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1 Introduction 

People around the world are expected to live longer. Due to great improvement in diet and 

lifestyle, as well as access to medical care, the global average life expectancy raised from 48 

years in 1950 to 71 years in 2013 [1], in high-income countries like Germany, it is even 81 

years. From another point of view, however, the average age of populations around the 

world is rapidly increasing. By 2050, 2 billion people will be aged 60 and older, which would 

be 22% of the world population (source: World Health Statistics 2015, WHO) that having 

high risk to develop neurodegenerative disorders, such as Parkinson’s disease, Huntington 

disease and Alzheimer’s disease. 

1.1 Alzheimer’s disease  

On November 25, 1901, a 51-year-old woman, Auguste Deter, was admitted to a Frankfurt 

asylum, where she was examined by German psychiatrist and neuropathologist Alois 

Alzheimer (Fig. 1 A and B). She was suffering of disorientation, impaired memory, and 

troubles in reading and writing. Progressive symptoms like hallucinations and mental 

function disorders were developed later. After she died in 1906, Alzheimer presented a 

preliminary report based on her clinical and neuropathological features at a meeting of the 

South-West German Society of Alienists in Tübingen. He described it as “a peculiar disease of 

the cerebral cortex” and noted two abnormalities in the brain: neurofibrillary tangles and 

amyloid plaques (Fig. 1 C and D). On September 12, 1907, Alzheimer received a 56-year-old 

man, Johann F., who suffered from dementia and died three years later. Because these two 

cases showed similar changes in brain autopsy, Emil Kraepelin, a colleague of him and the 

most important German psychiatrist of that time, named this brain disorder after him as 

“Alzheimer’s disease” [2-5]. 

 

Fig. 1.The portraits of A) Alois Alzheimer (source: U.S. National Library of Medicine, History of 

Medicine Division), B) Auguste Deter (source: upload.wikimedia.org/wikipedia/commons/1/1d/ 
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Auguste_D_aus_Marktbreit. jpg), C) A neurofibrillary tangle and D) Amyloid plaques in 

Bielschowsky (silver) stained tissue sections from the cerebral cortex of Auguste Deter (Images C 

and D are from the publication of Graeber et al. 1998 [6]).  

Alois Alzheimer believed he had discovered a new but rare dementia occurring in the 

“presenile” period, because the first patient was 51 years old and the second was 56. 

However, the Alzheimer’s cases accumulated rapidly over time and the “Alzheimer changes” 

(amyloid plaques and neurofibrillary tangles) in cerebral grey matter were also described in 

demented people of advanced age, which was then defined as senile dementia of the 

Alzheimer type [7].  

Nowadays, Alzheimer’s disease (AD) has become the most common cause of dementia 

(estimated 60-80% of cases) [8]. Clinical symptoms differ in different progressive stages. 

Major indications include loss of memory, inability to learn new things, hallucinations and 

delusions, loss of language function, deranged perception of space, depression, impulsive 

behaviour and many other signs [9]. Alzheimer’s patients may survive 4 to 8 years on 

average after diagnosis and usually die of complications of chronic illness such as pneumonia 

[10]. According to the report ‘Alzheimer's Disease 2015 Facts and Figures’, between 2000 

and 2012, the number of deaths from AD increased by 69%, which is more than that of 

breast cancer and prostate cancer combined. In the United States, AD is the 6th leading 

cause of death and the 5th leading cause of death for people over 65 years old (source: 

National Center for Health Statistics of the Centers for Disease Control and Prevention). 

While deaths from other major diseases like heart disease, cancer and HIV decreased, deaths 

from AD increased by 71% from 2000 to 2013 [11-13]. It is the only cause of death among 

the top 10 in America that cannot be prevented, cured, or even slowed. In 2015, about 

700,000 people estimated will die with AD [14, 15]. Not only the person diagnosed 

Alzheimer’s, but also their family members and caregivers suffer this devastating chronic 

disease [16, 17]. The psychological burden and economic impact of AD raise great issues to 

society and politics [18, 19]. 

1.1.1 Pathology 

Macroscopic appearance may not distinguish a brain with AD from that of an age-matched 

elderly brain with normal cognitive function, especially in advanced age. But presenile AD 

brains (before 65-year-old) show obvious difference with age-matched controls, when 

comparing the brain weight or the atrophy of cerebral cortex [20]. Generally, AD brain shows 

extreme shrinkage in cortical region and hippocampus, as well as symmetrical enlargement 

of lateral ventricles (Fig. 2).  
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Fig.2. Diagram of a normal brain (left) and a brain with Alzheimer's Disease (right) (source: 

http://www.cpmedical.net/images/Brain-w550.jpg). 

Under microscopic observation, AD can be more easily identified by histopathological 

features. The hallmark pathologies are the abnormal accumulation of neuritic plaques (the 

difference with amyloid plaque is explained below) and neurofibrillary tangles. Other 

neuropathological changes are for examples, cerebral amyloid angiopathy, astrogliosis, 

microglial cell activation, and neuronal and synaptic loss.  

The neurofibrillary tangle consists of abnormally phosphorylated, twisted filaments of the 

microtubule-associated protein tau within the neural cells. Tau is an abundant protein in 

both central and peripheral nervous systems. In normal brain it is concentrated in axons, 

while in AD brain, it is found in nerve cell bodies, axons and dendrites in a 

hyperphosphorylated state [21, 22]. 

The other pathological significance in Alzheimer’s brain with diagnostic meaning are 

extracellular neuritic plaques, which are composed primarily of 39- to 42-residue peptides, 

referred to as amyloid beta (Aβ). Neuritic plaques are defined by dystrophic neurites within 

or around Aβ deposits, and are characterized by local synapse loss and glial activation [23], 

thus it should not be confused with amyloid deposits [24]. The term “amyloid” was originally 

brought by the German botanist Matthias Schleiden in 1840’s in botany [25], then later was 

introduced by the German physician Rudolph Virchow in 1854 to describe the polyglucosan 

bodies (corpora amylacea) in human being [26, 27]. He used iodine-sulphuric acid reaction 

[28] as a stain for glycogen-like substance in the human body [29]. Due to the limitation of 

scientific methodology and medical knowledge at that time, he concluded this structure 

contained cellulose and gave this iodine-stain-positive macroscopic abnormality the name 

“amyloid”, derived from the Latin “amylum” and the Greek “amylon”, meaning “starch-like” 

[30]. Here, the conception of starch, cellulose and glycogen, as well as the reaction 

mechanism of iodine test were misused and misunderstood. In 1859 Friedreich and Kekulé 

directly analysed amyloid-rich samples from the spleen of a patient with we now define 
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amyloidosis. They demonstrated the absence of carbohydrate and high nitrogen content in 

amyloid sample, suggesting amyloid consisted of protein [31].   

In 1922 the young German chemist Herman Bennhold discovered the high affinity of Congo 

red to amyloid [32]. 5 years later, Divry and Florkin established the first diagnostic criterion 

of amyloidosis, namely Congo red stained amyloid showing apple-green birefringence under 

a polarizing optical microscope [33] (Fig. 3).  

 

Fig. 3. Congo red stained amyloid plaque in linearly polarized white light (A) and between crossed 

polarizers showing apple-green birefringence (B). (Images A and B are from the publication of Jin L-

W et al. 2003 [34]. Modified.). 

The optical birefringence found in Congo red stained amyloid suggested that Congo red dye 

might intercalate in an ordered arrangement. This discovery led to more interests to 

investigate the ultrastructure of amyloid, which was initially considered as structurally 

amorphous [35]. Later studies identified that amyloid forms fibrils assembled through cross-

β-sheet conformation which build up amyloid plaques [36]. The plaques also contain small 

amount of glycogen such as sulphated glycosaminoglycans [37] and heparan sulfate 

proteoglycan [38], thus explaining the congophilic as well as the iodine-stain positive 

characters of amyloid. 

The neuropathological changes in different AD brain areas influence the regional brain 

function, resulting in corresponding clinical signs and symptoms of cognitive and behavioural 

changes when the neuropathological damages accumulate to certain extent. For example 

when hippocampus is affected, AD patients normally suffer from memory loss and 

disorientation [39, 40]. As a progressive disease, many efforts were made to retro-track the 

distribution of neuropathological changes of AD based on its clinical progression. In 1991, 

the German neuroanatomist Heiko Braak proposed a sequence of progression of the 

neuropathology of AD by mapping out the extent and distribution of lesions in 83 brain 

specimens, which is now called the Braak staging [41]. He described the spatiotemporal 

pattern of AD progression initially from areas of the transentorhinal region, then to the 

limbic system and in the final stage to the neocortex and occipital cortex (Fig. 4).  
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Fig. 4. Distribution of amyloid plaque and neurofibrillary tangles at different stages of Alzheimer’s 

disease progression (Braak staging). 

(source: http://www.iom.edu~media353F303C759D406C8B893618DF9260F7.ashx. Modified.) 

 
Later the Braak staging was modified [42, 43], and also validated in animal models of AD [44, 

45]. It provides a useful summary of Alzheimer’s disease neuropathology and also reveals 

that the damages ascend progressively from the lower limbic regions to the higher brain 

centres [46], suggesting the function of neural circuits and pathways in spreading the AD 

pathology in brain (see Chapter 1.2). 

 

1.1.2 APP, Aβ and amyloid cascade hypothesis 

Aβ is a sequential proteolytic product of the amyloid β (A4) precursor protein (APP). APP is a 

type I transmembrane glycoprotein with a large extracellular domain containing N-terminus 

and a much smaller intracellular domain containing C-terminus [47, 48]. It has three principal 

isoforms of 695, 751, and 770 residues derived by alternative splicing. Among them the 695 

residue isoform is expressed at very high level in neurons [23, 49]. The gene coding APP is 

highly conserved during evolution. In human it locates on chromosome 21 [47, 50]. Full-

length APP and its proteolytic fragments have important functions in diverse biological and 

pathological processes such as axonal transport, cell adhesion, cholesterol metabolism and 

gene transcription [51]. 

APP can be processed by several proteolytic pathways involving α-, β- and γ-secretases [52] 

(Fig. 5). In the amyloidogenic pathway producing Aβ, the β-secretase firstly sheds a large 

part of the ectodomain of APP and generates an APP carboxy-terminal fragment (CTF or C99). 

After prior shedding, the γ-secretase cleaves consecutively the remaining small 

transmembrane part in the hydrophobic intramembrane at multiple sites, referring to as 

gamma-, zeta-, and epsilon-cleavages [52-54]. Before the release of the Aβ isoforms, a 

http://www.iom.edu~media353f303c759d406c8b893618df9260f7.ashx/
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stepwise cleavage of the APP CTF on these sites by γ-secretase is suggested, resulting in two 

distinct product lines. The major product line is Aβ49-Aβ46-Aβ43-Aβ40-Aβ37 from which the 

Aβ isoform with 40 amino acid residues, Aβ40, is the major end product, while the minor line 

is Aβ48-Aβ45-Aβ42-Aβ38 producing the pathogenic Aβ42 [54-56]. Thus, the γ-secretase 

generates predominately Aβ40 and 42 in the amyloidogenic pathway, namely 28 amino acids 

of the ectodomain and 12 or 14 amino acids of the transmembrane domain [57, 58].  

In another proteolytic pathway involving α- and γ-secretase, APP is shedded by the α-

secretase approximately in the middle of the Aβ domain and ultimately produces a 

truncated Aβ peptide called p3 [59]. p3 is irrelevant to the AD pathology and thus this 

pathway is called anti-amyloidogenic pathway.  

Shorter and longer Aβ isoforms have been recently identified in cells and brain tissue [54, 

60]. Studies show Aβ1-14, Aβ1-15, and Aβ1-16 are produced through catabolic pathway by 

β- followed by α-secretase [61], while all isoforms longer than and including Aβ1-17 were γ-

secretase dependent [62]. The function of these isoforms is still under investigation. 

Recently, another secretase has been reported as η-secretase by Michael Willem et al [63]. 

