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1 SUMMARY

This thesis is about the following key issues:

1. Characterization of the APP/PS1KI mouse model of Aheimer's disease (AD)
under aspects of changes in cholesterol metabolishghavioural changes and
neuropathological markers, e.g. neuron loss and neainflammation.

2. Characterization of transgenic mice transgenic foglutaminyl cyclase (mQC)
ABnzg-42 (TBA2) and APnsze-a2 (TBAL). Mice were analyzed under aspects of
expression of transgene on mMRNA and/or protein leve In mQC mice | assessed
also activity data for glutaminyl cyclase in brain,plasma and peripheral organs.
Furthermore, double-transgenic mice transgenic forApnse-42 and mQC to were
bred to prove thein vivo potential of mQC to catalyze cyclization of Bnsg-42 tO
ABnzpe). The question to answer was, if any of these modelvould meet the
criteria as a model for sporadic AD. Moreover, theAPP/PS1KI mice model was

analyzed for aggregation of Bnszpe) at 2 and 6 months of age.

The results from this work allow to draw the following key assertions:

Ad 1.: A phenotypical analysis of the APP/PS1KI model gdiehavioral tests for working

memory and motor performance, as well as an amsalysweight development and body
shape was performed. At the age of 6 months, a atrenage-dependent change in all of
these properties and characteristics was obsepgirganied by a significant reduced ability
to perform working memory and motor tasks. The AABAKI mice were smaller and showed
development of a thoracolumbar kyphosis, togeth#r an incremental loss of body weight.
While two month-old APP/PS1KI mice were inconspigsioin all of these tasks and

properties, there is a massive age-related impairrive all tested behavioral paradigms.
Abundant hippocampal CA1l neuron loss was detectechigh precision design based
sterology starting at 6 months of age in the APRKISnouse model, which coincides with

the onset of motor and memory deficits.

Moreover, by use of realtime RT-PCR and immunolsis¢mical methods, | found broad

evidence for neuroinflammation, micro- and ast@gictivation in 6-month-old APP/PS1KI

mice, while 2-month old mice appeared to be normal.

Page 7/137



Regarding the analysis of cholesterol metabolismARPP/PS1KI mice, | determined a

significant decline of plasma cholesterol in APPIRBEmice compared to control mice at 6

months of age, when AD-like pathology is alreadieazively present in these animals, while
at two months of age no difference was observedlsb analyzed levels of 24(S)-

hydroxycholesterol in plasma to test the reliapitif this molecule as a plasma biomarker for
progression of AD. However, | did not detect anyrelation between the levels of 24(S)-
hydroxycholesterol and the onset of pathology irPAFS1KI mice.

Ad 2.: The mouse models TBA1 and TBA2 are based on nepeaific expression of [Bse-

a2 and ABsq.42 Which were fused to the pre-pro-sequence of reutityrotropin-releasing
hormone.

In mice heterozygous for \ze-s2 (TBALl) and mQC, | found evidence for the vivo
formation of ABnzpe) driven by enzymatic catalysis of glutaminyl cy@a®C) in three
month old TBA1/QC mice compared to TBA1 and mQCgkntransgenic, as well as
wildtype control mice.

In TBA2 mice, massive neurological impairmentsdrme apparent eight weeks after birth,
which was likely due to Purkinje cell degeneratiBuorkinje cells showed abundant staining
for AB, including ABspe), and ubiquitin, and were decorated by micro- anuogBosis.
Extracellular A3 deposits appeared at the site of Purkinje celledemation. The results
suggest that Bgpr).42 due to its high stability and aggregation propgnsiiggers A3
accumulation. The correlation of substantial nedass and formation of Bge), provides
evidence that modified [Aspecies foster neurotoxicity. Therefore, reducborclearance of

those amyloidogenic peptides should be considesenbeel treatment strategies.
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ZUSAMMENFASSUNG

Die vorliegende Arbeit beschaftigt sich mit zwei tematischen Schwerpunkten:

1. Ein Teil der Promotionsschrift beschaftigt sich mit der Fortsetzung der
Charakterisierung des APP/PS1KI Mausmodells. Neberiner Untersuchung des
Cholesterolmetabolismusses  wurden diese Tiere ingmndere auch
verhaltensbiologisch charakterisiert. Weiterhin wurde der bei diesen Tieren
altersabhangig auftretende Nevenzellverlust mithié stereologischer Methoden
guantifiziert und die Entziindungspathologie im Gehin dieser Tiere zu
verschiedenen Altersstufen mittels immunhistochemeher Untersuchungen und

real-time RT-PCR untersucht.

2. Der zweite Teil dieser Arbeit beschaftigt sich mitder Charakterisierung dreier
neuer transgener Mauslinien, die jeweils heterozygaransgen fur das Enzym
Glutaminyl-Cyclase (mQC) oder fur die Proteine Anse (TBA1-Linie) bzw. ABnso
(TBA2) waren.

Die mQC-transgenen Tieren wurde hinsichtlich der Epression und Aktivitat des
Transgens charakterisiert.

Das Metalloenzym Glutaminyl Cyclase setzt Bnse bzw. ABnsg als Substratin
vitro zu Pyroglutamat ABnzpey um. Ziel unserer Untersuchungen zum
Pyroglutamat ABns3pey War es, die Aggregationseigenschaften und die
Neurotoxizitat dieses speziellen B-Peptides in vivo zu analysieren. Durch
Kreuzung wurden Mause erzeugt, die sowohl heterozgg transgen fur mQC als
auch ABnsze (TBA1-Linie) waren. In diesem doppelt transgenen fermodell sollte
geklart werden, ob die mQC die Umsetzung zum Pyrogtamat ABnzpey) auchin
vivo katalysieren kann. In diesem sogenannten TBA1/QC- nd im TBAZ2-
Tiermodell wurde die in vivo Aggregation von ABnspe) untersucht. Aul3erdem
wurde auch das APP/PS1KI-Tiermodell im Hinblick auf die altersabhangige
ABn3pey- Bildung hin analysiert.

Bezogen auf die zuvor angeflhrte Fragestellung hatiese Arbeit zu folgenden

Ergebnissen geflhrt:
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Ad 1. In dieser Arbeit wurde eine phanotypische Analyes APP/PS1KI
Tiermodells der Alzheimer Erkrankung durchgefibtes im Alter von sechs Monaten
viele der pathologischen Merkmale aufweist, wie siach fiur das humane
Krankheitsbild beschrieben sind. Neben verhalterisbischen Untersuchungen des
Arbeitsgedachtnis und der motorischen Leistungessati Tiere, wurden auch die
altersabhangige Entwicklung des Korpergewichtes ded Korperform erfasst. Im
Alter von sechs Monaten zeigten APP/PS1KI Mausaifdkgnte Auffalligkeiten
bezuglich aller untersuchten Parameter. Bei allestSTzum Arbeitsgedéachtnis und zu
den motorischen Fahigkeiten zeigte sich ein staralbgpesetztes Leistungsvermdgen
sechs Monate alter APP/PS1KI Tiere im VergleichPALKI Kontrolltieren gleichen
Alters. Im Alter von zwei Monaten wurden bei denAPS1KI Tiere hingegen noch
keine diesbezuglichen Auffalligkeiten festgestdiisbesondere die Einschrankungen
bei der Leistungsfahigkeit des Arbeitsgedéachtnisassen sich dabei gut durch den
mittels stereologischer Methoden festgestelltenrbleenverlust von 33% im CA1l-
Band des Hippocampus bei sechs Monate alten APRIP$dren erklaren.

Ebenso war im Gehirn sechs Monate alter APP/PSli€tem eine ausgepréagte
Entziindungspathologie feststellbar. Mittels immstdechemischer Farbungen und
real-time RT-PCR wurden eine Vielzahl gangiger Markir Neuroinflammation

sowie Micro- und Astrogliaaktivierung positiv getiets

Bei der Analyse des Cholesterolmetabolismus stelte im Vergleich zu
Kontrolltieren in sechs Monate alten APP/PS1KlIr&reeine signifikante Abnahme
der Konzentration von Cholesterol im Plasma festi Bwei Monaten war hier
ebenfalls noch kein Unterschied feststellbar. Ebemgrden die Konzentrationen von
24(S)-hydroxycholesterol altersabhéngig in APP/PISiiid Kontrolltieren bestimmt,
um die Eignung dieses Molekils als Plasma-Biomarker den Verlauf der
Alzheimer-Erkrankung zu untersuchen. In den untdran Tieren war jedoch kein
Zusammenhang zwischen der Entwicklung der Plasnzadration von 24(S)-

hydroxycholesterol und dem Fortschreiten der AlzteziPathologie erkennbar.

Ad 2.: Die transgenen Mausmodellen TBAl1 und TBA2 expriener
neuronenspezifisch die N-terminal trunkiertef-¥arianten ABnze bzw. ABnzg. In

drei Monate alten TBA/QC Mausen, die heterozygat didas Enzym Gluaminyl
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Cyclase (mQC) und PBwse waren, gelang dein vivo Nachweis der Bildung von
Pyroglutamat Bnzpe) durch katalytische Umwandlung vorse durch das Enzym
Glutaminyl Cyclase.

In den TBA2 Mausen, die im Vergleich zu den TBAlefBn etwa xfach hohere
ABnspeyWerte im Gehirn zeigen, zeigten sich bereits imteAlvon acht Wochen
schwere neurologische Beeintrachtigungen, die viichu auf die gezeigte
Degeneration der Purkinje-Zellen im Kleinhirn zdtdefiihren ist. Diese Zellen in den
TBA2-Tieren zeigten eine deutliche immunhistochedmés Farbung fur B, ABnzpg)
wie auch Ubiquitin und zeigten dartiber hionaus Msale einer bestehenden Micro-
und Astrogliose. Soweit sich im Gewebe eine Degitar der Purkinje-Zellen zeigte,
fanden sich dort auch extrazellulare Ablagerungen 3. Auf Grundlage dieser
Befunde konnte Bnspe) aufgrund seiner hoheren Stabilitat und seinerkstén
Aggregationsneigung der Wegbereiter einer sich damsiter entwickelnden
Plaguepathologie bei der Alzheimer Krankheit sémlem es als Keimbildner die
ersten extrazellularen amyloiden Aggregate bildet,die sich anschliel3end weitere
Formen von A anlagern konnen. Dass sich in den TBA2-Tieren nelden
Akkumulation von ABnzpe)y auch Indizien fir einen auftretenden Neuronemgérl
zeigen, deutet auf das neurotoxische Potentialkedibisterminal modifizierten B-
Variante hin. Eine Verminderung der QC-vermitteltBildung von Anzpe) iM
menschlichen Gehirn weist daher moglicherweiseWeg zu neuen Therapieansatzen

in der Alzheimererkrankung.
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2 INTRODUCTION

2.1 ALZHEIMER'S DISEASE

Alzheimer’s disease nowadays is the most commorodegenerative disease of the elderly.
Referring to the affected patients, AD is charae&sl by proceeding memory deficits and
ongoing loss of daily-life abilities. First signftbe early disease state are short-term memory
loss and visual-spatial confusion, often accommhnk®y aphasia, disorientation or
disinhibition. Many patients start to show changestheir behavior and therefore, for
example, confront their social surrounding withnf@rly unknown violent outbursts or in
contrast distinct passivity. Accordingly, closéateves are often the first ones that get aware
of these early changes in the character and belvawi@ person that is on the way to develop
early stage AD. With the disease taking its coumeceeding cognitive decline is met in
addition by deterioration of musculature and a lassiobility. Patients in the final stage are
unable to perform even the most simple tasks liaékivg or eating without assistance, suffer
from incontinence of the bladder and/or the bowtients affected by late stage AD speak
often very disorganized. Also, patients in thigestaf disease require permanent supervision.
In Germany, this care is mostly achieved by closk&tives of the demented persons.
Therefore, besides the mentioned direct effecs»bn an affected person, AD also has a lot
of impact on the social surrounding of the pati@md often one family member signs out of
its job to afford the time needed to take careuAhier problematic social issue connected to
AD is, that 80% of family members taking care ofmésted persons are themselves already
in an advanced age between 50 and 75 years amddiefind themselves sometimes also not

any more in best health condition.

In economic figures in 2006 in Germany 800.000 @asswvere living with a diagnosis of AD
causing direct healthcare costs of 20 bn Euross& hembers are estimated to rise until 2040
to between 1.5 and 2.0 million AD patients infingi direct costs of about 50 bn Euros.
prediction underlines the economic and social engik ageing societies are going to face due

to Alzheimer's disease and related forms of deraenti
Despite the unquestioned economic potential offeatteve cure targeting AD still none such
has come to market or is known to appear in th&bworof the next few years. However a

couple of standard therapy medications are alreadylable to AD patients. Though, all of
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these drugs do not target the underlying diseasehamessm but deliver at least some

symptomatic benefit , however without any slowdawthe total progress of the disease.

In terms of economical turnover, drugs from theugraf acetylcholinesterase inhibitors

(ChEls) and NMDA receptor antagonist have greadined in importance.

In short, inhibitors of the enzyme acetylcholinesse (AChE) aim to the detected decrease of
the neurotransmitter acetylcholine due to reducetivity of cholinergic neurons in AD
patients, which has been proposed to have somecimpa the memory loss in AD.
Acetylcholine is degraded by AChE. Therefore, imiolm of AChE stabilizes levels of
acetylcholine in the brain and helps to delay stoss of memory symptoms in AD for a few
months.

Another approach to overcome some of the symptdmsemory decline in AD with overall
moderate efficacy is based on the finding that D @xcessive activation of N-methyl-D-
aspartate (NMDA) receptors may finally lead to thegeneration of cholinergic cells.
NMDA- receptor antagonists block the sustainedvatin of the receptor by glutamate that
may occur under pathological conditions in AD. THNMDA receptor function is attenuated.
Epidemiological studies also suggested potentraNf8AIDs, estrogen, HMG-CoA reductase
inhibitors (statins) or tocopherol (vitamin E) torepent AD. However, prospective,
randomised studies have not convincingly been bteemonstrate clinical efficacy. (Hudt

al. 2006) Besides these therapeutic approaches avarity of suggestions has been made
how to reduce the risk of getting affected by ARluding intake of red vine containing
flavonoids with antioxidant activity, intake of o 3-fatty acids, Gingko Biloba extracts, B-
vitamins and others more. Also certain aspects ebfabiour like intellectual activity are
thought to have a beneficial overall influence. Hoer, all these therapies and supplements

lack, that they do not address the underlying disgathomechanism.

2.2 FAMILIAL AND SPORADIC TYPE OF ALZHEIMER S DISEASE

AD subdivides in so called familial or early ongdd and secondly sporadic AD, the latter

representing the far more prominent part of peaplecerned. Spoken in numbers, 90 - 95%
of AD cases appear in a sporadic manner with pohogeage as the major identified risc

factor, while only 5 - 10% of the disease caseggareetically based (Tanzi 1999). Mutations
typical for this familial early onset type of ADeaassociated with the genes encodingpthe
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amyloid precursor protein (hAPP, chromosome 239,dfresenilin 1 (PS1, chromosome 14),
and the presenilin 2 (PS2) gene (on chromosomeThg¢se mutations foster abnormal
processing of the amyloid precursor protein andefioee ameliorate overproduction of
amyloid beta peptides A4 and A3i4>. Additionally, the e4 allele of apolipoprotein E
(ApoE) has also been shown to be associated witicre@ased risk for late-onset AD (St
George-Hyslop 2000).

However, the causes of sporadic type of AD with agehe major identified risc factor still
remain opaque, though extensive research effodseas this issue. Widely discussed is the
influence of environmental agents (e.g., heavy egtatrinsic factors (e.g., cytokines), and

dietary factors (e.g., cholesterol) (Latetial.2007).

A)
Codon Mutation Phenotype
665 Gin Asp Late onset AD - no segregation
670/671 Lys-Met Asn-Leu |[FAD; increased A production
673 Ala Thr No disease phenotype
692 Ala Gly FAD and cerebral hemorrhage; increased A
693 Glu Gly Late onset AD - no segregation
Glu Gin HCHWA-D
713 Ala Val Schizophrenia - no segregation
Ala Thr AD - no segregation
716 lle Val FAD
M7 Val lle FAD; increased long A isoforms
Val Phe FAD
Val _Gly FAD
B)
Early-onset (presenile) Senile familial AD Sporadic AD
familial AD
I I |
Preseniline 1 Preseniline 2 APP Inheritance of ¢ 4 allele
Gene (Chr 14) Gene (Chr 1) Gene (Chr 21) of APoE Gene (Chr 19)
Age of onset: Age of onset: Age of onset: Age of onset:
25 - 60 years 45 - 84 years 40 - 65 years >50 years
< other genes yet to be identified >

Fig. 1: (A) Missense mutations in theBAPP gene (HCHWA-D: amyloidosis Dutch type; FAD: faniliar
Alzheimer disease). Data taken from (St George-Hygb 2000) (B) Genetic mutations implicated in
familiar or sporadic onset of Alzheimer’s diseaseatcording to (St George-Hyslop 2000)).
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2.3 NEUROPATHOLOGICAL HALLMARKS OF ALZHEIMER'S
DISEASE IN HUMAN

On a neuropathological level brains of AD patiesuffer from a devastating extent of neuron
loss accompanied by extensive formation of serldgyes consisting of amyloid beta{A

and appearance of neurofibrillary tangles of hypsssphorylated tau-protein. Furthermore,
vascular deficits and a pathology of inflammatioe eearly associated with the AD affected

brain.

2.3.1 AMYLOID BETA PLAQUE DEPOSITION

The formation of senile plagues consisting mairfiyamyloid p peptides is one of the most
typical and also prominent changes occurring innsraffected by AD, though it is also
known, that people developing plaque pathology atonecessarily develop symptoms of AD.
However, it is still a most widely accepted hypatisgthat production and aggregation of the
amyloid B protein (AB) is a key event in the pathology of AD (Van Broestkal. 2007). The
role of extracellular g-plaques in the process of AD is widely establisneder the term
“Amyloid- B hypothesis”, which assumes a dysfunction in tlee@ssing of amyloid precursor
protein (APP) as the crucial trigger for AD onddafdy & Allsop 1991).

A revised version of thB-amyloid hypothesis was introduced by Wirths et lahsed on the
finding that A accumulation takes place at first in the intrapeally space while
extracellular formation of plaques is a subsequseint (Masteret al. 1985; Wirthset al.
2004). Because extracellular plague load was fowtdo be correlated with striking events
of AD pathology like neuron loss, Wirths et al feed on the development of AD symptoms
depending on levels of intraneurongb.Aevidence for this hypothesis was derived from the
finding of deficits in behaviour, synaptic transsig or long-term potentiation well before
first signs of plaque pathology in several transgenouse models of AD (Holcomeét al.
1998; Hsiaet al. 1999; Moecharet al. 1999). The physiological potential of intracelluks
was also supported by the finding, that this pofol Ap represents an early and integral
component of the pathogenesis of the human musstedeér IBM (Askanaset al. 1993;
Mendell et al. 1991). Additionally, immunohistochemical analysispostmortem DS and
APP transgenic mouse brains by use of C-termirsgdcific antibodies directed againgt:A

420ave evidence for an age-dependent increase oh¢hiotoxic A-species within neurons
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(Busciglioet al.2002; D'Andreeet al. 2001; Gourat al. 2000; Tabiraet al.2002; Wirthset
al. 2004). Meanwhile, the importance of intracelluk§ has been underlined by a broad
range of studies (Glabe 2001; Goueasl.2005). Most convincing, in an APP/PS1KI mouse
model of AD a strong correlation between early awalation of intraneuronal jin CA1/2
region of the hippocampus already from 2 monthagd on and an extensive neuron loss

(~50%) in this area of the hippocampal pyramiddllager was reported (Casasal.2004).
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A is formed in the brain by enzymatic cleavage efdmyloid precursor protein (APP). APP
is a protein with a single transmembrane domaim{ga& Petanceska 2000). APP mRNA
splicing undergoes in various ways leading to teeegation of at least 8 distinct isoforms,
namely APP677, APP695, APP696, APP714, APP733, BPPAPP752 and APP770.
APPG695 is the most common isoform in the brain {8et al. 1990; Sandbrinlet al. 1997).
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Fig. 3: Schematic representation of the APP proteinincluding the Ap sequence, cleavage sites af, B-,
and y-secretase, important mutations in the APP proteirrelated to familial AD and binding sites of
important antibodies.

In AD, the focus is on two distinct pathways of ABcessing. The first anticipated non-
pathogenic and therefore referred to as non-angdmdic pathway is characterized by
subsequent cleavage of APP by the enzyrsecretase in the first step, which leads to releas
of a-APP, and further processing lyysecretase to set free the N-terminally truncat@d A
fragment “p3” from the still membrane retained ap APP terminal “C83” (Carter & Lippa
2001). Bya-secretase processing APP is being cut within theséguence at position 17 in
the A3 domain, therefore p3 can be referred d57A042 In consequencey-cut of APP
prevents the formation of A-40s2Which are the most prominent3Apecies in AD affected
brains. The mechanism afsecretase regulation remains unclear. Howeverethmembers of
the ADAM family of proteasesa(disintegrinand metalloprotease), namely ADAM 9, 10 and
17, have been supposed to represent the main eaesliforo-secretases (Hiraoket al.
2007).

APi-40142 are both formed via the so called amyloidogenichwal, in that APP is first
processed by the enzyrflesecretase to generate the amino terminalfpaAd to set free the
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so calledB-APPs. Subsequently to action f3kecretase membrane retained C99 is being cut
by the enzyme-secretase, which finally leads to generation pf.Aand A3;1-4> (Van Broeck

et al.2007).3-Secretase has been reported to be a type | tramsrare glycosylated aspartyl
protease, whilg-secretase has been identified to be a high-ma@eeutight protein complex
including the four proteins Aph-1, Pen-2, nicastimd PS (Guntest al.2006; Van Broeclet

al. 2007). Though the exact intracellular cleavingsiof y-secretase and the nature of this
enzyme are still not fully understood, it is wedlsgribed thay-secretase breakdown of APP
metabolite leads in parallel to a short- and a{tmigd A3 metabolite as well, namelypAo

and A31.42 (Carter & Lippa 2001).
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Fig. 4. Non-amyloidogenic and amyloidogenic pathwayf APP processing by subsequent proteolytic
cleavage by a-/y-secretase (non-amyloidogenic pathway) off-/y-secretase (amyloidogenic pathway)
leading to the generation of 814042

The cleavage sites of the enzymes involved in AlRBtgssing are all near or at those
positions in APP, where AD related mutations of Alr¥e been found. Furthermore, it has
been shown, that all FAD-linked mutations in thenege of APP, PS1 and PS2 induce an
increase in the generation off ANotably the mutations in PS1 and PS2 have beewrsio
enhance the production of3f4.in vitro andin vivo (Takedaet al. 2004; Xia 2000). All this
underlines the possible influence of familial aotmal AD mutations to direct APP

processing to the amyloidogenic or non-amyloidog@aithway (Hardy & Selkoe 2002).
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While ABi.40 in human AD patients is the far most abundafitspecies with an estimated
1000-fold excess compared t@4,, the latter one has been shown to be much moreegm
aggregation and to obtain highly neurotoxic praper(Selkoe 2001).

