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ABSTRACT OF THE DISSERTATION 
 

 

In Vivo Characterization of CLR01, an Aggregation and Toxicity Inhibitor, with an 

Alzheimer's Disease Focus 

 

 

By 

 

Aida Attar 

Doctor of Philosophy in Neuroscience 

University of California-Los Angeles 

2014 

Professor Gal Bitan, Chair 

 

 

Aberrant protein self-assembly underlies over 30 human diseases called 

amyloidoses, for which there are no cures. In these diseases, particular proteins misfold 

and self-assemble into toxic oligomers that disrupt cellular function, and proceed to form 

insoluble amyloid fibrils that deposit in specific tissues. A promising strategy for 

preventing and treating amyloidoses is inhibition or modulation of the self-assembly 

process to disrupt the formation of the toxic oligomers. In practice, this has proven 

immensely difficult because the oligomer structures are unknown, are metastable, and do 

not have distinct binding sites.  
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In this dissertation, three primary studies are presented that evaluate and 

characterize a small molecule, CLR01, which utilizes a novel strategy circumventing 

these challenges and has been found to be efficacious as an aggregation and toxicity 

inhibitor in vitro and in vivo. In the first study, CLR01 was evaluated for its ability to 

rescue synaptic toxicity in cell culture and brain slices. Additionally, it was tested in a 

transgenic mouse model of AD for its ability to reduce the pathological hallmarks of AD 

− amyloid plaques and neurofibrillary tangles. This study found positive results in all 

domains tested; a rescue from amyloid β-protein (Aβ)-induced depletion of synaptic 

spine density, a rescue of Aβ-induced disruption of basal synaptic transmission and long-

term potentiation, and reduction of brain Aβ, hyperphosphorylated tau, and microglia 

burden. CLR01 also showed low propensity for causing metabolic toxicity or drug-drug 

interaction, indicating favorable drug-like characteristics. 

In the second study, CLR01’s safety and pharmacological profile were 

characterized in mice. CLR01 was found not to disrupt normal protein assembly, to have 

a high safety margin in mice, and to penetrate the blood-brain barrier (BBB) at 1−3%. 

Interestingly, brain levels of CLR01 remained stable for 72 hours following 

administration despite rapid clearance from the plasma. These results suggest a large 

safety margin for CLR01 and a pharmacokinetic profile that allows reaching high levels 

in the brain by administering relatively low doses. 

The third study delineates a detailed optimization of behavioral testing of mice for 

detection of memory deficits using the Barnes maze, and validates for the first time 

memory deficits in a triple-transgenic mouse model of AD at the youngest age described 

in the literature. The study provides a framework for analysis of CLR01’s influence on 
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learning and memory deficits in this triple transgenic model. Additionally, the study 

provides specific and detailed guidelines for optimizing both the performance and the 

analysis of the Barnes maze in a manner that increases the likelihood of detecting subtle 

changes in future studies using mouse models of AD. The work described in this 

dissertation provides a strong foundation supporting formal pre-clinical development of 

CLR01 as a promising disease-modifying therapeutic drug for AD.  
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Chapter 1 

 

Alzheimer’s Disease and Therapies 

 
 
 
 

1.1 Alzheimer’s Disease 
1.1.1 Significance and Risk Factors 

Alzheimer’s Disease (AD) International estimates that today, over 35 million 

people are living with dementia worldwide [4]. The average annual increase in incidence 

between 2010 and 2050 is expected to be 16.15 million, largely due to longer life 

expectancies and the aging baby boomers, meaning that 682 million people will live with 

dementia in the next 40 years [6]. Dementia is an umbrella term that describes a variety 

of conditions categorized by impairments in memory, behavior, and ability to think 

clearly. In 2013, the Diagnostic and Statistical Manual of Mental Disorders Edition 5, 

released by the American Psychiatric Association, redefined dementia (Latin for “mad” 

or “insane”) as a neurocognitive disorder with the intent to reduce the stigma associated 

with it. To meet criteria for dementia, one must have symptoms severe enough to 

interfere with daily life, including a decline in memory and at least one of the following 

four categories: 1) the ability to speak coherently or understand language; 2) the ability to 

recognize and identify objects; 3) the ability to perform motor activities; or 4) the ability 

to think abstractly, plan and execute complex tasks, and make sound judgments; but 

assuming intact motor and sensory functions [9]. The most prevalent type of dementia is 

AD. 
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In the United States, AD is estimated to affect 5.2 million people in 2013, of 

which 200,000 are under age 65 [9]. Of these people, 3.2 million are women and 1.8 

million are men, though this is not reflective of increased incidence [10,11] and is 

attributed to the longer life expectancy of women. The greatest risk factor for AD is age 

with an estimated prevalence of 4% under age 65, 13% from age 65−74, 44% from age 

75−84, and 38% at age ≥ 85 [9]. The number of afflicted family members correlates with 

increased risk [12], however less than 1% of cases are dominantly inherited due to known 

genetic mutations [13]. The genetics of AD are discussed in Section 1.1.4. Additional risk 

factors include a gene for cholesterol transport − APOE, positive correlation with 

moderate traumatic brain injury [14,15], cardiovascular disease and its associated risk 

factors, such as smoking [16], obesity [17,18], diabetes [19], high cholesterol [18,20], 

and hypertension [18,21], and a negative correlation with education level [22,23], and 

social and cognitive engagement [24,25]. 

AD is the sixth leading cause of death in the United States [9]. The top five most 

common reasons, from highest to lowest incidence, for hospitalization of people with AD 

are 1) fainting, falling, or trauma, 2) ischemic heart disease, 3) gastrointestinal disease, 4) 

pneumonia, and 5) delirium or mental status change. Pneumonia often is a contributing 

factor to the death of people with AD [26]. In addition to the emotional and physical 

costs associated with AD, it is also a massive economic burden. In 2012, 15.4 million 

unpaid caregivers, typically relatives, provided an estimated 17.5 billion hours of care, 

which included assistance with activities of daily living and was valued at $216.4 billion 

[9]. Furthermore, total estimated 2013 healthcare costs in the US, of which 70% is paid 
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by Medicare/Medicaid, are $203 billion. These costs are projected to increase to $1.2 

trillion by 2050 [9].  

 

1.1.2 Pathophysiology and Biomarkers 

There are three clinical disease stages of AD: presymptomatic, prodromal or 

amnestic or non-amnestic mild cognitive impairment (MCI), and AD dementia. The 

presymptomatic stage consists of cognitively normal individuals that have begun to 

develop the pathological features of AD, amyloid plaques and neurofibrillary tangles 

(NFTs) described in the next paragraph. The next stage, MCI, represents the onset of 

cognitive symptoms — often deficits in episodic memory with amnestic MCI and 

attention or language with non-amnestic MCI, and can encompass some progression in 

cognitive dysfunction. This stage also may be associated with irritability, anxiety, and 

depression. The last stage of dementia, as defined above, consists of impairments in 

multiple cognitive domains, such as executive functions, language, and visuospatial 

functions. At this stage, behavioral changes may present in the form of aggression, 

agitation, emotional distress, restlessness, and sleep disturbance. Patients often are 

diagnosed during the MCI stage as their concerns about their changes in cognition 

increase. The disease course lasts on average 3−8 years depending on age of diagnosis 

[27], out of which ~40% of the time is spent in the most severe stage of the disease [28].  

It is widely believed that AD pathogenesis begins with the accumulation of 

amyloid β-protein (Aβ), either due to enhanced production [29] or decreased clearance 

[30]. Homo-assemblies of Aβ appear toxic, though the structures and mechanisms are 

unknown. Toxicity is manifested as synaptic and cellular dysfunction, neurotransmitter 
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disturbances, 

deposition of amyloid 

plaques (Figure 1.1), 

tau modification and 

aggregation into NFTs 

(Figure 1.1), gliosis, 

oxidative damage, and 

progressive 

neurodegeneration, 

including the loss of 

neurons of  

the hippocampus and of cholinergic neurons in the nucleus basalis of Meynert. Amyloid 

plaques and NFTs are the two main hallmarks of AD. Amyloid deposits can be generally 

grouped into three categories: 1) senile plaques, which manifest as areas of damaged 

neuropil containing fibrillar deposits of Aβ (described below in section 1.1.5.3 Different 

Assembly Structures), often with dense plaque cores, reactive glia and surrounded by 

dystrophic neurites; 2) diffuse plaques, which also manifest in the neuropil but have a 

“cotton candy-like” appearance with little or no fibrillar Aβ and little neuropil damage; 

and 3) vascular deposits found in the walls of cerebral blood vessels containing fibrillar 

Aβ. NFTs are aggregates of post-transcriptionally modified tau protein, described further 

in section 1.1.6.3 below. Functional deficits correlate more closely with NFTs than with 

plaque levels [31]. The loss of synapses is thought to be the most highly correlated with 

the level of cognitive dysfunction [32], however, synaptic sprouting has also been 

Figure 1.1: Extracellular amyloid plaques and 
intracellular neurofibrillary tangles  
Adapted from[1] 
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reported as a response to synaptic amyloid accumulation [33] and so has an increase in 

synaptic size that accompanies synaptic loss [34,35].  

Assessment of the ordered appearance of these disease features, or biomarkers, 

can be used to facilitate diagnosis and to predict conversion from MCI to AD. Current 

biomarkers can be grouped into identifiers of amyloid plaque deposition and of 

neurodegeneration. The five most explored biomarkers are 1) decreased cerebrospinal 

fluid (CSF) Aβ, specifically the 42-residue isoform – Aβ42, 2) increased brain amyloid 

levels as measured by positron emission tomography (PET) imaging, 3) increased CSF 

tau levels, 4) decreased fluorodeoxyglucose, a glucose analogue, uptake as measured by 

PET (FDG-PET), and 5) brain atrophy as measured by structural magnetic resonance 

imaging (MRI).  

 Both decreased CSF-Aβ42 levels and increased brain amyloid measured by PET 

imaging are biomarkers of AD representing Aβ plaque deposition. Low concentrations of 

CSF Aβ42 correlate with both the clinical diagnosis of AD and Aβ deposition at autopsy 

[36] and nearly all patients with a clinical diagnosis of AD have brain amyloid that can be 

detected using PET with different amyloid-binding tracers [37]. Pittsburgh compound B, 

a PET tracer that binds to fibrillar Aβ described below in section 1.5.3, Different 

Assembly Structures, but not to soluble Aβ or diffuse plaques, also correlates well with 

post-mortem analysis of brain Aβ deposition [38] (Figure 1.2).  

 Increased CSF tau levels, decreased brain metabolism measured by FDG-PET, 

and cerebral atrophy are biomarkers of AD representing neurodegeneration. Increase in 

CSF tau indicates neuronal damage and is used as a marker also in ischemic and 

traumatic brain injury [39,40]. Thus on its own, increased CSF tau is not indicative of AD. 
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However, it is correlated highly positively with NFTs load at autopsy [41], disease 

severity, and rate of progression through the three clinical stages [42]. Interestingly, 

increased CSF tau is not observed in pure tauopathies, such as supranuclear palsy and 

corticobasal degeneration, although larger brain NFTs load is observed in these diseases  

upon autopsy than in AD [43]. It is believed that as tau accumulates within neurons and 

axons as a result of a pathological signaling cascade, the accumulation results in cellular 

damage and tau is released into the extracellular space and thus the CSF, as the 

extracellular fluid and brain CSF are in dynamic equilibrium [44]. FDG-PET is used to 

measure net brain glucose metabolism and largely indicates synaptic activity [45]. FDG-

PET correlates well with levels of the synaptic protein synaptophysin, a presynaptic 

Figure 1.2: Imaging of Amyloid deposition by PET and brain atrophy by MRI  
 (A) A cognitively normal individual with no evidence of Aβ on PET amyloid imaging with 
Pittsburgh compound B and no evidence of atrophy on MRI. (B) A cognitively normal 
individual who has no evidence of neurodegenerative atrophy on MRI, but has significant 
Aβ deposition on PET amyloid imaging. (C) An individual who has dementia and a clinical 
diagnosis of AD, positive PET amyloid imaging, and neurodegenerative atrophy on MRI. 
Adapted from [2] 
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protein used to assess synaptic density [46]. Decreasing levels of FDG uptake also 

correlate well with cognitive impairment [47], low CSF Aβ, specifically Aβ42, and high 

CSF total tau and tau phosphorylated at residue 181, a marker for NFTs [48]. Lastly, 

volumetric measures of brain atrophy and ventricular enlargement by structural MRI 

show a strong correlation with the severity of cognitive impairment [49,50] (Figure 1.2). 

By the last clinical stage of AD, brain atrophy can be seen as a result of the death of up to 

80% of the neurons of the hippocampus [51].   

 In 2010, Jack et. al [2] proposed a model of dynamic biomarkers of the 

Alzheimer’s pathological cascade (Figure 1.3), which related the ordered, temporal, and 

often spatial appearance of the different pathological and clinical events to disease stage. 

Considering that Aβ-related biomarkers present early in AD and may plateau before the 

Figure 1.3: Dynamic biomarker theory of Alzheimer’s disease pathological 
cascade 
Aβ is identified by CSF Aβ42 or PET amyloid imaging. Tau-mediated neuronal injury and 
dysfunction is identified by CSF tau or FDG-PET. Brain structure is measured by structural 
MRI. Adapted from [2] 
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onset of clinical symptoms, and that biomarkers of neuronal injury, such as increased 

CSF tau, lowered brain metabolism, and cerebral atrophy, present later in the disease and 

correlate well with clinical symptom severity, comprehensive biomarker-based disease 

staging can be possible by simultaneous analysis of several biomarkers. This tactic may 

be utilized for reduced stage variability in clinical trials and better targeting of drug to 

stage [33].  

 

1.1.3 Production of Aβ By Enzymatic Cleavage 

To better understand the genetics and putative mechanisms of AD, one must first 

understand the proteins involved. Thus, in this section I describe the physiological 

processes leading to the production of different Aβ isoforms. Aβ is a product of 

sequential cleavage of amyloid β-protein precursor (APP), first outside the membrane by 

β-secretase to release the N-terminal ectodomain of APP called soluble APPβ from the C-

terminal, membrane-anchored domain called C99, and then within the membrane by γ-

secretase to release Aβ and the APP intracellular cytoplasmic domain (Figure 1.4). 

Another enzyme, α-secretase, cleaves APP within the Aβ region, after Aβ residue 16, 

leading to formation of a shorter peptide, p3, which is not associated with disease. β-

Secretase consistently produces Aβ starting at D1 (APP672). In contrast, γ-secretase is an 

imprecise enzyme, which cleaves APP in several locations leading to peptides ending at 

various C-terminal positions, most commonly from 38 to 43 (though never 41). 

Historically, the most studied forms of Aβ have been the most abundant ones, the 40- and 

42-residue forms, but studies of the 38- and 43-residue forms are on the rise. Changes in 

the length of Aβ have a major effect on the aggregation kinetics, toxicity, and role in AD, 
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as described in the next 

paragraph and in section 

1.5.3, Different 

Assembly Structures. 

Regardless of the exact 

length, Aβ isoforms 

form oligomers, which 

are believed to be the 

major neurotoxic 

assembly state of Aβ [52], 

and then go on to make 

fibrils that are found 

deposited in the brain. 