The CTF from this secretase cleavage can inhibit neuronal activity within the hippocampus. 
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Fig. 5. Schematic representation of APP (left), enlarged view of red frame showing the membrane 

spanning and cleavage sites of secretases (right) and Aβ sequence. Modified from original figures in 

the publication of Turner et al. 2003 [51]. 

The processing of APP is now termed as regulated intramembrane proteolysis (RIP), which is 

found associated with many other membrane proteins [64-66]. The β-Secretase, or β-site 

APP cleaving enzyme-1 (BACE1) is more abundant in neurons [67, 68], so that the 

amyloidogenic processing of APP is dominant in nervous system, whereas the anti-

amyloidogenic pathway is predominant elsewhere [69]. As APP is expressed ubiquitously, 

this helps to explain why brain is the most affected organ by Alzheimer’s disease [53, 70].  

The reason why γ-secretase has “sloppy” cleavage site is still unclear. Recent studies showed 

the cleavage of γ-secretase produces Aβ42 in the endoplasmic reticulum/intermediate 

compartment (ER/IC), while Aβ40 is produced in the trans-Golgi network and other 

cytoplasmic organelles. Based on the organelle-specific generation of different Aβ isoforms 

by γ-secretase, intracellular ER/IC-generated Aβ42 and secreted Aβ40 are supposed to be 

produced by different γ-secretases [71, 72].  

Under non-pathogenic conditions, Aβ40 constitutes approximately 90% of total Aβ in human 

cerebrospinal fluid [72] and is the most abundant in the brain [73]. Aβ42 is much more 

prone to aggregation and more toxic to neurons than Aβ40, even though they differ from 

each other only by two residues [74, 75]. For a long time, it was thought that the Aβ plaques 

were toxic to neurons. However, recent studies have identified that the soluble Aβ oligomers, 

for example protofibrils, Aβ*56 (a dodecamer), annular assemblies and Aβ-derived diffusible 

ligands (ADDLs), are the key neurotoxic species in disrupting plasticity mechanisms and 

causing memory impairment [76-82], resulting in more studies concentrate on the 

aggregation states of those two predominant Aβ isoforms. They both form protofibrils and 

mature into fibrils, but recent studies show the difference in the initial phase of 

oligomerization due to the amino acids at position 41 and 42 [83]. Aβ40 exists as monomer, 

dimer, trimer and tetramer, while Aβ42 preferentially forms pentamer/hexamer units 

(paranuclei) (Fig. 6). The distinct behaviour between Aβ42 and Aβ40 in monomer 

oligomerization may explain their clinical, biological, and biophysical difference. 
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Fig. 6. A simple model of Aβ42 assembly. Monomers rapidly oligomerize into paranuclei, and then 

oligomerize to form larger, beaded structures. Monomers, paranuclei and large oligomers are 

predominately unstructured (U), but contain β-sheet/β-turn (β) and helical (α) elements. Protofibrils 

maturate to fibrils which seems to be a kinetically irreversible process. (The figure is from the 

publication of Bitan et al. 2003  [83].) 

Based on pathological, biochemical and genetic findings, Selkoe established in 1991 a 

dynamic model to propose a rough temporal sequence of pathogenetic events of 

Alzheimer’s disease (Fig. 7), which was later called the amyloid cascade hypothesis [84]. He 

concluded β-amyloidosis acts in initiating a chronic, multicellular degenerative response in 

selected brain regions of AD brain. 
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Fig. 7. Hypothetical model of the pathogenesis of familial forms of Alzheimer’s disease based on 

currently available information. (The figure is from the publication of Selkoe 1991 [84].) 

Over the past twenty years, the amyloid cascade hypothesis has been modified several times, 

as change from Aβ deposition dependent neuronal dysfunction to Aβ accumulation related 

(Fig. 8). Or in another word, to replace “amyloid hypothesis of Alzheimer’s disease” with “Aβ 

hypothesis of Alzheimer’s disease”, because Aβ incorporates all the possible aggregated 

forms [85].   
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Fig. 8. Recently modified amyloid cascade hypothesis. (The figure is from the publication of Selkoe 

2000 [85].) 

The Aβ oligomers are toxic to neurons by a variety of mechanisms, for example, they cause 

lesions to plasma and intracellular membranes by a combination of radical-initiated lipid 

peroxidation through reactive oxygen species (ROS) [86] and formation of ion-permeable 

pores which causes an influx of Ca2+ into neurons and loss of calcium homeostasis [87, 88]. 

They also cause dysfunction of synapses through hyperphosphorylation of the tau protein, 

which interrupts the microtubule-supporting role of tau to maintain the axon structure, and 

ultimately leads to the death of neurons [89].  

Expression of APP as well as production of Aβ can be found ubiquitously in the body [90, 91], 

suggesting they are part of biological processes. Aβ peptides are naturally present in 

nanomolar concentrations as circulating soluble monomers in the cerebrospinal fluid and 

blood of healthy individuals [92], which is much lower than the concentrations (in micomolar) 

used in in vitro and in vivo Aβ toxicological and pathological studies [93]. Recent studies 
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reveal its biological functions, such as protection of cells from hypoxia [94], stimulation of 

cholesterol transport [95], antimicrobial effect [96] or even being important for learning and 

memory [97]. Therefore, Alzheimer’s disease should be considered as a downstream 

consequence of Aβ in pathological concentration. 

1.1.3 Genetics 

The greatest risk factor for acquiring Alzheimer’s disease is aging, while rare cases (about 5%) 

of AD are inherited or “familial” [98, 99]. Therefore two types of AD are defined, the non-

familial or sporadic AD (SAD) and the familial AD (FAD). These two types of AD have the 

same clinical features, incidence of risk factors for dementia, or MRI or PET features. But 

unlike the SAD, FAD can develop at any age, with mean age of onset before 65 years and 

often before 55 [100, 101]. FAD is caused by autosomal dominant mutations in either the 

amyloid beta (A4) precursor protein (APP) gene on chromosome 21 (10-15% of FAD), or the 

presenilin 1 (PSEN1) gene on chromosomes 14 (30-70% of FAD) and presenilin 2 (PSEN2) 

gene on chromosomes 1 (<5% of FAD) [102-104].  

In 1989 Korenberg et al. discovered the first  gene associated with Alzheimer’s disease, the 

APP gene [105]. More than 50 different mutations in the APP gene have been identified in 

AD patients. APP mutations are located in exons 16 and 17 around the secretase processing 

sites. Mutations near the β-secretase site increase general Aβ levels and mutations near the 

γ-secretase site specifically increase Aβ42 [106-108]. Both presenilin 1 and 2 are the 

proteolytic subunits of the γ-secretase complex. More than 150 PSEN1 and 11 PSEN2 gene 

mutations have been identified in AD patients. Abnormal presenilin 1 and 2 proteins 

interfere with the function of the γ-secretase complex, which alter the processing of APP and 

leads to the increase of Aβ42/Aβ40-ratio [66].  

Especially for sporadic AD, a genetic risk factor, apolipoprotein E (APOE) ε4 allele on 

chromosome 19 strongly promotes amyloid-β deposition in the brain [109]. The APOE gene 

encodes apolipoprotein E, which is essential for the normal catabolism of triglyceride-rich 

lipoprotein constituents. In brain it mediates extracellular transport of cholesterol, supports 

amyloid aggregation and clearance of deposits from the parenchyma [110, 111]. There are 

three alleles of APOE gene, called ε2, ε3 and ε4, which encode the apolipoprotein E2, E3 and 

E4, respectively. APOE4 is significantly associated with sporadic AD, whereas E2 might 

protect against AD [112, 113]. 

In addition to the three autosomal dominant mutations and APOE ε4 allele, which clearly 

play an important role in amyloid pathology of AD, several other genetic risk factors have 

recently been described [114]. However, microtubule-associated protein tau (MAPT) gene, 

which is located on chromosome 17 and encodes the tau protein, is a risk factor for 

Parkinson’s disease but no clear genetic links have been found to AD [115-117].  

Identified genetic factors or risk factors may contribute to a better chance to understand the 

complexity of Alzheimer’s disease and to develop diagnostic and therapeutic strategies 
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through establishing transgenic animal or cell models [118]. Especially, transgenic mouse 

models developed in the last decade may provide a promising tool by reflecting behavioural 

cognitive deficits and neuropathological damages observed in human AD patients [119, 120]. 

Studies on a range of AD mouse models from single transgenic to multi-transgenic have 

already yielded significant research breakthroughs. 

Considerations should also be taken, as none of the animal models can replicate all the 

aspects of human AD due to phylogenetic differences and fundamental differences in 

behavioural ecology [121]. Besides, those animal models only reflect the familial forms of 

the disease. 

1.1.4 Diagnosis and treatment  

AD is currently diagnosed based on clinical-neuropathologic assessment, such as cognitive 

tests and physical and neurologic examinations, laboratory testing of body fluid biomarkers 

(Aβ42 or tau in CSF or blood sample) and neuroimaging (MRT and PET), with approximately 

80 to 90% accuracy [122, 123]. Confirmation of diagnosis is only possible post-mortem by 

analysis of neuropathological hallmarks at autopsy, including microscopic neuritic plaques, 

neurofibrillary tangles and amyloid angiopathy, which is still regarded as the gold standard 

for diagnosis [124]. 

No treatment is available today to cure or slow the Alzheimer’s disease. Current 

pharmacologic treatment is only supportive against some of its symptoms, such as using 

acetylcholinesterase inhibitor or N-methyl-D-aspartic acid (NMDA) receptor antagonists 

which provides short-term benefits to AD patients based on enhancement of remaining 

cognitive function in a dose-dependent manner [125, 126]. Non-pharmacologic therapy for 

example music therapy and cognitive activity also aims on maintaining or improving 

cognitive function, the ability to perform daily activity or quality of life [127, 128]. Recently, 

Leinenga et al. used scanning ultrasound to internalize Aβ into the lysosomes of activated 

microglia in mouse brains, which provides a completely new non-pharmacological approach 

to remove Aβ and restore memory function in an AD mouse model [129]. 

As progress is made on discovering the molecular level of AD pathology, especially based on 

the concept of the amyloid cascade hypothesis, several strategies targeting different AD 

pathogenesis steps are developed.  

Aimed on the Aβ concentration in brain, strategies to reduce production and/or increase the 

degradation/clearance of Aβ are being intensively tested. One strategy on the APP 

processing level is to decrease Aβ (especially Aβ42) production through inhibiting or 

reducing the activity of β- or γ-secretase. But consideration should be taken, as inhibition of 

γ-secretase activity also affects its physiological role on Notch proteolysis [130] and causes 

intestinal goblet cell metaplasia [131].  

Another strategy is immunotherapy through vaccination with Aβ, which showed very 

encouraging results in transgenic mice. Through active or passive immunization, reduction of 

amyloid load and reversal of memory deficits could be achieved [132-134]. However, it may 

cause autoimmune response as demonstrated in a phase II clinical trial, in which some 
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patients treated by active immunization with vaccines against human Aβ42 showed an 

unacceptable incidence of meningoencephalitis [135]. 

To upregulate the expression of amyloid-degrading enzymes, for example neprilysin (NEP) is 

a strategy based on the degradation and clearance of Aβ [136].  Recent studies showed its 

therapeutic value in animal models [137, 138]. 

Metal ions for example Cu2+ and Zn2+ may play an important role in the pathogenesis of AD 

through mediation of Aβ aggregation and toxicity, as well as production of reactive oxygen 

species when bound to Aβ [139, 140]. Prevention of such toxic effects by certain metal 

chelators is also tested in clinical trials [141]. As epidemiologic evidence showed that 

nonsteroidal anti-inflammatory drugs (NSAIDs) delay onset of AD, administration of anti-

inflammatory drugs may be of therapeutic importance by decreasing overall neuronal 

dysfunction and loss [142]. 