2.3.2 NEUROFIBRILLARY TANGLES

Formation of neurofibrillary tangles (NFT) repretem second intracellular phenomenon
associated to AD pathology in the human brain. NEppear as bundles of abnormal
filaments called paired helical filaments (PHF)mgmsed of highly phosphorylated forms of
the ~55 kDa microtubule-associated protein tais Widely believed that the high degree of
phosphorylation of PHF-tau is a critical event #dko microtubule disorganization and
generation of neurofibrillary lesions typically azdng in AD pathology (Boutajangoet al.
2002). Though tau is encoded by a single genernalige splicing of corresponding RNA
leads to multiple distinct isoforms of this protefix tau isoforms are known in the human
brain (Wagneret al. 1996). Tau has been reported to bind to microksaind to promote
microtubule assemblyn vitro (Goedert & Jakes 1990). Tau protein is assumedbeto
functional in the formation and maintenance of axodue to the finding that antisense
oligonucleotide mediated down-regulation of tau resgion in primary cerebellar neurons
impairs the generation of new axons in these ¢@llagneret al. 1996). The phosphorylation
process of tau takes place at serine/threoninduesipreceding a proline and has been shown
to be mediated by a number of proline-directed $@saincluding e.g. members of the
mitogen-activated protein kinase (MAPK) family, gbgen synthase o3 (GSK3x) or
glycogen synthasep3(GSK3) or CDK5. At the cellular level, hyperphosphorgdttau is

mostly found in the somatodendritic compartmerthefneurons (Zhengt al.2002).
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Fig. 5: Tau malfunction in AD: In a healthy neuron (top), tau stabilizes the microtubules (blue lines)hat

transport materials to the nerve terminals. In AD,tau is unable to bind to the microtubules and forms
abnormal aggregates, the so called paired helicaldments (PHF-tau). This process fosters degenerati of

microtubules and induces impaired neuronal functioing (graphics taken from Marx 2007).

The mechanism by that tau makes an impact on Abopagy is still a matter of discussion.
Rapoport et al. reported about the ability of taunducep-amyloid induced neurotoxicitiyn
vitro. Cultured hippocampal neurons expressing eitheus@mr human tau showed clear
signs of neurodegeneration upon incubation withili#s AB, while no such effects were
observed in tau-knockout mice under same treatrm@mditions (Rapoporét al. 2002). On
the other hand, Zheng et al. demonstraiedvitro, that Amyloid B can induce tau
hyperphosphorylation in rat primary septal cultui@heng et al. 2002). Additionally,
hyperphosphorylated tau aggregates have been agpmtuto disrupt cellular transport,

(Mandelkowet al.2003) cellular geometry, and neuronal viabilityi@ningset al. 1998).

2.3.3HIPPOCAMPAL SHRINKAGE, NEURON LOSS AND SYNAPTIC
DEFICITS

GENERAL REMARKS

In AD patients, the decline of synaptic densityte brain showed to be the most suitable
marker correlating with the extent of cognitivedaduring the disease process compared to
e.g. plaque pathology, NFTs, neuron loss, and rmétes deficits (Coleman & Yao 2003).

Two independent studies revealed a correlationficosit of 0.7 between synapse density
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and cognitive status of AD patients (Coleman & 2883). In well accordance with the event
of synapse loss, Reddy et al. analyzed levels mé#yc protein in brains of AD patients and
reported about a loss of presynaptic (synaptotagayinaptophysin, and Rab 3A), synaptic
membrane proteins (Gap 43 and synaptobrevin) astsymaptic proteins (neurogranin and
synaptopodin) in AD patients compared to healthgtimds (Reddyet al. 2005). Synaptic
decline appeared to be more severe in the frontédx compared to the parietal cortex of AD
patients (Reddet al.2005).

Neuron loss in AD represents a further marker @néive decline. Shepherd et al. reported
about a neuron loss in frontal superior cortex @#3n early onset AD cases and of 22% in
sporadic AD cases compared to healthy controlsplsdrelet al. 2007). Neuron counting in
the entorhinal cortex (EC), that is believed toanbt crucial role as a gateway connecting the
neocortex and the hippocampal formation, showe@% Beuron loss in EC in cases with a
mild form of AD. The EC lies in a critical path imeural systems related to memory. It
receives afferents from widespread associationliartic areas, projects to the dentate gyrus
of the hippocampal formation, receives afferentenfithe hippocampus, and sends afferents
back to association neocortex. The EC is a regighlyhvulnerable in AD and layers Il and
IV of the EC were shown to be among the first ragi@ffected with tangles in Down
syndrome and in normal aging. In layer Il of the,B&hich gives way to the perforant
pathway, a decrease of even 60% and of 40% in I&yef the EC was determined in a group
of mild AD cases. In severe cases of AD, numbenseoirons in layer Il decreased by ~90%,
and the number of neurons in layer IV decreased®p compared with controls, while in
cognitive normal controls neuron numbers remair@tstant between 60 and 90 years of age
(Gomez-Isleet al.1996).

The hippocampal formation of the brain is the radgioat shows the most prominent atrophic
changes in consequence of AD affection. In AD pasieBobinski et al. found a MRI-based
decline of hippocampus volume of about 30% compdcedhealthy controls and a 40%
volume loss of the hippocampal formation when ajmgiyhistological methods in the same
material (Bobinskiet al. 2000). A broad range of MRI-based studies propbseevent of
hippocampal atrophy as a relatively specific maefAD in its early stages (Bobinskt al.
2000; Jacket al. 2002; Silbertet al. 2003). Also a strong correlation between hippqzam
atrophy and cognitive decline has been reporteseyeral groups (Chetelat al. 2003; Jack
et al. 2002; Peterseat al.2000). Though, other studies suggest MRI-assedsohentorhinal

cortex volume as a more suitable marker for diagno$ early stage AD compared to
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hippocampal volume, allowing also better differatitin between mild cognitive impairment
MCI and early stage of AD (Pennanetal.2004).

RELATED PROJECT

The APP/PS1KI mouse model for Alzheimer’s diseasd®)(exhibits robust brain and spinal
cord axonal degeneration and hippocampal CA1 nelass starting at 6 months of age. It
expresses human mutant APP751 with the SwedishLamdon mutations together with two
FAD-linked knocked-in mutations (PS1M233T and P2B%P) in the murine PS1 gene. Aim
of this study was a phenotypical analysis of thizdel using behavioral tests for working
memory and motor performance, as well as an amsalysweight development and body
shape. Furthermore, an exact quantification oh#igon loss occurring in APP/PS1KI mouse
model was performed at 6 and 12 months of age lyafishigh precision design based
stereology methods (Schmiz al.2004).

According to the prevailing amyloifl hypothesis f amyloid plaques, mainly consisting of
the 40- to 42-residue amyloflpeptide (48), take a central part in the typical Alzheimer’s
disease (AD) related pathological cascade. HoweVately intraneuronal amyloifi-
pathology has gained in importance (for review Waret al. 2004). A3 peptides are derived
from the larger amyloid precursor protein (APP) dynsecutive proteolytical cleavages.
Whereas the majority of all AD cases occurs sporaalismall percentage of familial early-
onset AD cases develops due to mutations in APR tire Presenilin (PS1, PS2) genes, the
latter proteins being an integral part of ffwsecretase complex (reviewed in Baysgral.
2001). Until recently, modeling axonal degenerataomd neuronal loss remained elusive.
APP23 transgenic mice yielded a small loss of pydamneurons of the hippocampal
formation, (Calhouret al. 1998) which does not reflect the dramatic reduciioAD patients
(Gomez-Isleet al. 1996). Mild neuron loss has also been documentashd amyloid plaques
in PSAPP mice (Urbanet al. 2002). This gap has recently been closed becags#icant
neuron loss in the hippocampus has been describéddd APP/PS1 mouse models with
multiple mutations, (Schmitet al. 2004) or using knock-in mutations (Casgtsal. 2004).
Schmitz et al. used human APP751 transgenic mite twve Swedish and London mutations
(APP751SL), which had been crossed with the humatamh PS1 (M146L) transgenic line.
In 17 month-old APP/PS1 M146L mice, there was a 38#uction of CA1-3 neurons, an
extent larger than could be explained only by amlytdaque pathology (Schmit al.2004).
Casas et al. used the same APP751SL mice and drtisssn with PS1 knock-in mice
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harboring two human PS1 mutations (M233T/L235Pjhi@ endogenous mouse PS1 gene.
The latter transgenic model is named APP/PS1Kplaysng more than 50% CALl neuron
loss at 10 months of age, starting at approximaelynonths of age preceded by robust
intraneuronal A accumulation (Casaxt al.2004). Early pathological alterations before onset
of plaque deposition that might be related to méa&onal A accumulation have also
previously reported in other mouse models. Theskidie deficits in synaptic transmission
(Hsiaet al. 1999) or changes in behavior and deficits in leemga potentiation (Moechaet

al. 1999).

It is well established that APP undergoes fast aktmansport (Kocet al. 1990) and plays an
important role in axonal and synaptic processesioffnal axons spatially distinct from the
hallmark lesions of AD (plaques and tangles) arelent as focal axonal swellings that
correspond to axonal cargoes and transport pro{@takin et al. 2005). Recently axonal
deficits and degeneration have been described i2d et al. 2002) and in different APP
transgenic mouse models overexpressing human APPain and spinal cord (Stokigt al.
2005; Wirthset al. 2006) including APP/PS1KI mice (Wirthst al. 2006). These axonal
alterations manifest as varicosities and spherombjch mostly contain abnormal
accumulations of mitochondria, organelles and otheonally transported material like
neurofilaments, synaptic proteins or APP. Stokiralethave pointed out that inhibition of
axonal transport leads to increased intraneurorfaladcumulation (Stokiret al. 2005).
Interestingly, intraneuronal (A accumulation precedes axonal degeneration in AFPP/P
models (Wirthset al. 2006; Wirthset al. 2006). Aberrant intraneuronalAaccumulation

resulted in impaired axonal integrity in the APPIR8ouse models.

It is well established that AD patients suffer freworking memory deficits (Baddelest al.
1991). However, motor performance deficits have aksen described to occur in AD patients
e.g. gait disturbances, disturbed activity levell dralance, as well as general motor signs
(Alexanderet al. 1995; O'Keeffeet al. 1996; Petterssoat al. 2002; Scarmeast al. 2004).
Since APP/PS1KI mice develop severe age-depend@mahdegeneration, (Wirthet al.
2006) as well as loss of hippocampal CA1/2 neustading at the age of 6 months (Casts
al. 2004), the aim of the present study was to ingatt these mice with respect to
impairment in motor performance and working memanguron loss and hippocampal

shrinkage.
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2.3.4INFLAMMATION OF THE BRAIN

GENERAL REMARKS

The occurrence of neuroinflammation meanwhilevwsed accepted constant feature of AD.
The process of plague formation together with tengtion of neurofibrillary tangles and
neuronal degeneration is widely thought to playeg kole for beginning inflammation in
human AD cases (Arnauet al. 2006). While the event of inflammation in the lbravas
formerly believed to be a peripheral phenomenathéodisease, meanwhile the hypothesis of
neuroinflammation as one of the potential triggéos neurodegeneration and other
pathological hallmarks of AD gains in acceptancengudet al.2006; Streiet al.2004).
Actually, the three main pathological hallmarks AD like deposition of aggregatedpA
intraneuronal neuritic tau pathology and the bspecific inflammatory response are
speculated to be linked by the fact that proinflaatony microglia, reactive astrocytes and
their associated signalling cascades inflictingokiytes and chemokines are associated with
the biology of the microtubule associated protem, tA3 speciation and aggregation (Lukiw
& Bazan 2000; Moore & O'Banion 2002).

The importance of inflammation in the pathogenexisAD was indirectly confirmed by
epidemiological investigations that revealed a e€ased incidence of AD in subjects using
anti-inflammatory drugs, especially the non-steabidnti-inflammatory drugs (NSAIDs)
(Wyss-Coray 2006). However clinical trials desigriednhibit inflammation have failed in
the treatment of AD patients suggesting that arflaimmatory agents have more protective
than therapeutic effect. Despite ongoing reseattoh, extent to which neuroinflammation
contributes to disease pathogenesis is still Nt tuinderstood. Moreover it is also not clear
whether the inflammation in AD brains representr@igrtive reaction to neurodegeneration
or it is rather a destructive process that contebuo further loss of brain function (Akiyama
et al. 2000).
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RELATED PROJECT

Though the occurrence of inflammatory events reprissa phenomenon well described for
Alzheimers disease (AD), the extent to which ane way how inflammatory processes
interdigitate with the pathology of the diseasesiléa matter of intense surveillance.

The process of plague formation together with tbeuaence of neurofibrillary tangles and
neuronal degeneration is widely thought to playeg kole for beginning inflammation in
human AD cases. In a classical understanding,gidsimage and chronic presence of highly
inert abnormal material is a main cause of inflarioma In parallel it is often suggested that
in AD plaques of B, tangles and the event of neurodegeneration v¢hetxposition of
intracellular DNA and neurofilaments to the exttadar environment in the followup are the
main trigger for the activation of several gendrdlammation pathways in human brains
affected by AD. Human plaque pathology is charazerby diffuse A deposits developing
an amyloid core positive for staining with thioflaxS or Congo-Red, with proceeding
pathology that is accompanied by gradual accetgratiognitive dysfunction. While, in
human, most cases of AD appear sporadically, ab@it of patients are being stroked by so-
called early-onset AD, that is induced by rangelifferent mutations in amyloid precursor
protein (APP), presenilin 1 (PS1) or presenilirP3R).

Usually, transgenic mice capable of modelling théhpgenic processes associated with AD
are produced by implementation of these familidlbbsomal dominant (FAD) mutations —
based on the idea of tfieamyloid hypothesis assuming amyloid plagues tdhieeprimary
driver to propel the progress of AD (Chishtial.2001; Dudakt al.2004; Ozmeret al.2005;
Richardset al. 2003). In numerous of these animal models of Aflammation is a well
described phenomenon. Most of them share sevathblpgical characteristics of AD, e.g.
extracellular amyloid peptide (A deposition in neuritic plaques often associateth w
activated microglia and surrounded by reactiveoagtes, and/or intracellular deposits of
hyperphosphorylated Tau protein observable as dhealled neurofibrillary tangles (NFT).
However, though a lot of transgenic mouse modelsADf available today manage to
recapitulate AD pathology including behavioural idiéf more or less extensively, still no
current transgenic model is able to completelyestflall relevant features of this disease
(Dodartet al.1999; Eriksen & Janus 2007; Gordenal.2001).

Aim of this study is the analysis of the inflamnoatisituation of the APP/PS1KI mouse
model of AD introduced by Casas et al. (Casiaal. 2004).

Page 25/137



This APP/PS1KI model is characterized through fastl aggressive formation of AD
pathology and excels through an age-related nelmsmthat is to be missed in most other
transgenic animal models of AD. Neuron loss wasdatetl to take place in the CA1/2
pyramidal cell layer of the hippocampus to an ex@n42% at 12 months of age with a
macroscopically evident loss already at six montisage (see chapter 4.1.6). The
histopathological onset of AD according t@ Auild-up starts in these mice with massive
accumulation of intraneuronalpfalready in the second month of life of these nfCasaset

al. 2004). Generally, plague pathology in APP/PS1Kéeris preceded by the accumulation
of oligomeric, fibrillar and various N-modified pAspecies in brain and spinal cord motor
neurons in young mice (Wirths et al., 2006). Noahedural phenotype was detected in these
mice at 2 months of age compared to age matcheHlIR®htrol mice according to motor or
cognitive deficits. Additionally, no neuronal losss present at 2 months of age. Based on the
finding that APP/PS1KI mice appear to be norma2 abhonths of age, | decided to analyze

these young mice for signs of early inflammation.

At six months of age APP/PS1KI mice show strongammpents in their working and spatial
memory performance and own a significant neuroa inghe CA1/2 pyramidal cell layer of
the hippocampus (Casas al. 2004). As a follow-up process to intracellular @ocilation of
Ap six-month-old APP/PS1KI mice show abundant extalee plaque pathology, dystrophic
neurites and astrogliosis. Plaques of APP/PS1Kerharbour a broad variety of N-truncated
isoforms of A3 (Casat al.2004).

Summing up, APP/PS1KI mice pattern typical pathaalgand behavioural hallmarks of AD
model the human process of AD quite well. Thereftihey represent a suitable model for

studying human-like AD-pathological processes.

Therefore, the APP/PS1KI mouse model is of intetestexamine the development of
inflammation in relation to the progress of theedise pathology. In difference to most other
studies of inflammation in the ageing brain, | gmel a broad range of inflammation markers
from the field of cytokines and cytokine receptaddl, like receptors, transcription factors and
acute phase proteins and looked as well for pret@wolved in metal homeostasis and
oxidative stress defense e.g. from the group ofahao¢hioneins because of the presumed

accelerating impact of free radicals on inflammgatorocesses. | analyzed the expression of
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the genes of interest primarily by gPCR and vadidatome of the candidates found to be
significantly changed in APP/PS1KI mice comparedctmtrol mice by Western Blot or
immunohistochemical methods on the protein levéle Bcope of this study is to assign
certain states of inflammation to certain stateth@pathological processes inflicted with AD.
Because the causality between AD and inflammasasiill unclear, a closer look to the order
of time by that changes in the expression of inffaation genes take place in comparison to
the upcoming of typical AD pathological charactees is of interest. Such information may
help to answer the question, if inflammation of brain is just a side effect of AD pathology
or if inflammatory processes may contribute thesadly deed to the progress of cognitive

decline in AD patients.

2.3.5CHOLESTEROL AND 24(S)-HYDROXYCHOLESTEROL IN
PLASMA AS POTENTIAL BIOMARKERS OF ALZHEIMER'S
DISEASE

GENERAL REMARKS

Until today, for AD no biomarker is readily availalto aid diagnosis or monitoring of this
common neurodegenerative disorder (Hyeal. 2006). However, while diagnosis of AD is
still made primarily on clinical grounds, early graosis of AD would be an indispensable tool
to initiate symptomatic treatment of this diseage with acetylcholine esterase inhibitors as
one of the current standard theraphies (BlennowbR06 a large series of studies numerous
potential biochemical biomarkers for AD have beewestigated from various tissues
including blood (Zhanget al. 2004) and cerebrospinal fluid (Hampsl al. 2004). Most of
these studies report about decreaspdsfand increased tau and phosphor-tau in CSF of AD
affected patients compared to non-demented per®&esnow & Hampel 2003; Sunderland
et al. 2005). However, broad appliance of CSF scansddy &D diagnosis is questioned by
the circumstance, that the method of lumbar pusctaspecially repeatedly, represents a
relatively invasive procedure discomfitting to & lof patients. Contrastingly, blood and
plasma are easily accessible body fluids. Moreawer fact that around 500 mL of CSF are
absorbed into the blood every day renders obvitnas,suitable AD biomarkers can be found

also by specific plasma analysis (Hsteal. 2006).

Cholesterol represents an inevitable componentllatei mebranes and is important as a

structural component and as a modulator of celidity as well (Sjogrenet al. 2006).
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Cholesterol is synthesized in the liver. Anotheimsmurce of cholesterol is its uptake by diet
from animal products. Total cholesterol plasma Iewecrease steadily with age in men and
women between ages 20 and 65 (Sjogeeral. 2006). Epidemiological, biochemical and
genetic evidence links cholesterol to Alzheimerisedse, as it has been demonstrated that

cholesterol modulates APP processing (Wighal.2006).

Recently, Mielke et al. reported in a populatiorsdxh 70-year-old birth cohort followed for
18 years that increasing levels of plasma totalesterol at ages of 70, 75, and 79 are related
to a reduced risk of dementia between ages 79 8n@M&lke et al. 2005). However, the
association of high levels of plasma cholesterahwai decreased risk of AD is in contrast to
other reports that suggest high total plasma ctedasto be a risk factor for later dementia
(Kuusistoet al.1997).

Furthermore, also 24(S)-hydroxy-cholesterol haslskecussed as a predictive biomarker for
the incidence of Alzheimer disease. Therefore alymed mice of the genotypes APP/PS1KI,
APP, PS1KI and wildtype mice for age-dependent ghain levels of plasma cholesterol and
24(S)-hydroxycholesterol between the distinct ggpes.

24(S)-hydroxycholesterol has been suggested asitableu biomarker for AD. 24(S)-
hydroxycholesterol is a specifical degradation pidof brain cholesterol (Kolsckt al.
2001, Kolschet al. 2003, Lutjohanret al. 2002). Brain cholesterol is assumed to represent a
permanent pool of exclusively locally synthesizédlesterol that is protected from exchange
with the periphery by its unability to cross theodud-brain-barrier (Bjorkhem & Meaney
2004). The main elimination reaction of cholestdroim the brain occurs by its conversion to
24(S)-hydroxycholesterol by enzymatic activity of246, which is exclusively expressed in
human brain, (Lutjohanet al. 2002, Dietschy & Turley 2001). It has been shohat 24(S)-
hydroxycholesterol in contrast to cholesterol isatae of crossing the blood-brain-barrier and
therefore can be detected in easily accessible Hoitis like plasma or serum (Bjorkheet

al. 2001). In AD patients the levels of 24(S)-hydraxgtesterol have been shown to be
significantly elevated in early stages of the désggotentially due to disruptions in the blood-
brain-barrier. The higher efflux of 24(S)-hydroxpidsterol has been hypthothesized to be a
result of neuron loss or an altered cholesterolabwism in AD (Locatelliet al. 2002).
Additionally, lower levels of cholesterol normalize24(S)-hydroxycholesterol levels in

plasma have been described in more advanced chééx @Bretillon et al. 2000, Kolschet
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al. 2004). Therefore elevated 24(S)-hydroxycholestplagma levels have been discussed as
an easily accessible biomarker for the diagnosisADf in early stages of the disease.
Although there are also reports about increasedideof 24(S)-hydroxycholesterol in CSF
and plasma of AD patients, up to now there is marckvidence for the suitability of plasma
24(S)-hydroxycholesterol as an early-onset markeAD (Irizarry 2004, Schonkneclet al.
2002, Teunisseat al.2003).
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Fig. 6: Model of cholesterol homeostasis in the bma Neurons synthesize cholesterol in cell bodies.
However, additional cholesterol can be supplied taxons from glia-derived lipoproteins. Cholesterol ad
apo E are synthesized by glial cells (astrocytes)né associate to form lipoprotein particles. These
lipoproteins can bind to neuronal surface receptor®f the LDL receptor family. Excess cholesterol irthe
brain is converted to 24(S)-hydroxycholesterol in aurons, crosses the blood-brain barrier, enters the
plasma and is delivered to the liver for excretionnto bile.

RELATED PROJECT

To check for pathology-dependent changes of plasofolesterol and 24(S)-
hydroxycholesterol, levels of total cholesterol &#{S)-hydroxycholesterol were determined
in plasma of wildtype, APP, PS1KI ans APP/PS1KI transgenic mice. This lateuse
model has been shown to feature massive neuromnidise hippocampus starting at an age of
six months besides amyloid plaque formation stgréileady at two to three months of age.
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This transgenic mouse model carries M233T/L235Fckan mutations in presenilin-1 and
overexpresses mutated hunfaamyloid precursor protein. These mice recapitwaty well
typical features of AD like dystrophic neuritis,n&ptic dysfunction and behavioural deficits
as well as neuronal loss.

Because the cause of the disease is very well idedcin this model of AD, it also
volunteered to check the validity of 24(S)-hydrogtesterol or total plasma cholesterol as a
suitable biomarker for AD.

2.4 MODELLING OF HUMAN ALZHEIMER'S DISEASE 1IN
TRANSGENIC MICE

2.4.10VERVIEW ABOUT TRANSGENIC MOUSE MODELS OF
ALZHEIMER' S DISEASE

Transgenic mouse models of AD have greatly conteidbuto our understanding of this
disease’'s pathogenesis. Transgenic mice modelsaljgn@re designed on basis of mutant
genes as they have been found in human early on&amilial cases of AD. They display to a
higher or lower extent the neuropathological fesduthat are seen as typical for human AD
like aberrant 8 aggregation, formation of NFT's, neuron loss amhptic deficits as well as
a broadly established scenery of neuroinflammatiothe brain. Transgenic mice models
overexpressing human mutant APP typically showeased production of amyloigl and
reveal a more or less severe pattern of diffuse compact amyloid plagues in
immunhistochemical stainings. These mice displag ahostly synaptic transmission deficits,
that are detectable well before the build-up of shesplaque pathology. Some of these APP
based models also display features like neurodegtkme or cognitive deficits. The
combination of APP trangens with an additional exeression of PS1 further increases
production of Amyloid3 and significantly accelerates the development ofAD like

phenotype and pathology respectively.