In the AD brain, Aβ 

deposits in both the brain 

parenchyma and 

vasculature. Classic, dense-

core amyloid plaques and 

diffuse plaques are 

parenchymal deposits 

composed primarily of 

Aβ42 and Aβ43 [53-55], 

whereas vascular amyloid 

Figure 1.4: Enzymatic Cleavage of Aβ From APP 
Aβ is derived via proteolysis from a larger precursor 
molecule called amyloid β-protein precursor (APP), a type 
1 transmembrane protein consisting of 695–770 amino 
acids. APP can undergo proteolytic processing by one of 
two pathways. Most is processed through the non-
amyloidogenic pathway. The first enzymatic cleavage in 
this pathway is mediated by α-secretase, of which three 
putative candidates belonging to the family of a disintegrin 
and metalloprotease (ADAM) have been identified: 
ADAM9, ADAM10 and ADAM17. Cleavage by α-
secretase occurs within the Aβ domain, thereby preventing 
the generation and release of Aβ. Two fragments are 
released by α-secretase cleavage, a large, amino-terminal 
ectodomain (sAPPα) and a smaller carboxy-terminal 
fragment, C83. C83 then undergoes cleavage mediated by 
γ-secretase to generate p3 (not shown). APP molecules that 
are not cleaved by the non-amyloidogenic pathway become 
a substrate for β-secretase (β-site APP-cleaving enzyme 1; 
BACE1), releasing an ectodomain (sAPPβ), and retaining 
the last 99 amino acids of APP (C99) within the membrane. 
The first amino acid of C99 is the first amino acid of Aβ. 
C99 is cleaved subsequently 38–43 amino acids from the 
amino terminus to release Aβ and APP intracellular domain 
(AICD), by the γ-secretase complex, which is made up of 
presenilin 1 or 2, nicastrin, anterior pharynx defective 1 
(APH-1) and presenilin enhancer 2 (PEN2). This cleavage 
predominantly produces Aβ40, and the more 
amyloidogenic Aβ42 at a ratio of 10:1. Adapted from [3] 
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consists mainly of Aβ40 [56,57]. Levels of Aβ in the CSF, which are used as a biomarker 

for AD, differ between the Aβ isoforms. In non-demented persons, levels of CSF Aβ 

were found to be 40>38>42>39>37 [58]. In patients with AD, levels of Aβ42 and Aβ37 

decreased and levels of Aβ38 and Aβ40 increased [58] or remained unchanged [59,60]. 

Aβ39 concentration levels were unchanged [58]. In plasma, different groups have shown 

no change [61] or different directions of change for levels of Aβ38, Aβ40, and Aβ42 

between patients with AD and age-matched normal individuals [62,63]. Clinically, Aβ42 

has been most closely associated with AD because familial AD-linked mutations in the 

PSEN1 and PSEN2 genes, which encode the catalytic unit of γ-secretase, presenilin-1 and 

presenilin-2, respectively, result in increased Aβ42 levels [64,65], and Aβ42 is more 

prone to aggregation [53,66,67] and is more neurotoxic than Aβ40 [68-71].  

 

1.1.4 Alzheimer’s Disease Genetics  

The genetic contribution to AD is estimated to be about 80% based on twin and 

family studies [72]. However, less than 1% of AD cases are characterized by a Mendelian 

inheritance pattern. These patients present with early-onset (< 60 years old) familial AD 

[13]. The other 99% is considered to be sporadic, can be early or late-onset (≥ 60 years 

old), and thought to be influenced by environmental interactions with the mostly 

unknown genetic variants.  

Most early-onset AD is sporadic, but ~5% is caused by rare, fully penetrant 

mutations in three different genes: APP, PSEN1, and PSEN2 [73]. Other causes of early 

onset dementia may be head injury and alcohol abuse [74] and mutations near the PAX 

transcription activation domain interaction protein gene [75] or in the gene encoding 



 11 

PEN2, a component of the γ-secretase complex [76]. Mutations discovered in the APP, 

PSEN1, and PSEN2 genes, which invariably lead to familial AD suggested a causative 

role for Aβ in AD. APP was the first gene to be identified as linked to AD. It was mapped 

to chromosome 21 in 1987 by several groups [77-79]. In 1990, the first pathogenic 

mutation in APP, called the Dutch mutation, was reported. This mutation leads to a 

substitution of glutamate to glutamine at Aβ residue 22 and causes a disease called 

hereditary cerebral hemorrhage with amyloidosis, Dutch type [80]. In 1995, several early-

onset mutations were identified in PSEN1 [81] and PSEN2 [82], which shifted APP 

processing towards increased production of the more amyloidogenic form, Aβ42 [83]. To 

date, 24 mutations have been reported in APP, 185 in PSEN1, and 12 in PSEN2 [84]. 

These mutations are inherited in an autosomal dominant and fully penetrant manner and 

all in PSEN1 and PSEN2 and some in APP lead to a common phenotype of an increase in 

the Aβ42/Aβ40 ratio [65]. For a detailed discussion regarding APP mutations causing 

intra-Aβ amino acid changes, the corresponding disease phenotypes, and protein 

aggregation characteristics, please see Chapter 38 in Bio-Nanoimaging: Protein 

Misfolding & Aggregation [85]. These mutations provide particular insight into 

important regions, interactions, and structures involved in the way Aβ self-assembles and 

affects susceptible brain regions. 

Additional genes have been identified for late-onset AD, but the only gene variant 

that is widely accepted to be an established risk factor for AD is the ε4 allele of the 

APOE gene [86]. In contrast, carrying one or two copies of the ε2 allele is associated with 

reduced risk for AD [87]. Two amino acids distinguish the ε2, ε3, and ε4 isoforms of 

ApoE – ε2:C112/C158, ε3:C112/R158, ε4:R112/R158. The ε4 allele increases the risk for 
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AD by ~400% in persons carrying a single copy and 800−1500% in carriers of two 

copies as compared to the ε3 carriers [84]. Functionally, APOE is a plasma protein and 

transports cholesterol and lipoproteins in the blood. It is thought also to be involved in 

Aβ aggregation and reduced clearance of Aβ from the brain in AD by mechanisms that 

are not well understood [88]. Other genes, such as ATXN1 (Ataxin 1) and ABCA7 (ATP-

binding cassette subfamily A member 7), identified by genome wide association studies 

may increase risk for AD by 10−20% [84]. 

 

1.1.5 Protein Aggregation 

 As Alzheimer’s is a disease of aberrant protein aggregation, it is important to 

understand the structures and interactions involved at the protein level in AD.  

1.1.5.1 Amyloid  

The genome of a living organism may encode >30,000 proteins, all of which must 

adopt particular three-dimensional structures, which are encoded by their amino acid 

sequences and sometimes require particular environments, as in the case of naturally 

unfolded proteins [89,90], to carry out their biological function [91]. β-Sheet is the 

second most common secondary structure in proteins, following the α-helix. It is made up 

of stretches of amino acids, called β-strands that form backbone hydrogen bonds with 

other β-strands to stabilize the β-sheet (Figure 1.5). In fibrils, the β-sheet structure has the 

β-strands perpendicular to the long axis of the fibril and is hydrogen bonded along the 

long axis of the fibril. Filament elongation occurs by the stacking of multiple β-sheets to 

extend the long axis of the fibril. Fibrils are composed of two or more filaments (Figure 
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1.5). Aggregation of soluble polypeptides or proteins into insoluble amyloid fibrils 

containing the cross-β structural motif is the hallmark of amyloidoses [92].! 

 Given that self-association of polypeptides can be induced in many unrelated 

proteins, the β-sheet secondary structure of amyloids has been hypothesized to be a 

primordial, default structure of polypeptides [91]. Dobson went as far as proposing that 

potentially any protein might form amyloid given the appropriate conditions, typically 

denaturing conditions [93]. This view has been debated in light of evidence that particular 

sequences may be required for amyloid formation [94]. Nonetheless, in view of the high 

abundance of such sequences in biologically active proteins, it might be surprising that 

only a few dozen diseases of protein aggregation are known [95].  

Figure 1.5: The hierarchy of structures from the Aβ peptide folded into a β-
pleated sheet structure through protofilaments to amyloid fibrils. 
Adapted from [5] 
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Remarkably, the shared, common structural characteristics of amyloid deposits 

found in all amyloidoses, β-sheet secondary structure and staining with metachromatic 

dyes or thioflavins, are independent of the amino acid sequence of the proteins that 

comprise them [96-98]. The proteins involved in amyloidoses can be divided into 

natively structured and natively unfolded proteins. For the first group, which includes 

proteins such as prion, transthyretin, Cu/Zn-superoxide dismutase 1, and β2-

microglobulin, amyloid formation requires partial unfolding, leading to formation of 

metastable, toxic oligomers and subsequently, β-sheet rich fibrils. Proteins in the second 

group, including Aβ, tau, α-synuclein, and islet amyloid polypeptide, are thought to 

undergo partial folding to create similar metastable structures leading to self-assembly 

and toxicity [99]. 

Aberrant protein self-assembly involves formation of multiple oligomeric 

structures, ranging from dimers to protofibrillar structures, most of which have been 

reported to be toxic [100]. Most likely, different mechanisms of oligomerization and 

fibrillization act in concert, and the contribution of each depends largely on the 

experimental and environmental conditions, as well as on the particular protein under 

study. These topics are expanded in sections 1.5.3 and 1.5.4 below.  

The molecular interactions that mediate the aberrant self-assembly process 

include backbone and side-chain hydrogen bonds complemented by hydrophobic and 

electrostatic interactions involving side chains of particular amino acids. The role of 

hydrophobic interactions is well known. For example, a major driving force of 

aggregation in the case of naturally folded proteins is exposure of hydrophobic regions 

that are buried in the native structure, due to partial unfolding of the protein, followed by 
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abnormal sequestering of the exposed side chains through uncontrolled intermolecular 

interactions leading to aggregation. In comparison, the contribution of electrostatic 

interactions is less well recognized, though multiple studies have indicated their 

importance in amyloid assembly, specifically in fibril morphology [101], the size of 

oligomers [102], and the relative amount of α-helix or β-sheet secondary structures 

involved in amyloid formation [103]. For example, many familial AD-linked mutations 

within the Aβ-encoding region of the APP gene lead to an increase in the positive charge 

of Aβ sequence and to enhanced aggregation kinetics [104,105].  

 

1.1.5.2 The Amyloid Cascade Hypothesis of Alzheimer’s Disease 

In 1992, the “amyloid cascade hypothesis” proposed that aggregation and 

precipitation of Aβ were the cause of all the other pathological processes, including 

NFTs, cell loss, and dementia in AD [106]. Since then, many observations have changed 

the focus from insoluble amyloid plaques to soluble Aβ oligomers as the primary cause 

of toxicity.  In human studies, oligomers have been detected in brain [107] and in CSF 

[108] of patients with AD at concentrations significantly higher than in age-matched 

healthy individuals. In wild-type (WT) rodents, administration of extracted soluble Aβ 

oligomers from human AD brains or cell culture medium inhibited long-term potentiation 

(LTP), reduced hippocampal dendritic spine density, and disrupted learned behavior 

[109,110]. Additional evidence supporting a central role of Aβ oligomers in AD came 

from experiments in transgenic animals [111,112] and in vitro systems [68,113]. 

Many of the familial AD-linked mutations that affect regions of APP outside of 

the Aβ sequence increase Aβ levels. In contrast, the Dutch [E22Q], Arctic [E22G], Italian 
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[E22K], and Osaka (ΔE22) modifications cause a decrease in secreted Aβ (See Table 1.1 

for amino acid abbreviations). Because both a decrease in Aβ levels, resulting from intra-

Aβ substitutions, and an increase in Aβ levels, resulting from other familial AD-linked 

mutations, cause disease, the concentration of Aβ may be only part of the problem. This 

conclusion is supported by the existence of non-demented individuals with extensive Aβ 

plaque pathology.  

Table 1.1 One letter abbreviations of amino acids 

Alanine = A Cysteine = C Aspartic acid 
= D 

Glutamic acid = E Phenylalanine 
= F 

Glycine = G Histidine = H Isoleucine = I Lysine = K Leucine = L 
Methionine = 
M 

Asparagine = 
N 

Proline = P Glutamine = Q Arginine = R 

Serine = S Threonine = T Valine = V Tryptophan = W Tyrosine = Y 
 

1.1.5.3 Different Assembly Structures 

In Aβ fibrils, Aβ molecules are organized in in-register, parallel β-sheets in which 

the β-strands comprise residues 12−24 and 30−40 in Aβ40, and residues 18−26 and 

31−42 in Aβ42 [114,115]. The two β-strands are connected by a turn in the region 21−30 

and are stabilized by a salt bridge between K28 and E22 or D23 [116] and by 

hydrophobic interactions between K28 and V24 (See Table 1.1 for amino acid 

abbreviations) [117]. A common view of fibril formation is as a nucleation-dependent 

polymerization reaction. The nucleation step has a high-energy barrier and therefore is 

the rate-limiting step. Following nucleation, a relatively rapid fibril elongation process 

takes place [118]. The precursor structure to the fibril, the protofibril, was described as 

curvilinear, up to 200-nm long fibril-like structure that has a high β-sheet content, similar 

to mature fibrils. Early-stage protofibrils have a “beaded” appearance with a periodicity 

of 3−6 nm [119], which at later time points becomes smooth [120]. The “beads” that join 
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together to form early protofibrils are spherical aggregates [121], which were 

hypothesized to be the same as “paranuclei” — pentamer/hexamer assemblies of Aβ42 

that have spherical structures similar to the protofibrils “beads” [122,123]. In support of 

the idea that Aβ42 hexamers in particular are building blocks for larger assemblies, 

several other oligomer structures have been described that are composed of small 

multiples of the hexamer, including dodecamers and octadecamers observed in the same 

experiments where paranuclei were identified [123], Aβ-derived diffusible ligands, which 

can be dodecamers of Aβ42 produced in vitro [124], and Aβ*56, an oligomer extracted 

from brains of Tg2576 mice and named after its apparent molecular weight – 56 kDa, 

which correlates with an Aβ42 dodecamer [112]. As Aβ oligomers are believed to initiate 

the pathogenic mechanisms in AD, an intense search for “the toxic structures” 

responsible for AD has led to the nominal, functional, and structural descriptions of many 

Aβ assemblies. In addition to the four assemblies mentioned above — protofibrils, 

paranuclei, Aβ-derived diffusible ligands, Aβ*56 — others include secreted cell-derived 

and brain-derived low-order oligomers, amylospheroids, annular assemblies, amyloid 

pores, and more. For a detailed description of each, see Rahimi et al. 2008, especially 

Table 1 [100].  

 

1.1.5.4 Factors Controlling Aβ Assembly 

Multiple lines of evidence demonstrate that difference in peptide length is a key 

factor controlling early oligomerization. As mentioned above in section 1.1.3, Production 

of Aβ by Enzymatic Cleavage, the two-amino-acids difference between Aβ40 and Aβ42 

can have a major effect on the aggregation kinetics, toxicity, and role in AD. The two C-
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terminal amino acids of Aβ42, I41 and A42 (See Table 1.1 for amino acid abbreviations) 

induce distinct biophysical properties from those of Aβ40. Jarrett et al. found that under 

similar condition, Aβ39 or Aβ40 remained soluble for days whereas Aβ42 and Aβ43 

aggregated within hours [67]. As mentioned above, Aβ42 forms different oligomers than 

Aβ40. For example, pentamer and hexamer “paranuclei” are predominant Aβ42 

oligomers whereas dimer, trimer, and tetramer are more abundantly represented in the 

Aβ40 oligomer population [123]. Modeling studies suggest that in Aβ40, because the C-

terminus is shorter and less hydrophobic than in Aβ42, the N-terminus competes with the 

C-terminus for interaction with the central hydrophobic cluster (CHC, residues 17−21) 

[102,125,126]. Thus, the C-terminus–CHC interactions are a higher component in early 

Aβ42 folding versus Aβ40 folding [126]. 

Another factor that may facilitate Aβ self-assembly is the loss of electrostatic 

repulsion among monomers [127]. The larger the net charge of each of two molecules, 

either both positive or both negative, the more repulsion would occur between them. This 

theory is supported by the increase in aggregation properties of the Dutch [E22Q], Arctic 

[E22G], Tottori [D7N], and Iowa [D23N] mutations [85], where a negatively charged 

amino acid is substituted by a neutral one, changing the net charge of the Aβ peptide 

from -3 to -2. Similarly, the E22 deletion mutation causes the loss of a negative charge. 

This suggests that local electrostatic repulsion and global changes in peptide net charge 

may be linked to the familial AD caused by the corresponding mutations. Mutations 

affecting the Aβ sequence also highlight the paramount impact one amino acid change 

can have on multiple characteristics from protein function and folding to brain pathology 

and age of disease onset. 
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Perturbation of “native” metastable structures could also affect Aβ assembly. As 

mentioned in the previous section, in the Aβ monomer, a turn region has been identified 

within the decapeptide Aβ(21–30), which may be one of the earliest conformations 

formed [116]. This turn, which was hypothesized to nucleate Aβ folding and assembly, is 

stabilized by hydrophobic interactions between V24 and K28 and by long-range 

electrostatic interactions between K28 and either E22 or D23. Supporting the role of the 

turn in nucleation, Sciaretta et al. [128] have shown that an Aβ40 analogue containing a 

lactam cross-link between D23 and K28 formed amyloid fibrils substantially faster than 

WT Aβ40, with no detectable lag phase in the fibrillization process. In agreement with 

the hypothesis of the prominent role of this turn region in Aβ assembly, the turn also has 

been found in the fibril structure of Aβ40 and Aβ42 [129-132]. The destabilization of the 

turn by substitutions (or deletion) at positions 22 or 23, but not 21, and the positive 

correlation observed between such destabilization and higher oligomerization propensity 

of the Dutch, Arctic, Italian, and Iowa Aβ variants have been implicated in the causation 

of the resulting familial AD [133]. 

