42:2 100.00 3.73 102.22 2.29 0.9865 ns PC ae C42:2 100.00 2.94 93.49 3.55 0.4287 ns

PC ae C42:3 100.00 5.14 107.48 3.38 0.7513 ns PC ae C42:3 100.00 2.86 101.04 4.11 0.9968 ns

PC ae C42:4 100.00 6.21 108.95 6.64 0.8212 ns PC ae C42:4 100.00 4.33 82.69 5.20 0.0830 #

PC ae C42:5 100.00 6.26 109.10 7.61 0.8441 ns PC ae C42:5 100.00 4.43 75.43 5.39 0.0123 *

PC ae C44:3 100.00 3.84 104.44 1.71 0.8952 ns PC ae C44:3 100.00 2.21 92.06 3.06 0.2462 ns

PC ae C44:4 100.00 4.11 103.58 2.85 0.9547 ns PC ae C44:4 100.00 3.28 97.41 4.28 0.9641 ns

PC ae C44:5 100.00 5.52 104.16 4.72 0.9571 ns PC ae C44:5 100.00 5.18 101.38 3.78 0.9984 ns

PC ae C44:6 100.00 5.34 108.67 5.94 0.7610 ns PC ae C44:6 100.00 3.74 79.25 4.86 0.0116 *

PC ae total 100.00 3.47 98.10 1.98 0.9843 ns PC ae total 100.00 3.08 98.52 4.62 0.9912 ns

Sms1WT x 

APPsweTg

Sms1MUT x 

APPsweTg One Way ANOVA

Sms1WT x 

APPsweTg

Sms1MUT x 

APPsweTg One Way ANOVA

Sms1MUT x 

APPsweWT

Sms1MUT x 

APPsweTg One Way ANOVA

Sms1MUT x 

APPsweWT

Sms1MUT x 

APPsweTg One Way ANOVA
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Table 10.20: Level of lyso-PC species measured in brain samples of male (A) and female  (B) animals of the 
Sms1 x APPswe mouse line .  
Males:  Sms1W T  x APPsweW T  n=6,  Sms1M U T  x APPsweW T  n=11,  Sms1W T  x APPsweT g  n=13,  Sms1M U T  x APPsweT g  
n=5;  females :  Sms1W T  x APPsweW T  n=5,  Sms1M U T  x APPsweW T  n=6,  Sms1W T  x APPsweT g  n=11,  Sms1M U T  x 
APPsweT g  n=6.  Statistical  analysis  was performed using one -way ANOVA with post  hoc  Tukey’s  test .  *p≤0.05, 
**p≤0.01,  ***p≤0.001.  
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Table 10.21: Pathological examination of Sms1 x APPswe animals the age of 8 weeks  
Sms1M U T  x APPsweT g  animals ,  which made a s ick impression and age matched controls  were transferred to the 
pathological  institute for examinat ion  by Dr.  Frauke Neff .  The most prominent observations are l isted.  
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Figure 10.12: MDR-1 protein levels are elevated in Sms1M U T  x APPsweT g  animals.  
(A) Immunoblot with  Sms1W T  x APPsweT g  and Sms1M U T  x APPsweT g  brain samples  of  8 week old males  for the 
detection of  GR and MDR-1.  (B) Relat ive quant if ication of  MDR -1 and GR protein levels.  Immunoblot data:  n=4  
per genotype;  data is  presented as mean ± SEM. Statist ical  analysis  was performed using two -ta iled Student’s  t -
test .  p<0.01 # ,  p≤0.05*,  p≤0.01**,  p≤0.001***.  
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Table 10.22: Genes ranked highest for expression differences in brain samples from male Sms1W T  (n=3) and 
Sms1M U T  (n=4) animals.  
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Table 10.23: GO categories -  biological process , obtained by analysis of expression differences in brain 
samples of Sms1M U T  (n=4) and Sms1W T  (n=3).  
All GO categories with a p -value < 0.1 are l isted.  False discovery range (FDR).  
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Table 10.24: GO categories –  cellular compartment , obtained by analysis of expression differences in brain 
samples of Sms1M U T  (n=4) and Sms1W T  (n=3).  
All GO categories with a p -value < 0.1 are l isted.  False discovery range (FDR).  
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