Other mice models contain a human mutant tau tearesgs can be found in familial forms of
frontotemporal dementia, for which extensive tarfgienation is a dominant characteristics.
Oddo et al. reported about a 3-fold transgenic mongdel, harbouring mutant transgenes for

ta 0t APPCTONMETILand PSY*®Y. This model shows plaque pathology, tangles asd al
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displays synaptic transmission deficits. In the tnexapter, the focus is on the so called
APP/PS1KI mouse model of AD, which was first ddsed by Casas et al. in the year of 2004
(Casast al.2004).

2.4.2THE APP/PS1KI MOUSE MODEL OF ALZHEIMER 'S DISEASE

GENERAL REMARKS

Casas et al. reported in 2004 about a new transgaouse model with altgogether five
mutant transgens, that are related to human eadgtoAD cases (Casa&s al. 2004a). In
detail, these mice carry the Swedish (K670N/M67ah)l London (V717I1) mutation in the
APP gene controlled by the THY1-promotor, whichvds gene expression specifically in
neurons. In these mice, the ARFisoform is expressed. Additionally, these miceryx&wo
knock-in mutations in the PS1 gene at codons M2831 L235P. Due to the choosen knock-
in stategy, expression of these mutations takeseplander control of the endogenous
promotor. These mutations were specifically chosecause of their linkage to very early
onset FAD at 29 (L235P) and 35 (M233T) years of age

The predominant species of Amyldidn these mice is Bx.42. Calculated over total amyloid
Bplaque load, a relative share of,&,of 85% was determined at an age of already 4 months
This ratio showed a further age-dependent increakée 4 months old APP littermated
revealed only a 30% share of3,A,. This indicates, that presence of FAD-linked PS1KI
mutations in APP/PS1KIl mice contribute significgntio the formation of B«42 By
immunohistochemical methods first plaque depositisimg 4G8 antibody could be detected
at 2.5 months of age in the subiculum area in ABEPK? mice compared to six months of age
in APP" mice. APP/PS1KI mice display widespread and numsemmund compact B\
deposits within the cortical, hippocampal, and dhat areas. This is in contradiction to
APP° mice, which show only very few deposits restrictedhe areas of the subiculum and

deeper cortical neuronal layers.

Detailed analysis of the hippocampal CA1-3 subfiahdl of the dentate gyrus showed, that
APP/PS1KI mice show a significant reduction of thippocampal pyramidal cell layer
thickness, that was found to be particularly pramninin the CA1 region at 6 months of age

in female mice to an extent of 33%. Assessmenteairon loss by high-precision design-
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based stereology showed a neuron loss in CA1l higppal subfield of 42% in female
APP/PS1KI mice of 12 month of age (see chapteff.1.

It is to note, that by macroscopic analysis somel @Auron loss was present as early as 6
months of age in the brains of female APP/PS1Klenigt not in males, suggesting a gender
effect in these mice (Casatal.2004).

This gender effect experienced a closer analysisPR° mice, where in 3.5 month old mice
well before onset of plague pathology female mtuaaged significant higher levels of soluble
AB and an elevated ratio of C99/APP as well compaoethal littermates (Schafeat al.
2007).

APP/PS1KI mice showed also prominent axonopathy, actually A is controversially
discussed to work as a trigger for aberrant axtmaalsport in the pathophysiology of AD,
finally ameliorating motor deficits as frequentlybserved in patients with AD.
Immunohistochemical and ultrastructural analysis dbgctron microscopy in APP/PS1KI
mice revealed characteristic axonal swellings, sptle, axonal demyelination and ovoids,
which are myelin remnants of degenerated nerverdjbam an age dependent manner.
Furthermore, abundant accumulation of intraneurdhaiodified A3, Thioflavine S-positive
material and ubiquitin was found within the somatadritic compartment of neurons. These
pathological findings were confirmed in neurongta brain and the spinal cord (Wirtbsal.
2006).

RELATED PROJECT

A further strinking feature of the APP/PS1KI mousedel besides the expression ¢4 is
the progressive development of a complex patteriN-dfuncated variants and dimers of
Amyloid B that parallels well the composition ofApecies observed in human AD brains. In
detail, human @ isovariants 2/3-42, 4/5-42, 8/9/10/11-42, 12/13424and most notably
pyroglutamate B (ABspe) wered determined by proteomic analysis of braisates of
10 months old APBPS1KI mice in a two-dimensional western-blot (Casstaal. 2004). It is

to emphasize, that the APP/PS1KI mouse model wasfitht to show accumulation of
ABspey Which stands in the focus of the TBA1 and TBA2us® model because of its striking

neurotoxic potential (see chapter).
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The APP/PS1KI mouse model was the first transg@Bianouse model, that was reported to
combine a strongly increasing extracellular plapathology, consisting of a wide variety of

N- and C-terminal truncated isoforms of,Awith a preceding accumulation of intracellular
AP species especially in the CA1/2 region of the bggmpus. This was speculated to trigger
neuron loss, that occurs as early as 6 monthasmibuse model in the pyramidal cell layer

of the hippocampus and is quantified to reach 33%months old APP/PS1KI mice.

Aim of this project was to analyze in a quantitatiway the accumulation of N-terminal
truncated or racemizedpApeptides - especially Bpe) - in 2 and 6 month old APP/PS1KI

mice by Sandwich-ELISA measurements and immunotisimical stainings.

2.4.3IN VIVO FORMATION OF PYROGLUAMATE AB IN TBA1l AND
TBA2 MICE

GENERAL REMARKS

One of the most coherent arguments pointing agdhmstAmyloidf hypothesis, is the
finding of constant and abundant deposition @f iA the brains of elderly subject without
any signs of cognitive decline. One suggested redso this finding is speculated to be
founded in differences of plaque composition in BanAD brains and those of non AD-
affected but plague-bearing healthy controls (licet al. 2005). Piccini et al. showed, that
soluble A aggregates as found in AD are characterized byedominance of N-truncated
variants of A over the full-length protein By.1o. The authors noted, thatB4ye) was the
most prevailing N-truncated fAspecies in AD affected brains. Harigaya et al.oregul
already before, that [y contributes to the total plaque load in AD patsemp to an extent
of 25% (Harigayaet al. 2000). Piccini et al. suggested, that the enrictinod ABspg) In
plaques could be explained as consequence of mlpgain in resistance to extracellular
aminopeptidase activity due to the cyclization efekminal glutamate of Bg.42 (Piccini et
al. 2005).

Already before, it has been a well established, fiett amyloid plagues do not consist of
only a few full length, unmodified A proteins like A1-40and AB1.42. Already in 1992, Mori
et al. first described the presence @:pe) using mass spectrometry of purifie fArotein
from AD brains, which explains the difficulties sequencing the amino-terminus (Meti
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al. 1992). They reported that 10-15% of the totfl iBolated by this method begins at
position 3 with Aspe). Iwatsubo et al. analyzed the composition ofusié plaques from
cerebral and cerebrellar cortex, neostriatum angdotmalamus of Down's syndrome,
Alzheimer’'s disease and non-demented healthy dobtains. First, they found by use of
carboxy-terminal antibodies, that diffuse plaguesvs a positive staining for #\.42 but were
negative for By.40. This finding strongly suggests, thap,A, variants are much more prone
to aggregation than 4 variants (lwatsuboet al. 1996). Most interestingly, strong
immunoreactivity was found in these diffuse plagémsN-terminal modified or truncated
variants of Ay.42. In detail, Iwatsubo et al. reported besides straccumulation of fni(L-
Asp), which represents the unmodified natural fairAp;.42, also massive aggregation of
ABni(L-isoAsp), ABni(D-Asp), and also for pyroglutamate Amyldid (ABspe).
Additionally, weak staining patterns were detected pyroglutamate Bni1-a2¢e)and for
APBni7(Leu) (Iwatsuboet al. 1996). Lemere et al. reported in 29 year old DoBgadrome
patients immunoreactivity for By in a larger number of plaques thafivds,, the former
showing a stronger age-dependent increase thalattiee (Lemereet al. 1996). A similar
finding was reported by Saido et al., who founk#fx) to represent the predominant species
of AP in senile plagues of aged individuals (Saeloal. 1996). The authors speculated
ABspe)y aggregation to precede the aggregation of the lardgth protein ABni.42 and
suggested the increased aggregation predispositidizpe) to have its reason in the bigger
hydrophobicity of this 8 species due to the loss of one positive and tvgatngee charges
due to formation of the lactam functional groupi@®aet al. 1996). The phenomenon of
ABspe) aggregation preceding that of full lengtl Aariants was also reconsidered by
Lemere at al., who found in Downs Syndrome patiaritage 27 or older positive and
stronger immunoreactivity for Byeyat earlier and all ages as well than fginf\s2 (Lemere

et al. 1996). In general, N-terminal deletions enhanagregation offf-amyloid peptidesn
vitro (Pike et al. 1995). Besides higher aggregation propensity (Hga&ow 1999; Schilling
et al. 2006) and stability (Kuet al. 1998b), AB3,e) Shows an increased toxicity compared to
full-length A (Russoet al. 2002). In the latter study, Russo et al. have shdhat ABse).-
40/42 SUPplemented to the culture media affect culturedron and astrocyte survival to a
significant higher extent compared to corresponduigtlength peptides and, moreover,
show resistance to degradation by astrocytes. Hemyvesther studies reported that the
toxicity of ABspe)-40142iS Similar to that of B1.40 and AB140 (Tekirian et al. 1999), and that
ABs3pe) is not the major variant in AD brain (Lemeaeal. 1996).
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RELATED PROJECT

Recently, Schilling et al. have demonstratedsitu that pyroglutamate-modified peptides
display an up to 250-fold acceleration in the aliformation of A aggregates (Schillingt
al. 2006), and presentaa vitro evidence that the cyclization of glutamate at fp@si3 of A3

is driven enzymatically by glutaminyl cyclase (Q@&khilling et al.2004).

OH
H /\ (e}
| glutaminyl cyclase
N
P
H -H,0
slow
peptide\
N e}
H o
A[3315-40/42
NH
(o)
N—H
H O peptide
peptide

ABS(pE)-40/42
H AN N glutaminyl cyclase
J{ o ~ I
fast

NH,
AB3Q-40/42

Fig. 7. Formation of A starting at position 3 with pyroglutamate ABsg) is catalyzed by glutaminyl
cyclase (QC). N-terminal A3 starting with glutamate (APsg) or glutamine (ABsg) at position 3 serve as
substrates for QC activity to generate B3y (Schilling 2007). A3 is a dominant peptide in Alzheimer’s
disease brain (Saidcet al. 1995), and aggregates 250 times faster than positslationally unmodified AB
peptidesin vitro (Schilling et al. 2006). The conversion of pyroglutamate from N-terimal glutamate is
slow, in contrast to pyroglutamate formation from dutamine. Pharmacological inhibition of QC activity
in cell culture (Schilling 2007) and in the tg2576APP transgenic mouse model (Schilling 2007) leads t
reduced ABs e levels.

While in human Alzheimer’s disease as well as iv®syndrome only a small proportion
of AP peptides start at position 1 with aspartat\), the majority starts at position 3 with
pyroglutamate (8szpe) (Kuo et al.1997; Saidcet al. 1995), and ends at position 42 (Piccini
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et al. 2005). A3 starting with N-terminal glutamine (o) is a better substrate for cyclization
by glutaminyl cyclase (QC) aspAstarting with N-terminal glutamate f4g) (Cynis et al.
2006; Schillinget al. 2004). To check the ability of QC to drive therf@tion of Az pe) in
vivo | characterized in a first step a mQC transgeroase for overexpression of QC. In the
next step, two mouse lines transgenic for substrate)C to form ABsz,e) by QC catalysis
were designed. These two transgenic mouse lines aspressing either f\ze-42 (Thyl/B-
amyloid-1; TBA1) or Ansg-a2 (ThylB-amyloid-2; TBA2). TBAL1 and TBA2 mice were
checked for development of accumulation of Amylpiednd especially Bspe) and analyzed
for hereby induced phenotypical changes. TBA1 aB&Z mice showed mQC activity at
endogenous levels. To verify the vivo potential of mQC to catalyze the formation of
ABspe)y heterozygous mQC mice were crossed with hetemes/gBAL1 mice and analyzed

for increased accumulation of34pe)

a

1 3 42
ABN1 42 DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA
ABN3E-42 EFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA
ABN3Q-42 QFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA
ABN3(pE)-42 pEFRHDSGYEVHHQKLVFFAEDVGSNKGAI|GLMVGGVV|A

b
A Thy TRH ABN3E42—  TBA1
A Thyt TRH ABN3Q42—  TBA2
A— cac mQpct — Qc

Fig. 8: Constructs to generate the transgenic micand expression profile in brain at 2 months of agea).
APB1-42 starts at position 1 with aspartate (D), Bse.4, at position 3 with glutamate (E), and ABsq.4, With
glutamine (Q). Both N-truncated ABse.4, and ABsq.42 peptides can be converted by QC activity to genera
ABspe)-42 (Fig. 7). (b) Schematic drawing of the transgeniwectors. TBA1 and TBA2 transgenic mice
express either PBsg)-42 Or ABs)-a2 Under the control of the Thyl promoter and are fusd to the signal

peptide of TRH. QC transgenic mice express the mure QC minigene (mQpct) under the control of the
CAG promoter.
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3 MATERIALS AND METHODS

3.1 STATISTICAL ANALYSIS

Differences between groups were tested with eibimerway analysis of variance (ANOVA)
followed by post-hoc Bonferroni's multiple companstests, paired t-test for pair-wise
comparisons or unpaired t-tests as indicated infithee legends. All data were given as
means + s.e.m. Significance levels were given dkwe: ***P <0.001; **P < 0.01;
*P < 0.05. All calculations were performed usinga@mPad Prism version 4.03 for Windows
(GraphPad Software, San Diego, CA, USA).

3.2 IMMUNOHISTOCHEMISTRY AND HISTOLOGY

Mice were anaesthetized and transcardially perfugddice-cold phosphate-buffered saline
(PBS) followed by 4% paraformaldehyde. Brain samplere carefully dissected and post-
fixed in 4% phosphate-buffered formalin at 4 °Cmomohistochemistry was performed on
4 um paraffin sections. The following antibodiesrevased: 4G8 (B17-24, Signet), GFAP

(Chemicon), Ibal (Waco), ubiquitin (DAKO), AT8 (lagennetics), PS199 (Biosource),
activated caspase-3 (Chemicon), calbindin (Swant) against 8 with pyroglutamate at

position 3 (a generous gift of Dr. Takaomi SaidBiptinylated secondary anti-rabbit and
anti-mouse antibodies (1:200) were purchased frohRK@. Staining was visualized using
the ABC method, with a Vectastain kit (Vector Ladories) and diaminobenzidine as
chromogen. Counterstaining was carried out with demylin. For fluoresecent stainings

AlexaFluor488- and AlexaFluor594-conjugated antibeqMolecular Probes) were used.
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Primary antibodies

Name Usage Dilution Manufacturer
WO-2 Anti-human 1:5000 (WB) Prof. Gerd Multhaup, F
AP (Ap5-8) Berlin

GFAP Anti-mouse 1:5000 (WB) DAKO

Ibal Anti-mouse (IHC) Waco

B-Actin Anti-mouse 1:2000 (WB) Sigma

S100A6 Anti-mouse 1:3000 (ICH) generous gift ofRchet

Transferrin Anti-mouse 1:2000 (WB) Stressgen

ABN1(D) Anti-human 1:500 (IHC) Takaimo Saido, RIKEN
Institute, Japan

ABN1(rD) Anti-human 1:500 (IHC) Takaimo Saido, RIKE
Institute, Japan

ABN3(pE) Anti-human 1:250 (IHC) Takaimo Saido, RIKE
Institute, Japan

4G8 Anti-human 1:1000 (IHC) Senetec

HRP-linked scondary antibodies

Goat-anti-rabbit immunoglobulins (DAKO, P0448, Deark)

Goat-anti-mouse immunoglobulins (DAKO, P0447, Derkpa

Rabbit-anti-goat immunoglobulins (DAKO, P0449, Deark)

Biotinylated secondary antibodies
Rabbit-anti-mouse immunoglobulins (DAKO, E0465 Demk)

Swine-anti-rabbit immunoglobulins (DAKO, E0353 Deark)

N

N
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3.3 TRANSGENIC MICE

APP/PS1KI mice

The generation of APP/PS1KI mice has been desciibddtail in Casas et al. 2004 (Casas
al. 2004). In brief, human mutant APP751, harboring 8wedish and London mutations
(APP751SL) is expressed under the control of theimauThy-1 promoter, whereas murine
PS1 with two FAD-linked mutations (PS1 M233T andlAH35P) is expressed under the
control of the endogenous mouse PS1 promoter (#ntc All mice named as PS1KI were
homozygous for PS1 knock-in mutations; the APP/PStilce harbored one additional
hemizygous APP751SL transgene. All animals weralleahaccording to German guidelines

for animal care.

mQC, TBA1 and TBA2 mice

For generation of murine thyrotropin-resleasingnmane - A3 fusion proteins mMTRH-Bgg-42
and mTRH-Asq.42 (see Fig. 8)he respective cDNAs were inserted into vector p8C1
containing the murine Thy-1 sequence applying stechdnolecular biology techniques.
Murine QC was isolated from insulinoma cell ligelfC 3. The mQC cDNA was cloned into
vector pTG-CAG. All constructs were verified by seqcing. The transgenic mice were
generated by male pronuclear injection of fertdizE57BI6 oozytes (PNI, generated by
genOway, Lyon, France). The injected oocytes wkes implanted into foster mothers for
full term development. The resulting offspring (8ufders of each line) were further
characterized for transgene integration by PCRyaisaand after crossing to C57BI6 wildtype
mice for transgene expression by RT-PCR (n=3-5 é&aeh The line with highest transgene
MRNA expression was selected for further breedivagmned TBA1 and QC mice). TBA1 and
QC transgenic appeared healthy and showed no ed@denneurological abnormalities. Only
1 of the 3 founders of the TBA2 PNI gave birth tilspring (TBA2 mouse model). All

animals were handled according to German guidefmeanimal care
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3.4 GENOTYPING

DNA-Isolation from mouse tails

Stock solutions:

1 x Lysis buffer:

100 mM Tris/HCI pH 8.5
5 mM EDTA

0.2 % SDS

200 mM NacCl

dissolved in. HO (Millipore)

Before use Proteinase K was added (10 pml

Protocol

500 pL of lysis buffer were added to each moudeatall shaken overnight at 55 °C
and 400 rpm in a heating block.

2. Centrifugation for 10 min at 13000 rpm

3. The supernatants were transferred to a new 1.5uimd ¢ontaining 500 pL of

isopropanole.

Samples were vortexed for DNA precipitation aocentrifuged for 10 min at
13000 rpm.

Pellet was washed by vortexing in 500 puL of 7&@¥tanole and again centrifuged for
10 min at 13000 rpm.

The supernatant was discarded and rests of@theemoved by pipetting

Pellet was dried on a heating block at 37 °C

Pellet was dissolved in 70 ul H20 (Aqua ad inieiti@b (37°C, 30 — 45 min or
overnight at 4°C)
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Polymerase chain reaction (PCR)

Polymerase chain reation leads to exponential dicgiion of a DNA fragment.

General protocol for a total 10uL volume

0,5 pL Primer forward (10 pM stock concentration)
0,5 pL Primer reverse (10 pM stock concentration)
1 pL 10 x PCR-Puffer

1 pL dNTPs (200 uM stock concentration)

5.9 ulHO

0.1 pL Tag-Polymerase

1 pL diluted DNA (25 ng of genomic DNA)

PCR genotyping strategy for APP/PS1KI mice
primer sequences:

APP-1: 5°-GTA GCA GAG GAG GAA GAA GTG-3
APP-2: 5°-CAT GAC CTG GGA CAT TCT C-3°

The PCR on tail DNA was carried out in a volumebfuL with a PCR-product of 491 bp

length and was run according to the following ayglparameters:

Reaction mix Reaction conditions

Genomic  mouse 25 ng step Templ/time| cycles

DNA

Primer 2.5 uL denaturing 94°C/300s 1x
(f.c.: 25 pmol)

dNTPs 2.5uL denaturing 94°C/60s 35x
(f.c.: 20 uM)

10 x Reaction 2.5 uL annealing 55°/60s 35x

buffer

MgCl, f.c.:1.5mM extension 72°C/90s 35x

Taq polymerase 25U completion 72°C/300s  1x

Reaction volume 25 uL

Table 1: protocol for APP genotyping (f.c.: final @ncentration).
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PCR genotyping strategy for mQC, TBA1 and TBA2 mice

The screening for detection of the random integratif the transgene was achieved by PCR

amplification. Two PCRs were designed (see Figlire 4

- PCRL1is designed to efficiently detect the tgmme random integration event. The
selected primer pair allows the amplification afteort DNA sequence within the
transgene sequence, yielding a specific 505-bp PGRuCt.

- PCR2 is designed to assess the integrity ofrHresgene integration event. The selected
primer pair allows the amplification of a DNA seguoe extending from 5’ region of
promoter and 3’ region of Thyl gene yielding a $jpe6279-bp 7413-bp PCR product.
As the Thyl promoter cassette is derived from mges®mic sequence, the PCR screen,
used to investigate the integrity of the transgategrity, also lead to the amplification of

a 7413-bp product from the endogenous Thyl gene.

STOP
ATG
TBA2-Tg |
= Promoter THY! TRH |Amaa342)| 3° THY! sequences |
: — -
GX3425 GX3426

S05-bp

Fig. 9: PCR genotyping methodology: Localisation oprimers used for the detection of random
integration and transgene integrity. The corresponthg amplification product sizes are indicated. Bold
line represents plasmid backbone sequences. Halfraws illustrate the primers’ localisation. Figuresare
not depicted to scale. The same structure has théRH-ABN3E(3-42) transgene construct

Primer Primer | Primer sequence 5'-3’ expected

pair name PCR size

1 GX3425| 5- AGTAATGAAGTCACCCAGCAGGGAGG -3 505 bp
GX3426 | 5'- TGATCCAGGAATCTAAGGCAGCACC -3

Table 2: PCR genotyping TBA1 & 2
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Reaction mix Reaction
conditions

Genomic mouse 40 ng step Templ/time cycles
DNA
Primer 0.5uL denaturing 94°C/180s 1x

(f.c.: 2.5 pmol)
dNTPs 20 uM denaturing 94°C/45s 35x
10 x Reaction 1 L annealing 58°/60s 35x
buffer
MgCl, 2mM extension 72°C/60s 35x
Taqg polymerase| 0.5U completion 72°C/300s 1x
Reaction 20 pL
volume
Table 3: Protocol for genotyping by PCR: TBA1 & 2.
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Genotyping of mQC mice

Primer pair | Primer Primer sequence 5'-3’ expected PCR
name size
1 mQC3 5-GCCACGGATTCAGCTGTGC-3 302 bp
mQC4 5-GAATGTTGGATTTGCTGCTC-3
Table 4: PCR genotyping mQC.
Reaction mix Reaction
conditions
Genomic mouse 100 ng step Temp/time cycles
DNA
Primer 2 uL (10 pmol denaturing 94°C/180s 1x
dNTPs 2 uL (f.c.: 20 uM) denaturing 94°C/45s 35x
10 x Reaction 2 pL annealing 58°/60s 35x
buffer
MgCl, 1.6 pL (f.c.2 mM)| extension 72°C/60s 35x
Taqg polymerase] 0.5U completion 72°C/300s 1x
Reaction 20 pL
volume

Table 5: Protocol for genotyping by PCR: mQC.
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3.5 mRNA QUANTIFICATION FOR TBA1 AND TBA2 MICE

For Real-Time PCR (TBA1 & 2) the following primengere used:

Primer pair | Primer Primer sequence 5-3’ expected PCR
name size

1 AR3-42-for | 5-TTGAGGAAAGACCTCCAGC-3’ 168 bp
AR3-42-rev | 5-CATGAGTCCAATGATTGCACC-3’

Table 6: Primers for amplification of ABze and ABe.