 

1.1.6 Modes of Aβ Toxicity 

Much of AD literature dealing with Aβ aggregation and therapeutics directed at 

Aβ aggregation suggests that Aβ is toxic. However, often a gap is left regarding how and 

why. Here, I provide a brief overview of some of the most studied links between Aβ and 

the observed toxicity.  

Epidemiological, functional neuroimaging, and neuropathological data point to 

disruptions in brain metabolism and energetics as playing a role in the pathogenesis of 
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cognitive impairments and AD. Population studies have implicated metabolic disorders, 

such as obesity and diabetes mellitus type 2, as risk factors for AD [134]. Excessive 

energy intake through the diet has been shown to induce cognitive dysfunction by 

promoting inflammatory responses [135], and to exacerbate Aβ deposition and memory 

impairment in a mouse model of AD [136]. The interactions of Aβ with the mitochondria 

and its dysfunction have been implicated in the neuronal metabolic deficits that occur in 

AD. The effects of Aβ on mitochondria are described further below in section 1.1.6.1.  

Much of the energy used by the brain and neurons is for neurotransmission [137]. Thus, 

the decrease in brain metabolism as seen by FDG-PET in AD, indicates reduced cellular 

function and correlates with disease severity [47]. Imbalance in excitatory 

neurotransmission in AD, potentially caused by Aβ, result in Ca2+ dysregulation (Figure 

1.6) and excessive glutamate receptor activation. These mechanisms, which are described 

further below in section 1.1.6.2, can result in seizures [138] and degeneration of synapses 

Figure 1.6: Modes of Aβ 
toxicity 
Aβ produced intracellularly or 
taken up from extracellular 
sources, has various pathological 
effects on cell and organelle 
function. Intracellular Aβ can exist 
as a monomer that aggregates into 
oligomers, and any of these species 
may mediate pathological events in 
vivo, particularly within 
dysfunctional neurons. Evidence 
suggests that intracellular Aβ may 
contribute to pathology by 
facilitating tau 
hyperphosphorylation, disrupting 
proteasome and mitochondria 
function, and triggering calcium 
and synaptic dysfunction. Adapted 
from [3] 
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and neurons [139].  

Another suggested mechanism by which amyloidogenic protein assemblies cause 

toxicity is disruption of membrane integrity. This could result from direct distortion of 

physical properties of membranes [140,141], such as formation of non-specific channels 

or pores [142], which may result in apoptosis [143] or increased membrane 

permeabilization and conductivity [142,144]. To explain the cause of the range of toxic 

effects observed for different Aβ fibril preparations, Yoshiike et al. [145] suggested that 

the surface composition of different morphologies of amyloid fibrils, specifically clusters 

of positive charge, were the relevant component. Through chemical modification or 

amino acid substitution in Aβ, they showed that changes in the surface structures of Aβ 

fibrils led to changes in properties responsible for electrostatic and/or hydrophobic 

interactions and could be manipulated to suppress Aβ toxicity [145].  

Positively charged K residues (See Table 1.1 for amino acid abbreviations) have 

been shown to play a prominent role in membrane interactions and toxicity of the 

proteins involved in AD and likely in other amyloid-related diseases. Recently, the 

binding sites of five toxicity inhibitors, Congo red, Myricetin, melatonin, nicotine, and 

curcumin, on Aβ were explored computationally and then tested in vitro to gain insight 

into the surface components of aggregates that contribute to their toxic effects [146]. All 

five molecules were found to dock at or near K28, supporting the importance of this 

charged residue in Aβ assembly and toxicity. The other K residue in Aβ, K16, resides 

next to the CHC, which is known to be important in regulating Aβ fibrillogenesis [147-

149]. K16 itself has been reported to be solvent-exposed and thus not participate directly 

in Aβ self-assembly but rather to be available for interaction with cell membranes or 
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potential inhibitors [150-152]. The triple substitution R5A, K16A, and K28A in Aβ 

resulted in significant loss of Aβ40 fibril toxicity in human embryonic kidney cells [145], 

presumably due to removal of the positively charged residues that could interact with and 

disrupt the cell membrane. Thus, in both oligomers and fibrils, electrostatic attraction 

between positively charged K residues and negatively charged membrane phospholipid 

head groups, together with hydrophobic interactions between the K butylene and lipid 

hydrocarbon chains, presumably contribute to the toxic effect of Aβ and other 

amyloidogenic protein assemblies [145,153-155]. 

The “cholinergic hypothesis” of memory dysfunction [156] proposed in 1982 that 

degeneration of cholinergic neurons in the nucleus basalis of Meynert [157] and the 

reduction in the synthesis [158], uptake [159], and release [160] of acetylcholine 

contributed to the deficits in cognitive function seen in AD. Aβ binds to α7-nicotinic 

acetylcholine receptors in cortical and hippocampal synaptic membrane preparations, and 

this interaction leads to the inhibition of acetylcholine release and Ca2+ flux leading to 

neuronal death [161]. Activation of α7-nicotinic acetylcholine receptors by nicotine was 

neuroprotective against Aβ42-induced neurotoxicity in vitro [162].  

Studies also have suggested a role for metal ions, specifically Zn2+, Cu2+, Fe3+, 

and Al3+, in accelerating Aβ aggregation and enhancing Aβ toxicity [163]. Many other 

mechanisms of Aβ toxicity also have been suggested, from intracellular signaling by 

interaction with cell surface receptors, such as cellular prion protein [164], low-density 

lipoprotein receptor related protein, receptor for advanced glycation end products, α-7-

nicotinic acetylcholine receptor, and N-methyl-D-aspartate (NMDA) receptors [3], to 
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induction of the inflammatory system [165], but these topics are beyond the scope of this 

thesis.  

 

1.1.6.1 Aβ-induced Mitochondrial Dysfunction 

Mitochondria generate cellular energy in the form of adenosine triphosphate 

(ATP) and regulate levels of Ca2+ and reactive oxygen species (ROS) [166]. Neuronal 

activity has a high energy cost and neurons are particularly sensitive to changes in 

mitochondrial function [137], especially at the synapse where Ca2+ homeostasis is critical 

for function [167]. In cells expressing the APP Swedish mutation, Aβ levels in the culture 

medium correlate with the percentage of cells with abnormal mitochondrial 

morphologies, distribution, and fragmented mitochondria. Inhibition of β-secretase, and 

thus reduction of Aβ levels, prevents these abnormalities [168]. Aβ can induce 

mitochondrial membrane permeabilization by interacting with the membrane 

permeability transition pore [169], cause the collapse of the mitochondrial membrane 

potential, generate excessive ROS by disrupting cellular Ca2+ homeostasis [170], and 

induce ATP depletion by interacting with ATP synthase [171]. In Tg2576 mice, a mouse 

model of AD, Aβ progressively accumulates in synaptic mitochondria, before 

accumulation is seen in mitochondria found in the cell body, and this accumulation 

results in functional alterations, such as decreased mitochondrial respiration and 

respiratory enzyme activity, elevated ROS production, and compromised Ca2+ handling 

capacity [172], though refuting evidence also has been reported that did not find 

differences in presynaptic mitochondrial function in several mouse models of AD [173]. 

The interaction of Aβ with the mitochondria has been demonstrated to induce apoptosis 
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pathways [169,174]. Interestingly, as mitochondria have their own DNA, studies of the 

nine haplotypes found in Caucasian populations show that in patients with AD, but not in 

healthy controls, there is an association between the APOE ε4 allele and certain 

mitochondrial polymorphisms that increase AD susceptibility, whereas other haplotypes 

may neutralize the harmful effects of the APOE ε4 allele [175].   

 

1.1.6.2 Aβ-induced Excitotoxicity 

Consistent with the involvement of the glutamatergic system and the NMDA 

receptor in learning and memory, disruption of the homeostasis of this system has been 

linked with the pathophysiological processes underlying AD [176,177]. The NMDA 

receptor is both voltage-dependent, a result of the Mg2+ block of the ion pore at resting 

state, and ligand-gated. This means that co-activation by two agonists is required for 

activation of the receptor. Because of this requirement, the NMDA receptor is considered 

a coincidence detector and thus plays a role in learning and memory. Excitotoxicity, or 

chronic, mild activation of NMDA receptors that leads to synaptotoxicity and 

neurodegeneration, correlates with cognitive dysfunction in AD [139,178,179]. 

Numerous AD-related pathologies, such as Aβ deposition, Aβ oligomers, 

hyperphosphorylated tau in NFTs, oxidative stress, mitochondrial dysfunction, tonically 

elevated levels of glutamate, and inflammation have been associated with increased 

sensitivity and/or activity of the glutamatergic system in AD [139,180-183]. Specifically, 

Aβ has been shown to stimulate Ca2+ influx into neurons through a mechanism that can 

be blocked using NMDA antagonists [181,184]. Aβ also has been found to influence 

intracellular Ca2+ concentrations, buffering, release from intracellular stores, and 
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sequestration [185,186]. Sustained increases in cytoplasmic Ca2+ concentrations promote 

depletion of presynaptic glutamate stores, resulting in impaired synaptic transmission. Aβ 

may increase residence of glutamate in the synaptic cleft through inhibition, and even 

reversal, of uptake mechanisms [187]. Non-glutamate agonists of NMDA receptors, such 

as homocysteic acid, also have been shown to be elevated in AD [188]. Aβ42 has been 

shown to inhibit the sodium-potassium ATPase pump, and therefore could induce neuron 

depolarization and relief of the Mg2+ block of NMDA receptors [189]. Thus, both direct 

and indirect effects of Aβ are likely to keep the NMDA receptor chronically open in AD. 

This pathological tonic activation would be expected to cause a constant low level influx 

of Ca2+, even under resting conditions, depolarizing the postsynaptic terminal (Figure 

1.7). As a result, incoming physiological signals may not be recognized against this 

raised background noise and, consequently, synaptic plasticity and LTP are impaired. 

Ultimately, the excessive influx of Ca2+ ions could cause death of the postsynaptic neuron 

via associated effects, such as the formation of free radicals, changes in nuclear 

chromatin, and DNA breakage [8,181,190]. Ca2+ influx can also trigger seizure activity, 

activation of programmed cell death mechanisms, and damage to structural proteins [191]. 

  

1.1.6.3 Tau Toxicity 

NFTs are another pathological hallmark of AD and are thought to be a significant 

contributor to the disease progression. Tau, the main component of NFT, is a 

microtubule-associated protein that promotes, stabilizes, and organizes microtubule 

assembly. It is localized predominantly in axons where it plays a role in axonal growth 
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and transport. In the adult human brain, alternative splicing during expression can result 

in six different isoforms of tau that differ by the presence or absence of acidic regions in  

the N-terminus and three versus four repeat regions of a conserved tubulin-binding motif 

in the C-terminus. These structural differences confer different affinity of the tau 

isoforms for microtubules [192]. Phosphorylation of five residues inside the repeat 

regions is used to modulate interactions between tau and microtubules [193] and 

degradation of tau [194]. Tau mutations, though not genetically linked to AD, have been 

shown to alter the relative proportion of the various tau isoforms [195], impair the ability 

Figure 1.7: Aβ’s interaction with NMDA receptors causes excitotoxicity 
(A) Under normal physiological conditions, synaptic plasticity/learning depends on the 
detection of a relevant (sufficiently strong) synaptic signal over the background noise (here 
referring to transient, high- vs. prolonged, moderate intracellular Ca2+ levels), resulting in a 
sufficient signal-to-noise ratio. Intracellular Ca2+ concentrations at any single time point are 
represented by different sizes of the yellow Ca2+ containing circles. For simplification, the 
roles of other receptors (e.g. AMPA) and feedback inhibition have been omitted from this 
cartoon. (B) The signal-to-noise ratio hypothesis assumes that in AD, due to a tonic 
overactivation of NMDA receptors by, for example, soluble Aβ oligomers, Mg2+ no longer is 
effective enough to play its ‘filtering’ function. In turn, synaptic noise rises, impairing 
detection of the relevant synaptic signal required for learning/plasticity. The light blue straight 
arrows indicate the proposed course of events, i.e., first symptomatic disturbance of synaptic 
plasticity, followed by synaptotoxicity and ultimately neuronal death. Soluble Aβ oligomers 
represented as aggregates of small mauve circles – here binding directly to NMDA receptors 
for simplification, but probably interacting more directly with anchoring protein complexes 
and thereby affecting the function of their associated proteins such as NMDA receptors. 
Adapted from[8] 
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of tau to bind and promote the assembly of microtubules [196], and/or enhance the 

aggregation of tau into filaments [197], which are a common pathological finding in the 

AD brain.  

As described previously, the abundance and location of NFTs correlate with the 

severity of cognitive decline in AD [31,198]. NFTs can confer toxicity by displacing and 

reducing the number of cytoplasmic organelles [199], inhibiting the proteasome [200], 

and/or inhibiting axonal transport [201,202]. Tau oligomers also may play a role in AD as 

reflected by their ability to inhibit microtubule assembly [203], disassemble microtubules 

[204], and cause synaptic loss in tau transgenic mice before NFTs formation [205,206]. 

Tau hyperphosphorylation at up to 21 epitopes, largely by glycogen synthase kinase 3β 

and cell division protein kinase 5 [207], is an early pathogenic event that precedes NFTs 

formation [208]. Hyperphosphorylation of tau by both increased phosphorylation and 

decreased dephosphorylation, limits its degradation, resulting in accumulation of tau 

inside the cell. Hyperphosphorylated tau then dimerizes into paired helical filaments – 

similar to two threads of tau wound around eachother − that further aggregate to form 

NFTs [209]. 

Hyperphosphorylation has been shown to limit tau’s ability to promote 

microtubule assembly and to cause cell death [209]. Other post-transcriptional 

modifications of tau, such as glycosylation [210] and truncation [211,212] in addition to 

aberrant tau-mediated intracellular signaling play a role in tau-mediated neurotoxicity 

[213,214]. Disruption of the normal function of tau and even just the presence of 

truncated tau or the overexpression of tau can enhance the vulnerability of neurons. Tau-

mediated disruption of intracellular transport, specifically transport of mitochondria, 
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results in fewer mitochondria in neural processes [202,215,216] and decreased ATP 

levels [202], and may increase the susceptibility of neurons to excitotoxicity [217,218]. 

Thus, tau-mediated toxicity is thought to occur by both loss of normal function and gain 

of toxic function. 

It is believed that tau is a downstream mediator of Aβ toxicity in AD (Figure 1.6; 

for review, see [219]) as reduction in tau levels provides protection against Aβ toxicity in 

primary neurons [220]. Tau-null mice are protected, compared to WT mice, against 

behavioral deficits caused by overexpression of mutant human APP [221]. In addition, 

injection of Aβ42 fibrils into the brain of P301L tau transgenic mice, but not WT mice, 

significantly increases tau phosphorylation, the number of NFTs, and degenerating 

neurites [222].  