Because the focus of the AD pathological research has shifted to soluble Aβ oligomers, 

compounds that inhibit the transition of monomeric Aβ to toxic oligomers, or eliminate the 

toxic oligomers are attracting special interest. An advantage of this strategy is that it only 

targets a purely pathological species, rather than affecting processes which may have 

important biological functions. A range of compounds, such as nanoparticles, small organic 

molecules, peptides and peptidomimetics are identified [143-145]. An inositol stereoisomer 

called ELND005 is in now clinical phase 2 trials (source: ClinicalTrials.gov) 

 

1.2 Hippocampal formation and axonal transport in AD 
 

Neuropathological hall marks of Alzheimer's disease are mostly found in the limbic and 

association cortices, as well as in certain subcortical nuclei that project to them [84]. The 

progressive dysfunction and dystrophy of neurons in the different brain regions are 

associated with corresponding clinical signs and symptoms as discussed above (chapter 

1.1.1). 

Limbic (from the Latin limbus for border) means an intermediate or transitional state. In 

brain the limbic system acts as a border between the neocortex and the subcortical 

structures (diencephalon) [146]. It receives input from many parts of the cerebral cortex and 

contains association areas where gathering various aspects of sensory experience to form a 

single experience [147]. It consists of the phylogenetically old limbic lobe and other 

subcortical structures and their connections [148], in which the hippocampal formation is 

mostly implicated in the early stages of Alzheimer's disease [149, 150]. The components of 

hippocampal formation are disputed in different literatures. From the view adopted here, it 

is composed of dentate gyrus, hippocampus proper, subicular complex, and entorhinal 

cortex [151].  

The word hippocampus comes from late Latin and means “sea horse” in Greek. This folded 

structure is also named 'Cornu Ammonis (CA)' or 'Ammon's horn' after an early Egyptian 

deity Amun with a ram's head [152]. The hippocampus proper, or simply hippocampus, is 
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divided into parts CA1 to 3. Unlike 6 layers in neocortex, hippocampus consists of 3 layers, 

including an outer molecular layer, a middle pyramidal layer and an inner polymorphic layer. 

In mammals, the anatomical details and the functional role of hippocampus are remarkably 

conserved across species [153], thus its neurophysiological or neuropathological studies with 

animal models like the mouse are closely predictive for human outcomes [154].  

A variety of fibre pathways or circuits connect the hippocampus with other structures (Fig. 9). 

In general, two parallel excitatory pathways relay information through the hippocampus:  

1. The tri-synaptic pathway, in which axons from layer II/IV of the entorhinal cortex 

project to the granule cells of the dentate gyrus through the perforant pathway. Then 

axons of the dentate gyrus project to CA3 pyramidal cells via Mossy fibres. Here the 

axons from the ipsilateral hippocampus through the Schaffer collaterals, or from the 

CA3 region of contralateral hippocampus through commissural fibres join together 

and project to CA1 pyramidal cells.  

2. The monosynaptic pathway, in which layer III/V of the entorhinal cortex directly 

project to the pyramidal cells of the CA1 and the subiculum through the 

temporoammonic pathway.  

Finally, axons of CA1 and subiculum project back to layer V of the entorhinal cortex. 

Due to the different origins of fibres (from the lateral or medial entorhinal cortex), the 

perforant pathway is divided into lateral (LPP) and medial pathway (MPP), respectively.  

 

Fig. 9. The neural circuitry in the rodent hippocampal formation. Arrows show the “trisynaptic” 

perforant pathway. Orange lines show the “monosynaptic” temporoammonic pathway. (MPP: medial 

perforant pathway; LPP: lateral perforant pathway; EC: entorhinal cortex; II, III refer to layers II and III 

of the entorhinal cortex). The commissural fibres are not shown here. (The figure is from the 

publication of Deng et al. 2010 [155].) 
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Those projections are formed by the fibres or myelinated axons of interneurons. The axons 

transport a variety of substances to and from the neuron’s cell body, such as proteins, lipids, 

synaptic vesicles, mitochondria and other organelles. The axonal transport manages 

intracellular informational communication and metabolic activities throughout the life and is 

essential to the neuron’s growth and survival [156]. Two motor proteins decide direction of 

the axonal transport along the microtubule: the anterograde transport (from cell body to 

synapse) is mediated by kinesins; the retrograde transport (from synapse to cell body) is 

mediated by dynein [157]. Especially, endocytosis products destined for degradation are 

retrogradely transported to endolysosomes of the cell body [158]. 

 

In Alzheimer’s disease, Aβ-deposition expands anterogradely from regions already exhibiting 

Aβ aggregates into regions that receive neuronal projections, following a distinct hierarchical 

sequence of neuropathology [159]. Lazarov et al. demonstrated in a transgenic mouse model 

that APP, synthesized by neurons in the entorhinal cortex, is transported via the perforant 

pathway to presynaptic terminals in the dentate gyrus and gives rise to local Aβ peptides 

which are deposited into extracellular plaques [160]. Other studies have identified the 

synaptic pathology, especially the altered transmission in hippocampal Schaffer collateral 

synapses, to be the earliest manifestation of AD pathology [161-163]. Since accumulating 

literature has emerged that links axonal transport deficits to synaptic dysfunction in 

neurodegenerative diseases like AD [164, 165], diagnosis based on clinical imaging of axonal 

transport would be of special interest. Furthermore, the delivery of therapeutic compounds 

through this high-speed, long distance and widely-spread route (or network) to the target 

region would provide novel strategies.  

 

1.3 Pharmacokinetics 
 
The current non-pharmacological treatments such as music or psychosocial interventions 

help AD patients to live with the disease. The pharmacological treatment aiming directly at 

the pathological aspects, on the other hand, mostly serves the therapeutic purpose with 

disease-modifying approaches. In the transition from a lead compound to clinically proven 

drug, the study of pharmacokinetics (PK) is one of the important steps during drug 

development. Before entering clinical trials, pre-clinical PK provides important information, 

such as selection of drug candidates that have the maximum potential of reaching the target 

or decision on the appropriate administration route. It also helps to estimate the frequency 

and duration of dosing in order to sustain drug with therapeutic concentration at target. 

Most importantly, the parameters from pre-clinical studies help to predict human 

pharmacokinetics.    

 

1.3.1 ADME 
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Pharmacokinetics are defined as the study of the time course of drug absorption (A), 

distribution (D), metabolism (M) and excretion (E) [166]. When the drug is administered, it 

enters blood stream from its administration site (adsorption), and then blood circulation 

transports the drug to the target site as well as to other parts of body (distribution). During 

these processes, the drug may be transformed into smaller metabolites (metabolism), and 

finally the drug and its metabolites need to be removed from the body (excretion). 

Information about kinetics can be obtained through measuring the concentration of drug in 

different body fluids and tissues at different time points after administration. Blood, 

metabolism/excretion-related and target organs are mostly studied. Many factors affect the 

pharmacokinetics of a drug, such as the physiochemical properties of the drug (or its 

formulation), the route of administration, the duration and dose, and the animal species 

[167, 168].  

Bioavailability is termed as the fraction of drug absorbed from the administration site into 

the systemic circulation, which should be considered when selecting the appropriate route 

of administration [169]. For example, intravenous administration has no absorption process 

and is guaranteed 100% bioavailability per definition, but is unfavourable for the patients. 

Oral drugs, on the contrary, can be simply administered and are well accepted by the 

patients, but are usually with low and unpredictable bioavailability due to complicated 

absorption in gastrointestinal tract, the first pass metabolism by gut and liver, as well as the 

enterohepatic circulation [170]. 

The metabolic stability of the drug, especially for peptide and protein drugs administered 

orally, should be well characterized. The metabolites of a drug are mostly pharmacologically 

inert, but for some drugs they could be also pharmacologically active or toxic [171] . 

Incomplete metabolism/excretion or accumulation of the unchanged drug and its 

metabolites from the previous doses may cause potential adverse effects with successive 

doses or continuous infusion. Because only unbound drug is pharmacologically active, its 

protein binding issue should be investigated for example through plasma protein binding 

assay [172, 173]. 

   
1.3.2 Pharmacokinetic parameters and models 
 
PK parameters calculated from the concentration-time curves help to understand how the 

drug functions in the body and serve evaluation and communication of the results from 

different PK studies. They are basically divided into two categories. One category includes 

the parameters requiring no complex mathematical calculation. They are also called model-

independent parameters, including the maximal observed concentration of a drug (Cmax), the 

time to reach Cmax (Tmax) and the area under the concentration-time curve (AUC). 

The other category includes parameters that require mathematical formula for calculation, 

such as mean residence times (MRT), clearance (Cl), volume of distribution (Vd) and the 

terminal half-life (t1/2). Most of these parameters are generated through plotting the drug 

concentration in plasma/blood as a function of time.  
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The kinetic profile of a drug within the body involves various biological processes, and is 

highly complex that simplifications and empiricism of it are necessary in order to practically 

describe and predict these processes. Two most commonly used mathematical methods are 

noncompartmental and compartmental analysis.  

The compartmental analysis regards tissues and/or fluids sharing similar kinetic properties 

(kinetic homogeneity) as a single compartment, and the body consists of one or more of 

these compartments with specified interconnections, inputs and losses. Each compartment 

can be mathematically described with an exponential function. The solution of an n-

compartmental model is just n-exponential function(s).  

The noncompartmental analysis (NCA) on the contrary, does not assume any specific 

compartmental model and thus also called model-independent analysis. It relies on 

empirical determination of AUC with the linear trapezoidal and/or log-linear trapezoidal rule. 

The rest of PK parameters are then calculated through AUC. 

In theory, all parameters estimated using noncompartmental analysis can be recovered from 

the ones using compartmental analysis, but differences exist due to different numerical 

techniques used for parameter estimation (e.g. sums of exponentials versus trapezoidal 

integration) [174, 175]. If the primary requirement is to obtain basic parameters for 

characterizing the disposition of the drug in pilot PK studies, such as AUC, Tmax, Cmax, 

terminal half-life and clearance, then NCA is generally preferred to the compartmental 

analysis, especially when analysing sparse data [176, 177].  

 

 

1.4 The brain barriers and peptide-based drugs 
 

One therapeutic strategy against AD is based on a so-called “peripheral sink” hypothesis, 

which postulates that removal of Aβ from the periphery is sufficient to decrease Aβ levels in 

brain. However, recent studies on rodents and non-human primate indicate that peripheral 

Aβ clearance may not be a therapeutic option [178-180]. As the neurotoxic Aβ42 is 

predominately produced by neural cells, a direct action of potential therapeutics in the brain 

parenchyma is still the best choice. Many factors contribute to the difficulty of developing 

effective pharmacological treatments against AD. One of them is negligible transport of CNS 

targeting drugs in pharmacologically significant amounts through the protective structure of 

the brain, the blood-brain barrier (BBB).  

1.4.1 The blood-brain barrier  
 
BBB is a unique barrier that separates the brain from the circulating blood, which includes 

three cellular elements: endothelial cells, astrocyte end-feet and pericytes (Fig. 10). The BBB 

endothelial cells differ from peripheral endothelial cells by i) absence of fenestrae, ii) the 

presence of tight intercellular junctions, iii) low pinocytotic activity, and iv) high levels of 

efflux transporters at their luminal endothelial surface [181]. The tight junctions between 

endothelial cells provide the BBB with an extremely high trans-endothelial electrical 
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resistance and thus low para-cellular ion permeability [182]. Only water, some gases and 

lipid-soluble molecules that can freely diffuse through the endothelium may cross the BBB 

passively. Hydrophilic molecules must cross transcellularly through special transport 

mechanism such as carrier-/receptor-mediated transport [183], or through endocytotic 

mechanisms such as receptor-mediated or adsorptive transcytosis in case of bigger 

hydrophilic molecules like proteins [184]. Studies show that approximately 98% of small 

molecule (MW>500 D) and nearly all large molecule drugs (MW>1 kD) such as recombinant 

peptides, proteins, or gene-based medicines are normally excluded from the brain [185, 186]. 