1 pg of total RNA was reverse transcribed and R@ak PCR was performed using the

fluorescent dye SYBR-Green | according to the feilg protocol:

Reaction mix Reaction

conditions
cDNA 1 puL  (1:5|step Templ/time cycles

Dilution)

Primer 15 pmol denaturing 95°C/ 600s 1x
2x Reaction Mix| 12.5 pL denaturing 94°C/15s 40x
SYBR-Green| | 0.5puL annealing 55°/30s 40x
H,0 8 uL extension 72°C/30s 40x
Reaction 25 uL Melting Curve 55°C - 95°C/1x
volume 30s

Table 7: Protocol for mRNA quantification by RT-PCR.
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3.6 STAINING OF PARAFFIN-SECTIONS

1. Deparaffinize 2x5 min xylol
10 min 100% ethanol
5 min 95% ethanol
2. Block in methanol 200 mL PBS
2 mL 30% HO,
for 30min
3. Descending ethanol-series 5 min 95% EtOH
1 min 70% EtOH
1 min distilled water
microwave treatment 10 min (in 0.01M citrate bufbét 6.0 (citric acid monohydrate)
cool down for 15 min
wash 1min in distilled water.
wash 15 min PBS + 0,1% Triton-X100
wash 1 min with PBS

© © N o 0 &

—optional- incubate sections in 88% formic acid3anin
10.wash with PBS
11.unspecific block for 1 h in PBS +10% FCS (fetaf calrum)
+4% dry milk (40mg/ml)
12.Discard blocking solution and add primary antib@d¥BS including 10% FCS
Incubate over night at room temperature or 4 °C
13.wash 15 min with PBS+ 0,1% Triton-X100
14.Incubation with secondary antibody in PBS includif®§o FCS for 1 h at 37 °C
15.wash 15 min with PBS
16.Incubation with ABC-Vectastain-Complex (prepareledst 30 min before use and
keep and 4 °C)(Vector Laboratories) for 1.5 h atG7
PBS +10% FCS, +1:100 L6sung A, +1:100 Lésung B
17.wash 15 min with PBS
18.stain with 3,3-diaminobenzidine-tetrahydrochlorid@ mg/mL in 50 mM Tris/HCI
pH 7.5,DAB, Sigma)
19.ascending ethanol-series, 1 min 70% ethanol
5 min 95% ethanol
10 min 100% ethanol
10 min Xylol
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3.7 HPLC-ASSAY FOR DETERMINATION QC-ACTIVITY IN PLASMA

The QC activity was assessed by quantification ldé QC-mediated cyclization of
Glutaminyl-beta-naphthylamin to pyroglutamyl-betphthylamin by use of a HPLC based
assay. The measurement was carried out using a Kidt€m “La chrome”, manufactured by
Merck-Hitachi and a RP18 LiChroCART 125-4 columrmplied by Merck KGaA. For the

separation, a gradient of water and acetonitriletaiaing 1% TFA each was used p.r.t. as

follows:
Time Eluent A Eluent B
(min) [ Acetonitrile/TFA( 1%)| Water/TFA (1%)
0 23 77
8 45 55
10 95 S
15 95 5
20 23 77

Table 8: HPLC-protocol for measurement of QC -actiity in tissue lysates and EDTA-plasma.

Detection of glutaminyl-beta-naphthylamine and gjutamyl-beta-naphthylamine
was performed by use of a Diode Array Detector I574tanufactured by Hitachi Corp. at a
wavelength of 280 nm. All measurements were caroetl at room temperature. The

concentration of pyroglutamyl-beta-naphthylamines walculated using a standard curve.

Sample Preparation

Determinations of QC-activity were performed ustiggue homogenates from brain, liver,
kidney and plasma. The plasma was centrifugeddsgdees and 13000 rpm for 10 min and
applied for the QC-assay. Besides, the plasm&efcontrol group could be used directly
unwatered for measurement (100 pL), while thahef@C-mice had to be diluted at first 1:25
with MOPS-buffer (c: 25 mM, pH 7. 0). Tissue ofalb, liver and kidney was mixed in
40fold volume lysis buffer and homogenized by ut@ @owns homogenizer. The lysis-
buffer (pH 7. 5) consisted of Tris-base (10 mM),TBED(5mM), Triton (0. 5%) and glycerole
(10%). Triton concentrations of 0.5% or less shibvwe have no influence on protein
detection by the Bradford method.
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Subsequently, the samples were treated with aasoltic stick (16 cycles, intensity 70%) and
afterwards centrifuged (25 min, 13000 rpm, 4 °C)The supernatants were taken and
immediately used for the measurement (100 uL).

Determination of QC-activity

After the sample preparation, every measuremermyodglutamyl-beta-naphthylamine was
carried out according to the following protocol,iaihhas been identical for measurement of
the standard curve with affinity purified QC enzyarel of the time-turnover-graphs with QC
from the homogenized tissue samples.

In a 1.5 mL tube, 500 pL substrate solution (Glutatrbeta-naphthylamine, ¢: 100 puM, in
MOPS-buffer ,c: 25 mM, pH 7. 0) were mixed with 400 N-ethyl-maleimide solution (c:
250 pM in MOPS-buffer, c: 25 puM, pH 7. 0) as a eyse-protease-inhibitor. The mixture
was allowed to equilibrate to 30 °C for 10 min inhaating block at 350 rpm. After
equilibration, the reaction was started by additérd00 pL of cell lysate or plasma to a total
volume of 1000 pL. The reaction mixture was thezubated for 45 min at 30 °C at 350 rpm.
From the total reaction volume, samples (100 puLjewemoved after 0, 4, 8, 12, 16, 20, 24,
35 and 45 min. To stop the ongoing conversion figimtaminyl-beta-naphthylamine into
pyroglutamyl-beta-naphtylamine, these samples \weneediately heated for 5 min in boiling
water to inactivate the enzyme glutaminyl-cyclasigerwards, the samples were immediately
frozen at -20 °C. The experiment was run in thegdicates at the same time. Prior to analysis
using HPLC, all samples have been frozen once.tli®rmeasurement the samples were
thawed out and thereafter centrifuged for 10 mii2Q00 rpm at room temperature before
starting the measuring process on the HPLC sysié&en 25 pL of the sample were diluted
1:1 with water bidest and mixed. This solution wagcted completely with a 100 pL
Hamilton syringe into the 20 pL sample loop of th#PLC system. Between the
measurements, the Hamilton syringe was cleaneditmes with water bidest, two times with
acetone and thereafter two times with water bidgsin. Before drawing the syringe with a
new sample the needle was rinsed two times (2x)3nith the new sample.

The resulting peak areas for pyroglutamyl-beta-ttagamine (R ~6. 8 min, the retention
time of glutaminyl-beta-naphthylamine was foundusr R: ~4. 85 min) were converted into
concentrations of pyroglutaminyl-beta-naphthylamimg use of the standard curve. The
resulting figures were plotted in a time (x-axisjurnover (y-axis) - diagram. The initial
velocity of the reaction converting glutaminyl-betaphtylamine into pyroglutaminyl-beta-
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naphtylamine was calculated by linear regressiostiyjover the first 20 minutes of the time-

turnover-diagram

3.8 QUANTIFICATION OF ABy.s2 AND ABns(pey BY ELISA

Brains were weight in frozen state and directly bgemized in a Dounce-homogenizer in
2.5 ml 2% SDS, containing complete protease inbil{lRoche). Homogenates were sonified
for 30 s and subsequently centrifuged at 80.00& d imin at 4 °C. Supernatants were taken
and directly frozen at —80 °C. The resulting pslietere resuspended in 0.5 ml 70% formic
acid (FA) and sonified for 30 s. Formic acid wasitnagized with 9.5 ml 1 M and aliquots
were directly frozen at —80 °C. SDS and FA lysatese used in appropriate dilutions for
both ABy.4> and Anzper ELISA measurements. ELISA measurements were imeei
according to the protocol of the manufacturer (IBb., Ltd. Japan). For statistical analyses,
ABx42 and ABzpe) concentrations resulting from SDS and formic ackirastions were

cumulated.

3.9 RNA PREPARATION AND REVERSE TRANSCRIPTION

Deep frozen brain hemispheres stored at -80 °C wengogenized in 1 ml of Trizol reagent
per 100 mg tissue using a glas-teflon homogeniz@is{rokes, 600 rpm). RNA extraction was
performed according to the protocol of the manuwifiat (Invitrogen).

Reverse transcription and DNAsel treatment of tbafipd RNA samples was carried out
using QuantiTect Reverse Transcription Kit (Qiagetiden, Germany) according to the

protocol of the supplier.

3.10 QUANTITATIVE RT-PCR

Quantitative real-time RT-PCR was performed usingteatagene MX3000P Real-Time

Cycler. 10 ng of cDNA were used per reaction. Foardification | used the SYBR-green

based 2x SensiMix DNA Kit containing ROX as an intd reference dye (peqLab,

Germany). As not denoted otherwise, all oligonutiteprimers were purchased as validated
Primer Sets from Quiagen (QuantiTect Primer Assals¢ following primers were ordered

at MWG-Biotech, Germany:
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- MCSF-R

for: 5-GACCTGCTCCACTTCTCCAG-3
rev: 5-GGGTTCAGACCAAGCGAGAAG-3’
- MHCII
for:5-CTGATGGCTGCTCATCCTGTG-3;;
rev: 5-TTCTGTTTTCTGTATGCTGTCC-3’

Statistical analysis of quantitative Real-Time P@Basurements was done by the use of the
Relative Expression Software Tool V1.9.6 (RESTa(fPfet al. 2002). The expression ratio
results of the investigated transcripts are tedtdsignificance by a Pair Wise Fixed
Reallocation Randomisation Test and plotted usitagndard error (SE) estimation via a
complex Taylor algorithm (Pfafiéet al. 2002). In figures, levels of significance werediéd

as follows: ***P < 0.001; **P < 0.01; P < 0.05.

3.11 WESTERN-BLOT

Deep frozen brain hemispheres stored at -80 °C wweraogenized using a glas-teflon
homogenizer at 650 rpm in PBS buffer containing 3®S (pH7.4, supplemented with
complete protease inhibitor cocktail (Roche)). Bnsount of buffer was adjusted to the brain
weight in a 8:1 ratio. Lysates were centrifuged4d&C and 16.000 rpm for 1 h. Proteins
contained in SDS-brain lysates of APP/PS1KI and K®Shice were separated using
SDS/Polyacrylamide-gel-electrophoresis in a 8% $DBBine-gel. 20 ug protein were
applied per lane. Proteins were transferred usemidry blotting for 25 min at 20V on
PVDF membranes (BioRad) according to the manufacsysrotocol.

Membranes were blocked in 10% non-fat dry milk BSFT buffer containing 0.05% Tween-
20 for 1 hour. Primary antibody incubation was perfed overnight in TBS-T buffer at 4 °C
followed by a two-hour incubation with HRP-conjug@tsecondary antibodies (DAKO) at
room temperature. Blots were developed using erdthalsemiluminescence.

Developed X-ray films were quantified using Quantihe software package (BioRad) with
beta-Actin as a reference gene. Statistics of dddd were calculated using GraphPad Prism
v4.03.
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3.12 PHOTOMETRIC MEASUREMENT OF PROTEIN
CONCENTRATION

Measurement of protein concentration was perforimgdise of the commercially available
Roti-Quant universal solution (C. Roth). Detectminproteins after this method is based on
the biuret reaction. Absorbance was measured by afse& photometer at 595 nm.
Concentrations of proteins were calculated by campa with an calibration curve derived
from BSA samples with a range in concentration flor 20 mg*mL*. All samples were
measured in a transparent 96-well culture platealch well 2 pL of sample were diluted with
200 pL of detection solution Roti-Quant universatlancubated for 30 min at 37 °C before

measurement.

3.13 AGAROSE GEL ELECTROPHORESIS

Analytical separation of DNA and RNA was perforntedagarose gel electrophoresis under
non denaturing conditions. This method works byoesdd movement of negative charged
nucleic acids directed to the anode in an eledtfiel. The nucleic acids separate in the gel
depending on their size. Agarose concentrationadapted between 0.7 and 3.0% to the size
of the nucleic acids to be separated. Gels weneapee in TBE buffer. Ethidiumbromide was
added to a final concentration of 1 pg*thLGels were run under a voltage of 170 V. A
suitable DNA ladder was loaded on the gel to enablalysis of the size of the separated
nucleic acid fragments. Gels were analyzed undedlight-transillumination conditions at a
wavelength ofA = 366 nm. Ethidiumbromide intercalates into theilwle-strand structure of
DNA or RNA, which leads to an increased fluoreseent the bound pigment compared to

the unbound species. Finally, the gel was pictiwedocumentation purposes.

3.14 X-RAY EXAMINATION

For conventional x-ray examination the specimenewssitioned in a supine position on the
examination table of a Siemens Siregraph D X-ray. lmages were taken in a.p. and lateral
projection. Images were obtained using 40 kV andnAs current. The images were

transferred to a Powermac G5 running Osirix 2.8rJpbst-processing.
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3.15 BEHAVIOUR TESTS

Clasping Test

To test clasping behavior, mice were suspendeddyail for 30 s and the hindlimb-clasping
time was scored. A duration of 0 sec clasping wasnga score of 0, 1-10 s a score of 1, 10-

20 s a score of 2 and a clasping of more than&@6cere of 3 (Nguyeet al.2005).

Balance Beam

Balance and general motor function were assessed the balance beam task. A 1 cm dowel
beam is attached to two support columns 44 cm abgya&dded surface. At either end of the
50 cm long beam a 9 x 15 cm escape platform islegth The animal is placed on the center
of the beam and released. Each animal is giver tia@ds during a single day of testing. The
time the animal remained on the beam is recordedtla@ resulting latencies to fall of all
three trials are averaged. If an animal remaingherbeam for whole 60 s trial or escapes to
one of the platforms, the maximum time of 60 seisorded (Arendasht al. 2001; Wirthset

al. 2006).

String Suspension Task

As a test of agility and grip strength, a 3 mmaotstring is suspended 35 cm above a padded
surface in the beam apparatus. The animals aretpedrto grasp the string by their forepaws
and are released. A rating system from 0 to 5 &l ukiring the single 60-sec trial to assess
each animals’ performance in this task: 0 = un&blemain on the string; 1 = hangs only by
fore- or hindpaws; 2 = as for 1, but attempts tmbslonto string; 3 = sits on string and is able
to hold balance; 4 = four paws and tail aroundngtrivith lateral movement; 5 = escape
(Moranet al.1995).

Vertical Grip Hanging Task

Animals were tested for neuromuscular abnormalifieslance and muscle strength) by
suspending them from wire bars (40 x 20 cm arelh ftm wires 1 cm apart). Latency to fall
within 60 s was measured after a mouse was planethe bars and turned upside down
(height 30 cm) (Erbel-Sielat al.2004).
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Rotarod

Motor learning and coordination were tested by tise of an accelerating rotarod (TSE-
Systems, Germany). The rotating rod had an aximeler of 3.5 cm and a black rubber
surface. Each mouse was given six daily trialstfen consecutive days. The mice were
placed on top of the beam facing away from the expmnters view. They had to move
forward on the drum (which rotates with increasspged around the vertical axis), being
forced to continuously adjust their timing of mowemts. At the beginning of each trial, mice
were placed on the inactive drum, which was acatddrto a speed of 48 rpm over a trial
period of 360 s. The time until the animal fell tfie rod was recorded with a cut-off after
360 s (Dereet al. 2003). Analysis was carried out using a two-wayQAM\ (genotype X
training day), followed by Bonferroni post hoc test

Forced Swimming Test

The forced swimming test is performed identicaktprobe test in the Morris Water Maze
(Spittaelset al. 1999). In brief, a pool with a diameter of 110 mnfilled with opaque water to

a height of 20 cm and is kept at 22 °C. The miceevpdaced in the middle of the pool for one
60 sec single trial and total swimming distance sawidnming speed were measured using a

computer automated tracking system (VideoMot2, ByEtems).

Open Field

The open field test was used to asses both exptgraehavior and locomotor activity. The
mice were tested using an open field box made @f gtastic with 50 x 50 cm surface area
and 38 cm-high walls. Monitoring was done by aromadted tracking system equipped with a
rearing indicator consisting of 32 infrared senstrsdetect vertical activity (VideoMot2,
TSE-Systems, Germany). The behavioral parametgisteeed during 5 min sessions were (i)
running speed and total traveled distance (ii)rdt® of time spent in the central part (20 x
20 cm) versus total time (iii) rearing episode® ttumber of times an animal stood upon its
hind legs with forelegs in the air or against thalymeasure of vertical activity) (Deet al.
2003).

T-maze continuous alternation task (T-CAT)
A T-maze was used according to the measures prbvie Gerlai (Gerlai 1998). The
apparatus was made of black plastic material withaak floor and guillotine doors. Testing

of the mice consisted of one single session, whialted with 1 forced-choice trial, followed
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by 14 free-choice trials. (i) Forced-choice tri@:the first trial, one of the two goal arms is
blocked by lowering the guillotine door. After theouse is released from the start arm, it will
explore the maze, enter the open arm and retuthetstart position. As soon as the mouse
returned to the start arm, the guillotine door Yeagered and the animal was confined for 5 s.
(i) Free-choice trials: After opening the doortbke start arm, the animal is free to choose
between both goal arms, as all guillotine doorsogren. Once the mouse entered a goal arm,
the other goal arm is closed. When the mouse retuta the start arm, the next free-choice
trial started after 5 s confinement in the stamb.afA test session was terminated after 30 min
or after 14 free-choice trials were carried outimAals that performed less than 8 trials within
the given time frame were excluded from the analyshich however was not the case. The
animals were never handled during the task ande#tperimenter was not aware of the

genotype of the tested animals.

Y-Maze

Spontaneous alternation rates were assessed usmangular Y-shaped maze constructed
from black plastic material with arm sizes of 30 8r@ cm. During 20 min test sessions, each
mouse was randomly placed in one arm and allowedhdwe freely through the maze
(Frenois et al., 2002 Alternation was defined as successive entrigs ihe three arms in
overlapping triplet sets. An entry was defined &ddiccessive as soon as a mouse enters an
arm with all four paws.The percent alternation waksulated as the ratio of actual to possible
alternations. In order to diminish odor cues, trezenwas cleaned with a solution containing

30% ethanol, 60% water and 10% odorless soap.

Cross-Maze

Spontaneous alternation rates were assessed ushogsxmaze (28) constructed from black
plastic material (arm sizes: 30.0 cm length, 8.0ndth, wall height 15.0 cm). Adjacent arms
were in a 90° position. The 4 arms extended frazardral space measuring 8.0 cm in square.
Thus, the animals visited the arms via a centratespDuring 20.0 min test sessions, each
mouse was randomly placed in one arm and allowetlaterse freely through the maze.
Individual arms were signed 1 — 4. An alternatioasvdefined as entry into four different
arms on consecutive entries on overlapping quadrsgts (for example 2,3,4,1 or 4,2,3,1 but
not 1,2,3,2). An entry was defined to be successs/soon as a mouse enters an arm with all
four paws. The percent alternation was calculatetha ratio of actual to overall performed

alternations during the period of observation. tdeo to diminish odor cues, the maze was
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cleaned with a solution containing 30% ethanol, 608ter and 10% odorless soap after each

trial.

3.16 STEREOLOGICAL QUANTIFICATION OF TOTAL NUMBERS
OF NEURONS

Mice were anaesthetized and transcardially perfasegreviously described (Schmétal,
2004). The brains were carefully removed from thkells post-fixed for 2 hours and
dissected. The left brain halves were cryoproteateB0% sucrose, quickly frozen and cut
frontally into series of 30 um thick sections. Bventh section was systematically sampled,
stained with cresyl violet and used for stereolabanalysis of the hippocampal volume and
the number of CA1 neurons. The hippocampal celeda@Al was delineated on cresyl
violet-stained  sections. Using a stereology wotksta (Stereolnvestigator;
MicroBrightField, Williston, VT, USA) and a 100x ldiens, all neurons whose nucleus top
came into focus were counted using the Optical tknaator. In addition, volumes of the
investigated brain regions were calculated from t®dineated areas with Cavalieri's

principle.
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3.17 HISTOLOGICAL STAININGS

Cresylviolet staining

- necessary solutions:

1A: stock solution 1M sodium acetate

1B: working solution: 40 mL of 1A + 9.6 mL aceticid (100%) adjusted to a total
volume of 1 L.

2: cresyl violet is supplemented to 1 L of 1B amidresd for 30 min. Solution is stirred
overnight at room temperature. Before use the molwtas filtered.

3A: stock solution: 2% triton x-100 (20 mL are adde 980 mL mQ-water and stirred for
1 h at room temperature)

3B: working solution: 2.5 mL 3A + 50 mL mQ-waterl’50 mL ethanol (100%)

- staining protocol:

1. cryo-sections were mounted on microscope slidesaamllowed to dry on air for at
least 2 h.

20 min in 1B (2 cuvettes)

20 minin 3B

20 min in 1B (2 cuvettes)

2 X7 minin 2 (2 cuvettes)

3 x 1 min in buffer 1B (3 cuvettes)

3 min in 100% ethanol

2 x 5 min xyleen

© © N o o bk~ 0N

embedding in DEPEX or other suitable mounting mediu

Hematoxylin staining

The H&E staining is a common staining in diagnobtatopathology

Hematoxylin stains nuclear blue, whereas the matfikyaline cartilage, myxomatous and
mucoid material appears pale blue.

Solution:

- Hematoxylin (Mayers hemalaun solution)

1. sections were deparaffinized in xylene and rehgdr@th a descending graded alcohol

row
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washing in aqua dest. (2 min)

incubation in hematoxylin (5 min)

rinse in aque dest. (30 s while moving the sliakya

rinse in tap water (5 min)

dehydradation in 100% ethanol (5 min)
100% ethanol (5 min)
Xylene (2x 10 min)

S

7. embedding with a quick hardening mounting medium

3.18 PLASMA CHOLESTEROL MEASUREMENT USING GAS
CHROMATOGRAPHY

For extraction of plasma cholesterol 50 pL of plaswere mixed with 1 mL 1 N ethanolic
NaOH, stirred for 1 h at 50 °C and 1 ml®Hwas added. The aqueous phase was extracted
twice with 3 mL cyclohexan. Samples were centritudger 20 min at 6000 rpm and room
temperature. The unified organic phases were eatgubin a stream of Mt 65 °C. For sterol
analysis 50 pgdcholestane (Serva) and 1 pug epicoprostanol (signeeg added as internal
standards. Samples were evaporated under nitrogesb 2C, dissolved in n-decan and
transferred into a micro-vial for gas-liquid chragraphy-flame ionization detection (GC-
FID) analysis of cholesterols. Sterols were derreat to trimethylsilyl- (TMSi) ethers by
addition of 20 uL of TMSi-reagent (pyridine:hexamgtisalazane-trimethylchlorosilane;
9:3:1, by volume; all reagents were supplied bydWemto each microvial and incubated for
1 hat60 °C.