 

1.1.6.4 Defective Cellular Protein Degradation 

Another pathological hallmark of AD is dystrophic neurites, or gross focal 

swellings of neuronal processes and protein accumulation. Defective autophagic 

lysosomal proteolysis and proteasomal proteolysis also likely contribute to the pathology 

in AD. Autophagy is a clearance mechanism for large, long-lived proteins and 

aggregates, as well as organelles such as mitochondria. The proteasome is a complex for 

clearing soluble cytosolic proteins. Although each system preferentially degrades specific 

substrates, some substrates, such as tau, can be degraded by both mechanisms, depending 

on conformation, size, and post-translational modifications [223]. Soluble, monomeric 

tau is an ideal substrate for the proteasome, whereas low-order tau oligomers may be 

preferentially degraded by autophagy. Both systems are inhibited in AD [200,224,225]. 
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Dystrophic neurites containing autophagic vacuoles are abundant in the AD brain, 

suggesting autophagy disruption [225,226]. In fact, the levels of undigested protein in 

AD brain parallels certain lysosomal storage disorders [227]. Similar to AD, the ε4 allele 

of APOE also promotes disease development in one lysosomal storage disorder, 

Niemann-Pick disease type C, suggesting an underlying relationship in disease etiology 

[228]. Mouse models of AD have severe autophagy neuropathology as well. TgCRND8 

mice, which have two human mutations in APP, display extensive autophagic-lysosomal 

pathology [229,230]. Deletion of an endogenous inhibitor of lysosomal proteases, 

cystatin B, rescues lysosomal pathology, decreases extracellular amyloid deposition, and 

ameliorates learning and memory deficits in these mice [230]. An early disease-specific 

pathologic change in sporadic AD is the enlargement of specific endosomes, which 

reflects pathologic acceleration of endocytosis [231,232] and this is exacerbated by the ε4 

allele of APOE [231]. Proteasomal activity also is decreased in AD-sensitive brain 

regions, compared to uninvolved regions [200,233] and aggregated paired helical 

filaments of tau and Aβ oligomers have been shown to inhibit the proteasome in vitro 

[200,224]. 

There have been a number of single-factor theories proposed to explain the 

etiology of AD: channel hypothesis, metal hypothesis, axonal transport dysfunction 

hypothesis, mitochondrial cascade hypothesis, and the amyloid cascade hypothesis [234]. 

However, to date, no one theory can explain all aspects of the disease. It is, thus, likely 

that sporadic AD, similarly to cancer, is a result of multiple insults, including a 

combination of “deficient” alleles of numerous genes, stress, stroke, accelerated “aging” 
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through lifestyle choices, and environmental factors such as levels of metals in 

consumables.   

 

1.1.7 Animal Models of Alzheimer’s Disease 

Many animal models of AD exist, falling in categories of “spontaneous” or 

“induced” models, with “induced” being further subdivided into “transgenic” and 

“nontransgenic.” Some species such as dogs, cats, sheep, and nonhuman primates 

spontaneously develop plaque or tau pathology along with neurobehavioral impairment 

and thus can be used as spontaneous models. Induced models may include animals with 

Aβ injected directly into the brain [110] or introduced by viral vectors [235], animals 

treated with drugs that result in increased Aβ, such as Thiorphan which inhibits the Aβ 

degrading enzyme – neprilysin [236], and systemic lipopolysaccharide which increases 

activities of Aβ producing enzymes β- and γ-secretase [237]. Transgenic animal models 

of AD, from drosophila melanogaster to caenorhabditis elegans to rodents, are the most 

popular and have been developed for the study of AD on the basis of the amyloid cascade 

hypothesis by taking advantage of the mutations in APP, PSEN1 and PSEN2 that cause 

familial forms of AD. Upon the discovery of familial AD mutations in APP, Games et al. 

[238] reported the first successful application of overexpression of transgenes containing 

familial AD mutations, in the PDAPP mouse model, so named for the use of the platelet 

derived growth factor-β promoter to drive the APP gene. This model showed about 10-

fold increase in human APP and Aβ compared with mouse APP levels [238], developed 

minimal plaque deposition by 6-m of age, which became substantial by 9-m of age [239] 

along with synapse loss [240] and learning deficits [241]. Subsequently, many other AD 
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mouse models were developed with a similar approach of using familial AD-causing 

mutations (see review [29]). Common features of the models include elevated levels of 

Aβ, plaque deposition, dystrophic neurites, gliosis, and behavioral changes, such as 

hyperactivity or anxiety and age-related learning and memory deficits [29,242]. Mouse 

models with multiple transgenes have been developed that provide a distinct time-to-

phenotype advantage over single-transgene models [243-246].  

Transgenic mouse models of AD are not perfect proxies of disease, though, and 

do not produce the full spectrum of AD pathology. First, the models are based on 

expression of mutant genes implicated in a small subset of the AD patient population and 

thus an underlying assumption is that sporadic and familial AD are highly similar. 

Second, the lines are designed to express much higher than physiological levels of the 

disease-relevant proteins to obtain pathology in a timely manner [238,243,247]. Third, 

the temporal sequence of plaque pathology and cognitive deficits does not mimic human 

disease. Some mouse models present cognitive deficits before significant plaque 

pathology [242], whereas in humans, plaque pathology often is present for substantial 

periods of time before cognitive symptoms appear [2,248]. Additionally, the spatial 

appearance of Aβ and tau pathology may not match the human disease [249]. Fourth, 

many of the mouse models do not display significant, if any, neurodegeneration 

[250,251]. This major difference between mouse models and human AD may be partly 

overcome by the presence of multiple mutations or transgenes. For example, the 5×FAD 

mouse [252], which harbors three APP and two PSEN1 mutations, does show obvious 

neuronal loss [252]. Lastly, many of the models do not display cytoskeletal pathology, 

i.e., NFTs [253]. This has been overcome by the inclusion of tau mutations, typically 
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associated with frontotemporal dementia, in the model [249,254]. However, the 

utilization of multiple mutations mentioned in points four and five, further distances the 

models from sporadic AD. 

The following chapters describe experiments using a triple transgenic (3×Tg) 

mouse model of AD that overexpresses two familial AD mutations in humanized genes: 

the Swedish APP form (APPSwe: K595N, M596L; See Table 1.1 for amino acid 

abbreviations) and PSEN1(M146V). In addition, this model carries the tau gene mutation 

(P301L), which causes frontotemporal dementia [249]. Inclusion of the tau component 

makes this model unique and more physiologically relevant because even though Aβ 

assembly is believed to be the key causative event in AD, tau hyperphosphorylation and 

aggregation may be equally important [255].   

The first neuropathological manifestation in the brains of the 3×Tg mice develops 

at 3-m of age as intracellular Aβ deposition in the hippocampus [249]. The high levels of 

intracellular Aβ deposition correlate with impairment of synaptic plasticity, including 

deficits in LTP.  Thus, intracellular Aβ is hypothesized to exacerbate synaptic 

dysfunction [249]. However, it is important to consider that many Aβ antibodies used in 

immunohistochemistry may also bind APP and thus a clear distinction between the 

effects of intracellular Aβ and APP is difficult [256]. Next, the 3×Tg mice develop Aβ 

plaques followed by NFTs in AD-relevant brain regions (hippocampus, cortex, and 

amygdala) [249], and reactive astrogliosis can be found co-localized with Aβ deposits 

[249]. Though memory deficits can be observed by 4-m of age [257-259], observation of 

Aβ deposition, NFTs, and long-term memory deficits require a minimum age of 9−12 m 

and become robust by 18–20 m.  This mouse model, similar to most mouse models of 
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AD, does not exhibit significant neuron death at ages where other AD symptoms are 

prevalent [249]. Nevertheless, this AD model exhibits not only the two neuropathological 

hallmarks of AD, amyloid plaques and NFTs, but also neurofunctional symptoms, all of 

which are vital for proper assessment of potential drugs for AD. 

 

 

1.2 Alzheimer’s Disease Therapies 

1.2.1 Current Therapies 

Five drugs currently are approved by the Food and Drug Administration for use in 

AD and fall into two categories: acetylcholinesterase inhibitors (AChEIs) and glutamate 

modulators. All five drugs were approved between 1993 and 2003, none address the 

underlying etiology of AD, and their efficacy varies greatly between individuals. During 

the first year, patients’ performance in measures of cognition, activities of daily living, 

behavioral symptoms, and Clinical Global Impression of change may improve 

significantly for 10−20% of patients, plateau for 30−50% of patients, or continue to 

deteriorate for 20−40% of patients [260]. Meta-analysis of long-term, open-label, follow-

up or observational studies show that continued use of AChEIs provides cognitive 

benefits for 2−5 years and delays nursing-home placement, especially with the 

combination therapy that is now typical for AD management [260]. In addition to 

multiple pharmacologic methods, combination therapy can include non-pharmacologic 

interventions, such as task simplification, environment modification, and caregiver 

education on communication, which are used to address behavioral disturbances. 

Optimistically, combination therapy can be expected to improve symptoms, delay and 
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reduce emerging problematic behaviors, decrease the rate of overall decline, and lower 

the impact of AD on patients and caregivers [260].  

The AChEIs were the first pharmacologic strategy for AD and were based on the 

“cholinergic hypothesis” of memory dysfunction, described above in section 1.1.6 [156]. 

They include tacrine (brand name: Cognex), donepezil hydrochloride (Aricept), 

rivastigmine tartrate (Exelon), and galantamine hydrochloride (Razadyne). Tacrine 

hydrochloride was approved in 1993 and was a first generation AChEI that is now largely 

discontinued due to high levels of liver toxicity [261]. Galantamine also acts as an 

allosteric nicotinic receptor modulator and has been shown to stimulate the presynaptic 

release of acetylcholine and other neurotransmitters in vitro [262].  

As described above in the Aβ-Induced Excitotoxicity section 1.1.6.2, Aβ can 

induce toxicity by affecting glutamate homeostasis, directly impacting NMDA receptor 

function, and thus driving synaptic dysfunction. The most recent Food and Drug 

Administration-approved drug for AD is memantine (2003; brand name: Namenda). It is 

a noncompetitive NMDA receptor antagonist with strong voltage dependency and rapid 

channel unblocking kinetics [263]. These characteristics allow memantine to prevent the 

perpetual and pathological influx of Ca2+ into postsynaptic neurons and the resulting 

excitotoxicity. Memantine, in a way, replaces the Mg2+ block that is displaced in AD by 

low baseline depolarization and is more effective than Mg2+ as a filter of signal-to-noise 

at the glutamatergic synapse because it has a higher threshold for displacement by 

depolarization, thus preserving the physiologic actions of glutamate required for learning 

and memory (Figure 1.8) [8]. Importantly, memantine has a narrow therapeutic window 

which is attributed to its mechanism of action — high concentrations of memantine 
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prevent the normal function of NMDA receptors [8]. By preventing excitotoxicity, 

memantine can reduce neurodegeneration, as found in animal models [264] and even 

upregulate central nervous system genes involved in neurogenesis, neural differentiation, 

memory, and neurotransmission [265]. In humans, retrospective analyses show a trend 

for a disease-slowing tendency of memantine due to its neuroprotective effects [8].  

Other pharmacologic approaches to AD therapy with yet inconclusive results 

include nicotine, selegiline, vitamin E, ginkgo biloba, piracetam, hormone replacement 

therapy, anti-inflammatory drugs, statins, and folic acid [266,267]. 

Figure 1.8: The interaction of Aβ with NMDA receptors causes excitotoxicity 
A) A schematic illustrating memantine's proposed mechanism of action in AD based on the 
signal-to-noise hypothesis. Memantine serves as a more effective filter than Mg2+, blocking 
pathological ‘noise’ at glutamatergic synapses and thereby allowing detection of the relevant 
synaptic signal. Synaptic plasticity is restored and synaptotoxicity/ultimate neuronal death is 
prevented by the same mechanism of action. B) Schematic illustrating the hypothesis 
explaining how the fast unblocking kinetics of memantine allows this voltage-dependent 
compound to differentiate between the physiological and pathological activation of NMDA 
receptors. Under resting therapeutic conditions [i.e., in their continuing presence at −70 mV 
(left), Mg2+ (top) or memantine (bottom)] occupy the NMDA receptor channel. Both Mg2+ 
and memantine leave the NMDA receptor channel upon strong synaptic depolarization (−20 
mV, right) due to their pronounced voltage dependency and rapid unblocking kinetics. 
However, memantine – in contrast to Mg2+ – does not leave the channel easily upon 
moderate prolonged depolarization during chronic excitotoxic insults caused by Aβ 
oligomers, which tonically activates NMDA receptors (−50 mV, center). Transient, strong, 
and prolonged moderate Ca2+ influx are illustrated by the full and dashed red arrows 
respectively. Adapted from [8] 
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1.2.2 Therapy Research 

As AD is a multifactorial disease, numerous avenues have been taken in the 

search for efficacious therapeutics. In addition to the AChEIs and NMDA receptor 

antagonists, other drug categories include: 1) Aβ-targeting molecules, discussed in the 

next few paragraphs; 2) tau kinase inhibitors; 3) antioxidants, especially mitochondria-

targeted; 4) anti-inflammatory agents, such as non-steroidal anti-inflammatory drugs; 5)  

neuroprotective agents, such as brain-derived neurotrophic factor and resveratrol that is 

currently in phase III clinical trials; 6) histone deacetylases; 7) anti-diabetics; 8) and 

APOE related therapies targeting both its loss of function and gain of toxic function. For 

an extensive review of 140 substances studied in mice between 2001−2011, see Li et al. 

[268,269].   

Aβ-targeting treatment strategies include: inhibition of Aβ production, promotion 

of Aβ clearance, and modulation of Aβ aggregation. The most common approaches to 

inhibition of Aβ production are inhibition of β-secretase or γ-secretase. Though these 

approaches have been successful in vitro and in pre-clinical studies, none have succeeded 

in clinical trials. The most advanced drug candidate to fail in clinical trials was 

Semagacestat, a γ-secretase inhibitor sponsored by Eli Lilly, which failed in 2010. One 

major challenge with secretase inhibitors is that they have multiple substrates. Thus, 

although inhibition may reduce Aβ production, it also inhibits cleavage of other 

important substrates leading to unwanted side effects. A particularly pertinent example is 

Notch protein cleavage by γ-secretase. Notch is a transmembrane receptor involved in 
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regulating cell-fate decisions and its correct processing by γ-secretase is essential for 

proper cellular function. 

The most common approaches to promotion of Aβ clearance have been passive 

and active immunotherapy. Immunotherapeutic Aβ degradation has been suggested to 

work through phagocytic clearance of Aβ by microglia [270] and/or through binding of 

antibodies to Aβ, resulting in prevention of its assembly and neurotoxicity [271]. Similar 

to inhibition of Aβ production, promotion of Aβ clearance has been successful in pre-

clinical studies, however, clinical trials of Solanezumab, Bapineuzumab, and 

Gammagard, sponsored by Eli Lilly, Pfizer/Johnson & Johnson, and Baxter, respectively, 

have all failed. The reasons for failure of these clinical trials of course may be related to 

the efficacy of the drug. However, additional reasons for failure have been suggested that 

relate to the poor sensitivity in tests for early diagnosis. For example, inclusion of MCI 

patient populations that may be too far along in disease progression but are the earliest 

that AD can be identified, could result in clinical trial failure regardless of the drug. 

Treatment of this population may stop disease progression but will likely not lead to 

functional improvement due to the irreversible loss of neurons. Since clinical trials are 

prohibitively expensive it is possible that their duration is not long enough to see small 

functional differences. Further, since the underlying cause of AD has not been identified, 

it is possible that seemingly similar patient populations could have different dominating 

disease components, which would dilute out possible drug effects seen in one group by 

the whole population.  

The last Aβ-targeting treatment strategy is modulating the self-assembly of Aβ in 

an effort to reconfigure Aβ assembly into nontoxic structures, prevent aggregation, or 
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promote disaggregation. This approach may be advantageous relative to the others 

because it directly targets the deleterious form of Aβ rather than just its presence. Further, 

general strategies for inhibition of aberrant protein aggregation may be applicable to the 

many other amyloidoses with similar elements. In the last decade, numerous inhibitors 

targeting Aβ oligomerization and toxicity have been developed, including: curcumin 

[272], scyllo-inositol [273,274], amyloid-binding dyes [275], polyphenols [276], 

catechols [277], and flavonoids [278,279]. Interestingly, some amyloid-binding dyes and 

polyphenols have been shown to reduce toxicity by accelerating Aβ fibrillogenesis 

[275,276,280], a strategy followed in view of the observation that fibrils are less toxic 

than oligomers. Whereas other compounds, including scyllo-inositol [273,281,282], the 

polyphenols epigallocatechin-3-gallate [283,284], resveratrol [285], Aβ42 C-terminal 

fragments [286,287], and molecular tweezers, which are the focus of this thesis [288], 

were found to stabilize non-toxic oligomers. Three inhibitors of Aβ assembly/toxicity 

currently are in phase-2 clinical trials: PBT2 [289], scyllo-inositol (ELN005), and 

epigallocatechin-3-gallate (Sunphenon). Methylene blue (Rember and LTMX 

formulations) is being explored in a phase-2 clinical trial as an inhibitor of tau 

aggregation. However, because of the lack of understanding of the mechanisms of actions 

of these molecules, there is reason for caution. For example, PBT2 was developed as a 

Cu2+/Zn2+ chelator but may actually work by inhibiting the phosphatase calcineurin 

[290]. In a recent clinical trial, PBT2 lowered CSF Aβ42 significantly relative to placebo 

but the study did not find correlations between changes in CSF Aβ40, Aβ42, total tau, or 

hyperphosphorylated tau and cognitive performance [291]. Scyllo-inositol was reported 

to cause nine deaths in the high-dose groups in a recent phase 2A trial [292] and 
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epigallocatechin-3-gallate was reported to promote formation of toxic tau oligomers 

[293]. For a full discussion of the in vivo research of epigallocatechin-3-gallate and its 

comparison to molecular tweezers, see [294]. 