  

 
Fig. 10. Schematic comparison of a peripheral capillary (left) with a cerebral capillary (right) 
(source: http://www.midasletter.com/wp-content/uploads/2015/01/Blood-Brain-Barrier-Picture-2-
581x383.jpg).   
 

Besides the structural barrier, the BBB also possesses a metabolic barrier through expression 

of several ectoenzymes on the plasma membranes of the endothelial cells, pericytes and 

astrocytes, such as aminopeptidases, endopeptidases and cholinesterase [187-189]. 

The blood-cerebrospinal fluid barrier (BCB) also regulates blood-borne molecules entering 

the brain through CSF. It is formed by the choroid plexus epithelial cells and the arachnoid 

membrane which are linked by tight junctions [190, 191].  Some drugs and solutes enter the 

brain principally across this barrier. The BBB in the adult human has 12 to 18 m2 surface area 

for exchange, which is 1000-fold greater than the surface area of the choroid plexus 

epithelium [192, 193], thus to enhance the brain delivery through the BBB is still the major 

strategy in design and optimization of most of the CNS drugs.  
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1.4.2 Peptide-based drugs and ARM of HIV-1 Tat 
 

The therapeutic potential of peptide-based drugs with 5 to 50 amino acid residues is 

increasingly appreciated in the recent years. The peptide-based drugs combine the 

advantages of conventional “small molecule” drugs (<500 Da) and the protein-based drugs 

(>5000 Da), especially with high substrate specificity and affinity, as well as low toxicity [194]. 

With a better understanding of the cellular and molecular mechanisms of the BBB transport, 

several strategies to enhance brain delivery of peptide-based drugs have been developed in 

the past decades. One of these delivery technologies is based on cell-penetrating peptides 

(CPPs), for example the trans-activator of transcription (Tat) that is derived from human 

immunodeficiency virus type 1 (HIV-1) [195, 196]. The HIV-1 Tat is a regulatory protein with 

86 to 101 amino acids depending on the subtype. It is produced in very early steps of viral 

infection and greatly enhances the transcriptional rates that results in a high viral gene 

expression. It also mediates viral spreading in disease progression [197]. It contains an 

arginine-rich transduction domain (YGRKKRRQRRR), and thus belongs to the family of 

arginine-rich motif (ARM) RNA binding proteins [198]. It is suggested to bind negatively 

charged cell membrane embedded molecules like heparan sulfate or sialinic acid, and passes 

the plasma-membranes passively [196, 199, 200]. Recent in vitro experiments based on 

artificial membrane systems suggest its formation of plasma-membrane pores [201]. Tat- 

and Tat motif-based drug delivery systems show in vivo BBB penetration when covalently 

attached to the macromolecules [202, 203]. With enhanced and sufficient brain delivery, the 

development of the peptide-based CNS drug would be particularly attractive.  

1.5 Special aims of this thesis 

In spite of the many advantages of peptide based drugs, their short half-life time in vivo due 

to rapid degradation by proteases, and low bioavailability by oral administration restrict 

their clinical usage. In comparison to naturally occurring L-form peptides, peptides derived 

from partial D-amino acid substitutions or D-enantiomeric peptides, which are composed 

entirely of D-amino acids, have advantages over L-enantiomers. Due to the stereoisomeric 

selectivity of proteolytic enzymes, they are less prone to proteolysis, therefore longer half-

lives and higher bioavailability after oral administration are to be expected [204-206]. 

Furthermore, they are less or even not immunogenic at all [207].  

Using mirror-image phage display [208, 209], a series of fully D-enantiomeric peptides have 

been identified to bind specifically to Aβ (1-42). These D-peptides have already proven to 

prevent Aβ fibril formation and to eliminate oligomers in vitro, as well as have shown 

therapeutic efficacy with reduction of amyloid plaques and inflammation in the brain, and 

reversing cognitive deficits in transgenic mouse models [210-213].  
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Despite knowing their therapeutic function, their exact distribution in vivo is yet unknown. 

Thus the purpose of this doctoral research is to examine the distribution of D-peptides in the 

body in vivo, their entrance into the brain and distribution within the brain in particular. 

Aim #1. D-enantiomeric peptides are known to be very resistant to proteolysis in vitro. 

However, only limited information exists about their biodistribution, oral availability and 

biological half-life in vivo. So far, pharmacokinetic analyses have only been shown for 

peptides that only partially consisted of D-amino acids, thus a comprehensive preclinical 

pharmacokinetic study of solely D-enantiomeric peptides is strongly required. Studies on 

their metabolic stability and plasma protein binding property are important and help to 

understand PK parameters. Comparing the pharmacokinetic behaviour of lead peptide, D3, 

and its derivatives from rational design also provides important information on transfer of in 

vitro or in silico data to in vivo, as well as for the selection of promising candidates for the 

treatment of Alzheimer’s disease.      

Aim #2. As mentioned above, the “peripheral sink” hypothesis failed in many studies. Drugs 

developed as AD therapeutics still need to enter the brain to be therapeutically active. D3, as 

an arginine-rich peptide, shows similarity to the ARM of HIV-1 Tat and its BBB permeability 

was examined in an in vitro cell culture model. The studies of aim#1 suggested the 

distribution of D3, as well as other D-peptides, into the brain with different administration 

routes, but there is still no direct evidence to show D-peptides actually entre the brain. 

Therefore, the aim of this study is to use tritium and fluorescently labelled D3 to detect and 

visualize the brain delivery, as well as the specific binding to Aβ plaques in mouse models. 

Aim #3.  D3, as well as fluorescently labelled D3 are able to pass the BBB and bind to Aβ 

plaques in vitro and in vivo as shown in studies of aim #2. Here we go another step further, 

to see how they are transported as exogenous substances once they are introduced in the 

brain parenchyma. As mentioned above, the neuropathological changes of AD start at the 

region of hippocampal formation, thus we select this injection site as it is also easy to locate 

and suitable for tracking substance transport due to its anatomic character. D-peptides are 

labelled with fluorescence (FAM or FITC) for visualization purpose, so FITC is tested for 

control as well. By comparing the transport difference in wild type and AD transgenic mouse 

models, it is investigated whether those fluorescently labelled D-peptides can reveal the 

neuropathological changes of AD.  
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Abstract 

Increasing evidence indicates that soluble amyloid-beta (Aβ) oligomers induce neurotoxicity 

including oxidative stress, synaptic dysfunction and axonal transport deficits in Alzheimer’s 

disease (AD). Using a mirror-image phage display screen against Aβ (1-42), we have 

identified several peptides consisting solely of D-enantiomeric amino acid residues that 

prevent fibril formation and eliminate Aβ oligomers in vitro. These D-peptides have already 

proven therapeutic efficacy in vivo with reduction of amyloid plaque load and inflammation 

in brain, and reversing cognitive deficits in transgenic mouse models. In our recent studies, 

the D-peptide D3 showed blood-brain barrier permeability and specific binding to Aβ 

plaques after systemic administration in transgenic AD mice, as well as high oral availability. 

But little is known about the distribution within the brain. This study demonstrates the 

distribution and especially the axonal transport pattern of fluorescently labelled D3 and its 

derivative D3D3 after intra-hippocampal injection into brains of AD transgenic and wild type 

mice. Results show that in comparison to other standard retrograde tracers, the 

fluorescently labelled D3 and D3D3 demonstrate a significantly enhanced retrograde 

transport in the perforant pathway in AD transgenic mice. We suggest that this may reflect a 

co-transport of the fluorescently labelled D3 and D3D3 with Aβ species in the axons of the 

perforant pathway underlying AD pathology.     
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Introduction 

Alzheimer's disease (AD) is the most common cause of dementia (estimated 60 to 80% of all 

cases) [1]. Its neuropathological changes are predominantly found in the limbic and 

association cortices, as well as in certain subcortical nuclei that project to them [2, 3]. The 

AD pathology expands hierarchically during disease progression, which, at least partially 

follows neuronal pathways anterogradely from affected to unaffected regions, resulting in 

corresponding clinical signs and symptoms of cognitive and behavioural changes [4-7]. The 

extracellular senile plaque is mainly composed of aggregated amyloid beta-protein (Aβ) and 

is together with neurofibrillary tangles and neurodegeneration as one important hallmark of 

AD. It was described that Aβ can also be found in many intracellular sites of neurons, such as 

ER, Golgi complexes, mitochondria, endosomes, lysosomes, multivesicular bodies (MVB), 

and in cytosol [8]. Increasing evidences suggest the accumulation of intraneuronal Aβ, which 

ends up as extracellular deposition, directly causes neurotoxicity and initiates AD pathology 

[8-10]. Studies indicate that the hippocampal formation is mostly implicated in the early 

stage of AD [11, 12], and the perforant pathway, projecting from the entorhinal cortex to the 

dentate gyrus, hippocampus proper and subiculum, is considered as one of the first and 

most affected neuronal fibre pathways in AD [13-15]. In those regions, axonal dysfunction 

and degeneration can be observed before detectable deposition of tau and Aβ [16, 17]. The 

alteration of cytoskeleton, which disturbs axonal transport, is suggested to be the cause of 

AD [18]. Impairment of the endocytic pathway which is associated with amyloidogenesis is 

also among the earliest neuropathological changes of AD and may lead to neuronal 

dysfunction and cell death [19]. In spite of many investigations, as listed above, there is 

currently no reliable diagnosis of the disease in its early stages [20, 21]. 

Recent studies have identified that soluble Aβ oligomers are the key neurotoxic species 

causing oxidative stress, synaptic dysfunction and axonal transport deficits in AD [22-28]. 

Using a mirror-image phage display screen against Aβ (1-42) [29, 30], we have identified 

several peptides consisting solely of D-enantiomeric amino acid residues as potential new 

drug candidates for the treatment of AD. These D-peptides are able to prevent fibril 

formation and to eliminate neurotoxic Aβ oligomers in vitro, as well as to reduce amyloid 

plaques and inflammation in the brain, and to reverse cognitive deficits in vivo [31-35]. Our 

recent research showed that, one of those D-peptides, D3, demonstrated high oral 

availability and long plasma half-life in a preclinical pharmacokinetic study [36], as well as 

blood-brain barrier permeability. But little is known about their distribution, and the 

transport pattern within the brain. In this study, fluorescently labelled D-peptides D3 and its 

derivative D3D3, as well as FITC as a control substance were injected into the hippocampus 

of two AD mouse models and their transport patterns were characterized by tracking 

fluorescence. Besides binding to Aβ deposits in vivo, the fluorescently labelled D3 and D3D3 

also demonstrated special axonal transport features in AD transgenic mice.   
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Materials and methods 

Materials 

FAM-D3 (H-rprtrlhthrnr-Lys(5(6)-carboxyfluorescein)-NH2), FITC-D3D3 (rprtrlhthrnrrprtrlhth 

rnr-Lys(fluorescein isothiocyanate)-NH2) and FITC were purchased from JPT peptide 

Technologies GmbH (Berlin, Germany). All other chemicals were supplied by Fluka Chemie 

AG (Buchs, Switzerland), Merck (Darmstadt, Germany), AppliChem (Darmstadt, Germany) 

and VWR (Darmstadt, Germany) in research grade. 

Animals  

The male APPSwe/PSEN1ΔE9 (APP Swedish mutation/PSEN1 lacking exon 9), male Tg-SwDI 

(human APP gene containing the Swedish, Dutch and Iowa mutations), and wild type 

C57BL/6 mice were purchased from Jackson Laboratories. The mice were housed in 4/cage 

until the treatments (at the age around 9 months) in a controlled environment (temperature 

22 °C, humidity 50-60%, light from 06:00-18:00), food and water were available ad libitum.  

This experiment was conducted according with the local Institutional Animal Care and Use 

Committee (IACUC) guidelines.  

Intra-hippocampal injection 

The mice were separated into different groups according to injected substances, incubation 

time and mouse models. For studying differences among substances and of temporal 

influence, FAM-D3 and FITC were injected into the right hippocampus of transgenic 

APPSwe/PSEN1ΔE9 mice for 3 and 48 hours’ incubation, respectively. For studying 

differences between two D-peptides, FAM-D3 and FITC-D3D3 were injected into the right 

hippocampus of Tg-SwDI mice for 48 hours’ incubation, respectively. Wild type mice were 

used for controls with corresponding treatments.  