To quantify cholesterol in plasma samples, chotektend m-cholestane-TMSi ethers were
separated on a cross-linked methyl silicone DB-XI22-1232 fused silica capillary column
(J and W, Folsom) (30 m x 0.25 mm i.d. x 0.25 pim fihickness) in a HP 6890 series gas
chromatograph (Hewlett Packard). The oven temperatas initially kept at 150 °C for
3 min, then increased by 30 °C * riito a final temperature of 290 °C. The concentratib
cholesterol was calculated by one-point calibratismg m-cholestane as a standard. The
peak area of cholesterol is divided by the peak afexu-cholestane and multiplied by the
amount of b-cholestane added to the sample (50 ug). This ledilca method was validated
against standard curves for cholesterol and shan@gh validity. The identity of cholesterol
was proven by comparison with the mass spectrurauttientic cholesterol as a standard

(Sigma).
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4 RESULTS

4.1 DEFICITS IN WORKING MEMORY AND MOTOR PERFORMANCE
DECLINE IN THE APP/PS1KI MOUSE MODEL FOR
ALZHEIMER'S DISEASE ARE PARALLELLED BY EXTENSIVE
NEURON LOSS AND HIPPOCAMPAL SHRINKAGE

4.1.1 PHENOTYPICAL CHARACTERIZATION

APP/PS1KI mutant mice did not show any apparentabalities until 6 months of age
(ANOVA, P < 0.0001). At this time point, a progressive amghisicant decrease in the body
weight compared to their PS1KI littermates is apparP < 0.05), which becomes highly
significant at the age of 9 and 12 montRs<(0.01 andP < 0.001 respectively, Fig. 10, B).
Furthermore, most of the APP/PS1ki mice start teetbgp a marked and rigid thoracolumbar
kyphosis, which is a type of spinal deformity wéh increased spine curvature starting at the
age of approximately 6 months (Fig. 10, A). X-rayalyzes of PS1KIl and APP/PS1KI
littermates revealed no evidence of abnormal vesteimatomy or bony deformity, but clearly
demonstrated a thoracolumbar kyphosis in 12 moldiABP/PS1KI mice (Fig. 10, C - F).

A characteristic clasping phenotype has been pusiyoshown in aged APP/PS1KI mice,
which means that they show an unusual simultanestusction of both fore- and hindlimbs.
(Wirths et al. 2006) Quantitative measurement of this behaviosuspending the animals by
their tail and evaluating the clasping score, raga significant increase in the foot-clasping
time already at 6 months of age in the APP/PS1Kdenf? < 0.001), with no differences in
young animals at the age of 2 months (ANOWAs 0.0001; Fig. 10, G).

In addition, APP/PS1KI mice showed evidence fomhnormal gait. Measuring the average
stride length in a foot printing test showed ndeténces in young animals at the age of 2
months (ANOVA,P < 0.0001). However, analysis of 6 and 9 monthandnals revealed a
significantly reduced stride length in the APP/P$IKice P < 0.01 andP < 0.001
respectively, Fig. 10, H - I).

Paraphenylene diamine stained gastrocnemic mussiéoss were analyzed by light
microscopy. There was no apparent neurogenic mugme atrophy; no spheroids were
detected in the distal preterminal nerve fiber brms of any of the mouse lines investigated

(not shown).
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Fig. 10: APP/PS1KI mice show an age-dependent degpment of a thoracolumbar kyphosis (A).

Additionally they have a reduced body weight compaed to their age-matched PS1ki littermates (B). X-
ray examination further highlights the thoracolumbar kyphosis, which becomes very robust in 12 month-
old APP/PS1KI animals (C — F). Quantification of the clasping phenotype revealed highly significant
differences between APP/PS1KI and PS1KI littermateslready at 6 months of age (G). Representative
footprinting pattern of 6 month-old APP/PS1KI and PS1KI mice (H)(experiment H was conducted by Dr.

Stephanie Schaefer). Quantitative analysis revealed significantly reduced stride length already at 6

months of age in the APP/PS1KI mice (I).
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4.1.2APP/PS1KI MICE ARE STRONGLY IMPAIRED IN SENSORY-
MOTOR TASKS

For a more detailed characterization of the aboveimeed clasping and rearing phenotypes,
different sensory-motor tasks were performed usiRg@/PS1KI and PS1KI mice at the age of
2, 6, 9 and 12 months. The balance beam task asallie ability of mice to remain on a thin
wooden dowel. Whereas PS1KI mice, as well as ygdngonth-old) APP/PS1KI mice were
able to stay on the dowel and often walked freebuad it without any disturbance, aged
APP/PS1KI mice showed a significant impairmenthis task starting at the age of 6 months
(P < 0.05). This phenotype was even more pronount@daad 12 months of age (bdth<
0.001; Fig. 11, A). A decreased latency to fall wiagected between 6 and 12 months of age
(P < 0.05) and 9 and 12 months of age in the PS1Klenf? < 0.05), which might be
attributed to the strong increase in body weighhmaged PS1KI mice (Kruskal-Wallis-Test,
P < 0.0001; Fig. 10, B).

The string suspension paradigm is a task which ameaghe ability of mice to hold on to a
wire using their forepaws. APP/PS1KI mice showesigaificantly poorer performance than
the PS1ki mice at 6, 9 and 12 months of age P &ll0.001, Fig. 11, B), whereas young mice
at 2 months of age did not show any impairméht(0.299). No differences were detected
during aging in the PS1KI mice (ANOVA, < 0.0001).

The vertical grip hanging task is a measure forror@wscular abnormalities and tests the
ability of mice to hang upside down from wire bafis task also revealed a significantly
decreased latency to fall in the APP/PS1KI miceady at 6 months of agP € 0.05), which
persisted at 9 month® (< 0.05) and becomes highly significant at 12 merihage P <
0.001, Fig. 11, C). There were no difference inng@WAPP/PS1KI miceR = 0.309) or in
PS1KI mice during aging (ANOVAR < 0.0001).

The rotarod task is another accepted measure odiiggh motor performance in mice.
Abnormal motor function was revealed already at énths of age in this experimental
paradigm. A genotype x training day ANOVA was cédted for the 2 month-old animals
and revealed a significantly effect of the traindey €4, 45y= 13.36,P < 0.0001), as well as a
tendency towards a genotype effect, which was, keweot significant at that time point
(Fa, 45 = 3.84,P = 0.056). At 6 months of age, a significant effe€tgenotype K, 55 =
17.25,P < 0.0001) and training day@, 5= 4.78,P = 0.022) was detected. Analysis of data
presented in Fig. 11, D revealed that APP/PS1KIR&1KI mice at 2 months of age showed
a quite similar improvement during motor trainirg§jx-month-old PS1KI mice showed on

average a prolonged latency to fall than the agetmed APP/PS1KI mice, however, both
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groups improved their latency to fall over the ysl&aining period (Fig. 11, E). Combining
the rotarod data of the 2 and 6 month-old groupeais a significant effect of the genotype
(F,100 = 14.80, P < 0.0001), as well as a significanedffof the training day (F 100) =
17.39, P <0.0001)
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Fig. 11: Aged APP/PS1KI mice show highly significanimpairment in the balance beam task (A), the
string suspension task (B), as well as the grip hging task (C) starting at the age of 6 months. Angsis of
rotarod performance revealed no genotype effect & months of age (D) but showed a significant genqig
effect in 6 month-old APP/PS1KI mice (E).

4.1.3 FORCED SWIMMING TEST

Analysis of swimming distance and speed in theddrewimming test revealed that both
parameters were significantly reduced in aged ABEPK® mice (ANOVA, P < 0.0001),
without significant differences in young APP/PSliice at 2 months of agd® (= 0.82).
Regarding swimming distance, impairment was deldetat 6 monthsR < 0.001), becoming
even more severe at 9 and 12 months of age ®etl0.001; Fig. 12, A). The same held true
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for the swimming speed, which was also significangiduced in APP/PS1KI mice older than
2 months of age (all dat®,< 0.001; Fig. 12, B). Additionally, some of theedgAPP/PS1KI
mice displayed alterations in their swimming bebavioften showing circulating and
tumbling agitations in contrast to their PS1Kldithates, which always showed a straight

way of swimming in this task (Fig. 12; C — D).

Swimming distance [cm]

Fig. 12: Forced Swimming test. APP/PS1KI mice aret®ngly impaired in the forced swimming test
starting at the age of 6 months. This becomes eviateby a significantly reduced swimming distance (A)as
well as a reduced swimming speed during the 60 ssingle trial (B). Aged (12 months) PS1KI mice show
normal swimming pattern (C), whereas APP/PS1KI miceshow a characteristic tumbling and circulating
swimming behavior (D).
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4.1.4LOCOMOTOR AND EXPLORATORY BEHAVIOUR

The exploratory and spontaneous locomotor actioftAPP/PS1KI mice was compared to
PS1KI mice at the age of 2 and 9 months in the digdsh paradigm (ANOVA,P < 0.0001).
No significant differences were observed in thetagise traveled during the 5 min trial
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between APP/PS1KI and PS1KI mice at
either age R > 0.05; Fig. 13, A). The
mean movement speed was also
unchanged between APP/PS1KI and
PS1KI mice P > 0.05, not shown). The
ratio of distance traveled in the center of
the arena versus the total distance can be
used as a measure of anxiety-related
behavior (Paylor et al. 1998). No
differences in the center/total distance
ratio could be detected between
APP/PS1KI and PSI1KI at either age
(ANOVA, P < 0.001;t-test bothP >
0.05 (Fig. 13, B)). Interestingly, the
9 month-old APP/PS1KI mice showed a
dramatic reduction in the rearing
frequency, pointing again to an impaired
motor behavior® < 0.001; Fig. 13, C).

Fig. 13: Open field. There is no significant
difference in the exploratory behavior
between APP/PS1KI and PS1KI mice at the
analyzed time points. Neither the total
traveled distance (A) nor the center/total time
ratio (B) was altered between both groups at 2
and 9 months of age. However, APP/PS1KI
mice at 9 months of age showed a significantly
reduced frequency of rearing events, pointing
to impaired motor performance (C).
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4.1.5AGE-DEPENDENT WORKING MEMORY IMPAIRMENT IN

APP/PS1KI MICE

Two different paradigms were used to assess whatRBYPS1KI mice are impaired regarded

to working memory in comparison with their PS1Ktdrmates. In the Y-maze, no difference

between the percentages of alternation was detaate@-month-old APP/PS1KI mice
(ANOVA, P =0.0037). However, at 6 months of age APP/PS1liKemhowed a significantly

spontaneous alternation [%]

(A)

200~
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Arm entries
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reduced alternation percentagd? (< 0.05),
indicating impaired working memory (Fig. 14, A).
This deficit became even worse at the age of 12
months P < 0.01). The observed deficiency was
obviously not due to a lack of explorative
behavior, as APP/PS1KI mice at 6 months of age
showed an even higher frequency of total arm
entries within the given time fram® & 0.05; Fig.

14, B).

The T-maze continuous alternation task (T-CAT)
revealed similar results (ANOVA, P = 0.0003).
Whereas no differences were obvious at 2 months
of age, a significantly reduced alternation rate wa
observed in 6 and 12 month-old APP/PS1KI mice
(both P < 0.01). At these time points the
APP/PS1KI mice alternated even below chance
level (Fig. 14, C). Mean session duration to
perform the free-choice trials was not different
between APP/PS1KI and PS1KI mice at each time
point analyzed (not shown).

Fig. 14: Working memory using Y-maze and T-maze
continuous alternation task (T-CAT). Analysis of
spontaneous alternation in the Y-maze revealed
significantly reduced alternation frequencies in tle
APP/PS1KI mice at 6 and 12 months with no differene
at 2 months of age (A). This is not due to a lackfo
explorative behavior, as APP/PS1KIl mice at this age
showed a higher frequency of total arm entries (B)The
T-CAT also revealed a significantly reduced alterntion
behavior at the age of 6 and 12 months in the
APP/PS1KI mice, with no disturbance in 2 month-old
mice (C).
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Fig. 15: Working memory test using cross-maze taskAnalysis of spontaneous alternation in the cross-
maze revealed significantly reduced alternation frqguencies in the APP/PS1KI mice at 6 and 12 months
with no difference at 2 months of age (N=6-14, unfrad t-test (two-tailed), **: 0.001<p<0.01; ***:
p<0.001, data shown as mean + s.e.m.).

The finding of strongly impaired working memory fegmance shown in Y-maze and T-
maze task is firmly underlined by the results frima cross-maze-task (Fig. 15). The cross-
maze, built up from four arms arranged in rectaagahgles instead of three arms with angles
of 120°, differs from the Y-maze merely by the shapthe maze. Because the higher number
of arms, this task places higher demands to miexphoring the maze's arms in an optimal
alternating order. Therefore, the results from ¢hessmaze are very similar to the Y-maze,
but show an even higher level of statistical sigaiice. While no difference in working
memory performance was observable at two montreyefbetween PS1KI and APP/PS1KI
mice, at six months of age the latter are signifiljaimpaired in this respect (p=0.0001). At
12 months of age working memory performance of ARKI mice was also strikingly
worse compared to age-matched PS1KI mice (p=0.0021 increase in working memory
performance comparing twelve-month-old APP/PS1Kkemio six-month-old ones was

statistically not significant (p=0.1607).
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4.1.6 CA1 NEURON LOSS AND HIPPOCAMPAL ATROPHY

Neuronal loss was quantitatively assessed by ddmgad stereology. | found a 33% loss of
pyramidal cells within the pyramidal layer of CAh the hippocampus in 6-month-old
APP/PS1KI mice compared to 6-month-old PS1KI Iittate control miceR = 0.003; Fig.
16, A). Previously it has been shown that 2-morthAPP/PS1KI mice showed a normal
number of CA1 neurons and a 50% reduction at 10tinsoaf age (Casast al, 2004). In
addition, 6-month-old APP/PS1KI mice exhibited @r@ased volume of the CA1 pyramidal
cell layer of 30% P = 0.022; Fig. 16, B), and a total hippocampal @itsoof 18% P =
0.019; Fig. 16, C).
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Fig. 16: (A) Stereological cell counting of CA1 newns of 6-month-old APP/PS1KI 6 = 7) and PS1KI f =
6) mice. Compared to age-matched PS1KI mice, six mth old APP/PS1KI mice show a neuron loss in
CA1/2 region of the hippocampus of 33%. (B) A sigficant difference in the volume of the CA1l
pyramidal layer was detected at 6 months, correspating to a reduction of 22% f = 6 - 7 per group). (C)
This results in an overall hippocampus volume reduton of 18%. Values are given as means s.e.m. *P
< 0.01; *P < 0.05, unpaired t-test.

At 12 months of age, APP/PS1KI mice show a furitightly decline in neuron numbers and
volume figures of CALl region and total hippocammss well, however no significant
differences compared to six month old APP/PS1Klemiere detected. In detail, neuron
numbers of APP/PS1KI mice showed a decline of 4% (0.0003) at 12 months of age,
while CAl1 and hippocampal volumes exhibited a l0§25% @ = 0.016) or 22% (P
= 0.013), respektively (Fig. 17 A-C).
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Fig. 17: (A) Stereological cell counting of CA1 newns of 12-month-old APP/PS1KI 6 = 7) and PS1KI fi
= 8) mice. Compared to age-matched PS1KI mice, sironth old APP/PS1KI mice show a neuron loss in
CAL1/2 region of the hippocampus of 42%. (B) A sigficant difference in the volume of the CA1 pyramidé
layer was detected at 6 months, corresponding toraduction of 25% (n = 7 - 8 per group). (C) This results
in an overall hippocampus volume reduction of 22%Values are given as means s.e.m. ***P < 0.001;
< 0.05.

4.2 PATHOLOGY-DEPENDENT DEVELOPMENT OF INFLAMMATION
IN AN APP/PS1KI MOUSE MODEL OF ALZHEIMER S DISEASE

Besides rare exceptions no significant upregulatiorexpression of any of the genes of
interest could be detected between 2-month-old RBEPKI and PS1KI mice. However, |
observed a significant upregulation of GFAP andatistical trend pointing to an increased
expression of toll like receptor 2£0.08). Therefore APP/PS1KI mice appear not to be
inflicted by severe inflammation in the brain, besa at this early timepoint of the AD related
pathological process is still in its very beginnifigpis fits well to the behavioural phenotype
of these mice at two months of age, where no deficiworking memory performance, signs
of axonal degeneration or motor disturbances aesegmt (Wirthset al. 2007; Wirthset al.
2006). Interestingly, expression of calcium homasistrelated protein S100A6 was found to
be significantly downregulated 0.5-fold. Osteoporghowed only a trend of deterioration to

an extent of (0.5xP= 0.08) compared to two month old PS1KI mice.

In contrast, at six months of age, where patholofQyD is already extensively present, |
observed significant upregulation in a broad seinfiimmation markers. Expression of
GFAP mRNA revealed a strong 9-fold increase contpaneage-matched PS1KI controls,
indicating a severe astrogliosis in brains of ARFA/RI mice. Occurence of astrogliosis was
also underlined by overexpression of S100A6 (2(850.003) that is often used as a marker
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for activated astrocytes. Proteins characteristicattivated microglia cells like Macrophage
scavenger 2 (7.80=0.005) and toll like receptor family — | measud? (6.1x,P=0.001),
TIr4 (1.9x,P=0.016), TIr7 (3.1P<0.001) and TIr9 (2.3%=0.004), revealed all prominently
upregulated expression patters. | detected alsom@ease in the expression of microglia
associated cytokines like CDA1(2.4x, P=0.002), F4/80 (3.8xP<0.001), interleukin-f
(1.8x, however by a-value of 0.194 not significant). Interestingly,ettexpression of
interleukin-6 (1.0xP=0.912) and interleukin-10 (0.8R=0.336) remained unchanged. Tumor
necrosis factor (TNF) was not upregulated compared to PS1KI mice ato@ths of age,
while transforming growth factor (TGP) revealed a massively increased 2.7-fold exprassio
(P<0.001) at this time point. The expression of cslirface glycoprotein major
histocompatibilty complex (MHC-II) remained unchadg although a tendency of age
dependent diminished expression may be assumed fh@mdata. Macrophage colony
stimulating factor's (MCSF-R) expression was eleda?.6-fold P<0.001). The same was
valid for the family of Metallothioneins (Mtl (2.0%=0.002), Mt2 (2.5x,P=0.004), Mt3
(1.5x, P=0.005), for the proapoptotic factor FAS (1.80.004) and for osteopontin (2.7x,
P=0.001). A strong upregulation of mMRNA was also rfdufor iron regulatory proteins
transferrin (2.4xP=0.001) and ferritin light chain (Ftl, 1.8®=0.001).
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Fig. 18: Gene expression for various inflammation-ssociated genes are shown as a ratio of mRNA levels
in APP/PS1KI mice compared to age-matched PS1KI coml animals. Levels of significance refer to the
expression ratio of APP/PS1KI mice to PS1KI mice atame age: **P < 0.001; *P < 0.01; *P < 0.05. For
real-time RT-PCR analysis | used male animals of taw (4 PS1Kl, 4 APP/PS1KI), six (4 PS1KI; 5
APP/PS1KI and ten months of age (4 PS1KI; 4 APP/PK1).
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Fig. 19: A) Gene expression for various genes of @xidant or other neuroprotective relevance is shan
as a ratio of mRNA levels in APP/PS1KI mice comparkto age-matched PS1KI control animals. Levels of
significance refer to the expression ratio of APP/81KI mice to PS1KI mice at same age: **® < 0.001;
** P < (0.01; *P < 0.05. B) Expression of reference genes used tatstical calculations is shown as a ratio
of mRNA levels in APP/PS1KI mice compared to age-niehed PS1KI control animals. The expression of
all three housekeeping genes that were used to foram housekeeping index as a basis for gene expressi
calculations by use of REST software remained highlstable and does not differ between APP/PS1KI and
PS1KI mice at any timepoint. For real-time RT-PCR aalysis | used male animals of two (4 PS1KI, 4
APP/PSI1KI), six (4 PS1KI; 5 APP/PS1KI and ten month of age (4 PS1KI; 4 APP/PS1KI).
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Immunohistochemically analysis of exemplary chosproteins gave evidence for
accumulation of markers for activated astrocytes GFAP, S100A6, microglia inflammation
marker Ibal and for iron metabolism implied transifieon the protein level at six months of

age (fig. 20 and 21).

Fig. 20: Immunohistochemical stainings were used teerify the increased expression of inflammatory on

the protein level. Representative stainings againsGFAP in the cortex (A, B), against the microglia

marker Ibal in the cortex (C, D), as well as againsS100A6 in the hippocampus (E, F) are shown at six
months of age in PS1KI (A, C, E) and APP/PS1KI (BD, F) mice. Scale bars: 100 um (A, B); 50 um (C, D)

200 um (E, F).

GFAP was significantly increased at twB=0.0011; t=8.415, df=4) and siP£0.0017;
t=7.527, df=4) months of age between APP/PS1KI B&AKI mice, indicating massive
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astrogliosis. Besides, GFAP load was also signifigahigher in six-month-old APP/PS1KI
mice compared to two-month-old mice of equal gepety=0.0041; t=5.911, df=4).
Transferrin was significantly increased compariinsonth-old APP/PS1KI mice to six-
month-old PS1KI controlR=0.0136; t=4.208, df=4) and two-month-old APP/PSIKite
(P=0.0049; t=5.633, df=4) as well.
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Fig. 21: Exemplary quantitative western blot analys of GFAP and transferrin normalized to beta-actin

as a reference gene. GFAP was significantly incread at two (P=0.0011; t=8.415, df=4) and sixR=0.0017;

t=7.527, df=4) months of age between APP/PS1KI (nFand PS1KI (n=3) mice, indicating massive
astrogliosis. Besides, GFAP load was also signifitdy higher in six-month-old APP/PS1KI mice

compared to two-month-old mice of equal genotype PE0.0041; t=5.911, df=4). Transferrin was
significantly increased comparing six-month-old APFPS1KI (n=3) mice to six-month-old PS1KI (n=3)
control (P=0.0136; t=4.208, df=4) and two-month-old APP/PS1Kiice (P=0.0049; t=5.633, df=4) as well.
Levels of statistical significance (unpaired t-tetwere given as *P < 0.01; *P < 0.05. Data are plotted +/-
SE.

At 10 months of age, expression of all observedegem®mained unchanged in means of
statistical significance or showed only a slightrease in their mean expression. No
significant decrease in expression of any gene detected by real time RT-PCR of
APP/PS1KI mice compared to age-matched PS1KI comtice. In most cases the difference
in MRNA expression seemed to be more incisive com@p& and 6 month old animals than
between 6 and 10 months of age. This indicates6thabnths represent a critical time point in

this animal model.

In detail, | observed upregulation of cytokineslihm old APP/PS1KI animals compared to

PS1KI animals of same age as follows: TIr2 mRNA regpion was 7.4-fold elevated
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(P<0.0001), TIr4 1.9x B=0.016), TIr7 3.8x P=0.004) and TIr9 3.9xR=0.004). CD11/B
MRNA levels were found to be 3.2-fold higher in AP81KI animals compared to control
group, IL1B 2.3x — however with an only trend indicating puelbf 0.073. Interleukin-6 and

interleukin-10 again were detected to remain ungldn

Tumor necrosis factor TNE-by mean appeared to be upregulated in 10m old RPRI
mice relative to age-matched controls, however ethefas no statistically significant
difference P=0.205). Messenger RNA-levels of MHC-II seemed @adiminished at 10 m of
age, however no statistical significance coulddaenfl here neitheP£0.149).

Transforming growth factor TGB-showed a 3.5x upregulation in mRNA expression(at 1
months of ageR=0.004). The same was found for MCSF-R (2Bx0.004).

Levels of metallothionein mRNA in brains of 10 ndahice remained stable or showed only
minor changes in relation to 6 month old mice coregato their age-matched PS1KI
littermates (MT1: 2.3x,P=0.015; MT2: 2.2x,P=0.028). Interestingly, according to MT3
MRNA expression, statistical significance betweeAPAS1KIl and PS1KI mice was no
longer evident at 10 months of age, though meamessmn of this gene was only slightly
decreased at this time point (1.3 0.804 at 10 months instead of 1.3%0.005 at

6 months. In 10-month-old APP/PS1KI mice Transferf2.9x, P<0.001), S100A6 (3.6x,

P=0.016), osteopontin (3.3¥<0.001) and GFAP (12.9R=0.004) mRNA also met strong

upregulations.