The failure of AD clinical trials in the last decade [295,296] might be partially 

attributed to the common methods of drug discovery, namely large-scale compound 

screens or empirically identified leads. Though high-throughput screens generally are 

efficient and leads discovered empirically, particularly from food sources, tend to be safe, 

lack of understanding of the mechanism of action of the compounds selected by either 

strategy may result in pursuing nonviable leads and unpredictable complications. The 

necessity for better mechanistic understanding has been underscored in recent years by 

studies showing that many inhibitors of protein aggregation are promiscuous in their 

inhibition, a behavior attributable to the inhibitors forming colloids around protein fibrils 

and thereby sequestering them rather than actually disrupting the assembly process 

[297,298]. Complicating matters further, inhibition of fibril formation or dissociation of 

existing fibrils may yield both toxic [299,300], and non-toxic oligomers, depending on 

the particular proteins and inhibitors studied [99].  

Large-scale, high-throughput screens based on identifying binding interactions are 

best suited for compounds that fit tightly in a small, deep pocket and bind to the target 

with affinity similar to, or higher than, the natural ligand or substrate. However, in the 

case of amyloid, stable structure in the fibrils is achieved as a sum of numerous weak 

interactions spread across large, flat areas, where it would be difficult for a small 

molecule to compete effectively [301]. In addition, because of the high flexibility of 

amyloids, even molecules that bind with relatively high affinity can be accommodated 
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without sufficiently disrupting the amyloid lattice [302]. Inhibiting oligomer formation 

and toxicity is even more difficult because the structures of oligomers not only are 

unknown, but also are constantly changing. These challenges in drug discovery and 

development specifically for protein aggregation may be circumvented by using rational 

approaches to the problem, considering the weakest links of the target(s) and the 

fundamental interactions within and among the individual building blocks necessary for 

abnormal self-assembly and toxicity.  

Because the structures of the most toxic assemblies, the metastable oligomers of 

amyloidogenic proteins, are poorly understood [100,303,304], continued research 

towards better characterization of these structures is vital. At the same time, the 

tremendous magnitude of the financial and psychological burden AD and other 

amyloidoses create for individuals and societies make the search for disease-modifying 

intervention highly urgent. Therefore, scientists and physicians do not have the luxury of 

waiting for complete structural details to be deciphered and must act now to create the 

best possible solutions to the problem using currently available information. 

The focus of this dissertation is in vivo characterization of a small molecule that 

was rationally identified as an aggregation inhibitor/modulator, based on mechanistic 

understanding of its interaction with proteins. Importantly, the compound binds to its 

targets regardless of their aggregation state, including prior to formation of oligomers, 

thereby circumventing the problem of the unknown structures of the oligomers. 

 

1.2.3 Molecular Tweezers: Artificial Lysine (K) Receptors 
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Molecular tweezers (MTs) developed by Drs. Klärner and Schrader at University 

of Duisburg-Essen, Germany, are small molecules that act as selective, artificial K 

receptors (See Table 1.1 for amino acid abbreviations). MTs bind with dissociation 

constant, Kd = 10–20 µM to K residues and with ~10-times lower affinity to R residues in 

peptides and proteins [288,305,306]. They have a horseshoe-shaped structure composed 

of two hydrocarbon arms capable of hydrophobic interactions with the alkyl side chains 

of K residues, which gets threaded through the central cavity of the MT [305,307]. At 

their bridgehead, MTs have negatively charged groups, e.g. phosphates, which form ionic 

interactions with the positively charged ammonium or guanidinium groups of K and R, 

respectively. Binding of the MT derivative termed CLR01 (Figure 1.9) [288]) to K16 and 

K28, and to a lower extent to R5, in Aβ was confirmed by solution-state, 2D-nuclear 

magnetic resonance and electron-capture dissociation mass spectrometry [288]. 

MTs utilize the same types of interactions, hydrophobic and electrostatic, found in 

early Aβ assembly and presumably K-mediated interaction of Aβ with cell membranes. 

Fig. 1.9. Structure of the molecular tweezers CLR01 and CLR03 
Adapted from [7] 
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Understanding this, Dr. Gal Bitan hypothesized that competition by MTs for these 

interactions could inhibit Aβ assembly, decrease Aβ-induced toxicity, and also be 

applicable to other amyloidogenic proteins [288]. The in vitro studies of CLR01 with Aβ 

and other amyloidogenic proteins and subsequent studies with a zebrafish model of α-

synuclein toxicity, performed by collaborators, will be summarized in Chapter 2. In vivo 

analysis of CLR01 in a transgenic AD mouse model and toxicity analysis of CLR01 are 

discussed in Chapter 3 and 4, respectively, and are original work for this dissertation. The 

influence of CLR01 on normal protein assembly also has been assessed and is discussed 

in Chapter 4. 

The data presented in the following chapters has been obtained using the MT 

derivatives CLR01 and CLR03 (Figure 1.9). CLR03 differs from CLR01 in that it has a 

truncated hydrocarbon skeleton. Consequently, it can form electrostatic, but not 

hydrophobic interactions, it is not expected to bind specifically to K residues, and has 

been used as a negative control. In multiple experiments CLR03 was found to have 

minimal or no effect on the assembly or toxicity of the proteins under study, highlighting 

the functional importance of the hydrophobic side arms of MTs for interacting with K 

residues.  
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Chapter 2 

 

Disrupting Self-Assembly and Toxicity of Amyloidogenic Protein 

Oligomers by “Molecular Tweezers” – from the Test Tube to Animal 

Model 

 
 
 
 
2.1 Introduction 

Common molecular interactions mediate the aberrant self-assembly process seen 

with amyloid β-protein (Aβ), including backbone and side-chain hydrogen bonds 

complemented by hydrophobic and electrostatic interactions involving side chains of 

particular amino acids. Unique in their ability to participate in both hydrophobic and 

electrostatic interactions among the twenty proteinogenic amino acids are K residues. 

Due to this unique feature, K residues play a prominent role in protein folding and 

biological processes [2]. For example, ubiquitination at K residues marks proteins for 

proteasomal degradation and acetylation of histones at K residues regulates transcription. 

In the 40-residue isoform of amyloid β-protein, Aβ40, site-specific modification at the 

only two K residues in the sequence of the protein, K16 and K28, by cholesterol 

oxidation products, resulted in enhanced aggregation kinetics relative to the unmodified 

protein [3]. As the mechanism of action of molecular tweezers and their potential 

functionality in treatment of amyloidoses is dependent on binding to K residues in 

amyloid β-protein (Aβ) and other proteins involved in aberrant aggregation, assembly, 
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and toxicity, it is important to understand better the role of K residues in Aβ, which is 

described in section 2. Then, sections 3 and 4 will describe the in vitro studies done so far 

with CLR01 and section 5 will compare CLR01 to molecules currently in clinical trials. 

This chapter will end with the description of CLR01’s efficacy in a zebrafish model of α-

synuclein (α-syn) toxicity in section 6.  

 

2.2 K Residues are Important Determinants of Aβ Structure, Assembly 

Kinetics, and Toxicity 

To gain insight into the role of K residues in Aβ assembly and toxicity, each of 

the two K residues was individually substituted by A and the effect of the substitution on 

secondary structure, morphology, and toxicity in cell culture of both Aβ40 and Aβ42 was 

studied [4]. Circular dichroism (CD) spectroscopy was used to monitor the initial 

secondary structure and the temporal change of secondary structure in six Aβ alloforms: 

wild-type (WT) Aβ40, [K16A]Aβ40, [K28A]Aβ40, WT Aβ42, [K16A]Aβ42, and 

[K28A]Aβ42. The spectra subsequently were deconvoluted to allow for quantitative 

comparison of the content of the α-helix, β-sheet, and statistical coil structures in the 

substituted analogues relative to the WT peptides, during their self-assembly [4].  

Comparing the initial and final α-helix, β-sheet, and statistical coil content of WT 

Aβ40 to the two Aβ40 analogues containing K→A substitutions, Sinha et. al. found that 

initially, the three analogues had similar content of each conformational element — 

predominantly statistical coil and a small contribution of β-sheet. Following incubation 

under conditions that promote fibril formation, the conformational transition of the A-

substituted Aβ analogues were substantially slower than those of their WT counterparts. 
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The slowest transition was of [K16A]Aβ42, which did not reach completion at the final 

time point measured – 9 d, compared to the transition of WT Aβ42, which was complete 

in 24 h. Interestingly, following incubation, [K16A]Aβ40 showed a higher β-sheet and 

lower statistical coil content than WT Aβ40. In fact, the β-sheet content of [K16A]Aβ40 

fibrils was as high as that of Aβ42, which is more amyloidogenic, and typically its fibrils 

display higher β-sheet content than Aβ40 fibrils [4].  

The conformational change in the case of the K→A Aβ42 analogues was 

substantially more variable compared to the Aβ40 analogues. The initial α-helix content 

of the Aβ42 analogues was minimal and similar to each other. However, over time, in 

WT Aβ42 and [K28A]Aβ42 the α-helix content decreased to zero and the β-sheet content 

increased, whereas in [K16A]Aβ42, the α-helix content increased and became the 

predominant secondary structure element with concomitant decrease of β-sheet content to 

zero. This is a highly unusual behavior and I am unaware of any other substitution that 

promotes such a high increase in α-helix content in an Aβ42 analogue. 

Though [K28A]Aβ42 followed a conformational transition similar to that of WT 

Aβ42, it had substantially lower final β-sheet content, lower than all the Aβ40 analogues, 

and a corresponding high final statistical coil content, the highest of all the six Aβ 

alloforms. Thus, both K16 and K28 were found to be important determinants in Aβ42 

assembly into β-sheet-rich fibrils, supporting the central role K residues play in this 

process. 

Using the same samples characterized by CD spectroscopy, the effect of the 

K→A substitutions on Aβ morphology was analyzed by electron microscopy (EM). All 

six alloforms displayed quasi-globular or amorphous morphology immediately following 
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dissolution and progressed to form fibrillar structures [4]. Aβ40, Aβ42 and their K16A 

analogues all showed long, unbranched fibrils. However, corresponding to its unusual 

behavior measured by CD spectroscopy, [K16A]Aβ42 also was characterized by 

abundant globular structures that appeared to “decorate” the fibrils. Presumably, within 

these structures [K16A]Aβ42 was in the predominantly α-helical conformation observed 

by CD spectroscopy. Interestingly, both [K28A]Aβ40 and [K28A]Aβ42 produced 

thicker, shorter, branched fibrils and a wider distribution of fibril diameters compared to 

the WT and K16A analogues, suggesting that the K28A substitution induced a higher 

nucleation rate relative to the analogues containing the native K28 residue. As the overall 

conformational transition kinetics in both [K28A]Aβ40 and [K28A]Aβ42 was slower 

than in their WT counterparts, the data indicate a large decrease in the elongation rates of 

the K28A analogues. These observations are in agreement with the important role of the 

electrostatic and hydrophobic interactions involving K28, which stabilize a turn in the 

Aβ(21–30) region [16]. 

The stark contrast between the structural transitions of [K16A]Aβ40 and 

[K16A]Aβ42, namely the high final β-sheet content of [K16A]Aβ40 versus the very low 

β-sheet content of [K16A]Aβ42, suggests an important interplay between the C-terminus 

and the central hydrophobic cluster (CHC) region, which is affected differently in Aβ40 

and Aβ42 by the adjacent, charged K16. In Aβ40, this residue appears to inhibit early 

folding, whereas in Aβ42, K16 seems to facilitate β-sheet formation. It is interesting to 

compare and contrast these results with the study by Usui et al., in which K16 in Aβ40 

was modified by the addition of cholesterol oxidation products leading to increased 

aggregation kinetics and toxicity [3]. The increase in β-sheet content correlates with the 
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removal of the positive charge of K16, and/or a general increase in hydrophobicity in this 

region, though the different modifications of K16 by Sinha et al. and Usui et al. led to 

opposite effects on the assembly kinetics and toxicity of the resulting peptides. 

Modeling studies indicate that in Aβ40, because the C-terminus is shorter and less 

hydrophobic than in Aβ42, which has I41 and A42, the N-terminus competes with the C-

terminus for interaction with the CHC [17-19]. Thus, the C-terminus–CHC interactions 

are a higher relative component in early Aβ42 folding versus Aβ40 [19] and 

consequently, perturbation of K16 would be predicted to affect Aβ42 more than Aβ40. 

Possibly, in Aβ40 K16 promotes electrostatic N-terminus–CHC interactions (e.g., with 

D1, E3, D7), and thus the substitution of K16 by A shifts the scales towards increased C-

terminus–CHC leading to increased β-sheet content. In the case of Aβ42, where the C-

terminus–CHC interaction is predominant, conceivably K16 facilitates formation of an 

intermediate state necessary for the transition into β-sheet and the absence of such 

stabilization explains the substantial decrease in β-sheet content and slow conformational 

transition in [K16A]Aβ42. Alternatively, the obligatory α-helical intermediate in the 

conformational transition of Aβ [20] may be stabilized by the K16A substitution in Aβ42. 

To assess the impact of the A substitutions on Aβ-induced toxicity, the six 

alloforms were incubated with differentiated rat pheochromocytoma (PC-12) cells and 

the lactate-dehydrogenase release (LDH) assay was used to measure cell viability [4]. 

Unexpectedly, despite the relatively minor influence of the K16A substitution on Aβ40 

assembly, [K16A]Aβ40 was not toxic to the cells even at a concentration as high as 100 

µM (Figure 1). Previously, Ono et al. found that the level of toxicity of small Aβ40 

oligomers correlated with β-sheet content [21]. Thus, it was highly surprising that even 
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though the β-sheet content in [K16A]Aβ40 was higher than that of WT Aβ40 and similar 

to the WT Aβ42 levels, no toxicity was observed with this isoform. These data strongly 

suggest direct involvement of K16 in Aβ-mediated toxicity, presumably through 

interaction with the cell membrane. In support of this interpretation of the data, 

[K16A]Aβ42 also showed substantially reduced toxicity relative to WT Aβ42 (Figure 

2.1) despite the distinct effects of the K16A substitution on Aβ40 and Aβ42 

conformation. 

The K28A substitution also led to reduced toxicity of the resulting Aβ42 analogue 

relative to the WT counterpart, but the reduction in toxicity was substantially smaller than 

for the K16A analogues. In the case of the [K28A]Aβ analogues, the decreased toxicity 

correlated with major perturbation of the conformational transition and assembly process. 

Therefore, a conservative interpretation of the data is that substitution of K28 by A 

Figure 2.1 Toxicity of Aβ40, Aβ42, and their A-substituted analogues  
Aβ40, Aβ42, and their respective K→A analogues were incubated with differentiated PC-12 
cells for 48 h, and cell death was measured using the LDH release assay. The results are an 
average of four to six experiments and are presented as mean ± SEM. Statistical significance 
was calculated by one-way analysis of variance. Adapted from [4] 
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disrupts the turn in Aβ(21–30) leading to formation of oligomers and fibrils with different 

structures from those formed by the WT peptides. These structures are still toxic, but to a 

lesser extent than those of WT Aβ40 and Aβ42. 