The mice were anesthetized with ketamine/xylazine (100/10 mg/kg) and placed in a 

stereotaxic head frame. The microinjections were performed with a 2-μl Hamilton syringe. 

All the substances were dissolved in phosphate buffer (pH 8.0) to a concentration of 10 µg/µl. 

Notice that FITC was injected as a suspension solution, due to its low solubility in phosphate 

buffer. Following coordinates based on Paxinos and Franklin's the Mouse Brain in Stereotaxic 

Coordinates were used for intra-hippocampal injection: anterior-posterior (AP) 1.9 mm, 

medial-lateral (ML) 1.3 mm and dorsal-ventral (DV) 1.8 mm; for intra-ventricular injection: 

AP 0.8 mm, ML 1.0 mm and DV 2.5 mm. 1 µl of each substance was injected in a controlled 

speed about 0.1 µl/min. Then the needle was kept in the brain for 5 min before slow 

withdrawal. The skin was then sutured, and the mice were subcutaneously injected with 1 

ml 0.9 % saline solution and placed on a warm water blanket in order to hydrate and sustain 

body temperature. Each mouse was housed individually after surgery and allowed to recover 

with water and food ad libitum.  
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Preparation of mouse brain samples 

Mice were anesthetized with ketamine/xylazine and then transcardially perfused with ice-

cold 0.9 % saline for 5 min followed by 4% paraformaldehyde in 0.1 M sodium phosphate 

buffer for 7 min. The brains were harvested and stored in the fixative (4% buffered (pH 7.4) 

paraformaldehyde solution to which 0.5% picric acid had been added) for 24 hours; 

thereafter they were transferred to a 30% sucrose solution at 4 °C for two days. Six series of 

coronal sections (35 µm) were cut on a freezing microtome. The first series of sections were 

mounted on gelatine-coated slides immediately, dried and coverslipped for microscopic 

image analysis using a Nikon Eclipse E600 microscope with camera under fluorescein 

channel. One half of the second series were used for immunostaining. 

 

Immunostaining 

Brain sections were immunohistochemically stained for Aβ (monoclonal mouse anti-human 

Aβ4-10 (W0-2), EMD Millipore). In short, the sections were rinsed overnight in a solution of 

Tris buffered saline (TBS); then the sections were treated for 30 min in a heated (85 °C) 

sodium citrate solution (0.05 M, pH 6.0). Following cooling and rinsing, the series of sections 

were transferred to a solution containing the primary antibody. This solution consists of TBS 

with 0.5% Triton X-100 added (TBS-T). Following incubation with primary antibody for 24 

hours on a shaker table at room temperature (20 °C) in the dark, the sections were three 

times rinsed in TBS-T and transferred to the solution containing the secondary antibody 

(biotinylated goat anti-mouse; Sigma, 1:400) for 2 hours. The sections were rinsed three 

times with TBS-T and transferred to a solution containing ExtrAvidin for 2 hours; then the 

sections were incubated for approximately 3 min with Ni-enhanced diaminobenzidine (DAB) 

(12.5 mg DAB in 25 ml 0.1 M phosphate buffer, pH 7.4, 30 µl H2O2 (30%), with 1 ml of a 15% 

ammonium Ni-sulfate solution added). The stained sections were mounted on gelatinized 

slides and coverslipped.  

Activated microglia were detected with rabbit polyclonal antibody to ionized calcium binding 

adaptor molecule-1 (Iba-1; Wako, 1:2500), activated astrocytes were detected using rabbit 

polyclonal antibody to glial fibrillary acidic protein (GFAP; Sigma, 1:1000), separately. The 

staining procedure was similar as described above, except there was no pretreatment and a 

red fluorescent secondary antibody (goat anti rabbit, Jackson ImmunoResearch) was added 

for visualization. The stained sections were mounted on gelatinized slides and coverslipped. 

Images were acquired and processed with cellSens Standard (Olympus) and ImageJ (1.48 s). 
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Results 

FAM-D3 labelled Aβ plaques in both ipsi- and contralateral sides already 3 hours after intra-

hippocampal injection into the transgenic mouse brain. As illustrated in Fig. 1, plaque-

labelling was verified by anti-Aβ antibody (W0-2), activated astrocytes (GFAP) and microglia 

(Iba-1) staining, on the transgenic mouse brains injected with FAM-D3.   

 

Fig. 1. Immunostaining with anti-Aβ antibody (W0-2), against activated astrocytes (GFAP) and 

microglia (Iba-1) on transgenic (APPSwe/PSEN1ΔE9) mouse brain sections 3 hours after intra-

hippocampal injection of FAM-D3. Images in the first row show respective antibody staining (W0-2 

was visualized with immunohistochemistry (DAB) in black-brown; GFAP and Iba-1 were visualized 

with immunofluorescence in red, respectively). The second row shows the same sections in FITC 

channel visualizing FAM-D3. The last row shows composed images of the above two channels. The 

image of W0-2 stain was converted to red colour before channel combination. Red arrows 

demonstrate FAM-fluorescence stains Aβ plaques in the corresponding sections. Scale bar: 20 µm. 

Except for the plaque labelling, the distribution pattern of FAM-D3 post-injection was similar 

between wild type and transgenic mice. As shown in Fig. 2, local diffusion and a wide spread 

(anterior and posterior) of FAM-D3 within the hippocampus was found at the injection site 3 

hours post-injection. Distribution of FAM-D3 in the corpus callosum was also observed, but 

its spread was limited (i.e., only a short distance). Ipsilateral to the injection, the granule and 

pyramidal cell layers of the dentate gyrus and hippocampus were intensively labelled with 

fluorescence. 48 hours post-injection, the local concentration of fluorescence on the 

injection side became lower due to further dispersion and/or clearance.  On the ipsilateral 
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side, mossy fibres and hilar cells showed fluorescence; on the contralateral side, more FAM-

D3 was observed in the pyramidal cells of CA areas, especially in CA3. On the contrary, FITC, 

which was injected as control, did not show neither fluorescence in the pyramidal nor in 

granule cells on the ipsilateral side, nor transport to the contralateral CA3 area (Fig. 3). 

 

Fig. 2. Distribution of FAM-D3 in the transgenic mouse brain following intra-hippocampal injection. 

Illustrated are coronal sections showing right and left hippocampi of APPSwe/PSEN1ΔE9 transgenic 

mice after different incubation time post-injection with FAM-D3. FAM-D3 labelled plaques are shown 

with red arrows. Spread of FAM-D3 to the contralateral side via corpus callosum is indicated with 

yellow arrows. White arrow shows the fluorescently labelled pyramidal neurons (predominantly in 

CA3 area) found on the contralateral side. Higher magnification images show fluorescently labelled 

pyramidal neurons in CA3 (bottom left) and infrapyramidal mossy fibre (IP-MF) in stratum lucidum 

(bottom right). Scale bars of upper four images: 200 µm, of bottom two images: 50 µm. 
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Fig. 3. Distribution of FAM-D3 and FITC in the contralateral hippocampus of wild type mouse brain. 

Illustrated are coronal sections of mouse brains after 48 hours intra-hippocampal injection of FAM-

D3 (upper) and FITC (lower) respectively. CA1 and CA3 areas are indicated in yellow, respectively. 

Scale bar: 200 µm. 

Besides the above stated observations, FAM-D3 also showed another unique property. In 

wild type mice, retrograde axonal transport of FAM-D3 to the temporal association and 

entorhinal areas was observed. But the fluorescence in those areas was generally weak. 

Whereas highly intensive fluorescence of FAM-D3 in layer II cells (small number of layer III 

cells were also involved) in entorhinal cortex was observed in both of the transgenic mouse 

lines expressing human Aβ (Fig. 4). In order to check whether this finding is due to D3 

molecule alone or due to the FAM-labelling, control group with FITC injection was examed. 

There were no labelled neurons in the entorhinal cortex.    
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Fig. 4. Retrograde axonal transport of FAM-D3 in wild type and two AD transgenic mouse models 

48 hours post intra-hippocampal injection. Images in upper row show FAM-D3 distribution in the 

ipsilateral entorhinal cortex, lower row show its distribution in the contralateral entorhinal cortex of 

transgenic APPSwe/PSEN1ΔE9 mouse (left), transgenic Tg-SwDI mouse (middle) and wild type mouse 

(right) brain, respectively. EC: entorhinal cortex, HPF: hippocampal formation. Scale bars: 100 µm. 

Interestingly, co-localization of W0-2 antibody and FAM-D3 was found on the Aβ plaques as 

mentioned above, whereas no obvious W0-2 positive staining was observed in the layer II 

(and III) cells of entorhinal cortex, as well as in the pyramidal cells of CA areas and granule 

cells in dentate gyrus, where highly intensive fluorescence of FAM-D3 was found (Fig. 5). 
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Fig. 5. Anti-Aβ (W0-2) antibody staining on sections from transgenic brain injected with FAM-D3. 

Upper row shows the entorhinal cortex (EC) of Tg-SwDI transgenic mouse brain 48 hours post-

injection. Lower row shows the dentate gyrus (DG) of APPSwe/PSEN1ΔE9 transgenic mouse brain 3 

hours post-injection. A co-localization of FAM-D3 and W0-2 antibody was found on Aβ plaques but 

not on the neurons with highly intensive fluorescence. Red arrows show Aβ deposits in both 

transgenic mouse models. Scale bar in upper row: 100 µm; lower row: 20 µm. 

To investigate, whether the observed properties of FAM-D3 correlate with the affinity of D3 

to Aβ species, we investigated the properties of FITC labelled D3D3, a linear tandem version 

of D3 [37]. On the first sight, no obvious difference was found between fluorescently 

labelled D3 and D3D3, as they both showed high accumulation in cellular layers of dentate 

gyrus and hippocampus in the ipsilateral side; a commissural transport to the contralateral 

side, especially to the pyramidal cells in CA3; labelling plaques on both sides of brain; specific 

retrograde axonal transport from hippocampal formation to layer II cells in entorhinal cortex 

(Fig. 6). However, FITC-D3D3 seemed to label fibre tracks more intensively than FAM-D3 did 

and it seemed to be transported faster within axons. Under higher magnification, 

fluorescence was found evenly distributed in distal axons, but heterogeneously distributed 

in the proximal axons and somata (Fig. 7).    
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Fig. 6. Tracking of FITC-D3D3 following intra-hippocampal injection in a transgenic Tg-SwDI mouse 

48 hours post-injection.  Illustrated are characteristic labelling features of FITC-D3D3: (A) a global 

view of a coronal section at the midline showing hippocampi, (B) labelled neurofibres in corpus 

callosum or alveus, (C) labelled granule cells in dentate gyrus were shown with yellow arrow and 

amyloid deposits with red arrow, (D) retrograde transport to layer II pyramidal cells in entorhinal 

cortex. 
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Fig. 7. Fluorescently labelled neurons (soma) and axons under high magnification with FITC-D3D3 

injected in Tg-SwDI transgenic mouse brain. Left: Granule cells in dentate gyrus, right: axons in 

alveus. Yellow arrows highlight a neuron with its axon. Red arrow shows heterogeneous distribution 

of fluorescence in the soma of a neuron on the same section. Scale bar: 50 µm.   
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Discussion 

Two different D-peptides were tested in this study, D3 and its tandem derivative D3D3. The 

rationale for the design of D3D3 was that the multivalent D-peptide can be expected to bind 

the multivalent Aβ target assembly with increased avidity and thus with increased binding 

affinity. Two main factors are suggested to be involved in the distribution of the 

fluorescently labelled D3 and D3D3: extracellular diffusion and intracellular transport (axonal 

transport). As we could show in this study, extracellular diffusion of the fluorescently 

labelled D3 and D3D3 after intra-hippocampal injection was limited within the hippocampal 

formation on the ipsilateral side by the naturally existing boundary around it. Axonal 

transport within white matter tracks might provide rapid and long distance spreading of the 

fluorescently labelled D3 and D3D3 to the whole brain. Both of the fluorescently labelled D3 

and D3D3 showed transport within the major commissural fibres, the corpus callosum and 

were able to label Aβ plaques all around the brain (Fig. 1 and 2). Here D3D3 showed a more 

intensive labelling of axons and seemed to be transported in axons faster and more 

efficiently than D3 (Fig. 7). Besides that, the other observed properties of D3 and D3D3 were 

comparable. 