4.3 CHOLESTEROL METABOLISM IN APP/PS1KI MICE

| measured the plasma cholesterol levels in wildypS1KI, APP- and APP/PS1KI mice at
two and six months of age. Cholesterol levels miege determined by GC. There was no
detectable difference in plasma cholesterol betwdeR single transgenic (2 m, 80.165.7
mg/dL; 6 m, 78.88t 4.8 mg/dL) and wildtype control mice (2 m, 86.8%.3 mg/dL; 6m,
83.32+ 4.1 mg/dL). Furthermore, the levels of young wjjtk mice did not differ from the
levels of the 3-months group in the first set o€eniverifying that both enzymatic as well GC
determintation of plasma cholesterol gives comgdaraésults. PS1 knock-in mice revealed
also no significant change between 2 (125.4.7 mg/dL) and 6 months (12156 10.0
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mg/dL), whereas APP/PS1KI mice showed a significdgitrease between 2 (116t65.6
mg/dL) and 6 months (92.13 5.5 mg/dL) P = 0.013) (Fig. 22). Both PS1KI and
APP/PS1KI mice have higher basal cholesterol letrela APP single transgenic or wildtype
mice. This is due to a different genetic backgrouwthereas wildtype and APP single
transgenic mice are on C57BL/6-background, the kiiwdines have C57BL/6 50% - CBA
25% - 129SV 25% (Casas$ al.2004).

PAnova < 0.0001
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Fig. 22: Measurement of plasma cholesterol conceations in wildtype (2m: N=7, 6m: N=6), PS1KI (2m:
N=6, 6m: N=5), APP751SL (2m: N=5, 6m: N=5) and APB1SLxPS1KI mice (2m: N=6, 6m: N=5), *<0.05,
Mann-Whitney t-test.

4.4 24-(S)-HYDROXY-CHOLESTEROL AS A PREDICTIVE
BIOMARKER IN ALZHEIMER S DISEASE?

In this study | measured the levels of total chieles and 24(S)-hydroxycholesterol in plasma
of wildtype, APP753", PS1KI transgenic mice and in the APP751SLxPSHécies. Only

animals of female gender have been studied, bectmale mice show an accelerated
progression of the disesase compared to male mdegmved to show a significant loss of

hippocampal CA1 neurons of already 33% at 6 moatkege. Mean values + SD of the ratio
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between 24(S)-hydroxycholesterol to cholesteroplesma at two months respectively six
months-of-age (values in brackets) were the follgisee Fig. 23):

wildtype = 38.6 + 9.5 (55.4 + 40.7), PS1Kl=621147 (59.4+8.1), APP751=41.2
+15.7 (43.5+16.1) and APP75%PS1KI =50.4 + 12.9 (48.7 £ 3.5). Levels of sigedfince
of cholesterol corrected 24(S)-hydroxycholestesdels resulted in p = 0.53 for wildtype,
p = 0.79 for PS1KI, p = 0.84 for APP751and p = 0.93 for APP751xPS1KI genotype.
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Fig. 23: Ratio of 24(S)-hydroxycholesterol to totatholesterol in plasma of wildtype (2m: N=7, 6m: N§),

PS1KI (2m: N=6, 6m: N=5), APP751SL (2m: N=5, 6m: N5) and APP751SLxPS1KI mice PS1KI (2m:
N=6, 6m: N=5) (f = female). The ratios were meased at the age of two (2M) and six months (6M). Ther
was no significant difference in the ratio of 24(Shydroxycholesterol to total cholesterol comparingany

group at any timepoint.
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4.5 IN VIVO FORMATION OF PYROGLUTAMATE AB in APP/PS1KI,
TBA1l and TBA2 MICE

4.5.1 DOMINANT AGGREGATION OF B-AMYLOID STARTING WITH
PYROGLUTAMATE AT POSITION 3 IN THE APP/PS1KI MOUSE
MODEL

It was previously shown that approximately 85% IbAf peptides in the APP/PS1KI mouse
brain are comprised of peptides ending with resiéiat the C-terminus (Casasal.2004),
and in addition that a variety of different N-maodd AB peptides accumulate in this model
(Casaset al. 2004; Wirthset al. 2006). Accordingly, the immunohistochemical stagi
pattern of N-modified 8 peptides in the hippocampus has been studieceiprissent study
in greater detail. Strong immunoreactivity was dedd already at 2 months of age in
hippocampal CA1 neurons in APP/PS1KI mice with atib@dy directed against i),
detecting only 8 peptides starting at position 1 (Fig. 24 A, B)1RS&control animals were
constantly negative (not shown). Interestingly ¢hes some heterogeneity among the
intraneuronal 8 peptides, which could be demonstrated by strongunoreactivity with
antibodies against racemized aspartate at positiPh3n1¢)) (Fig. 24 D, E), and cyclized
glutamate (pyroglutamate) at position 3BAee) (Fig. 24 G, H). Quantification of N-
modified AB peptides in CA1 neurons revealed that all 3 diffiepeptides showed a strong
intraneuronal accumulation between 2 and 6 montlage, however, with varying degrees.
The amount increased as followsByMp) by 301%, ABniepy by 297%, and Bnspe) by
435%. In addition the total (A load of N-modified A peptides was assessed in the
hippocampus of 2- and 6-month-old APP/PS1KI micée Tamount showed an age-
dependent increase foiRupy by 529%, for Bniro) by 486%, and for Bnspe) by 1076%.
As previously published, the spatial pattern ofgpka deposition did not correlate with the

observed CA1 neuron loss (Fig. 24).
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Fig. 24: Representative hippocampal sections of 6enth-old APP/PS1KI mice treated with antibodies
against N-modified A3 forms including peptides starting with L-aspartate ABN1(D) (A, B), racemized
aspartate ABN1(rD) (D, E), and ABN3(pE) against pyroglutamate at position 3 (G, H).Quantitative

analysis revealed a significant increase of all B\ peptides in CA1 pyramidal neurons and in total
hippocampus (C, F, I) at 6 months compared with 2-wnth-old APP/PS1KI mice f =5 per group). Values
are given as meang s.e.m., (C, F, I); **P < 0.001; *P < 0.01; *P < 0.05, unpaired t-test. Scale bars: 20
pm (hippocampus: A, D, G) and 33 um (CA1: B, E, H).

Quantification of total brain By.4> and ABnspe) peptides using specific ELISAs revealed a
related finding. Total Bx42 peptides were found already in a considerable amai

2 months of age (35191446 pg/mg w.w) and increased significantly up e age of

6 months 58063 7014 pg/mg w.w.P < 0.05; + 65%). Quantification of the N-modified
peptide Anszpe) disclosed a much more dramatic increase in the/REEKI mice between
2- (2.12£0.01 pg/mg w.w.) and 6-month-old animals (9182.3.08 pg/mg w.w.P =
0.0022; +4200%) (Fig. 25, A — B), thereby corraliorg the results of the
immunohistochemical quantification in the CA1 griamcell layer and hippocampus.
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Fig. 25: ELISA analysis of (A) AB.42 and (B) ABnsee) in the brain of APP/PS1KI (2m: N=3, 6m: N=4)
and PS1KI PS1KI (2m: N=3, 6m: N=3) mice at 2 and fhonths of age. Values are given as meattss.e.m.,
*** P < 0.001, unpaired t-test.

4.5.2Target Gene expression in heterozygous and homozygous
trangenic mice with Ubiquitous Overexpression of

Glutaminyl-Cyclase (QC)

The mQC mouse model was designed for analyzingnipact of glutaminyl cyclase on the
neuropathological development of transgenic micedet® for Alzheimer's disease.
Therefore, mQC transgenic mice were prepared fer lxrossing with different Alzheimer's

disease mouse models, that have been overexprélsidgect substrates of Q(Bhse-42and

ABN3g-a2

Purpose of the project was to verify the overexgoesof mQC in mQC-transgenic mice by
determination of the activity and the expressiontiosé enzyme glutaminyl cyclase in
heterozygous and homozygous genotypes of this mog#el. Ubiquitous expression is
driven in the mQC-model by the chicken-beta-acthkGCpromoter and mice were bred on a
C57BL6 background. Generation of transgenic mice parformed at Genoway Germany
GmbH, Hamburg.

Activity of glutaminyl cyclase was determined in EBR-plasma in an HPLC based assay (see

materials and methods chapter 3.7). | analyzed @siinomozygous and heterozygous for
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mQC and used wildtype C57BL6 animals as a controlig that showed only endogenous
mQC activity. | analyzed the activity of glutamingyclase EDTA-plasma of two month old
female (N = 1) and male (N = 2) homozygous trangganimals and two wildtype controls
with an equal genetic background. All homozygousnais were sacrificed at 2 months of
age. In addition 2 m old female heterozygous (N)=a2d wildtype (N = 2) mice were
analyzed. Besides the analysis of mQC-activity,akeression of QC-mRNA in kidney and

brain was examined by real-time RT-PCR.

4.5.2.1 QC-ACTIVITY IN EDTA-PLASMA AND TISSUE
HOMOGENATES

The aim of the study was to verify the ubiquitovem@xpression of the mQC cDNA in the
transgenic mQC-mouse-model (heterozygous (He) anchohygous (Ho) transgenic
animals). The results proof an overexpressiorheftarget gene in both homozygous and
heterozygous transgenic mice compared to wiltypeemihat express mQC only at

endogenous levels.

Determination of mQC activity was assessed in aElBhsed assay in EDTA-Plasma, while
in tissue homogenates this assay could not beeapptobably due to the high lipid content in
tissue that interfere with the sample preparation.

In EDTA-Plasma, 2-month-old heterozygous female m@iCe displayed a 21-fold higher
specific QC activity compared with wildtype litteates, while homozygous 2-month-old
mice even displayed a 37-fold increased mQC agtiuit EDTA-plasma. Males were
generally seen to show 2 — 3-fold higher levelsT@)C-activity compared to females in
EDTA plasma. The expected double increase betwesmhygous and heterozygous 2 m old
animals was — in contradiction to female mice - miserved in male mice, where
homozygous and heterozygous mice turned out tdagispmilar levels of mQC activity.
Small group sizes may show their impact here. Thohgmozygous and heterozygous mQC-
mice proved to own a highly increased QC-activity5DTA-plasma, giving clear evidence

for expression of the transgen in these mice.
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Fig. 26: Activity of glutaminyl cyclase activity in EDTA-plasma of homozygous (Ho), hemizygous (He)
mice transgenic for QC and wildtype as reference sgies (WT). All mice were bred on a pure C57BL6
background.

4.5.2.2 EVALUATION OF QC-TRANSCRIPT LEVELS USING REAL-
TIME RT-PCR

In brain and kidney, QC mRNA concentrations werergjly increased compared to control
group (Fig. 27, 28). Compared to female wildtyparaais of 2 months of age, age-matched
heterozygous mQC-transgenic mice showed a 4.4#fmickase in mQC expression, while
heterozygous male mice revealed even higher express mQC with a 7.7-fold mRNA
level. Homozygous male mQC-mice of 2 months ofstymved a 11.3-fold overexpression of
MQC-mRNA, which is a 1.47-fold increase compared hieterozygous male animals.
Homozygous females were determined to have a &d3Hgher mQC-mRNA expression
compared to wildtype female animals, which is a3feld increase compared to
heterozygous female animals. Therefore, genderhradtcexpression ratios between
homozygous and heterozygous animals showed to dgidyhstable. Homozygous animals
seem to have an estimated 40% increase in mQC m&l{pression compared to

heterozygous mice.
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Fig. 27: Analysis of expression of glutaminyl cycke in brain of homozygous, heterozygous mQC-
transgenic and wildtype mice. Group sizes are showin brackets behind bar denotations. Data are
corrected with expression of HRPT as a housekeepirggne.

Conclusively, expression analysis in the brain iije@roves overexpression of mQC in

mQC-transgenic mice.

4.5.2.3 QC-EXPRESSION IN THE KIDNEY

In the kidney expression of heterozygous female ri@@sgenic mice relative to wildtype
animals was observed to be 326-fold increased gvthis ratio was determined to be only 94-
fold increased in heterozygous male mice. Mice hoygous for mQC revealed to have
generally higher levels of mQC-expression than gemdatched heterozygous littermates.
Though no stable ratio of expression was found éetwgender-matched homozygous and

heterozygous mQC-mice, as has been describedddréin mRNA expression.
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Fig. 28: Analysis of expression of glutaminyl cycke in kidney of homozygous and heterozygous mQC
transgenic and wildtype mice. Group sizes are showim brackets behind bar denotations. Data are
corrected with expression of HRPT as a housekeepirggne.

Homozygous female mQC-mice showed a 375-fold irreia mQC mRNA expression,
while male littermates revealed only a 284-foldr@ase. This was nearly three times as high
as expression determined in heterozygous males. p@dson of expression between
homozygous and heterozygous females revealed amiynar increase in mQC expression in

homozygous animals.

4.5.3IN VIVO FORMATION OF PYROGLUAMATE AB IN TBA1l AND
TBA2 MICE

In addition to A starting with aspartate at position 138), the majority of amyloid A
peptides in Alzheimer's disease (AD) brain exhiblarge heterogeneity at their N-terminus.
The dominant species starts at position 3 with giytamate (8spe), which can be
converted enzymatically using either N-terminaltgioate (4sg) or glutamine (Bsq) as
substrate (Fig. 7). Two novel mouse models thatesgA3s.42 peptides under the control of
the Thy-1 promoter were generated. The TBAL lingresses B with N-terminal glutamate
(ABse-49, Whereas the TBA2 line expressef With N-terminal glutamine (Bso-42. Both
transgenic A peptides were expressed as fusion proteins wigh pite-pro-sequence of
murine thyrotropin-releasing hormone (mTRH) (Fi@b}, for transport via the secretory
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pathway (Cyniset al.2006). The mRNA expression levels of the transgeanstructs in the
brain of TBA1 and TBA2 mice were similar (Table 9).

Mouse line | Expression levelcompared to TBA1 Standard error p-value
TBA1-QC 0.958 0.775-1.162 0.760
TBA2 1.503 0.913-1.423 0.054

Table 9: MRNA expression ratio of the transgenic atstruct in TBA1 mice (n = 4) compared with double-
transgenic TBA1-QC (n = 3) and TBA2 mice (n = 4). fie results of the expression ratio of the transcris
were tested for significance by a Pair Wise Fixed @&allocation Randomisation Test, and did not show a
significant difference between the different mousdines. The results were normalized t@3-Actin mMRNA
levels.

Protein quantification of By.4> and ABspg) levels in brain lysates of wildtype (WT), murine
glutaminyl cyclase transgenic (QC), TBAl, TBA1-QGuthle-transgenic, and TBA2 mice
revealed significant differences (Fig. 29 c-e). WIWT and QC transgenic mice generated
low amounts of murine By.42> (WT, 1.29+ 0.91; QC, 1.36 0.61 pg/mg w.w.), TBA1 mice
elicited 32.5% 2.27 pg/mg w.w. .42, which was significantly more compared to WT mice
(P < 0.0001). A trend of increased3f\, was detected in TBA1-QC double-transgenic mice
with 53.29+ 10.13 pg/mg w.w., which, however, did not reacdhtistical significance in
comparison to TBAL single-transgenic mié&e=0.06). TBA2 showed a 12-fold elevation of
APx-42(410.2+ 21.52 pg/mg w.w) compared to TBAR € 0.0001) and to TBA1-QC double-
transgenic miceR < 0.0001) (Fig. 29 c). In WT and QC mic#ye)was undetectable by
ELISA (Fig. 29 d). However, there was a significdifference between TBA1 (1.890.16
pg/mg w.w.), and TBA1-QC double-transgenic mic42: 0.14 pg/mg w.w.). The TBA1-
QC double-transgenic mice elicited a 1.2-fold iased amount of Bype) (P < 0.05). This
finding indicates that QC catalyzes N-terminal giaate to pyroglutamate formationvivo.
The TBA2 mice showed significantly higheBAyg) levels (53.23+ 4.59 pg/mg w.w) than
TBA1 (28-fold more;P < 0.0001). The ratios of fpg)to total A3x-42 revealed similar
results. TBAL1 mice had a ratio of 0.860.005 compared to TBA1-QC double-transgenic
mice with 0.05t 0.005 P = 0.25). TBA2 mice showed a increased ratio of @ 01015 P <
0.0001) (Fig 29 e).
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Fig. 29: Constructs to generate the transgenic micand expression profile in brain at 2 months of agga).
APB,.4, starts at position 1 with aspartate (D), Bse.4. at position 3 with glutamate (E), and ABsq.4, With
glutamine (Q). Both N-truncated ABse.4, and ABsq.42 peptides can be converted by QC activity to geneta
ABspe)-42 (Fig. 7). (b) Schematic drawing of the transgeniwectors. TBA1 and TBA2 transgenic mice
express either ABsg).a2 Or ABsq)-42 Under the control of the Thyl promoter and are fusd to the signal
peptide of TRH. QC transgenic mice express the mume QC minigene (mQpct) under the control of the
CAG promoter. ELISA analysis of (c -e) ELISA measuements of A,.., and A3 in brain hemisphere
lysates of WT (N=6), QC (N=6), TBA1l (N=9), TBAL/QQ(N=9), and TBA2 (N=4) mice. (c) Significant
increase in AB,.4; levels was found in TBA1 mice, compared to WT comls (P <0.0001). TBA2 showed the
highest levels of B,.4> compared to TBAL @ < 0.0001, unpaired t-test) and TBA1-QC double-trasgenic
mice (P < 0.0001, unpaired t-test). (d) TBA1-QC double-trargenic mice had increased levels compared to
TBA1 expression alone. TBA2 mice showed the highelgvels of A;,g compared to TBAL @ < 0.0001,
unpaired t-test) and TBA1-QC double-transgenic P < 0.0001, unpaired t-test) mice. (e) The same wasié
for the ratios of ABsg) to total Apy.s.. All mice were 2 months of age. Values are givers aneanst s.e.m.,
*P < 0.05. **P < 0.001.
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The TBAZ2 transgenic mice revealed obvious macrascapnormalities, including growth
retardation, cerebellar atrophy, premature deatly. (B1), and a striking neurological
phenotype characterized by loss of motor coordinaiind ataxia (video material, data not
shown). The body weight at 2 months of age wasifesgntly reduced in TBA2 mice
(females, 12.20t 0.95 g; males, 17.6& 0.51 g), compared to WT control littermates
(females, 19.9@ 0.40 g; males, 24.481.23 g; both significance: P < 0.001).

Only one TBA2 founder mouse was fertile and waslistliin more detail (hamed TBA2
line). The offspring showed a strong transgerfieeXpression in CA1 at 2 months of age,
however, the accumulation off4ye) was low (Fig. 32 b). It is suggestive that accuatiah

of ABspe) is age-dependent, because it was found to bergrasé months of age in another
infertile founder after pronuclear injection of tA@BA2 construct. This infertiie TBA2
founder revealed a dramatic loss of neurons inGA& layer, which correlated well with
abundant deposition withfAg) (Fig. 30 a-c).
A b et

Fig. 30: Immunohistochemical staining of the hippoampus of the infertile TBA2 founder mouse, which
died at 6 months of age. (a) Haematoxylin stainingemonstrating thinning of the CA1 pyramidal cell
layer (arrows). (b) Immunostaining with 4G8 reveal@ strong AB accumulation in the CAl pyramidal

layer of the hippocampus. (c) The same staining p&rn was observed with an antibody against Bgg).
Scale bar: a-c, 200 pm.

It may be hypothesized that the lack to detes ) associated neurodegeneration in CAl
neurons in the fertile TBA2 line is due to the petume death phenotype at approximately 3

months of age.
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Fig. 31: Characterization of TBA2 transgenic mice.(a, b) Picture of wildtype (WT) and TBA2 mice
showing that TBA2 mice are generally smaller and tht they display a crooked posture (b). (c)
Macroscopic inspection of TBA2 brains revealed thaan atrophic cerebellum as compared to age-matched
WT littermates (2 months-old mice). (d) Both femalgN=4) and male (N=4) TBA2 mice showed a reduced
body weight compared to their age-matched WT littemates (2 months-old mice, N: 3 female, 4 males))
(unpaired t-test). () TBA2 (N=9) mice displayed a&ignificantly reduced survival rate compared to WT
littermates (N=6) (P = 0.0002; Logrank Test). Values are given as meatiss.e.m., ***P < 0.001.

The neurological phenotype of the TBA2 line resesalthat of mouse models with Purkinje
cell degeneration (for example(Burrigittal. 1995) ). Consistently, TBAZ2 brain sections
showed strong immunoreactivity using antibody 4@8&imast A3 (epitope 17-24)
predominantly in CA1 pyramidal neurons and in Pojekicells (Fig. 32). Neurons in other
brain areas were also positive, but the immunonggctvas less abundant. Diffuse plaques
were observed in cortex, hippocampus, cerebellbalatmus and other subcortical areas, but

were less prominent compared to intraneuronalisiifmot shown). While low number of
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plagues was detected in the cerebellar moleculdigrn and granular layers, mosA
iImmunoreactivity was found associated with Purkogés (Fig. 32 e, f). Many, but not all,
Purkinje cells were positive for\spe) (Fig. 32 f, g). Neuropathological analysis of TBA2
mice demonstrated neurodegeneration of Purkinje bglseveral observations: (i) The
Purkinje cells were positive for ubiquitin, a marker protein degradation (Fig. 32 I). (ii)
Abundant micro- and astrogliosis was observedéncégrebellar molecular layer (Fig. 32 h-
k). (iif) Loss of calbindin-positive Purkinje cellgiterestingly, extracellular f\deposition
was observed, which was associated with the siRudfinje cell loss (Fig. 32 m, n). The
neuropathological observations correlate well it age-dependent neurological and
cerebellar atrophy deficits in the TBA2 model (R34.c). No staining was observable using
antibodies against hyperphosphorylated Tau (AT8R®199) or activated caspase-3 (a

marker for apoptosis).
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Fig. 32: Immunohistochemical staining of TBA2 mouseébdrain (2 month-old mice). (a) Immunostaining
with 4G8 revealed strong A accumulation in the CA1 pyramidal layer of the higpocampus (inset shows a
hippocampus overview at low magnification). Limited staining was detected with an antibody against
ABspe) (b). (c) Intra (arrowhead) - and extracellular AB (asterisk) in the thalamus shown by 4G8 staining.
(d - e) AB staining (4G8) in the cerebellum is almost complety restricted to the Purkinje cell layer. (f — g)
Most Purkinje cells accumulated pyroglutamate-48 as shown by an antibody against Bgg). (h) GFAP
staining of a TBA2 mouse revealed prominent Bergman glia immunoreactivity, whereas wildtype
animals (i) were consistently negative. The micro@ marker Ibal revealed microglia clusters surrounding
Purkinje cells and in white matter tracts in TBA2 mice (j) but not in wildtype littermates (k). (I)
Immunostaining of Purkinje cells with 4G8 (red) and anti-ubiquitin (green) antibodies. Note abundant
ubiquitin immunoreactivity in 4G8-positive Purkinje cells. (m, n) Double-immunostaining of Purkinje
cells using antibodies against calbindin (green) ah4G8 (inset shows high magnification of a 4G8- and
calbindin-positive Purkinje cell). Note absent calindin (asterisk) and extracellular AB staining indicating
Pukinje cell loss. Only 4G8-positive remnants canébseen. Scale bars: a, e, f, h-k 100 um; b, ¢, @ um; d
500 pm; g, inset I, m 20 um (Stainings done by D@liver Wirths).
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5 DISCUSSION

5.1 DEFICITS IN WORKING MEMORY AND MOTOR PERFORMANCE
DECLINE IN THE APP/PS1KI MOUSE MODEL FOR
ALZHEIMER'S DISEASE ARE PARALLELLED BY EXTENSIVE
NEURON LOSS AND HIPPOCAMPAL SHRINKAGE

The objective of the present study was the chaiaateon of a behavioral correlate to a
previously described age-dependent axonal degémerand hippocampal neuron loss in a
mouse model expressing human mutant APP on a hajoogyPS1 knock-in background
(Casaset al. 2004; Wirths et al. 2006), which has not been previously behaviorally
characterized. It has been shown in this work #&RP/PS1KI, in contrast to PS1KI mice,
display a severe progressive neurological phenotgiparacterized by wasting, growth
retardation, gait disturbances and the developrogat thoracolumbar kyphosis, which is a
special type of spinal deformity characterized hyrecreased curvature of the thoracic spine.
This phenotype probably results of progressive malygsfunction due to age-dependent
axonal degeneration in the spinal cord. A similaemotype has also been described in mice
lacking the huntingtin interacting protein HIP1) (Metzler et al. 2003) or in mice with a
mutant methyl-CpG binding protein MIECP2 gene, which represent a model system for
Rett syndrome, a neurodevelopmental disorder ctearaed by the loss of language and
motor skills during early childhood (Shahbaziat al. 2002). Additionally, it was
demonstrated that APP/PS1KI mice develop an ageralgmt decline in working memory as
tested by Y-maze, cross-maze and T-CAT, startinthatage of 6 months. The ability to
successfully perform these tests was not affectethé motor deficits at the same age, as
shown by higher frequencies of arm entries in ABRK mice in the Y-maze, and
unchanged mean session duration in the T-CAT fregce trials. The higher frequency of
arm entries in the 6 month-old APP/PS1KI mice might attributed to a higher general
activity, which has been previously reported in ifecent APP-transgenic mouse line
(Ambreeet al.2006).