Based on the surprising findings that substitution of K16 by A led to a dramatic 

loss of toxicity in both Aβ40 and Aβ42, it is possible to predict that mutations in APP 

leading to this or similar substitutions may be found to be protective from Alzheimer’s 

Disease (AD), similar to the recently discovered protective mutation that causes an A2T 

substitution in Aβ [22]. Interestingly, a new kindred has been discovered recently in 

which a heterozygous APP mutation leading to a K16N substitution causes familial AD 

[23] with the pure K16N, without WT, oligomers showing little toxicity in vitro. 

Ostensibly, this might be perceived as contradicting our hypothesis that K16 is directly 

involved in mediating Aβ toxicity. However, in support of our interpretation, 

[K16N]Aβ42 was found to have reduced toxicity compared to WT Aβ42. Apparently, the 

early onset familial AD associated with this mutation correlates with formation of highly 

toxic mixed oligomers of WT and K16N Aβ and possibly by increased total Aβ 

concentration due to perturbation of the α-secretase cleavage site and/or reduced Aβ 

clearance [23]. 

Recently, our group discovered that deletion of K1 in islet amyloid polypeptide 

(IAPP), a highly amyloidogenic peptide hormone whose self-assembly is closely 

associated with pancreatic β-cell death in type-2 diabetes, causes substantial decrease in 

the peptide’s toxicity [24]. These findings provide additional support for an important 

role of K residues in mediating toxicity of amyloidogenic proteins.  
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The data discussed above suggest that disruption of molecular interactions 

involving K residues may lead to modulation of Aβ assembly and inhibition of Aβ 

toxicity. Moreover, because K residues are common to almost all proteins, this strategy 

may be applied to inhibition of the toxicity of amyloidogenic proteins in general, not just 

Aβ. At the same time, this very argument raises the question whether the strategy can be 

applied specifically to inhibition of toxic amyloidogenic proteins without interfering with 

normal protein folding and function. The following sections will describe the application 

of “molecular tweezers” (MTs), which bind non-covalently with moderate affinity to K 

residues and achieve this very goal, inhibiting the assembly and toxicity of 

amyloidogenic proteins without interfering with normal physiology. 

 

2.3 Molecular Tweezers are Broad-spectrum Assembly and Toxicity 

Inhibitors In Vitro 

To test the hypothesis that perturbation of molecular interactions involving K 

residues would disrupt amyloidogenic assembly, the effect of CLR01 on formation of β-

sheet-rich fibrils was analyzed in nine different proteins that were either naturally 

unstructured (Aβ, tau, α-syn, IAPP, calcitonin, and prion protein (PrP; residues 106–

126)) or structured (insulin, β2-microglobulin, and transthyretin). The percentage of K 

residues in these proteins ranges from 2.7–10.7% (Table 2.1). Each protein was incubated 

under aggregation-promoting conditions in the absence or presence of CLR01 or CLR03. 

The aggregation reaction was followed by thioflavin T (ThT) fluorescence [25] and EM, 

except in the cases of transthyretin and PrP(106–126), which did not show sufficient ThT 
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binding upon fibril formation and therefore their aggregation was monitored by the 

increase in turbidity at λ = 360 nm [26,27]. 

The protein concentration in each case was selected to enable aggregation within 

a reasonable time frame, ranging from < 2 h for the most amyloidogenic peptide, IAPP, 

to over a week for the slowest protein, α-syn. In most cases, CLR01 was found to inhibit 

the aggregation completely at a 1:1 concentration ratio and in some cases at sub-

stoichiometric concentrations (less CLR01 than protein), suggesting inhibition of both the 

nucleation and elongation steps [1]. Interestingly, substoichiometric inhibition was found 

in the cases of calcitonin and IAPP, both of which are hormones sharing some structural 

similarity, such as a disulfide-bridge constrained 6/7-residue region in their N-terminus.  

In agreement with the ThT fluorescence/turbidity measurements, morphological 

examination of all proteins studied showed formation of amorphous aggregates in the 

Table 2.1: Amyloidogenic proteins studied 

Protein Length 
(aa) Lys % 

Lys Arg % 
Arg Associated Disease Reference 

Aβ40, Aβ42 40, 42 2 5.0, 
4.8 1 2.5, 

2.4 AD [5] 

Tau 
(embryonic) 

352 37 10.5 14 4.0 AD, tauopathies [5] 

α-Syn 140 15 10.7 0 0.0 PD, synucleinopathies [8] 
IAPP 37 1 2.7 1 2.7 Type-2 diabetes [9] 

Calcitonin 32 1 3.1 0 0.0 Medullary Carcinoma of 
the Thyroid [10] 

Insulin 51 2 3.9 1 2.0 Injection-related nodular 
amyloidosis [11] 

β2-
Microglobulin 99 8 8.1 5 5.1 Dialysis-related 

amyloidosis [12] 

Transthyretin 147 8 5.4 5 3.4 
Senile systemic 

amyloidosis, Familial 
amyloid polyneuropathy 

[13,14] 

PrP(106–126) 21 2 9.5 0 0.0  [15] 
Adapted from [1] 
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presence of CLR01, as opposed to the typical amyloid fibrils formed in the absence of 

MTs or in the presence of CLR03 [1]. The only exception to the rule was PrP(106–126), 

whose aggregation was not inhibited by CLR01, presumably because the two K residues 

in this peptide are located away from the amyloidogenic sequence that mediates its 

aggregation. 

In follow-up experiments, the capability of CLR01 to inhibit the toxicity induced 

by amyloidogenic proteins was tested. The proteins were incubated first under conditions 

that promote oligomerization and then added exogenously to cultured cells. 

Differentiated PC-12 cells were used to study Aβ, α-syn, calcitonin, β2-microglobulin, 

and transthyretin, whereas rat insulinoma (RIN5fm) cells were used in IAPP and insulin 

experiments. The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) 

reduction assay was used for measurement of cell viability in all cases [1]. In addition, 

because α-syn is predominantly an intracellular protein, CLR01 inhibition of endogenous 

α-syn expressed in HEK 293 cells also was tested [6]. 

Because MTs potentially can bind to any exposed Lys and at sufficiently high 

concentration likely would disrupt cellular processes, it was important to determine first 

whether a sufficient window existed between CLR01 concentrations that reduced cell 

viability and those needed for inhibition of toxicity caused by amyloidogenic proteins. 

CLR01 was found to increase cell viability by 5–15% relative to control cells at 

concentrations up to 200 µM, whereas at 400 µM, it caused a 10–20% decrease in cell 

viability [1]. Therefore, CLR01 concentration was kept below 400 µM in all subsequent 

experiments. The results are summarized in Table 2.2 [1]. Because the proteins were 

added exogenously in these assays, the CLR01 concentration at half-maximal inhibition 
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(IC50) depended on the concentration of the respective protein. The CLR01:protein 

stoichiometry, estimated as the ratio between the concentration of the protein used and 

the IC50, varied, though in most cases it was in the same order of magnitude. Because the 

endogenous concentrations of most of the proteins used are in the nM range, the data 

suggested that nM concentrations of CLR01, several orders of magnitude below toxic 

concentrations, might inhibit aggregation of these proteins in vivo. In support of this 

view, though the IC50 of CLR01 for inhibition of 20 µM exogenously added α-syn was 3–

4 µM, 1 µM of CLR01 was sufficient for complete inhibition of cell death induced by 

expression of endogenous α-syn in HEK 293 cells [6]. 

 

 
2.4 CLR01 Remodels Aβ and α-Syn Oligomers into Non-toxic 

Structures and Dissociates Pre-formed Fibrils 

Due to the increasing evidence that soluble oligomers of Aβ and other 

amyloidogenic proteins are the most toxic structural species involved in amyloidoses [28-

30], Sinha et al. [1] explored how CLR01 affected Aβ42 oligomerization using dot blots 

Table 2.2: CLR01 inhibits toxicity of amyloidogenic proteins  

Protein Concentration in toxicity assay (µM) Cells IC50 (µM) IC50:Conc. 
Aβ40  20 PC-12 14±11 0.7 
Aβ42 10 PC-12 52±18 5.2 
α-Syn  20 PC-12 3±1 0.15 
IAPP 0.01 RIN5fm 6±3 600 
Calcitonin 15 PC-12 28±4 1.9 
Insulin 5 RIN5fm 13±2 2.8 
β2-Microglobulin 10 PC-12 28±6 2.8 
Transthyretin 1 PC-12 54±19 54 
Adapted from [1] 
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with the oligomer-specific antibody, A11 [31]. In the absence of MTs, A11 

immunoreactivity was observed immediately and continued to increase over several days. 

In contrast, Aβ42 samples incubated in the presence of CLR01 never showed A11 

reactivity suggesting that the reaction of CLR01 with Aβ was fast and induced structural 

changes precluding formation of the toxic oligomers recognized by A11. Interestingly, 

dynamic light scattering (DLS) experiments showed that oligomers formed by 10 µM 

Aβ42 in the absence or presence of equimolar CLR01 had essentially the same sizes, 

though their abundance increased relative to Aβ42 alone [1]. Sodium dodecyl sulphate-

polyacrylamide gel electrophoresis (SDS-PAGE) and native-PAGE/Western blot 

analyses of 200 nM Aβ42 prepared in neurobasal cell culture medium or artificial 

cerebrospinal fluid for electrophysiologic experiments did not show a difference in 

assembly size between preparations in the absence or presence of CLR01 [32]. Thus, the 

structural changes CLR01 induces in Aβ42 oligomers are relatively small and cannot be 

discerned by low-resolution methods, such as DLS, EM, or PAGE/Western blot. 

Possibly, dot blot experiments but not Western blot experiments saw differences in Aβ 

assemblies in the absence or presence of CLR01 because the oligomer specific antibody, 

A11, recognizes a type of structure that is disrupted by CLR01. However, the size of this 

structure is not changed and thus no difference is seen by Western blot. Nonetheless, 

these structural changes have two important outcomes — the oligomers formed in the 

presence of CLR01 are non-toxic, and binding of CLR01 prevents fibril formation. 

The effect of CLR01 also was assessed on oligomerization of α-syn. Samples of 

20 µM α-syn were incubated for 12 d and aliquots were analyzed daily using SDS-PAGE 

and native-PAGE [6]. α-Syn migrated in several bands likely corresponding to monomer, 
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low molecular weight oligomers, 

and a smear of higher molecular 

weight assemblies. Similarly to 

the data observed with Aβ42, in 

the presence of CLR01 there was 

no difference in the size of the α-

syn oligomers prepared in the 

absence or presence of CLR01 

detected by SDS-PAGE or native-

PAGE yet the abundance of high-

molecular weight species increased in the presence of CLR01 [6]. The data observed for 

Aβ42 and α-syn suggest that upon interaction with CLR01, amyloidogenic proteins self-

assemble into oligomers of similar size to those formed in the absence of the MT, but are 

not toxic. The increase in abundance of such oligomers in the presence of CLR01 is 

Figure 2.2 CLR01 
disaggregates Aβ and α-syn 
fibrils in vitro  
Disaggregation of A) Aβ40, B) 
Aβ42, or C) α-syn fibrils by 
CLR01 was initiated in each case 
at two time points, the first when 
immature fibrils formed and the 
second when fibrils had a chance 
to mature and consolidate for at 
least 2 weeks. The reactions 
were monitored using ThT 
fluorescence. Electron 
micrographs were obtained 
periodically and show the 
morphology of each protein at 
the indicated time points. A, B 
adapted from [1], C adapted 
from [6]  
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attributed to stabilization of these structures and prevention of further aggregation and 

fibril formation. 

If MTs are to be developed as therapeutic drugs, it is important to examine 

whether they can not only prevent protein aggregation but also disassemble pre-formed 

fibrils, as those are expected to exist in the affected tissues of patients. Therefore, the 

capability of CLR01 to dissociate fibrils of Aβ (Figure 2.2A, B), α-syn (Figure 2.2C), or 

IAPP [24] was examined. Each protein was allowed to aggregate and form immature or 

mature fibrils and then incubated further with 10-fold excess CLR01. In all cases, ThT 

fluorescence measurements showed that CLR01 caused steady dissociation of the present 

fibrils. EM images revealed remodeling of the assembly state first from long and 

unbranched, to shorter, branched fibrils and then to amorphous aggregates. The putative 

mechanism by which the excess CLR01 effected fibril dissociation is by shifting the 

equilibrium between the fibrillar and soluble states of the proteins and preventing re-

association of monomers with the fibrils. In vivo, this is predicted to allow clearance of 

the offending proteins by various mechanisms, such as the proteasome, lysosome, and/or 

specific and non-specific proteolytic enzymes, which fail to clear these proteins in their 

aggregated, fibrillar forms. 

 

2.5 Comparison of CLR01 with Assembly Inhibitors Currently in 

Clinical Trials 

Approximately fifty treatments are in phase-2 or 3 clinical trials for AD, of which 

10–20% target Aβ assembly directly or indirectly [33,34]. Examples of drug candidates 

in this category include ELND-005, Sunphenon, Tramiprosate/Alzhemed, and PBT2, of 
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which the first three compounds originated from natural sources. Tramiprosate is a 

glycosaminoglycan mimetic that binds to soluble Aβ and prevents fibrillization [35]. 

Though it was found to be effective in preclinical animal studies, Tramiprosate failed in 

clinical trials, potentially due to methodological issues, and has been now rebranded as a 

natural memory-protecting agent called Vivimind (Ovos Natural Health, Canada). PBT2 

is a 2nd-generation clioquinol derivative and similar to clioquinol, it is a chelating agent 

for Zn2+ and Cu2+, which are thought to induce brain Aβ aggregation. PBT2 has shown 

positive results in phase-2 clinical trials and has yet to progress to phase-3 trials. 

ELND-005 is a natural sugar derivative, scyllo-inositol (SI), which has good oral 

bioavailability and crosses the blood-brain barrier via inositol transporters. Though the 

mechanism by which SI interacts with Aβ is not understood, the compound has been 

reported to promote both dissociation of Aβ aggregates and modulation of the 

aggregation process into formation of relatively large, presumably non-toxic assemblies 

[36-38]. Studies of SI in transgenic mouse models of AD showed reduction in soluble 

and insoluble Aβ, plaque burden, and synaptic loss, and improved spatial memory [36]. 

Phase-2 clinical trials for ELND-005 have been completed with mixed results, of which 9 

deaths in the high-dose groups caused significant safety concern and cognitive and 

functional co-primary endpoints did not achieve statistical significance [39]. 

Sunphenon is the commercial name of (–)-epigallocatechin-3-gallate (EGCG), a 

polyphenol from green tea thought to function by many modalities, including anti-

aggregation, scavenging of reactive oxygen species and other antioxidant activities, 

activation of cell signaling cascades, such as the protein kinase C pathway, and Fe3+ 

chelation [34,40]. Though EGCG has relatively poor bioavailability, it has been reported 
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to inhibit Aβ and α-syn assembly and toxicity, presumably by binding to the unfolded 

proteins and preventing conversion to toxic oligomers [41]. Peripheral administration of 

EGCG decreased Aβ plaque load in mice [42]. A phase-2/3 clinical trial pursued by 

Charite University, Berlin, Germany currently is recruiting patients. 

In contrast to SI and EGCG, for which the mechanistic basis of the interaction 

with Aβ or other amyloidogenic proteins is not known, the binding of CLR01 to these 

proteins occurs at K residues and to a lower extent at R residues and the basis for the 

binding has been well-characterized. Therefore, it was of interest to compare the 

capability of these three compounds to inhibit the aggregation, oligomerization, and 

toxicity of Aβ. 

Three-fold excess of either EGCG or CLR01 were found to inhibit completely the 

formation of β-sheet-rich fibrils in Aβ42 [7]. In contrast, surprisingly, 10-fold excess of 

SI showed only weak inhibition. ThT fluorescence in samples of Aβ42 incubated in the 

presence of 10-fold excess SI increased steadily with no apparent lag phase, though the 

rate of increase was slower than that of Aβ42 alone, suggesting that SI might facilitate 

nucleation, and attenuate elongation of Aβ42 fibrils, similarly to the effect of the K28A 

substitution discussed above. 