The fluorescently labelled D3 and D3D3 were found 48 hours post-injection in the 

contralateral pyramidal cells of CA3 area of both transgenic and wild type mice, which 

suggests that they were transported retrogradely by neurons (Fig. 2 and 3). Remarkably, 

both fluorescently labelled D3 and D3D3 showed intensive labelling of layer II (and III) cells in 

entorhinal cortex in both transgenic mouse models (APPSwe/PSEN1ΔE9 and Tg-SwDI), but 

significantly less intensive in wild type mice (Fig. 4). Based on these results, we postulate 

that the retrograde transport of D3 and D3D3 from hippocampal formation to entorhinal 

cortices of both brain hemispheres following two pathways: 1) through retrograde 

trisynaptic pathway, namely CA1 (Schaffer collaterals)CA3 (Mossy fibres)dentate gyrus 

(perforant pathway)layer II cells of the ipsilateral entorhinal cortex; 2) CA1 of injection site 

(retrogradely transported through commissural fibres)CA3 of contralateral side and finally 

to the layer II cells of the contralateral entorhinal cortex through the retrograde perforant 

pathway. The latter pathway might explain why D3 and D3D3 were found mostly at the CA3 

area of the contralateral side. This retrograde transport through commissural fibres was not 

dependent on the presence of human Aβ or AD pathology, because it was observed in both 

transgenic and wild type mice. Thus the conclusion might be drawn, that D3 and D3D3 

showed significantly enhanced retrograde transport in the perforant pathway in AD 

transgenic mice in comparison to that in wild type mice. Whereas there was obvious co-

localization of the fluorescently labelled D3 and D3D3 with Aβ plaques, the strongly 

fluorescence labelled layer II pyramidal cells in the entorhinal cortex were not stained by the 

anti-Aβ antibody W02 (Fig. 5). One explanation is that D3 and D3D3 are taken up by these 

cells independent of Aβ. The other explanation is that D3 and D3D3 are taken up with Aβ 

species followed by a retrograde transport to neuronal cell bodies for further processing, as 

some studies reported that Aβ located in autophagosomes or endosomes is transported 
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retrogradely towards the neuronal cell body where lysosomes are most concentrated, and is 

there subsequently degraded by lysosomes there [38, 39]. The latter explanation would be in 

accordance with the observation that the retrograde transport is less efficient in wild type 

mice, possibly because they express only endogenous levels of Aβ.  

Accumulating studies describe the intracellular Aβ and Aβ oligomers as the early neurotoxic 

species in AD pathology [40-42], as well as their effects on axonal transport [43, 44]. 

Different therapeutic strategies against those Aβ species are developed [45-47]. Besides the 

therapeutic effectiveness of our D-peptides mentioned above, this study shows enhanced 

retrograde transport of D3 and D3D3 in AD transgenic mouse models. As the perforant 

pathway is considered to be the first and most affected during disease progression, the 

fluorescently labelled D3 and D3D3 will be useful to investigate the neuropathological 

changes in this pathway in early AD. 
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2.7 Characterization of a Single-Chain Variable Fragment 

Recognizing a Linear Epitope of Ab: A Biotechnical Tool for Studies 

on Alzheimer’s Disease?  
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3. Syntheses and conclusion  

As a matter of fact, neither causal therapy nor accurate and reliable diagnostic methods 

have been found in the fight against Alzheimer’s disease so far. Only recently, some research 

groups focus on the oligomeric forms of Aβ, the key factors of the modified Aβ cascade 

theory that are now considered as the neurotoxic species in the AD pathology. Years ago 

already, our research group has identified several Aβ binding D-peptides have been 

identified from mirror-image phage display, which are able to prevent the formation of the 

toxic forms of Aβ. The main theme of this doctoral thesis is to characterize those Aβ binding 

D-peptides by in vitro and in vivo experiments with mouse models, as well as to explore their 

diagnostic suitability for AD.  

3.1 Preclinical pharmacokinetic studies of D-peptides 

Pharmacokinetics describe how concentration of a drug changes over time, thus it 

emphasizes the selective and sensitive measurement of drug concentration in complex 

biological matrix, such as plasma or organ homogenate. The typical bioanalytical methods 

involve sample extraction with organic solvents and LC/MS or LC/MS/MS separation and 

detection of drug molecules. However, the extreme hydrophilicity of our D-peptides strongly 

challenges those standard analytical methods (Publication 2.1). Tritium labelling of D-

peptides provides a reasonable solution due to the ease of sample preparation and 

detection, as well as the minimal modification to the labelled molecules. Because it is an 

indirect measurement of target molecules based on the assumption that the measured 

radioactivity represents their non-metabolised forms, any labelled metabolites or impurities 

for example, can influence their pharmacokinetic results, thus special attention should be 

paid on the purity (by production) and stability (autoradiolysis and proteolysis) of labelled 

substances. 

 
Sequence MW 

D3 H-rprtrlhthrnr-NH2 1.6 kDa 

RD2 H-ptlhthnrrrrr-NH2 1.6 kDa 

D3D3 H-rprtrlhthrnrrprtrlhthrnr-NH2 3.2 kDa 

RD2D3 H-ptlhthnrrrrrrprtrlhthrnr-NH2 3.2 kDa 
 

Tab. 1. Amino acid sequences of four D-peptides studied in this thesis. The arginine residues in RD2 

are consecutively rearranged based on rational design. 

 

Here, we firstly described a systematic pharmacokinetic analysis of the all D-enantiomeric 

peptide D3 in mice, which is, to the best of our knowledge, the first comprehensive 

preclinical pharmacokinetic study of a peptide consisting solely of D-enantiomeric amino 



121 | S e i t e  
 

acid residues in general and in particular for such a D-peptide developed for the treatment 

of Alzheimer’s disease (Publication 2.2). Then, we investigated the PK profile of another D-

peptide RD2, containing the same D amino acid residues but in a rationally reordered 

sequence with five consecutive arginines at C-terminal, which has already shown enhanced 

properties in vitro and in silico (Publication 2.3). The rational design is to concentrate the 

possible Aβ binding sites which are relevant to the arrangement of arginines and to keep the 

rest of amino acids which might be involved in hydrophilic and/or hydrophobic interaction 

with Aβ oligomers [214]. Finally, the pharmacokinetic studies of tandem peptides, D3D3 and 

RD2D3 were performed. The idea of rationale design is that the multivalent D-peptides can 

be expected to target the multivalent binding sites presented on the Aβ oligomer, resulting 

in an increased binding efficiency and affinity. So D3 and/or RD2 are linked head-to-tail as 

tandem homopeptide (D3D3) and heteropeptide (RD2D3) (Publication 2.4).  

For all the D-peptides mentioned here, metabolic stability was investigated through 3H-

labelled D-peptides incubated with plasma and organ homogenates followed by detection 

via thin layer chromatography. Special attention should be paid upon the resulting 

limitations, as the incubation time for the metabolic stability tests were generally shorter 

than that for the pharmacokinetic studies. Taking RD2 as an example, its metabolic stability 

was tested for 24 hours, while its pharmacokinetic studies lasted for 28 days. Thus, partial 

conversion of D-peptides into metabolites at later time points cannot be excluded. But in 

vitro stability tests using biological samples beyond 24 hours might be less meaningful, 

because longer incubation time may cause autolysis of enzymes within those samples 

leading to artefacts. And there is no reason to expect significant metabolism at later time 

points since not any proteolytic instability was observed at 24 hours. Therefore, the results 

of the stability tests proved the high protease-resistance of D-peptides, as well as validated 

that the measured radioactivity could represent the concentration of D-peptides in their 

original forms.  

Individually, single D-peptides (D3 or RD2) showed similar concentration-time profiles with 

i.v. and i.p. (and s.c. with RD2) administration with the highest concentration in kidney, 

followed by liver and plasma, whereas oral administration resulted in significantly low 

concentrations in liver, kidney and plasma. Tandem D-peptides (D3D3 or RD2D3) individually, 

also showed similar concentration-time curves with i.v. and i.p. administration, but the 

highest concentration was found in liver, followed by kidney and plasma. Fig. 11 compared 

the concentration-time profiles of D3 and RD2D3 in kidney and liver. Diagram showed very 

high concentration of D3 in kidney and low concentration in liver with i.v. and i.p. 

administration, whereas the concentration of RD2D3 in kidney and liver were comparable. In 

both organs, both D-peptides showed very low concentration after oral administration 

(Including unpublished data from RD2D3 p.o. displayed in Fig. 12).   

A global comparison of D-peptides with concentration-time profiles in brain and plasma, as 

well as the brain-plasma ratios are shown in Fig. 12. The pharmacokinetic parameters of D-

peptides in brain and plasma, which were calculated based on non-compartmental analysis, 
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are listed in Tab. 2. In general, single D-peptides showed higher concentration (AUC) than 

tandem peptides in brain and in plasma with different administration routes; RD2 showed 

higher concentration than D3, and correspondently, RD2D3 showed higher concentration 

than D3D3. Interestingly, oral administration of all the four D-peptides respectively resulted 

in similar brain concentration as for the other administration routes.  

Two single D-peptides showed relatively long terminal plasma half-lives with different 

administration routes (RD2: 58-62 hours; D3: 32-41 hours), whereas tandem D-peptides 

showed short terminal plasma half-lives between 0.7 and 2.7 hours, but still longer than 

those reported for L-enantiomeric peptides which are typically only a few minutes [215, 216]. 

The clearance of both tandem D-peptides from plasma were faster than that of single D-

peptides (D3D3: 17.9, RD2D3: 10.2, D3: 4.6 and RD2: 1.7 ml/(min*kg)), as a reflection of 

their terminal plasma half-lives. The plasma terminal phase volume of distribution (Vz) and 

the steady state phase volume of distribution (Vss) of both single D-peptides were similar in 

magnitude, respectively. The clearance of RD2 was very slow, so that the concentration in 

central compartment (plasma) would be nearly in equilibrium with the peripheral 

compartments, thus its Vz (8.6 l/kg) was very close to its Vss (9.2 l/kg). D3 showed a higher 

Vz (11.1 l/kg) than Vss (7.6 l/kg), suggesting a higher equilibrium concentration than terminal 

concentration, and thus a transport of D3 due to this concentration gradient from peripheral 

compartments to central compartment (plasma) would be suggested. The Vss of both 

tandem D-peptides were similar to those of the single ones (D3D3: 13.2 and RD2D3: 7.5 l/kg), 

whereas their Vz were significantly smaller (D3D3: 1.2 and RD2D3: 0.7). Such low values are 

similar to the extracellular fluid volume (ca. 0.2-0.25 l/kg), which would suggest a poor tissue 

penetration or an altered tissue binding. As pharmacokinetic parameters in those studies 

were calculated by non-compartmental analysis (NCA), special attentions should be taken 

that the limitation or disadvantage of NCA may result in over- or under-estimation of certain 

values. As shown in the Publication 2.4, the concentration (brain and plasma) of the tandem 

D-peptides in the elimination phase was kept on a relative constant level, which was still 

several magnitudes beyond the detection limit of tritium scintillation counting. It would 

suggest a re-distribution of tandem D-peptides from peripheral compartments (most likely 

at least the kidney and liver) back into the central compartment (plasma). The brain 

concentration reflects the corresponding plasma concentration resulting in a relatively 

constant brain-plasma ratio. In some cases, the concentration at the last time point was 

even higher than that of its previous ones, therefore the determination of lambda_z is more 

or less objective and empirical. Because Vss is independent of elimination processes it is thus 

a more appropriate parameter than Vz in this case [217]. 