Working memory assesses recent memory relatecetogtimal foraging strategy in the wild
(Dember & Fowler 1958), depends on the integritypoéfrontal and hippocampal systems
(Divac 1975) and has previously been shown to gaired in another AD mouse model
(Lovasicet al.2005). The decline in working memory coincideshvilte previously reported

onset of CA1 neuron loss at the age of 6 monthhigrmouse model (Casas al. 2004).
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APP/PS1KI mice at 6 months of age showed a sigmiflg reduced alternation performance
in the Y-maze and cross-maze compared to theimeagehed PS1KI littermates. This result
differs from spatial working memory measures ineottAD mouse models, where no
impairment was detected (Lalondeal. 2004; Savonenket al. 2003). As this task does not
place a high demand on hippocampus-dependent hggamd memory, it is perspicuous that
only mice with severe hippocampal deficits show amment in this task. The T-CAT has
been shown previously to be a valuable tool to mm@asippocampal dysfunction (Gerlai
1998). In this spontaneous alternation task, APPKP$nice performed significantly worse
than their PS1KI littermates at the age of 6 manthth alternation rates below chance level.
Two month-old APP/PS1KI mice were not differentbioth working memory tests, pointing
to an age-dependent process, as expected. All mgprkemory tasks show a strong decline in
the measured performance in APP/PS1KI mice betwsenand six months of age, while
from six months on to the age of twelve months amipor changes in working memory
performance were detected. This can be explaingdedfact, that around 80% of total neuron
loss observed in APP/PS1KI mice hippocampal CAloregccurs up to six months of age,

while only 20% take place between six and twelvetins.

A variety of Alzheimer’s disease mouse models with development of motor impairment
and spinal pathology have been previously describedever, most of them express human
Tau protein and none of them harbors amyloid patho(Lewiset al. 2000; Spittael®t al.
1999; Terwelet al. 2005). An abnormal paw-clasping reflex has beescrileed in different
APP/PS1 mice (Wirthet al. 2006; Wirthset al. 2006), and in mice transgenic for human
four-repeat tau (Probst al. 2000) or human apolipoprotein E4 transgenic micesgeuret
al. 2000), which all displayed marked signs of axatedeneration. Detailed quantification of
this clasping phenotype revealed that it is highignificant in APP/PS1KI mice already at
6 months of age, accompanied by a reduced avetade kength becoming significant at the

same time point.

Deficiencies in motor performance, including gaistdrbances and postural deficits have
been reported in AD patients, raising the questidrether underlying axonal alterations
contribute to this particular feature of the diseé@'Keeffeet al. 1996; Petterssoet al.2002;
Scarmeast al. 2004). It has further been shown that motor siggnge a predictive value in
AD, as e.g. postural-gait abnormalities carry acreased risk for institutionalization and

mortality (Scarmea®t al. 2005). A tremendous decrease of motor abilities whserved
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during aging in the APP/PS1KI mice. Highly sign#fid deficits in the balance beam, string
suspension and vertical grip hanging tasks werected as early as 6 months of age. These
mice further showed a reduced latency to fall i tbtarod task, compared to age-matched
PS1KI mice. However, a clear improvement was natadng training for both groups,
leading to the assumption that the execution ofombthavior rather than motor learning
abilities is impaired in APP/PS1KI mice. A similianding has been reported in 12 month-old
APP,,.dPSlu46. transgenic mice (Ewert al.2006). The rotarod task has been shown to be a
sensitive indicator of cerebellar lesions in moumsetants (Lalonde & Strazielle 2001).
However, due to the used Thyl.2-promotor constiBR expression in this brain region is
very restricted. Therefore, axonal deficits, lo§sconnecting neurons with the cerebellum
and/or impairment of other brain regions like theton cortex and basal ganglia might result
in the described motor phenotype. As the PS1KI mieee used as a control group, it is of
particular interest that no impairment in motor hoation tasks has been recently reported
in a different homozygous PS1KI (1213T) mouse mdtalonde & Strazielle 2005).

Analysis of exploration, anxiety and locomotor @ity in the open field paradigm revealed
no age- or genotype-dependent deficits in the todakeled distance or the time spent in the
inner (exploration) zone at the two analyzed tim@ts. A similar result has been previously
reported in 7 month-old APPswe + PSES mice (Lalondeet al. 2004) or in 13 month-old
APPswe mice (Leet al.2004), which did not differ from control mice ihi$ task. A strong
reduction in rearing events was detected in 9 mofdhAPP/PS1KI mice, which is in line
with motor deficits revealed in the sensory-motaskt battery. Rearing behavior in the open
field has been reported to reflect exploratory bedraand motor activity (Archer 1973).
However, considering the unchanged traveled distandhe open field and the increased
number of arm entries in the Y-maze, the reduceding frequency is most likely due to

impaired motor activity, rather than reduced exgtiory drive.

Several APP transgenic models have been demomkttateshow impairments during
acquisition in the hidden platform version of themds water maze, a task which has become
one of the standard measures of working memoryitein mice (Hsiacet al. 1996; Janus
2004; Lalondeet al. 2002). Analysis of swimming parameters revealedigmificantly
reduced swimming distance and speed in APP/PS1ké mf 6 months of age and older,
accompanied by alterations in swimming behavioaged mice (12 months). Therefore, the

often used Morris water maze task as a test f@ereate memory impairment was omitted in
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the APP/PS1KI mouse model. The underlying motoricdef displayed by the forced
swimming task preclude drawing any conclusions ftbese experiments. The assessment of
reference memory using tasks like the Morris wateze therefore has to be always
combined with an extensive analysis of motor pengmce in order to avoid misinterpretation

due to an overlap of motor and cognitive deficiency

Axonal deficits have been previously published mother APP/PS1 transgenic mouse model
(Wirths et al. 2006), as well as in APP single transgenic miceaaly at a young age well
before other neuropathological lesions were obseri&okin et al. 2005). Stokin et al
showed that axonal defects consisted of swellilgs aiccumulated abnormal amounts of
microtubule-associated and molecular motor proteorganelles, and vesicles. Impairing
axonal transport by reducing the dosage of a kineslecular motor protein enhanced the
frequency of axonal defects and increased the lefveltraneuronal A peptides and plaque
deposition. The authors concluded that reductionsicrotubule-dependent transport may
stimulate proteolytic processing of APP, triggertggical AD pathology. In the APP/PS1KI
model the situation is different. Due to overexpias of APP and expression of mutant
knocked-in PS1, there is a robust and early intreoreal accumulation of a variety of N-
modified A3 peptides (Wirthet al. 2006). It is important to note that 85% of thp peptides
end at position 42 (Casas$ al. 2004). It is to speculate that the two PS1 knaockautations
induce a loss of function if-secretase cleavage of APP, therefore elevated&v@® were
observed in these mice, together with an increasé\fik.4, levels (Casast al. 2004).
Recently, Kumar-Singh et al. have demonstrated seaeral PS1 mutations significantly
increased the ratio of fAJ/APa4o in vitro by significantly decreasing(0 with accumulation

of APP C-terminal fragments, a sign of decrea@ecretase activity (Kumar-Singdt al.
2006). This suggests thapf might be protective for neuronal integrity; howevehas been
recently shown that increase@# levels lead to congophilic amyloid angiopathy (Clakhd
microvessel rupture in a transgenic mouse modeizfglet al.2004). The two PS1 mutations
(M233T/L235P) in the APP/PS1KI mouse may therefals® induce a loss of PS1 function
resulting in reduced fyo levels and an increaseA/AB4o ratio. The consequence clearly is
an increase in intraneuronapA levels, which might induce axonal degeneratiobrain and
spinal cord and a robust neuron loss in CAl ofhippocampus. | have demonstrated that
both pathological features coincide with the obedrehanges in body weight, body shape,
working memory and motor performance. It has baeripusly shown that plaque load does

not correlate with neuron loss in another AD tramsg model (Schmitzet al. 2004).
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Moreover, plaque-independent axonal degeneratios been previously demonstrated
(Wirths et al. 2006; Wirthset al. 2006) Therefore, intraneuronaBAs, accumulation as an

early pathological event might promote the obsehthvioral deficits.

5.2 PATHOLOGY-DEPENDENT DEVELOPMENT OF INFLAMMATION
IN AN APP/PS1KI MOUSE MODEL OF ALZHEIMER S DISEASE

APP/PS1KI mice used for this study are characterist developing a severe age-depending
phenotype of Alzheimer disease. This phenotypeasnmently present at six months of age
and features besides massive accumulation of elluder A3 and extracellular B plaque
build-up also a striking neuron loss in hippocantpAll region evident already at six months
of age, motor deficits in accordance with axonopath well as a remarkable loss in working
memory performance proven by results from workingmory related tasks like Y-, T-maze
(Casas=t al.2004; Wirthset al.2007;Wirthset al.2002; Wirthset al.2006). Contrastingly, at

2 months of age APP/PS1KI mice showed no eye-aaggbinenotypical difference compared
to age-matched PS1KI control mice. In terms of imohistochemical consideration the most
eminent difference between these two genotypesnabrhs of age is an extensive positive
immunohistostaining for intracellularpAin hippocampal CA1 neurons, which obviously is
not sufficient to induce any observable phenotypARPP/PS1KI mice at least with the motor
and memory tests of our choice. A detailed histotbal and behaviour analysis of these
mice can be looked up in Casas et. al. 2004 andhgvet al. 2002, 2004, 2006 and 2007
(Casast al.2004; Wirthset al.2007; Wirthset al.2002; Wirthset al. 2006).

Going well in line with the unobtrusive behaviouienotype and the poor histochemical
findings according to A plaque pathology in young APP/PS1KI animals, dfibfillary
acidic protein (GFAP) came out to show the onlyndigantly increased expression on the
MRNA level at two months of age. In AD brains GFAPprominently upregulated in the
vicinity of amyloid plaques. In young APP/PS1KI miwith beginning extracellular plaque
deposition upregulated GFAP mRNA-synthesis may cagi beginning activation of

astrocytes as a result of intracellulgs #srmation in CA1 neurons.

No broader indication of early inflammatory proasssvas detectable, though a wide variety

of genes involved in several complement inflammatipathways was observed. One
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explanation could be that the formation of extratat plaque material is the main trigger for
inflammatory responses in the brains of this AD semodel. Extracellular plaque pathology
increases quickly and dramatically in this APP/PBitduse mode from the second month
on. Extracellular plaque deposits are abundanthsgmt at six months of age while PS1KI

control mice are showing no plaque pathology aatdiny age.

With this assumption in mind, it is no surpriseaditto find a broad range of inflammatory
genes massively upregulated in their mRNA expresgsioAPP/PS1KI mice compared to
PS1KI control mice at six months of age. The pattef upregulation indicates mainly a
highly intense activation of the glia system in APE1KI mice at six months of age. Glia
cells are the most common cell type in the humamband represent a discrete population of
phagocytes that appear first as colonies of emheybrain and that migrate during further
development throughout the CNS (Giulian 1999). Mgtia are present in white and gray
matter as well. The glia system of the brain isdsuided in several cellular subspecies, most
important of them thought to be implicated in infl@ation response are microglia and
astroglia cells (astrocytes). Microglia are mostigmposed of mesodermally derived
macrophages. Microglia cells are ascribed to hopulitative role for neurons guarding their
functions in the CNS. They are believed to adgtramunocompetent defense cells taking lead
in organization of the immune response of the Cdifatds inflammation events. In healthy
brain, microglia exist in general in a quiesceatestthat is characterized by low expression of
surface receptors, minimal secretory activity, amdcase of contact with astroglia or neurons
- minimal migratory behaviour. Microglia cells sahing from the quiescent to the reactive
state are one of the hallmarks of AD immune patiplGiulian 1999). Activated microglia
are known for their capability to uptake extrackltuAB, what appears to be an attempt to
remove this excessively spreading protein frombitaén (Cheret al.2006). It is well known,
that A3 and neuritic plaques are capable to induce aativatf microglia in AD affected CNS
leading also to clustering of microglia around amiylplaque deposition sites in the brain
(Tuppo & Arias 2005). As a consequence of activatimicroglia start to secrete a broad
range of scavenger receptors, cytokines, reactygem species and complement proteins —

all inflammatory mediators involved in triggeringmerous signalling pathways.

In six-month-old APP/PS1KI mice all signs of extemesglia activation were found in

abundance.

Page 94/137



Most prominently increased was GFAP, which has km@s¥ady increased at two months of
age. GFAP is expressed in astrocytes and APP/PBi¢d show a well-defined pattern of

astrogliosis and reactive astrocytes at two andnsonths of age as can be seen from
immunohistochemical analysis using GFAP-directetibady (Fig. 20, 21). The detected

increase of GFAP on mRNA and protein level coulcchased by higher expression rates of
GFAP in activated astrocytes or by the increasteftotal number of astrocytes in the brain
due to proliferation as a follow-up process tf-iaduced inflammation separately or in a

coactive manner.

Msr2 and analysed members of toll like receptoriffafTLR2, TLR4, TLR7, TLR9) did also
reveal strong upregulation of mRNA levels in APPIRBEmice. While scavenger receptors
have been implicated in the binding process fropté astrocytes and in the clearance of
fragmented DNA from the brain (Alarcoet al. 2005; Li et al. 2004b), toll-like receptors
(TLRs) are a group of pattern-recognition receptorthe innate immune system of the brain,
that have been shown to play a crucial role invattn of the microglia system. In response
to insults by for example pathogens and damagetidedls, TLRs can induce the activation
of phagocytes and tissue dendritic cells, thatdeadthe secretion of cytokines, chemokines
and other co-stimulatory molecules needed for ptite immune responses, efficient
damaged tissue removal and for the stimulationdaiptive immunity (Taharat al. 2006).
Increased TLR signalling is well described to ingliec broad range of genes implicated in
phagocytosis and inflammation. Chen et al. repopezmoted cellular uptake of fAin
primary murine microglial cells from newborn C57BLlhice and murine microglial cell line
N9 by activation of TLR2 (Chemt al. 2006). This is in well compliance with the intense
upregulation especially of TLR2 in six-month-old P#PS1KI mice compared to PSI1KI
littermate controls. Furthermore, Tahara et al.ensdvle to show, that activation of microglia
(BV-2 cell) with specific ligands for TLR2, TLR4 ofLR9 markedly boosts the uptake and
ingestion of A in vitro (Taharaet al.2006).

Secondly, | observed expression patterns of a tyaoé cytokine genes. Cytokines are
inflammatory mediators produced by activated miteagpghat trigger and contribute to the so
called “cytokine cycle”. They represent as well their nearby but nevertheless distinct
relatives from the family of chemokines intercediuland intracellular signalling factors. A
number of cytokines and chemokines as well has eend to be upregulated in AD

compared to non demented (ND) individuals. Thisdeokspecially true for the major
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proinflammatory mediators ILfl IL-6, and TNF, which can induce cytotoxic or cytopathic
effects in the CNS (Dicksoet al. 1993).

Interleukin1f has been shown to be increased on protein levabimogenates from frontal,
parietal, temporal cortex, hypothalamus, thalamod hippocampus in humans with AD
compared to controls (Cacabeles al. 1994). Microglia-derived IL-f is described as a
potent immunomodulating cytokine that triggers was inflammatory mediators in astrocytes
and neurons (Mrakt al. 1995). IL-B is directly localized to plaque-associated miceoghd
appears to be directly involved in AD pathophysgital alterations (Griffinet al. 1989).
However, in APP/PS1KI mice no statistical signifitancreased expression of I13-tould be
found at any timepoint. Though, it is to mentidmttat ten months of age there is a statistical
trend, indicating a tendency to increased fLAARNA-levels in comparison to age-matched
PS1KI mice.

Surprisingly, also the expression of the proinflasbony cytokine IL-6 remained unchanged,
although increased protein levels have beein fonrfiiman AD brains (Hampeit al. 2005).
IL-6 is a pleiotropic cytokine that mediates immumsponse and inflammatory reactions
affecting CNS cell growth and differentiation (Akiyaet al. 2000). During development,
IL-6 is expressed in the nervous system ubiquitouMlicroglia, astroglia, neurons, and
endothelial cells are described as capable to egi#th IL-6 (Freiet al. 1989; Hampekt al.
2005; Marzet al.1998).

TNF-o as a further proinflammatory cytokine secreted dmtivated macrophages and
microglia is believed to promote cell survival atelath in the CNS. An increase of TNF-
was immunohistochemically shown in the vicinitystenile plaques, implying its participation

in AB-induced inflammation (Akiyamat al. 2000; Tuppo & Arias 2005; Zhaet al. 2003).
Recently, though the mechanism remains unsolveslast shown that TNEplays a pivotal
role for the neurotoxicity of B (Zhaoet al.2003). Contradictory, some reports also suggest a
neuroprotective function of TNE-by reducing cdk5 induced tau hyperphosphorylation
(Orellanaet al.2007).

IL-10 is thought to be an anti-inflammatory cytokircapable of suppressing microglia
activation by the A-component of senile plaques and of protecting dopargic neurons

against inflammation-mediated neurodegenerationn{dto et al. 2006; Szczepanilet al.
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2001). However, despite massive glia activation mAR&Vels of IL-10 kept unchanged
relative to age-matched controls at 2, 6 and 10thsoof age. On the other hand Rota et al.
recently reported about unchanged levels of IL+18ara and CSF of AD patients compared
to non demented controls (Rattal.2006).

A further multifunctional cytokine said to be imgtdi in the progression of AD pathology is
transforming growth factor beta (TG¥H- TGF{ is produced by glial and neuronal cells as
well. TGF$ has been described to be upregulated in respanbeain injury, stroke and
under neurodegenerative conditions. Furthermoref-F @& thought to possess angiogenic
properties besides its capability to promote anaglgenesis. Tarkowski et al. reported
evidence about increased intrahecal levels of tigiogenic factors vascular endothelian
growth factor (VEGF) and TGB-(Tarkowski et al. 2002). Well supplemented from the
literature, | found a clearly significant increaseTGF{§ in APP/PS1KI mice at six and ten
months as well. In CSF of human AD patients a §iggmt correlation between levels of
TNF-o. and TGFB has been described and it has been suggestedTNtat. could be
responsible to trigger the production of TGt least to a certain extent (Tarkowskial.
2002). However, with TNF+ showing just a statistically not significant trefor age-
dependent upregulation in mRNA-expression, | candetive clear evidence for this
connection from our data nor can | exclude it. Adsbeneficial function of TGB-has been
reported. Wyss-Coray et al. described in a trarisgapuse model overexpressing hAPP and
TGF, that increased expression T@GFromotes microglial A clearance and reduces
plaque burden (Wyss-Coragt al. 2001), pointing to a protective role of TGFn AD
pathology.

Interestingly, angiogenesis implicated factors VEGHRNA expression was slightly
significant upregulated in APP/PS1KI mice at sixntig but not any more at ten months of
age. The perception of angiogenesis is the formatibnew blood vessels from existing
vasculature. Normally, angiogenesis is implicated embryogenesis, tissue growth,
development and regeneration, but it also undertles advancement of cancer and
inflammation processes (Pogue & Lukiw 2004; SemeB@83; Zadeh & Guha 2003).
Hypoxia has been shown to induce higher expressiodEGF, while IL-18 is known to
being able to substitute for key aspects of hypaigmalling, including induction of VEGF
gene expression (Ottiret al.2004; Pogue & Lukiw 2004).
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The cytokine receptor MCSF-R (macrophage colongngting factor) is expressed in
macrophages, glia and neurons as well and hasfberd to be elevated expressed in plaque
associated and in reactive microglia. It has beavipusly shown that MCSF-R strongly
fosters proinflammatory effects offpfon cultured microglia cells and is highly capabfe
activating microglia and other macrophage-likesé@urphyet al. 2000). Increased MCSF-
R expression has been reported in brain microdlia mouse model for mechanical injury
and ischemia stroke (Raivickt al. 1998). Moreover, MCSF-R is believed to functionaas
signalling molecule that is implicated in directiagtivated microglia to sites of insult by
promoting cell migration and proliferation (Giuliah999). Our observation of highly
upregulated expression of MCSF-R in APP/PS1KI matesix and ten months of age

featuring massively activated glia cells fits wellthe assumed function of this protein.

The cell surface glycoprotein major histocompaitjpicomplex type II (MHC-Il) has been
reported to be upregulated in activated microglfahaman AD by numerous reports,
especially in brain regions of pathological relesaifor this disease like e.g. the hippocampus
(Parachikoveet al. 2006; Perlmutteet al. 1992). Surprisingly, no age-dependent increase of
MHC-1I was found in APP/PS1KI mice. Moreover, altigh not statistically significant, an
age-dependent decline of MHC-II expression seenaki® place in APP/PS1KI mice. This is
in contrast to the literature, where for exampleereMn normal ageing a continuous
upregulation of MHC-II is being reported (Akiyaned al. 2000; Perryet al. 1993; Streit &
Sparks 1997).

F4/80 and CD11/B are also well defined markersdietection of activated microglia. Both
were found to be highly significant upregulatedaadmng to their level of mMRNA expression
in APP/PS1KI mice at six and ten months of agesTdan be interpreted as additional
underlinement of the inflammation pathology of gtie system in these mice. Again, it has to
be noted, that the increase in gene expressionie imcisive comparing six to two month old

APP/PS1KI mice than ten and six months old animals.

FAS is a gene often brought into discussion abgaiptotic neuron cell death in AD and
represents a part of the death receptor subfafil$s has been reported to be associated with
senile plaques and astrocytes of AD patients (Nighaet al. 1995) and in tangle bearing and
non-tangle bearing neurons in the frontal corteADfpatients. Several downstream enzymes

of FAS belonging to the caspase family are alsolicafed in various apoptotic pathways
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(Yew et al. 2004). In APP/PS1KI mice, FAS was found to showhhi significant
upregulation at six months and ten months as wethpared to age-matched controls.
However, if the upregulation of FAS can be intetpdeas an indication for apoptosis induced
neuron death in APP/PS1KI mice is to be providethwi strong questionmark. TUNEL-
staining in six months old APP/PS1KI mice did neteal any positive stained neurons (data
not shown). It has to be mentioned, that the resipdty of apoptotic processes for neuron
death in AD and neurodegenerative diseases in gleisestill a matter of intense debate and

widely questionmarked by some researchers (Jelling@6).

Recently, in AD patients and two different APP/PSD mouse models an prominent
upregulation of S100A6 protein was reported. S108Aén acidic Cd’Zn?* binding protein
with a 11 kDa molecular weight and is part of tA®& family.