The effect of the three inhibitors on Aβ42 oligomerization was assessed using the 

oligomer-specific antibody A11 [31], as described above. Aβ42 incubated in the presence 

of CLR01 or EGCG did not show A11 immunoreactivity, whereas in agreement with the 

weak inhibition observed in ThT fluorescence experiments, Aβ42 incubated in the 

presence of SI showed similar A11 immunoreactivity to control samples of Aβ42 alone. 
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The data suggest a similar, quick remodeling of Aβ42 assemblies by both EGCG and 

CLR01, but not SI, to a conformation that is not recognized by A11. 

The effect of the three compounds on Aβ-induced toxicity was compared in 

differentiated PC-12 cells, primary hippocampal neurons, and mixed primary 

hippocampal neuronal/microglial cultures using the LDH-release assay (Figure 2.3). 

Again, in agreement with the inhibition of aggregation and oligomerization, both CLR01 

and EGCG were potent inhibitors of cell death [7], whereas SI showed weak or no 

inhibition in the different cell cultures at the 10-fold excess concentration tested. Of note, 

Figure 2.3. Comparison of inhibition of Aβ42-induced cell death by SI, EGCG, 
and CLR01  
Ten µM Aβ42 was added to differentiated PC-12 cells, primary rat hippocampal neurons, or 
primary rat hippocampal neurons mixed with glial cells in the absence or presence of 10-
fold excess of each inhibitor. Cells were incubated with the peptide:inhibitor mixtures for 48 
h and cell death was measured using the LDH release assay. The data are presented as mean 
± SEM for 3 independent experiments. *p<0.05, **p<0.01, ***p<0.001 compared to the 
Aβ42 in each group (one-way analysis of variance). Adapted from [7] 
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the amount of SI used in these studies is less than the amounts used in the original studies 

[36-38], though the same as the other inhibitors, thus resulting in the difference in 

effectiveness compared to the literature.  

Interestingly, solution-state nuclear magnetic resonance investigation of the 

interaction of EGCG with Aβ40 revealed only weak contacts between the polyphenol and 

Aβ monomers, and could not identify a binding site, in contrast to the clear binding sites 

identified for CLR01 in similar experiments [7]. These findings suggest that EGCG binds 

to Aβ at later assembly stages than CLR01. A recent solid-state nuclear magnetic 

resonance study has suggested that EGCG binding interferes particularly with aromatic 

interactions in the CHC region of Aβ [43], yet how this interaction relates to the 

inhibition of Aβ oligomer-induced toxicity remains to be elucidated. 

 

2.6 CLR01 Protects Zebrafish from α-Syn Toxicity 

Zebrafish (ZF) embryos have been emerging as efficient models for investigating 

amyloid disease mechanisms, and for screening and evaluating drug candidates [44-46]. 

For example, a recent study has examined methylene blue as an inhibitor of tau- and 

polyglutamine-induced toxicity in ZF, and unfortunately, did not find beneficial effects of 

the drug in this model [47]. 

CLR01’s ability to inhibit α-syn-induced toxicity in vivo was tested in a novel ZF 

model that expresses human wild type α-syn as a fusion protein with red fluorescent 

protein (DsRed) under a neuronal promoter starting ~12 h post fertilization (hpf). 

Following expression of the fusion protein, α-syn and DsRed are cleaved apart rapidly 

intracellularly to release native α-syn. This results in robust α-syn expression and DsRed 
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fluorescence in surviving embryos, but the survival rate of embryos expressing these 

proteins is about half that of embryos expressing DsRed alone, illustrating the toxic effect 

of the α-syn expression. Moreover, ~80% of surviving embryos expressing α-syn show 

various degrees of deformation resulting from extensive neuronal apoptosis and nearly 

100% of the embryos are paralyzed. Consequently, all deformed and most non-deformed 

embryos die within 10 d post fertilization. 

Addition of CLR01 to the water environment of the ZF embryos at 8 hpf caused a 

dramatic increase in ZF survival (Figure 2.4) and improved the phenotype in a dose-

dependent manner [6]. At 10 d post fertilization, nearly half of the higher-dosed group, 

10 µM, remained alive and overall, CLR01 increased survival 10 d post fertilization by 

13-fold. CLR01 also reduced apoptosis levels to control conditions, i.e., apoptosis levels 

in CLR01-treated ZF expressing α-syn and DsRed were the same as those in ZF 

expressing DsRed alone.  

Immunohistochemistry revealed abundant α-syn-immunoreactive small clumps in 

DsRed-positive neurons of untreated ZF (Figure 2.5A, B). In contrast, ZF treated with 

CLR01 also showed α-syn immunoreactivity but the protein was soluble and dispersed 

homogeneously together with DsRed in the cytoplasm (Figure 2.5C–E). The 

Figure 2.4 CLR01 ameliorates α-syn neurotoxicity in zebrafish  
ZF embryos were treated with CLR01 at 8 hpf and were monitored for abnormal appearance and 
survival. Bright-field and fluorescent overlay images were taken at 72 hpf. Adapted from [6] 
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concentration level of α-syn measured by Western blot decreased by ~80% in treated ZF 

(Figure 2.5F), without changes in levels of DsRed or α-syn expression, as assessed by 

reverse-transcriptase polymerase chain reaction [6]. 

Many proteins that aggregate in neurodegenerative disorders have been shown to 

inhibit protein degradation [48]. To assess whether this was the case here and whether it 

Figure 2.5 CLR01 prevents α-syn aggregation and proteasome inhibition  
(a–e) ZF embryos expressing α-syn-DsRed (72 hpf) were subjected to immunohistochemistry. 
Green represents anti-α-syn antibody binding, red is DsRed, and blue is 4',6-diamidino-2-
phenylindole-stained nuclei. (a, b) Representative neurons in untreated ZF. (c, d) CLR01-treated 
embryos. (e) Merged image of panels (c and d). (f) α-Syn expression inhibits the 26S ubiquitin-
proteasome system (UPS) in ZF embryos. Embryos were lysed and proteins subjected to WB 
analysis (10 embryos per condition, N = 4). Lane 1, DsRed control; lane 2, untreated ZF 
expressing α-syn-DsRed; lane 3, α-syn-DsRed expressing ZF treated with CLR01; lane 4, α-syn-
DsRed expressing ZF treated with CLR01 and lactacystin (Lac); lane 5, untreated wild-type 
embryos. Optical densities for α-syn (green bars) and DsRed (red bars) were normalized to actin 
and expressed as the percentage of untreated controls (*p < 0.0002 using Student’s t-test). 
Adapted from [6] 
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was related to the decrease in α-syn concentration levels upon CLR01 treatment, the 

ubiquitin-proteasome system (UPS) was inhibited in treated ZF using lactacystin. Upon 

treatment with both CLR01 and Lac, α-syn was still soluble, rather than clumped, in the 

neurons of the treated ZF, yet α-syn concentration remained at the same level as in  

untreated ZF (Figure 2.5F), demonstrating that the UPS was largely responsible for the 

80% decrease in α-syn concentration levels observed in CLR01-treated ZF in the absence 

of Lac [6]. The data suggest that α-syn assemblies inhibit the UPS and that by remodeling 

α-syn into a soluble, non-toxic form, CLR01 allows rapid clearance of the protein by the 

UPS. The data not only are encouraging and supporting further exploration of the use of  

CLR01 for Parkinson’s disease therapy, but also suggest a plausible mechanism by which 

CLR01 works in vivo — keeping the offending protein in a soluble, non-toxic form and 

thereby facilitating its rapid clearance. Importantly, the data support the putative process-

specific mechanism of MTs because the putative labile binding of CLR01 to the K 

residues in α-syn efficiently inhibited the protein’s aggregation but not its ubiquitination, 

which occurs at K residues and is required for UPS-mediated degradation. 

 

2.7 Conclusions 

CLR01 is a novel solution for the problem of aberrant protein folding and self-

assembly into toxic oligomers and aggregates, which underlies over 30 cureless human 

diseases. The CLR01 approach is based on targeting K residues as key elements 

participating in the combination of hydrophobic and electrostatic interactions that are 

central in the aberrant assembly process. The findings listed above demonstrate that K 

residues are highly important mediators of both assembly and toxicity of Aβ, α-syn, and 
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IAPP, supporting the rationale behind this strategy and suggesting that K residues likely 

play similar roles in the aggregation and toxicity of other amyloidogenic proteins. 

Rather than screening molecules for their ability to break the amyloid cross-β 

structure, or exploring empirically found neutraceuticals, the application of MTs as 

broad-spectrum inhibitors of amyloid proteins’ toxicity is based on targeting the 

fundamental molecular interactions involved in nascent oligomer formation.  

The micromolar affinity of MTs for K residues may seem at first to be a 

shortcoming for a drug candidate. However, this actually appears to be the key feature of 

the ability of MTs to affect the abnormal folding and assembly of amyloidogenic proteins 

without disrupting normal physiology. Because of their moderate affinity and labile 

binding, MTs disrupt only the weak interactions involved in aberrant self-assembly but 

not the stable structures or high-affinity interactions of normal proteins, which are tightly 

controlled and have been shaped by millions of years of evolution. Thus, MTs are 

process-specific, rather than protein-specific because they disrupt the abnormal folding 

and assembly of multiple amyloidogenic proteins, but not the normal folding and 

function of stable proteins. To our knowledge, CLR01 is the first example of an inhibitor 

selected using a rational approach that uses a process-specific, rather than a protein-

specific, mode of action. Using process-specific inhibitors is highly attractive for 

developing disease-modifying therapy for amyloidoses because the inhibitors act only on 

the pathologic aggregation, sparing normal physiological processes (e.g., production of 

the offending proteins described in the next chapter).  

To date, K-specific MTs have been shown to inhibit the assembly and toxicity of 

thirteen different disease related amyloidogenic proteins ([1] and unpublished results). 
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CLR01, the lead MT, has the ability to disassemble fibrils and prevent formation of toxic 

oligomers of both Aβ and α-syn. In cell culture, CLR01 prevents cell death at levels 

comparable to EGCG, a compound currently in clinical trials. In vivo, CLR01 inhibits 

deformation and early death in a ZF model of α-syn toxicity by keeping α-syn soluble 

and restoring α-syn degradation by the proteasome. Thus far, multiple experiments in 

various systems have produced data supporting further development of MTs in general, 

and CLR01 in particular, as therapeutic agents for AD, Parkinson’s disease, and other 

amyloid-related diseases. These are exciting and somewhat surprising results for small 

molecules that act using a heretofore-unexplored, process-specific mechanism, binding to 

virtually any exposed K residue with micromolar affinity. Additional study of these 

molecules in vivo is necessary for moving forward from pre-clinical to clinical trials for 

AD and related diseases and Chapter 3 will illustrate one such set of experiments.  
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Chapter 3 

 

Protection of primary neurons and mouse brain from Alzheimer’s 

pathology by molecular tweezers 

 

 

3.1 Abstract 

Alzheimer’s disease (AD) is a devastating cureless neurodegenerative disorder 

affecting over 35 million people worldwide. The disease is caused by toxic oligomers and 

aggregates of amyloid β-protein and the microtubule-associated protein tau. Recently, the 

K-specific molecular tweezer CLR01 has been shown to inhibit aggregation and toxicity 

of multiple amyloidogenic proteins, including amyloid β-protein and tau, by disrupting 

key interactions involved in the assembly process. Following up on these encouraging 

findings, here, I asked whether CLR01 could protect primary neurons from AD-

associated synaptotoxicity and reduce AD-like pathology in vivo. Using cell culture and 

brain slices, I found that CLR01 effectively inhibited synaptotoxicity induced by the 42-

residue isoform of amyloid β-protein, including ~80% inhibition of changes in dendritic 

spines density and long-term potentiation and complete inhibition of changes in basal 

synaptic activity. Using a radiolabeled version of the compound I found that CLR01 

crossed the mouse blood-brain barrier at ~2% of blood levels. One-m treatment of 15-m 

old triple-transgenic mice with CLR01 resulted in a decrease in brain amyloid β-protein 

aggregates, hyperphosphorylated tau, and microglia load as observed by 
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immunohistochemistry. Importantly, no signs of toxicity were observed in the treated 

mice and CLR01 treatment did not affect the amyloidogenic processing of amyloid β-

protein precursor. Examining induction or inhibition of the cytochrome P450 metabolism 

system by CLR01 revealed minimal interaction. Together, these data suggest that CLR01 

is safe for use at concentrations well above those showing efficacy in mice. The efficacy 

and toxicity results support a process-specific mechanism of action of molecular tweezers 

and suggest that these are promising compounds for developing disease-modifying 

therapy for AD and related disorders. 

 

3.2 Introduction 

Alzheimer’s Disease (AD) is the leading cause of dementia, affecting over 35 

million people worldwide [1]. Neuropathologically, AD is characterized by accumulation 

of neuritic plaques, comprising mainly fibrillar amyloid β-protein (Aβ), and 

neurofibrillary tangles made of filamentous hyperphosphorylated tau (p-tau). The 

inceptive assault on susceptible neurons is believed to be mediated by Aβ- and possibly 

tau-oligomers that disrupt synaptic communication [2,3] before cognitive symptoms can 

be detected. Thus, if formation of these toxic assemblies can be prevented before overt 

neurodegeneration occurs, the brain may be able to mount a defense and possibly 

recover. 

Dr. Bitan sought compounds that would modulate the assembly of Aβ and tau and 

inhibit their toxicity at the earliest possible step. Dr. Bitan identified K residues as 

attractive targets where interference would disrupt assembly because these residues have 

a unique ability to participate in both hydrophobic and electrostatic interactions involved 
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in the assembly process of amyloidogenic proteins, including Aβ and tau [4-11]. 

Therefore, he conjectured that compounds that bind specifically to K residues might 

inhibit formation of toxic Aβ and tau assemblies. 

K-specific “molecular tweezers” (MTs), originally reported in 2005 [12], bind to 

K residues with a dissociation constant of ~20 µM. Their specificity for K results from 

the K butylene moiety threading through the MT cavity and facilitating hydrophobic 

interactions with the MT sidewalls, and the ε-ammonium group’s electrostatic attraction 

to the negatively charged bridgehead groups of the MTs. Thus, MTs utilize the same 

types of interactions involved in early Aβ assembly [4] allowing them to compete with 

these interactions and disrupt Aβ assembly and toxicity. A similar mechanism is expected 

to inhibit tau toxicity. 

Recently, Dr. Bitan and colleagues have shown that a MT derivative called 

CLR01 was a potent inhibitor of assembly and toxicity of multiple disease-related 

amyloidogenic proteins, including Aβ and tau [13]. CLR01 was found to inhibit Aβ 

oligomerization, dissociate pre-formed Aβ fibrils, and stabilize non-toxic amorphous 

assemblies. Mass-spectrometry and nuclear magnetic resonance experiments confirmed 

binding of CLR01 to K in Aβ at the earliest stages of assembly [13]. CLR01 was found to 

inhibit Aβ-induced toxicity in differentiated rat pheochromocytoma cells and in primary 

rat hippocampal cultures or mixed neuronal/glial cultures [14] at micromolar 

concentrations. In addition, CLR01 was found to rescue zebrafish expressing human 

wild-type (WT) α-synuclein from severe deformation and early death by keeping the 

intracellular α-synuclein soluble and allowing its proteasomal clearance [15].  
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In light of these encouraging results, colleagues and I evaluated the effect of 

CLR01 on synaptic dysfunction in vitro and on AD-related brain pathology in transgenic 

mice. Colleagues and I also studied several aspects of CLR01’s drug-like characteristics 

and possible toxicity to evaluate the potential of MTs as mechanism-based drugs for AD 

and related diseases. The initial assessment described here suggests that CLR01 is an 

efficacious and safe drug lead. 

 

3.3 Materials and Methods  

Molecular Tweezers:  

CLR01 and CLR03 were prepared and purified as described previously [16]. 

Protein and sample preparation:  

The 42-residue isoform of Aβ (Aβ42) was obtained from the University of 

California-Los Angeles Biopolymers Laboratory or from AnaSpec (Fremont, CA). 

Sample preparation was performed as described previously [17]. Briefly, Aβ42 was 

disaggregated by treatment with 1,1,1,3,3,3-hexafluoroisopropanol (Sigma, St. Louis, 

MO) as described previously [18]. Dried peptide films were stored at –20°C until use. 