The brain-plasma ratios of D-peptide after 4 hours are in the range of 0.7 and 1.0. Some go 

even higher at longer time points, especially with tandem peptides after i.v. administration 

(Fig. 12). In the study of continuous dosing of D3 over several days using an i.p. implanted 

osmotic pump, the brain-plasma ratio increased with time from 0.53 at day 2 to 0.77 at day 

6. As substances with a brain-plasma ratio larger than 0.3 are considered to have sufficient 

access to the central nervous system [218], our results suggest that all the tested D-peptides  
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Fig. 11. Comparison of D3 and RD2D3 with concentration-time profiles in kidney and liver. The concentration is given in relative injected dose per gram organ 

weight (%ID/g). 
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Fig. 12. A global comparison of D-peptides with concentration-time profiles in brain and plasma, as well as the brain-plasma ratios. The concentration is given in 

relative injected dose per gram organ weight (%ID/g) for brain and per ml (%ID/ml) for plasma. The last time point of plasma and brain was uniformed to be 2880 

min for the convenience of comparison. 
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Plasma 
D3 RD2 D3D3 RD2D3 

Parameter Units i.v. i.p. p.o. i.v. i.p. s.c. p.o. i.v. i.p. i.v. i.p. 

Dose (D) mg/kg 3.5 10.5 10.5 3.3 10 10 10 3.3 10 3.3 10 

tmax min 3 10 240 3 30 30 60 3 60 3 60 

Cmax/D (µg/ml)/(mg/kg) 2.35 1.4 0.04 3.04 0.79 0.98 0.09 0.54 0.16 0.58 0.47 

AUC0-last mg/ml*min 0.7 1.8 1.1 2.0 4.5 5.4 4.5 0.2 0.6 0.3 1.8 

MRT0-last h 9.1 8.8 28.6 84.8 81.4 80.9 86.3 11.9 11.6 11.9 10 

λz min-1 0.00036 0.00028 0.00028 0.0002 0.00019 0.00019 0.0002 0.0155 0.0075 0.0137 0.0043 

t1/2 h 32 41 41 59 62 60 58 0.7 1.6 0.9 2.7 

AUC0-inf mg/ml*min 0.9 2.4 1.5 2.0 4.6 5.4 4.5 0.2 0.6 0.3 1.9 

MRT0-inf h 27.6 35.1 57.2 91.4 86.4 84.6 90.8 12.3 12.3 12.3 11.1 

Vz l/kg 11.1 15.6 24 8.6 9.0 8.8 8.5 1.2 2.4 0.7 2.4 

Cl ml/(min*kg) 4.6 
  

1.7 
   

17.9 
 

10.2 
 Vss l/kg 7.6 

  
9.2 

   
13.2 

 
7.5 

 FAUC-last %   92 58   77 91 77   110   187 

Brain 
D3 RD2 D3D3 RD2D3 

Parameter Units i.v. i.p. p.o. i.v. i.p. s.c. p.o. i.v. i.p. i.v. i.p. 

Dose (D) mg/kg 3.5 10.5 10.5 3.3 10 10 10 3.3 10 3.3 10 

tmax min 3 20 240 3 30 20 60 3 2880 30 10 

Cmax/D (µg/g)/(mg/kg) 0.09 0.07 0.04 0.06 0.06 0.06 0.06 0.03 0.01 0.03 0.11 

AUC0-last mg/g*min 0.3 0.6 0.9 1.5 3.4 4.5 4.5 0.1 0.2 0.2 0.9 

MRT0-last h 19.6 18.5 28.2 128.4 111.9 116.1 100.3 26.4 25.8 23.9 23.4 

 

Tab. 2. Calculated pharmacokinetic parameters of D-enantiomeric peptides in mouse plasma and brain for different administration routes. Clear fields are not 

applicable for this respective administration route. For abbreviations please refer to the abbreviation sections. 
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efficiently overcome the blood-brain barrier. The BBB penetration was observed with cell-

penetrating peptides including arginine-rich peptides (also discussed in the next Chapter 3.2). 

Studies showed a minimum of six consecutive arginines were enough to cause transduction 

[219, 220], and the flexibility in the position of arginines within a given peptide sequence 

didn’t affect its transduction efficiency [220]. In our study, five arginines are relatively 

homogeneously distributed in D3, while re-arranged in a consecutive matter in RD2; tandem 

peptides have 10 arginines and RD2D3 even has six consecutive arginines (five from RD2 and 

one from D3) in sequence. In the pharmacokinetic studies, RD2 and RD2D3 showed higher 

brain concentrations than those of D3 and D3D3, respectively, but tandem peptides showed 

in general lower brain concentrations than single ones due to their likewise lower plasma 

concentrations. Thus the transduction potency should also associate with the number of 

arginines per length of the sequence, namely the relative abundance, and brain-plasma ratio 

should represent the transduction at BBB more suitable than brain concentration, as the 

application of arginine-rich peptides also influence the cellular uptake in other organs. 

Favourable bioavailabilities were observed with all the D-peptides, especially by oral 

administration with single form of D-peptides, in spite of only a small peptide portion being 

absorbed via the enteric tract. Bioavailabilities are relatively high in comparison to those of 

L-peptide drugs, which were described to be less than 1% without delivery enhancement 

[221-223]. Low concentrations of D-peptides as found in kidney and liver after oral 

administration are desirable because this lowers the risk of possible intoxication of 

important organs. 

The prediction of plasma protein binding based on binding to HSA and AGP (Tab. 3) showed 

single D-peptides with favourable plasma unbound fractions. Studies indicated that only the 

minority of examined drugs developed for the central nervous system exhibit free plasma 

fractions above 10 % [224]. The tandem D-peptides, however, showed very small unbound 

fractions, which is in agreement to the low brain concentration of tandem D-peptides, 

because it is believed that only unbound substance can cross cellular membranes. But this 

seems to be controversial to their relatively high brain-plasma ratios. One possible 

explanation would be, that an increased tissue binding, especially in liver, greatly reduced 

the effective concentration of tandem D-peptides in blood and subsequently in brain.       

 
D3 RD2 D3D3 RD2D3 

fu (%) 8.00 11.50 0.16 0.20 
 

Tab. 3. Free fraction of D-peptides in plasma calculated by in vitro plasma protein binding assay. fu: 

predicted free or unbound fraction of tested substance in plasma. 

The tandem D-peptides, for example D3D3 showed significantly stronger Aβ oligomer 

elimination than its monomer D3 [214], yet this rational design resulted in unfavourable 

pharmacokinetics. Thus this example indicates the importance to balance the in vitro 

therapeutic efficiency and the in vivo pharmacokinetic properties.  
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These results demonstrated that 1) the sequence order (when consisted of identical amino 

acid residues) and 2) the molecular weight and structure (single v/s tandem) of D-peptides 

significantly influence their pharmacokinetic properties.  
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3.2 Distribution of D-peptides to and within the brain 

D-peptides, to be used for diagnosis and treatment of Alzheimer’s disease, need to be 

delivered to the brain as discussed in Chapter 1.4. Unlike some CNS drugs, especially 

peptide-based drugs, which need extra modifications to enhance their brain delivery, the 

here used D-peptides already showed relatively high brain-plasma ratios in the preclinical 

pharmacokinetic studies suggesting the capability to penetrate the blood-brain barrier and 

distribution in the brain. The BBB penetrating property of the D-peptides was suggested 

owing to their similarity to the ARM of HIV-1 Tat protein. However, due to the limitation of 

pharmacokinetic experimental settings, considerations should be taken, as radioactivity from 

CSF remaining in ventricles or from blood remaining in cerebrovasculature may contribute to 

the radioactivity detected in whole brain in some extent, which can result in an over-

estimation of the brain concentration. Thus further studies were needed to provide a 

convincing evidence showing D-peptides in brain parenchyma after administration. By 

investigation of D3 concentrations in CSF, brain and plasma, as well as exclusion of D3 

binding to normal cerebral blood vessels, a conclusion could be drawn, that the D3 

concentration detected in the brain likely represents its real concentration in the brain 

parenchyma (Publication 2.5). Furthermore, the in vivo BBB penetration, as well as the Aβ 

binding ability of D3, were proven by the parenchymal Aβ plaque labelling after oral 

administration of FAM-D3 in AD transgenic mice. Based on the results of pharmacokinetic 

studies, it is reasonable to transfer this BBB penetration ability also to other D-peptides, at 

least to RD2. 

However, unlike tritium labelling, fluorescein labelling (as FAM or FITC) might most probably 

influence the properties of conjugated molecules through introducing this bulky and 

predominantly hydrophobic structure. Crystal structures of FITC-protein complexes showed 

that the xanthenonyl ring system of FITC is accommodated in a tight aromatic slot, which is 

associated with modification of binding sites and affinity of the original molecules [225]. 

Furthermore, labelling of middle-sized molecules, like peptides, with fluorophores, may also 

influence their uptake mechanism, intracellular distribution, and cytotoxicity [226, 227]. In a 

previous study, fluorescein was titrated with Aβ (1-42) in order to rule out fluorescein 

mediated binding of fluorescently labelled D-peptides to Aβ. It could be demonstrated that 

the fluorescein fluorescence signal was independent of the Aβ concentration [228]. 

Consideration should be taken, as the observed BBB penetration of FAM-D3 in 

APPSwe/PSEN1ΔE9 transgenic mice might also be a result of generally impaired BBB 

structure. A greater breakdown of the BBB was observed in AD patients in comparison to 

neurologically healthy controls [229, 230], but no significant alterations in BBB permeability 

of APPSwe/PSEN1ΔE9 transgenic mice was observed in our laboratory, as well as in other’s 

[231]. 

The exact BBB penetration mechanism of D-peptides is unknown, as discussed in Publication 

2.5, but the guanidinium structure in those arginine-rich D-peptides and the relative 

abundance of arginines within the peptide might be the decisive factors of their membrane 
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penetration property [232, 233]. Studies on how the arginine-rich peptides pass the 

membrane bring controversial results, but there is a clear consensus that it initiates with the 

electrostatic interactions between cationic sequences and negatively charged glycoproteins 

on the cellular surface.  

After intra-hippocampal injection of fluorescently labelled D-peptides (Publication 2.6), 

intensive fluorescence was found in certain neurons (axon and soma). The distribution of 

fluorescently labelled D-peptides in neural fibres at the injection site, especially in the fibres 

in corpus callosum, could be explained as entrance of axons through damaged places, or as a 

result of membrane penetration. Remarkably, none of the fluorescently labelled D-peptides 

was taken up by astrocytes or microglia, which is in agreement with previous observations 

[234]. All the tested substances, namely fluorescently labelled D-peptides, FITC-Aβ and FITC 

alone showed Aβ plaque labelling, but only fluorescently labelled D-peptides demonstrated a 

retrograde axonal transport in both wild type and AD transgenic mouse models. Moreover, a 

specific retrograde transport in the perforant pathway was found in both AD transgenic 

mouse models (APPSwe/PSEN1ΔE9 and Tg-SwDI). Significant accumulation of fluorescently 

labelled D-peptides in the layer II cells of entorhinal cortex was observed. Fluorescence was 

probably located in lysosomes or late endosomes, whereas those cells showed no 

intracellular Aβ stained by the W0-2 antibody. The exact mechanism is still unknown, but a 

co-transport of the fluorescently labelled D-peptides together with certain intracellular Aβ 

species was suggested. Intracellular APP or Aβ fibrils can be excluded as the main species, as 

they can be recognized by W0-2 antibody. A previous study indicated that the s-value of Aβ 

oligomers which can be eliminated by D3 was between 5 to 7, corresponding to a molecular 

weight from 66 to 150 kDa [235]. Whereas the W0-2 antibody can recognize Aβ oligomers of 

approx. 45 kDa on western blot of human Alzheimer´s disease brain lysate. This detection 

difference may explain why there was no co-localization of fluorescently labelled D-peptides 

and W0-2 in layer II cells of entorhinal cortex, thus the result suggested that fluorescently 

labelled D-peptides bind to middle to high molecular weight Aβ oligomers, which are then 

taken up by lysosomes (or endosomes) and transported retrogradely to the neuronal soma.  