S100A6 immunoreactivity was shown to be concendrateastrocytes surrounding classical
senile plagues with a dense core @ &s well as to a minor extent also in diffuse p&su
Astrocytes showing a staining for S100A6 were aissitive for GFAP and S100B protein
(Boomet al.2004). The authors of this study speculate aboutalication of S100A6 in the
regulation of C& and Zri* homeostasis in AD, based on the findings thaaéstiular C4"
levels have been shown to arise induced by aggegsB and, secondly, that elevated
concentrations of Zi have been reported for neocortical areas adiéposits (Boonet al.
2004).

In APP/PS1KI mice osteopontion (SPP1) was sigmitigahigher expressed at six and ten
months in comparison to age-matched PS1KI contioém

Osteopontin is a secreted phosphoprotein and mmdtifonal C&" binding cytokine inflicted
to diverse biological functions, including inflamtiwan, oxidative stress, cell migration and
antiapoptotic processes (Mellet al. 2005; Wunget al. 2007). In inflammation SPP1 is
believed to play a role both in acute and chronitammation and to be involved in the
recruitment of macrophages and T-cells (Mazealal. 2002). Furthermore osteopontin is of
importance in cell adhesion, stress-related angiesis and macrophage-directed IL-10
suppression (Akamat al. 1998). Besides their potential to enforce direatnege, reactive
oxygen species (ROS) have also been shown to clagligeignalling pathways, which may
lead to further deleterious effects. Also, AR ha®rb shown to increase several markers

typical for oxidative stress, e.g. superoxide anpooduction rises in microglia cells treated
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with AR. Oxidative stress in general is believediaster neuronal dystruction in AD brains by
lipid peroxidation, tyrosine nitrosylation or DNAidlative damage (Akamet al. 1998).

To get an impression about the AD affected brag#sponse to oxidative stress, | observed the
expression pattern of the family of metallothiorseidisplaying some important defense
proteins against free radicals. The human bratompared to other organs much more at risk
to get damaged by free radicals, because its cathlonanes are built up to a especially high
degree by polyunsaturated fatty acids that are cespe prone to oxidation by ROS.
Furthermore the brain itself produces significambants of nitric oxide and owns only poor
to moderate enzyme activities of oxidative strestemse enzymes like catalase, superoxide
dismutase and glutathione peroxidise (Carratad.2003).

There is compelling evidence from the literatuhat the members of metallothionein family
accomplish a neuroprotective mission in the inflaation affected brain by protecting cells
from oxidative damage (Carrasebal.2006; Carrascet al.2003; Giraltet al.2002; Giraltet

al. 2002; Penkowat al.2006). Metallothioneins are small, cystein-rictracellular proteins,
that are almost ubiquitously expressed. Metallatbios are known to possess a high affinity
for binding Zf* and C@". In rodents, the family of metallothioneins sulidés into four
distinct proteins classified as metallothionein 4 MT-1, MT-2, MT-3, MT-4). MT4 is the
only one not expressed in the brain and therefaseniot been in the scope of this study. MT-
1 and MT-2 are expressed coordinatively in CNS ianahost tissues as well (Carrasepal.
2003), whereas MT-3 is the only family member tisaéxpressed exclusively in the brain.
Expression of MT-3 takes place predominantly inroes but is also reported for astrocytes
under special circumstances. In APP/PS1KI micetr@eng increase of gen expression for
MT-1, MT-2 and MT-3 was observed at six months gé @ompared to PS1KI control mice
while no significant change was found at two montisage. These findings perfectly
underline the often made presumption that AD affédirains try to counteract the deleterious
effects of oxidative stress by expression of piidiec proteins like metallothioneins.
Interestingly, again at ten months of age no furthecrease in the expression of
metallothionein genes could be detected in a dioechparison to the expression level
observed at six months of age in APP/PSKI mice.

Another main source of oxidative stress in AD i@pated to be founded in disturbances of

iron metabolism in the brain. Although iron is essa# for cell metabolism, it is also known

Page 100/137



to display a source of cytotoxicity in case of dibance of this metabolism (Castellatial.
2007; Wunget al. 2007). Recently, osteopontin has been reporte@ctoas a potent
neuroprotectant against ischemic injury due tokstréMeller et al. 2005). Wung et al.
reported recently SPP1 to be 41% increased in Alpddampal neurons compared to age-
matched ND controls, while no other neuronal ogles were stained. SPP1 expresssion was
found to be dependent upon AR load (Wwtaal. 2007). The authors suggested that SPP1
upregulation may be a result of cell-cycle relatbdnges and/or may work as a compensatory

response to neuronal degeneration in AD affectathifkVunget al.2007).

While microglia in general are known to play neuphic roles in the healthy brain, in AD
research the main focus is directed to the potengarotoxic actions of the glia system.
Activated microglia and astrocytes are capableetvete a broad range of pro-inflammatory
cytokines like interleukin-13 and neurotoxic substs like free radicals and thereby
contribute to AD pathology (Het al. 1998). For example activated glia cells are suspeo

be implicated in the formation of reactive oxyggredes (ROS) in the brain and therefore
contribute to the increase of oxidative stressrofiegported in brains of AD. Furthermore,
reactive astrocytes are known to produce nitricdexmediated by cytokine-induction of
inducible nitric oxide synthase (iNOS) (Moore & @idon 2002).

Egana et al. reported that iron induced oxidatitress can modify tau phosphorylation
patterns in hippocampal cell cultures from E18.6 embryos (Eganat al. 2003). High
concentrations have been reported in human brdisy tdeat can be released from dying cells
to give rise to the production of highly aggresdmyelroxyl radicals in a Fenton reaction like
pathway (Castellaret al.2007; Mattson 2004).

Transferrin (Trf) and Ferritin light chain (Ftl) nNA expression were found to be
significantly upregulated at six and ten monthsgé in APP/PS1KI mice compared to age-
matched PS1KI controls. With transferrin and ferriight chain the expression of genes
whose corresponding proteins are known for thean irbinding properties and their
implication in cell iron metabolism were analyz@dansferrin is the predominant protein for
iron transport and essential for surviving. Weakijgctions of Trf were reported to be crucial
to keep Trf-deficient mice alive (Kaplaagt al. 1988). Diferric transferrin is taken up by the
cell via endocytosis dependent on and mediated Xpyession of the transferrin receptor
located on the surface of the cells (Koek¢ral. 1989). Expression of Trf receptor is known

to be directly controlled by iron concentrationgé€yet al. 1989).
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Ferritin light chain is another main player in tbellular iron management and is mainly
considered to function as an intracellular ironrage protein (Connor & Menzies 1995).
Ferritin light chain has been associated with slgqutake of iron and promotion of iron
mineralization at the ferritin core (Aroset al.1991; Connor & Menzies 1995).

Upregulation of the expression of iron metabolisimeshed proteins may be interpreted as
an attempt of the cell to encounter excess iron iémdpernicious follow-up effects in

oxidative stress cascade in AD pathology affectedse brain.

In conclusion, our study yields new insights in #thBP/PS1KI mouse model of AD and
provides a detailed analysis of the expressionepatbf inflammation associated genes in
these mice. Furthermore | compared the developroénibflammatory processes to the
progress of AD-like pathology in these mice. Thédimo-line is, that inflammation appears to
be a follow-up event to the development of AD paibgg with the formation of extracellular

plague deposits standing in the focus of potemtfldmmation triggering events. AD referred
pathological process in APP/PS1KI mice is nexttsosummit already at six months of age.
Therefore it can be understood, that the most prenti changes in upregulation of
inflammation connected genes are observed fromténgix months, while — in most cases -

only very modest changes were detected comparkngnsi ten months old APP/PS1KI mice.

As a result of this work, the APP/PS1KI mouse maday be considered as a suitable model
to observe the widely discussed potential benéfeffacts of anti-inflammatory therapies on
the progress of AD. The APP/PS1KI model may be @afg appropriate for such studies not
only because of the rich potential read-out onntiméecular level as shown in this study, but
also because its read-out on the behavioural andabgical level, where these mice display
severe working memory and motoric deficits as \@slextensive neuron loss from six months

of age on.

5.3 CHOLESTEROL AS A BIOMARKER IN ALZHEIMER'S DISEASE

| studied plasma cholesterol levels in transgencuse models of Alzheimer’'s disease and

control mice and found a significant decrease afipla cholesterol in the APP transgenic

animals which were on a homozygous PS1 knock-itkgracind. Total Plasma cholesterol
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levels remained mostly unchanged in young and agttype, PS1KI and AP® control
mice.

The finding of decreased plasma cholesterol in agetpathology affected APP/PS1KI mice
is well in line with numerous epidemiological stesli that report about decreased plasma
cholesterol levels in AD patients (Kuusistd al. 1997; Panzat al. 2006; Solfrizziet al.
2002). Moreover, data from the lItalian Longitudingtudy on Aging (ILSA) (2983
participants) suggested, that there is no relatetween higher plasma cholesterol and an
increased risk for progression of mild cognitive parment (MCI) to dementia. A
multivariate analysis of this study yielded, thatyoage was a risk factor for incident MCI,
while a protective effect was suggested for higlesel education and increased serum
cholesterol (Solfrizzet al.2004).

Recently, Mielke et al. reported in a populatiorsdxh 70-year-old birth cohort followed for
18 years that increasing levels of plasma totalesterol at ages of 70, 75, and 79 are related
to a reduced risk of dementia between ages 79 8n@M&lke et al. 2005). However, the
association of high levels of plasma cholesteroingdulate-life with a decreased risk of AD is
in contrast to other reports that suggest high f@esma cholesterol in mid-life to be a risk
factor for later dementia (Kuusisteg al. 1997). These opposing results may derive from the
timing of total cholesterol measurement relatechge and clinical onset of dementia. One
hypothesis may be, that in mid-life individuals peoto develop dementia in their later life,
levels of total plasma cholesterol start to deckeseral years before onset of the disease.
Well in line with this hypothesis, a retroperspeetstudy on autopsy cases of over 40 years
old patients revealed a significant correlatiorwssn increased plasma cholesterol levels in
mid-life period and the presence of amyloid depasiin these patients brain (Pappatiaal.
2003).

Our finding of decreased plasma cholesterol in ag@P/PS1KI mice may support the
hypothesis of decreased plasma cholesterol inlifateas an accompanying factor during
development of dementia. Because young and noromatai mice showed mostly unchanged
levels of plasma cholesterol, in APP/PS1KI micelidecof plasma cholesterol seems to co-

occur with progression of AD-pathology.
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5.4 24(S)-HYDROXYCHOLESTEROL AS A BIOMARKER 1IN
ALZHEIMER' S DISEASE

| found no significant change in the ratio of 24{fyyroxycholesterol from two to six months
neither for wildtype, APP751SL, PS1KI nor APP7518B4KI mice. For the first three mice
models these results were anticipated, becauseofathese three genotypes show no
significant pathological change like abundant patprmation or neuron loss at 6 months-of-

age.

If the hypothesis of 24(S)-hydroxycholesterol asi@marker correlated to AD pathology in
APP/PS1KI mice should held true, in the APP751SIHS3nice an increased ratio of 24(S)-
hydroxycholesterol to total cholesterol would haveen expected. These mice show a
massive neuron loss and abundant plaque pathologgongpanied by extensive
neuroinflammation already at six months of age. Awreased efflux of 24(S)-
hydroxycholesterol from the brain to the plasma lbeesn hypothesized as an early biomarker
of AD (Lutjohannet al.2001; Papassotiropoul@s al. 2002). Surprisingly, no increase of the
ratio of total to 24(S)-hydroxycholesterol was d&te in this mouse model comparing six
and two-month-old animals, though AD pathology as fleveloped at the latter age. This
result seems to us very noteworthy because this senomodel recapitulates the
neuropathology of AD very well. First signs o3 Aleposition in APP751SL/PS1KI mouse
brain is seen at 2.5 months of age compared tonsimths in APPSL mice as previously
described (Casast al. 2004). APP751SL/PS1KI mice develop a marked reéoliadf the
hippocampal pyramidal cell layer thickness thgpasticularly prominent in the CA1/2 regin
at 10 months of age in both males and females. leemBP751SL/PS1KIl mice show a
hippocampal CA1/2 neuron loss of 33% at six mouatid 41% at 12 months of age, as male
animals showing no thinned out pyramidal cell lagersix months of age by macroscopic
analysis. The observed CA1 neuronal loss in APPEZAASLKI mice extends homogenously
throughout the pyramidal cell layer and is not tedato the local proximity of extracellular
AP deposits. It is therefore distinct from the new@dioss observed in most other transgenic
models, which has been limited to the close viginitf AB deposits. In summary,
APP751SL/PS1KI mice represent the first transgemiclel of AD showing early onset and

severe neuronal loss.
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The use of mouse models to study the coherencesede cholesterol metabolism and AD is
well established (Refolet al. 2001). In the present model | did not find anydevice for
24(S)-hydroxycholesterol plasma concentration asearly onset biomarker for AD as
proposed in other studies (Kolsehal.2003; Papassotiropoul@s al. 2002; Schonknecldt
al. 2002).

It has been described in man that about 90% of)Z2#@roxycholesterol is of cerebral origin
because the 24(S)-hydoxylase enzyme CYP46 is aleagusively located in the human
brain (Lutjohanret al.2002). Feeding mice with deuterated cholesteroh&lu that only 50%
of total 24(S)-hydroxycholesterol is of cerebrabor (Lund et al. 1999; Meaneet al.2000).
Brain 24(S)-hydroxycholesterol levels were 131 ngjonotein in 15 days old wildtype mice
but were undetectable in this tissue in age matcgad6-/- animals (Lundet al. 1999).
However, Cyp46-/- knockout mice showed serum lewals24(S)-hydroxycholesterol of
11 ng/mL compared to age-matched wildtype mkicehwgerum levels of 24(S)-
hydroxychloseterol ranging from 60 to 90 ng/mL (Huet al. 1999). Moreover, using
semiquantitative immunoblotting of the choleste&r4(S)-hydroxylase, it has been shown that
there was approximately 100 times more 24(S)-hygease protein per gram in brain as
could be found in liver. The latter is believedctntribute most if not all of the extracerebral
amount of 24(S)-hydroxycholesterol (Lustial. 1999). Overall, Cyp46 seems to be the major
enzyme converting cholesterol into 24(S)-hydroxyekterol in mouse and man. Recently,
plasma 24(S)-hydroxycholesterol has been discussetb be a biomarker for AD. Though,
rather high levels of this oxysterol may be a miadlie risk factor for AD as are high levels

of cholesterol (Irizarry 2004).
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5.5 PYROGLUTAMATE AMYLOID BETA AS A POTENTIAL TRIGGER
FOR SPORADIC ALZHEIMER S DISEASE

5.5.1 DOMINANT AGGREGATION OF BETA-AMYLOID STARTING
WITH PYROGLUTAMATE AT POSITION 3 IN THE APP/PS1KI
MOUSE MODEL
At the age of 6 months APP/PS1KI mice develop wagkinemory deficits (Wirthet al.
2007), and abundant axonal degeneration (Wiethal. 2006). Interestingly, 85% of total
AP in this model consists of B,, which exhibits a large heterogeneity at the Maiaus
(Casaset al. 2004; Wirthset al. 2006). The amount of B\zpe) is ~90 pg/mg w.w. (at
6 months of age) and is therefore the highest ley@brted so far in an APP mouse model.
ABn3pe) Not only aggregates in plaques, but also in CAdrores between 2 and 6 months of

age, supporting a role in intraneuronal toxicity.

Intracellular A3 deposition has been previously shown in human SDufaset al. 2000)
and in Down’s syndrome patients (Gyweal. 2001; Moriet al. 2002). The localization of
these peptides has been demonstrated to be prealttigim abnormal endosomes (Cataldo
et al. 2004), multivesicular bodies and within pre- amdtgynaptic compartments (Langi

al. 2004; Takahashet al. 2002). Takahashi et al. demonstrated thgi,Aggregates into
oligomers within endosomal vesicles and along ntidyoles of neuronal processes, both in
Tg2576 neurons with time in culture, as well a3 g2576 and human AD brain (Takahashi
et al.2004).

Long-standing evidence shows that progressive careleposition of £ plays a seminal
role in the pathogenesis of AD (Selkoe 1991). Thieregreat interest, therefore, in
understanding the proteolytic processing of APP itmydroteases responsible for cleaving at
the amino- and carboxy-terminus of th@ Aegion. Ragged peptides with a major species
beginning with phenylalanine at position 4 off Aave been reported already in 1985 by
Masters et al. (Masterst al. 1985). This finding has been disputed, becausammmo-
terminal sequence could be obtained from coresfigdrin a sodium dodecyl sulfate-
containing buffer, which mounted in the suggestioat the N-terminus is blocked (Gorevic
et al. 1986; Selkoeet al. 1986). In 1992, Mori et al. first described thegence of Bnzpe)
using mass spectrometry of purified3 Aorotein from AD brains, which explaines the

difficulties in sequencing the amino-terminus (Metial. 1992). They reported that only 10-

Page 106/137



15% of the total R isolated by this method begins at position 3 véitABnzpe) Later it
became clear that(\spe) represents a dominant fraction o8 peptides in AD and Down’s
syndrome brain (Guntedt al. 2006; Harigayaet al. 2000; Hosodat al. 1998; Ilwatsubcaet

al. 1996; Kuoet al. 1997; Kuoet al. 2001; Miravalleet al. 2005; Picciniet al. 2005; Piccini

et al. 2007; Russeet al. 1997; Saidcet al. 1995; Saidcet al. 1996; Tekirianet al. 1998).
Amino-terminal deletions in general enhance agdregeof 3-amyloid peptidesn vitro
(Pike et al. 1995). The same is true fo3Aspe)y Which has a higher aggregation propensity
(He & Barrow 1999), stabilizes A(Kuo et al. 1998b), and shows an increased toxicity
compared to full-length B and underlined therefore the potential ¢§ peptides in general
and in particular of Bnspe) for neurotoxicity (Yousseét al. 2007). Other studies reported
that the toxicity of pyroglutaminated amyloid beteptides Anzpe)-a0/42iS Similar to that of
ABi.40 and ABy4> (Tekirianet al. 1999), and that the (A\z(pg) is not the major variant in AD
brain (Lemereet al. 1996). In contrast, Schilling et al. have demastt that N3(pE)-
modified peptides display an up to 250-fold acalen in the initial formation of A
aggregates (Schillingt al. 2006), and presented vitro evidence that the cyclization of
glutamate at position 3 of Ais driven enzymatically by glutaminyl cyclase (Q@C
inhibition leads to significantly reduced3fgse) formation, showing the importance of QC-

activity during cellular maturation of pE-contaigipeptides (Cynist al.2006).

QC inhibition leads to significantly reduced34,e) formation, showing the importance of
QC-activity during cellular maturation of pyroglatate-containing peptides (Cynet al.
2006). APP transgenic mouse models have been egpiarishow no (Kuet al.2001) or low
ABspe) levels (Guntertet al. 2006), in contrast to the APP/PS1KI mouse, whiahbburs
considerable amounts off3e) detected by 2D-gel electrophoresis of whole biggates
(Casast al.2004).

Recently, Maeda et al. (Maeda 2007) have shown ttietlocalization and abundance of
[11C]PIB autoradiographic signals were closely agged with those of amino-terminally
truncated and modified Be)deposition in AD and APP transgenic mouse bramg)ying
that the detectability of amyloid by [11C]PIB-PES dependent on the accumulation of
specific A3 subtypesin addition, deficiency of the physiologicaAdegrading enzyme, i.e.

neprilysin (NEP), results in generation off#.e), which is metabolically stable and
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pathologically causative, via conversion of3, to ABsg4> followed by N-terminal

glutamate cyclization (lwata 2007).

In conclusion, these data add evidence to the fwagival role of ABnspe) in AD. An excess
of accumulation of Bnzpe, With a high aggregation propensity and increatedcity,
therefore may lead to an enhanced intra- and estiwder A3 aggregation and plaque

formation.

B-/y- Cleavage Mono- or Di- N-Terminal
peptidylpeptidase(s) Cyclization by QC

APP —————3 ApN1(D) — > ABN3(E) — > ABN3(pE)

_—/ |

Accelerated Aggregation
+

Higher Toxicity

Synaptic
Dysfunction

. Memory Deficits
Hippocampus

R Neuron Loss

Fig. 33: Scheme of Bnse) action on neurodegeneration in Alzheimer's diseasé\PP is cleaved by3- and

y-secretase function liberating i) ABnse) iS generated by putative mono-, or dipeptidylpeptiases,
which is further modified by N-terminal enzymatic cyclization of glutamate by glutaminyl cyclase
generating ABnape) ABna(pe) iS resistant to most aminopeptidases, has a highstability, aggregation rate

and toxic profile as compared to other B peptides. It may therefore serve as a seed for @hAR species
for intra- and extraneuronal AP accumulation. ABnspe) accumulation leads to synaptic dysfunction,
neuron death, and hippocampus atrophy (adapted fronfSaidoet al., 1995)).

To observe the pathologic impact of3e) peptides separately, the mouse models TBA1,
TBA2 and mQC-transgenic mice were generated. Thelteeare discussed in the following

chapters.
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5.5.2 OVEREXPRESSION OF mQC IN mQC-TRANSGENIC MICE

Substantial overexpression of mQC compared to ypkitanimals was verified in both

homozygous and heterozygous mice transgenic for m@@rexpression of mRNA levels

was confirmed for the kidney as a peripheral ordaost importantly for the usability of this

mouse model for analyzing the impact of mQC on teropathological changes in

Alzheimer disease mouse models, | found a muléperession increase of mQC mRNA in
the brain. By activity measurements in EDTA-plastnaas shown, that higher expression of
MQC mRNA led to higher concentrations of biologieative mQC-enzyme on the peptide
level. As consequence of this results, | decidedcrimss heterozygous mQC-mice with
heterozygous TBA1 mice to analyze the influencen@C overexpression on the formation
of AB3(pe)

5.5.3IN VIVO FORMATION AND NEUROTOXICITY OF PYRO-
GLUTAMATE AB IN TBA1 AND TBA2 MICE

To specifically investigate the neurotoxicity of34.e) generationin vivo, transgenic mice
that express Bge with the normal glutamate at the N-terminus (TBADY mice that express
ABsq starting at position 3 with glutamine (TBA2) wagenerated. Due to the replacement of
N-terminal glutamate by glutamine, thef3 Apeptides are more prone to conversion into
pyroglutamate by QC activity in the TBA2 model (8laing et al. 2004). The severity of the
neurological phenotype observed in the TBA2 moaetompanied with the massive neuronal
loss and premature mortality reflects the enormtmscity of ABspe)42 However, the
possibility that unprocessedBéy.4> has been stabilized byBpe)-s2accumulationand also
contributes to the observed severe pathology cabp@ouled out. Applying a mouseBfso
specific ELISA, | did not find elevated mousg-&pecies in SDS soluble brain extracts (not
shown), suggesting that mous@i4is not precipitated together with humagp &ariants. In
conclusion the major peptide in TBA2 brain extrai$s ABx42, Which is likely not
posttranslationally transformed intoB4ype). In addition, it can not be ruled out that besides
ABspe) other N-truncated By.4» variants also aggregate and contribute to the wbder
neurotoxicity in the TBA2 model. On the other hahdata et al. have clearly shown that
ABzpe)-42 has the longest half live compared to that ofoétler ABx.4> peptides starting with

unmodified aspartate, alanine, glutamate, phenyiladaor with modified aspartate (lwata
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2007). In addition, they have demonstrated thatcideicy of the A-degrading enzyme
neprilysin (NEP) results in generation of metatallic stable and pathologically causative
ABzpey42 Therefore, it may be concluded thafsfe) peptides serve as a seed fop A
accumulation in the TBA2 model. The neurotoxicityf dhe N-truncated and
posttranslationally transformed 3pe)-42 Species observed in our TBA2 mouse model is
corroborated by the pharmacological inhibition of @ctivity by the QC inhibitor P150,
which significantly reduces the level of3gg) in vitro (Cynis et al. 2006) and in Tg2576
mice in vivo (Schilling 2007). These results demonstrate thairmplcological treatment of
ABzpe) formation and deposition may serve as new thetapegpproach to treat AD-like

neurodegeneration.
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