A difference in transport pattern after intra-hippocampal injection between FAM-D3 and 

FITC-D3D3 was observed, especially the transport of FITC-D3D3 within axons seemed to be 

significantly faster than that of FAM-D3. Considering the different performance in the 

pharmacokinetic studies, it can be concluded that altering the sequence of D3 by rational 

design dramatically alters its physical, chemical and biological property. As mentioned in 

Chapter 3.1, whether the rational design really results in an improvement of therapeutic or 

diagnostic performance under complex biological conditions needs to be further elucidated 

in the future.    

Another Aβ binding substance identified through antibody-based strategy, namely the Aβ 

binding single-chain variable fragments (scFvs) derived from an Aβ binding IgG recognizing 

the N-terminal region of Aβ (Aβ(1-8)), was also investigated in this dissertation, as described 

in Publication 2.7.  
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3.3 Conclusion 

This doctoral thesis has sought to explore the distribution of Aβ binding D-peptides in the 

body in vivo, as well as their entrance into the brain and distribution within the brain of 

mouse models in particular. In the preclinical pharmacokinetic studies, all the tested D-

peptides showed high proteolytic resistance. The single peptides exhibited more favourable 

pharmacokinetic properties than the tandem peptides, as D3 and RD2 demonstrated long 

terminal half-lives, high oral bioavailability and high drug exposure to the brain. It is 

therefore concluded that the sequence order of the amino acid residues has a considerable 

impact on pharmacokinetic properties of the peptide. However, the poor pharmacokinetics 

of the tandem peptides may not be accompanied with poor pharmacodynamics, which could 

possibly be outweighed by their higher Aβ binding efficiency. Among the tested D-peptides, 

RD2 demonstrated improved pharmacokinetic properties and thus might be a more suitable 

candidate for the treatment of AD providing that it has already shown encouraging 

therapeutic effects in the previous in vivo studies. However, it needs to be clearly stated that 

all obtained pharmacokinetic parameters are based on the assumption that the measured 

radioactivity represents the non-metabolised D-peptides, and those parameters are 

obtained with non-compartmental analysis which has its limitation under certain conditions. 

Nevertheless, the preclinical pharmacokinetic studies provide important information that 

helps to characterize D-peptides within the body, as well as to guide further research during 

their drug development, and to the best of our knowledge, those are the first 

pharmacokinetic studies of peptides consisting solely of D-enantiomeric amino acid residues 

in rodents. 

The lead molecule of D-peptides, D3, as well as fluorescently labelled D3 readily penetrated 

the BBB and specifically bound to Aβ plaques after systemic administration. Furthermore, a 

selective retrograde transport of fluorescently labelled D3 and D3D3 in the perforant 

pathway in AD transgenic mouse models was observed. Those evidences accumulated in this 

dissertation strongly support the potential of D-peptides in the diagnostic aspect, as well as 

to investigate pathological changes in the neural pathways in early AD. Being middle-sized 

molecules of synthetic origin, D-peptides allow easy chemical modifications e.g. radioactive 

or nonradioactive isotope labelling for detection purposes with PET and/or MRT.  

Taken together, results strongly suggest the Aβ binding D-peptides as promising substances 

for diagnostic purpose and therapeutic intervention against Alzheimer’s disease. 
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4. Perspectives 

The current pharmacokinetic studies were performed only with wild type mice; it might be 

interesting to investigate further the fate of D-peptides in AD transgenic mice. In order to 

gain a global view of the distribution within the body, a quantitative whole-body 

autoradiography (QWBA) of tested animals is recommended. Modification of D-peptides 

based on their pharmacokinetics is desired, for example higher oral bioavailability could be 

achieved by drug formulation. Especially for tandem peptides, modifications should aim to 

improve their brain delivery and plasma half-lives. As RD2 showed high bioavailability with 

s.c. administration, such administration routes that are commonly accepted in the clinic, e.g. 

s.c., nasal and intramuscular (i.m.) should also be explored with other D-peptides. After 

obtaining basic pharmacokinetic parameters through a non-compartmental analysis, more 

detailed analysis using compartmental or physiologically based pharmacokinetic (PBPK) 

models could be performed. 

The mechanism of BBB penetration (or plasma membrane transduction) and the transport of 

D-peptides within the brain need to be further investigated. Questions need to be answered, 

like the cellular uptake mechanism (interaction with cellular surface proteins); as membrane-

penetrating peptides, are they located in plasma or cellular compartments (endosomes, 

lysosomes or mitochondria); whether D-peptides are transported alone or with other 

substances, in case of the latter, what kind of substances are co-transported with D-peptides; 

why does the perforant pathway show specific retrograde transport of D-peptides in AD 

mouse models, and so on. Thus experiments with neuronal cell culture or organ culture 

would be helpful.  

Radiolabelling of D-peptides with tracers other than tritium could also be tested for 

diagnostic purpose. Conjugation of D-peptides with 11C, 18F or metastable nuclear isomer of 

technetium-99 (99mTc) could provide promising radioactive tracers for diagnostic imaging, e.g. 

positron emission tomography (PET) or single photon emission computed tomography 

(SPECT).  
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5. Summary  

Targeting neurotoxic amyloid beta (Aβ) oligomers is currently a very attractive drug 

development strategy for treatment of Alzheimer´s disease. Using mirror-image phage 

display against Aβ (1-42), several arginine-rich peptides have previously been identified 

consisting solely of D-enantiomeric amino acid residues, which bind to Aβ in different 

assembly states and eliminate toxic Aβ aggregates. Some of these D-peptides show both 

diagnostic and therapeutic potential in vitro and in vivo. This doctoral dissertation 

investigated the preclinical pharmacokinetics and cerebral distribution of these D-

enantiomeric peptides in mouse models.  

Generally, little information on the pharmacokinetic behaviour of D-enantiomeric peptides is 

available, therefore we conducted experiments with tritium labelled D-peptides (3H-D3, -RD2, 

-D3D3, and –RD2D3) in mice with different administration routes to characterize their 

distribution in different organs and in plasma, as well as their bioavailability by different 

administration routes. In addition, their metabolic stability was investigated in liver 

microsomes, mouse plasma, brain, liver and kidney homogenates, and their plasma protein 

binding was estimated. The brain-plasma ratio related blood-brain barrier (BBB) permeability 

of those arginine-rich D-peptides was further studied with the lead D-peptide, D3. By 

labelling with tritium or a fluorescence marker (FAM), D3’s BBB penetration and Aβ plaque 

binding properties were verified with different in vitro and in vivo experiments with wild 

type and AD transgenic mice. Moreover, the cerebral distribution, especially the axonal 

transport pattern of D-peptides was investigated through tracking fluorescently labelled D-

peptides after intra-hippocampal injection into AD transgenic and wild type mouse brains.  

The D-peptides tested here, especially the single D-peptides, demonstrated favourable 

pharmacokinetic properties, such as high protease resistance, long biological half-life and 

high oral bioavailability. The results support the therapeutic potential of D-peptides in 

general. D3 rapidly entered the brain where it could be found associated with amyloid 

plaques suggesting a direct penetration of BBB. In comparison to other standard retrograde 

tracers, D3 and D3D3 showed significantly enhanced retrograde transport in the perforant 

pathway in two AD transgenic mouse models (APPSwe/PSEN1ΔE9 and Tg-SwDI), especially in 

comparison to that in wild type mice. It may indicate a promising potential of those D-

peptides for diagnosis of AD as well as for the study of pathological changes in the neural 

pathways in early AD pathology. Taken together, results strongly suggest the Aβ binding D-

peptides as promising substances demonstrating both diagnostic and therapeutic potential 

in the fight against Alzheimer’s disease. 
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6. Zusammenfassung  

Die Entwicklung neuer therapeutischer Substanzen gegen neurotoxische Oligomere des 

Amyloid-beta-Peptiden (Aβ) ist zurzeit eine sehr attraktive Strategie zur Behandlung der 

Alzheimer-Demenz (AD). Mit Hilfe des Spiegelbild-Phagen-Displays gegen Aβ (1-42) wurden 

verschiedene Arginin-haltige, ausschließlich aus D-enantiomeren Aminosäuren bestehende, 

Peptide identifiziert, die Aβ in verschiedenen, aggregierten Formen binden und toxische Aβ 

Aggregate eliminieren können. Einige dieser D-Peptide zeigten bereits therapeutisches 

Wirkpotential in in vitro und in vivo Studien. Diese Doktorarbeit befasst sich mit der 

Untersuchung der präklinischen Pharmakokinetik und der zerebralen Verteilung dieser D-

enantiomeren Peptide in Mausmodellen. 

Über die Pharmakokinetik von D-enantiomeren Peptiden ist im Allgemeinen noch sehr wenig 

bekannt. Daher wurden Experimente mit Tritium-markierten D-Peptiden (3H-D3, -RD2, -D3D3, 

and –RD2D3) mit Mäusen und unter Verwendung von verschiedenen Administrationswegen 

durchgeführt, um die Verteilung in verschiedenen Organen und in Plasma sowie die 

Bioverfügbarkeit zu untersuchen. Außerdem wurde die metabolische Stabilität in Leber-

Mikrosomen, Mausplasma, Gehirn-, Leber- und Nierenhomogenaten untersucht, sowie die 

Plasmaproteinbindung abgeschätzt. Der Hirn-Plasma-Quotient als Maß für die 

Bluthirnschranken-(BHS)-Permeabilität der Arginin-haltigen D-Peptide wurde darüber hinaus 

mit der Leitsubstanz D3 untersucht. Durch Markierung mit Tritium oder einem 

Fluoreszenzmarker (FAM) konnte in verschiedenen in vitro und in vivo Experimenten mit 

Wildtyp bzw. transgenen AD Mäusen überprüft werden, ob D3 die BHS überwinden und an 

Aβ-Plaques binden kann. Darüber hinaus wurde die Verteilung der D-Peptide im Gehirn, und 

insbesondere der axonale Transport, mit Hilfe von fluoreszenz-markierten D-Peptiden nach 

intra-hippokampaler Injektion in transgene AD- und Wildtyp-Mausgehirne untersucht. 

Die hier getesteten, und insbesondere die einfachen D-Peptide, zeigten günstige 

pharmakokinetische Eigenschaften, wie z.B. hohe Proteasenresistenz, lange biologische 

Halbwertszeit und orale Bioverfügbarkeit. Diese Ergebnisse unterstützen insgesamt das 

therapeutische Potential der D-Peptide. Es konnte gezeigt werden, dass D3 schnell in das 

Gehirn eindrang, wo es in Assoziation mit Amyloiden Plaques gefunden werden konnte, was 

eine direkte Überwindung der BHS impliziert. Im Vergleich zu anderen retrograden 

Standardtracern, zeigten Fluoreszenz-markiertes D3 und D3D3 eine intensive Markierung 

von Layer II (und III) Zellen des entorhinalen Kortex nach intra-hippokampaler Injektion in 

zwei transgenen Mausmodellen (APPSwe/PSEN1ΔE9 und Tg-SwDI). Dieser Effekt fiel 

signifikant schwächer in Wildtyp-Mäusen aus. Dies weist auf ein vielversprechendes 

Potential dieser D-Peptide für die Diagnose, sowie für die Untersuchung der pathologischen 

Veränderungen in den neuronalen Bahnen in frühen AD Stadien hin. Zusammenfassend 

lassen die Ergebnisse deutlich darauf schließen, dass die Aβ-bindenden D-Peptide 

vielversprechende Substanzen mit sowohl diagnostischem als auch therapeutischem 

Potential im Kampf gegen die Alzheimer-Demenz darstellen.  
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