For dendritic spine experiments, 27 µg films were dissolved in 20 µl of 60 mM sodium 

hydroxide, sonicated for 1 min, and then diluted to 30 µM with 180 µl of neurobasal 

media. For electrophysiological experiments, 50 µg films were dissolved in 11 µl of 

dimethyl sulfoxide to reach a concentration of 1 mM and sonicated for 10 min. For basal 

synaptic transmission experiments, 2 µl of the solution was then diluted to 5 ml with 

culture media to reach a final concentration of 400 nM. For long-term potentiation (LTP) 
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experiments, 40 µl of Aβ42 from 100 µM stock solution was incubated for 12 h at 4 °C to 

promote protein oligomerization. This preparation was further diluted with artificial 

cerebrospinal fluid (CSF) in the absence or presence of CLR01 to reach the final Aβ42 

concentration of 200 nM immediately prior to experiments. 

Selection of Aβ42 concentrations for synaptotoxicity experiments:  

For dendritic-spine experiments, Dr. Bitan and colleagues looked for relatively 

harsh conditions, which would induce robust spine retraction. Preliminary experiments 

using 10 µM Aβ42 led to substantial cell death that did not allow reliable quantitation of 

dendritic spine density, whereas 3 µM Aβ42 produced spine retraction and abundant 

varicosities without overt cell death enabling evaluation of the protective effect of 

CLR01. 

Similarly, for electrophysiologic experiments, Dr. Bitan and colleagues tested Aβ 

concentrations in the nanomolar range based on data from our and other groups 

demonstrating that 200 nM Aβ42 produced inhibition of synaptic transmission and 

plasticity of sufficient magnitude for measuring a potential rescuing action of CLR01. In 

our experience, concentrations slightly lower than 200 nM produce impairment of the 

synaptic function that is too small and does not allow detecting statistically significant 

changes following CLR01 treatments. Moreover, several papers by Arancio and co-

workers have shown that picomolar Aβ concentrations actually enhance LTP rather than 

inhibiting it [19-21]. 

Animals:  

Surgical and all other procedures performed at University of California-Los 

Angeles were compliant with the National Research Council Guide for the Care and Use 
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of Laboratory Animals, approved by the University of California-Los Angeles 

Institutional Animal Care Use Committee, and performed with strict adherence to the 

guidelines set out in the National Institutes of Health Guide for the Care and Use of 

Laboratory Animals at the Greater Los Angeles Veterans Affairs Healthcare System. 

Experiments performed in the Catholic University of Rome complied with Italian 

Ministry of Health guidelines, with national laws (Legislative decree 116/1992) and with 

European Union guidelines on animal research (No. 86/609/EEC). At University of 

California-Los Angeles, pregnant embryonic day 18 Sprague–Dawley rats for primary 

neuronal culture experiments were purchased from Charles River Laboratory 

(Wilmington, MA) and triple-transgenic (3×Tg) mice were bred in-house. In the Catholic 

University of Rome, Wistar rats and C57Bl/6 mice were bred in-house. Animals were 

kept on a standard diet and 12 h light/dark cycle with food and water provided ad libitum. 

Primary neuronal culture for dendritic spine morphology:  

Hippocampal neurons were prepared as described previously [17] and plated on 

poly-D-K-coated (0.1 mg/ml) 13-mm round glass cover slips in 24-well culture plates at a 

density of 300,000 cells/well. Experiments were performed as described previously [17]. 

Briefly, rat primary hippocampal neurons were grown for 3 weeks. Half of the growth 

medium (1 ml) was removed and new media (600 µl), media containing 30 µM of freshly 

prepared Aβ42 (200 µl), and media containing 300 µM CLR01 or CLR03 (200 µl), were 

immediately added resulting in a final concentration of 3 µM Aβ42 and 30 µM CLR01 or 

CLR03. Following 72 h of incubation, neurons were fixed with 4% paraformaldehyde 

and stained with 1,1'-dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine perchlorate 

(Invitrogen). The neurons were visualized using a confocal laser-scanning microscope 
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(Leica, Bannockburn, IL) at 2,000× magnification. The total number of spines/100 µm 

were counted using ImageJ [22]. At least 100 dendritic branches from 10-15 individual 

neurons were selected per experimental condition. All data for all experiments are shown 

as means ± standard error of the mean and the level of significance was set at P < 0.05. 

Statistical analysis was performed in Prism 5.0c (GraphPad, La Jolla, CA) using 1-way 

analysis of variance (ANOVA) with Tukey’s post hoc multiple-comparison test.  

Autaptic neuron culture preparation and synaptic transmission studies:  

Basal synaptic transmission was studied in autaptic microcultures of hippocampal 

neurons using the patch-clamp technique in the whole-cell configuration, as described 

previously [23]. Rat cortical astrocytes were plated onto glass coverslips (coated with 

agarose and sprayed with a mixture of poly-D-K and collagen 3 days before plating) in 

Dulbecco’s Modified Eagle Medium supplemented with 10% fetal bovine serum and 

antibiotics. After 4–6 days, half the medium volume was replaced with neurobasal 

medium consisting of 2% B27, 0.5% L-Q, and 1% penicillin-streptomycin-neomycin 

antibiotic mixture. One day later, hippocampal neurons from postnatal d 0–2 Wistar rat 

brains were suspended in neuronal medium and plated at 25,000 per cm2 onto the glial 

microislands. Two weeks later, autapses had formed and were ready to be studied. Every 

4 days, half the neuronal medium volume was replaced with fresh neuronal medium 

supplemented with 2 µM cytosine arabinoside. Patch-clamp currents were recorded using 

an Axopatch 200B amplifier (Molecular Devices), and the pCLAMP system (version 10, 

Molecular Devices) was used for data acquisition and analysis. Patch pipettes resistances 

were 3–4 MΩ when filled with intracellular solution consisting of (in mM): 136 KCl, 

17.8 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, 1 ethyleneglycol tetraacetic 
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acid, 0.6 MgCl2, 4 ATP, 0.3 GTP, 12 creatine phosphate, and 50 U/ml phosphocreatine 

kinase. The extracellular solution contained (in mM): 140 NaCl; 2 KCl; 10 4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid; 10 glucose; 4 MgCl2; and 4 CaCl2, pH 

7.4. All experiments were performed at room temperature (23–25°C). 

Briefly, neurons were voltage-clamped at a membrane potential (Vm) of -70 mV, 

and stimuli mimicking action potentials (2 ms at 0 mV) were delivered every 6 s to evoke 

excitatory postsynaptic currents (EPSCs). The amplitudes and frequency of miniature 

EPSCs (mEPSCs) were evaluated in 60-s recordings (Vm = -70 mV). The detection 

threshold of mEPSCs was set to 3.5-times the baseline standard deviation. These 

parameters were measured in cells exposed for 24 h to freshly prepared 200 nM Aβ42, 

200 nM Aβ42 + 2 µM CLR01, or vehicle. Two µl of Aβ42 (from 1 mM stock solution in 

dimethyl sulfoxide) were mixed with 20 µl of CLR01 (from 1 mM stock solution in H2O) 

and diluted up to 5 ml to the final concentrations of Aβ42 and CLR01 — 400 nM and 4 

µM, respectively. Five ml of the media was removed and replaced with 5 ml of fresh 

media containing dimethyl sulfoxide vehicle, Aβ42 alone, or Aβ42 and CLR01.  

Long-term potentiation recordings:  

To study synaptic transmission, Dr. Bitan and colleagues measured the peak 

amplitudes of field excitatory postsynaptic potentials (fEPSPs) elicited by stimuli of 

increasing amplitudes, before and after slice exposure to artificial CSF containing either 

200 nM freshly prepared Aβ42 or the same amount of dimethyl sulfoxide contained in 

the Aβ42 solutions (vehicle) in the absence or presence of 10-fold excess MTs, and 

plotted input/output curves. Coronal hippocampal slices (400-µm thick) were obtained 

from 8-weeks old male C57BL/6 mice according to standard procedures [23]. Brain 
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slices were cut using a vibratome (VT1000S, Leica Microsystems) and incubated in the 

cutting solution containing (in mM): 124 NaCl, 3.2 KCl, 1 NaH2PO4, 26 NaHCO3, 2 

MgCl2, 1 CaCl2, 10 glucose, 2 Na-pyruvate, and 0.6 ascorbic acid (pH 7.4, 95% O2/5% 

CO2) for at least 60 min at 30–32°C, and then stored in the same solution at room 

temperature until use. 

Briefly, fEPSP evoked by Schaffer collateral stimulation were recorded from the 

cornu ammonis (CA)1 subfield of the hippocampus. During the electrophysiological 

recordings, slices were perfused with artificial CSF (in mM): 124 NaCl, 3.2 KCl, 1 

NaH2PO4, 1 MgCl2, 2 CaCl2, 26 NaHCO3, and 10 glucose (pH 7.4, 95% O2/5% CO2) 

maintained at 30–32°C by an in-line solution heater and temperature controller (TC-

344B, Warner Instruments) in a submerged recording chamber. Data acquisition and 

stimulation protocols were performed with the Digidata 1440 Series interface and 

pClamp 10 software (Molecular Devices). The stimulation intensity that produced one-

third of the maximal response was used for the test pulses, and the LTP-induction 

protocol consisted of four trains of 50 stimuli at 100 Hz repeated every 20 s hereto called 

the high frequency stimulation (HFS) paradigm. After 20–30 min of stable baseline 

responses to test stimulations delivered once every 20 s, LTP was induced with the HFS 

paradigm. Responses to test pulses then were recorded every 20 s for 60 min to measure 

LTP. The magnitude of LTP was measured 60 min after tetanus and expressed as a 

percentage of baseline fEPSP peak amplitude. Reported fEPSP amplitudes at 60 min are 

averages from recordings obtained during the last 5 min of post-tetanus recordings. The 

mean values observed during the last 10 min of pre-tetanus recordings were considered to 

represent the baseline at 100%. For experiments, 40 µl of Aβ42 from 100 µM stock 
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solution and 40 µl of CLR01 from 1 mM stock solution were mixed and either 

immediately diluted to a final volume of 20 ml, corresponding to final Aβ42 

concentration 200 nM and final CLR01 concentration 2 µM, or were incubated for 1 h 

and then diluted. The diluted mixture then was immediately added to slices and incubated 

for 20 min followed by LTP induction with a standard HFS paradigm. Statistical analysis 

in all electrophysiologic experiments (Student’s unpaired t-test) was performed with 

SYSTAT 10.2 (Statcom, Inc., Richmond, CA, USA). 

Western blot analysis of Aβ42 species used in electrophysiologic experiments:  

The assembly size of the Aβ42 species was analyzed in both denaturing and 

native conditions using Aβ42 preparations that were identical to those in the 

electrophysiologic experiments above.  

The Aβ42 solutions for sodium dodecyl sulphate-polyacrylamide gel 

electrophoresis (SDS-PAGE) analysis were mixed with NuPAGE® LDS sample buffer 4× 

(at the final Aβ concentration of 200 nM) and separated on 10–20% gradient Novex® 

Tricine precast gels (Invitrogen) according to the manufacturer's protocol. Native PAGE 

was performed using 10–20% gradient Tris–glycine precast gels (Invitrogen). Native 

sample buffer 2× (Invitrogen) was added to the samples (at the final Aβ concentration of 

200 nM) and samples then were electrophoresed in native buffer (Invitrogen) at 125 V. 

After electrophoresis under denaturing or non-denaturing conditions, the proteins were 

transferred to 0.2-µm nitrocellulose membranes (Amersham Biosciences, 

Buckinghamshire, UK). Membranes were blocked for 1 h, at room temperature, in a 

suspension of 5% non-fat milk in Tris-buffered saline containing 0.1% Tween-20 prior to 

incubation overnight at 4 °C with monoclonal antibody (mAb) 6E10 (Signet, Dedham, 
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MA, USA; 1:1000). Membranes were washed 3 times with Tris-buffered saline 

containing 0.1% Tween-20 and then incubated with horseradish peroxidase-conjugated 

anti-mouse secondary antibody (Cell Signaling; 1:2000) at room temperature for 1 h. 

Development was done after 5 min of incubation with enhanced chemiluminescence 

reagents (SuperSignal west Femto Pierce) and exposed to Hyperfilm (Amersham 

Biosciences). Molecular sizes for immunoblot analysis were determined using a 

ColorBurstTM Electrophoresis Marker (Sigma-Aldrich) and Rainbow molecular weight 

markers (Amersham Biosciences). The bovine serum albumin was stained with 

Coomassie Blue (Sigma-Aldrich) to approximate the molecular weight in native 

conditions. 

Blood-brain barrier experiments:  

Three WT and three transgenic mice were anesthetized by intraperitoneal 

injection of ketamine and xylazine. Two µCi/g of 3H-CLR01 as a 11.8 µg/g of 3H-CLR01 

+ CLR01 mixture, where the 3H-CLR01 made up 10% of the total CLR01, was injected 

into the jugular vein. Mice remained anesthetized for 1 h following injection at which 

point blood was collected via cardiac puncture, the mouse perfused thoroughly through 

the heart with phosphate buffered saline, and the brain collected. One hemisphere of the 

brain or 100-350 µl of blood were digested with 1 ml Solvable (Perkin Elmer, Waltham, 

MA), added to Ultima Gold Liquid Scintillation Cocktail (Perkin Elmer) and read in a 

Triathler Liquid Scintillation Counter (model 425-034; Hidex, Turku, Finland). Brain 

penetration percentage was calculated as activity per g of brain relative to activity per ml 

of blood. Statistical analysis (Student’s unpaired t-test) was performed using Prism 5.0d 

(GraphPad). 
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Treatment of triple-transgenic mice with CLR01:  

Fourteen to fifteen-m old, 3×Tg mice (n = 6–7) and WT control mice (n = 11–12) 

were anesthetized with 3% isoflurane gas (oxygen 2 L/min) and miniosmotic pumps 

(model 1004, Alzet, Cupertino, CA) were subcutaneously implanted on the dorsal back. 

The pumps contained CLR01 in sterile saline (40 µg/kg/day) or saline as vehicle. The 40 

µg/kg/day dose was chosen based on limited knowledge, at the time this experiment was 

initiated, of the solubility and safety of CLR01. On day 28, mice were anesthetized with 

pentobarbital (100 mg/kg) and blood was collected by cardiac puncture. Mice were 

perfused with cold, non-fixative saline buffer containing protease and phosphatase 

inhibitors (Roche, Indianapolis, IN) as described previously [24]. 

Immunohistochemistry:  

Analysis was performed according to previously published protocols [24,25]. 

Paraffin-embedded mouse brain regions from -2.97 to -3.08 bregma were deparaffinized 

and endogenous peroxidase activity was quenched with 0.3% hydrogen peroxide in 

methanol. The tissue was steamed for 60 min in 2% citrate-buffered antigen-unmasking 

solution (Vector Labs, Burlingame, CA). Sections were blocked with Tris-buffered saline 

containing 5% normal horse serum (Vector Labs), 3% bovine serum albumin, and 0.1% 

Tween-20 and antibodies were diluted in the same solution. Sections were incubated with 

mAb 6E10 (Covance, Princeton, NJ) diluted 1:1,000, anti-p-tau mAb AT8 (Thermo 

Scientific) for phosphorylated paired helical filaments diluted 1:45, anti-tau mAb HT7 

(Thermo Scientific) for total tau diluted 1:1,000, anti-Iba1 polyclonal antibody for 

microglia (Wako, Richmond, VA) diluted 1:1,000, or anti-GFAP mAb for astrocytes 

(Sigma) diluted 1:5,000 at 37 ºC for 1 h and then overnight at 4 ºC. This was followed by 
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incubation with a secondary, biotinylated anti-mouse immunoglobulin-G (Vector Labs) 

diluted 1:1,200 for 6E10, AT8, HT7, and 1:3,000 for GFAP, or biotinylated anti-rabbit 

immunoglobulin-G diluted 1:1,000 for Iba1 in 1.5% normal horse serum with 3% bovine 

serum albumin in Tris-buffered saline with 0.1% Tween-20 for 1 h at 37 ºC. Slides then 

were incubated with an avidin:biotinylated enzyme complex (ABC Elite Vectastain kit, 

Vector Labs) using a peroxidase detection system for 80 min at 37 ºC as described 

previously [25]. Antigen was visualized using metal-enhanced 3,3′-diaminobenzidine 

tetrahydrochloride (Thermo Scientific). Immunohistochemistry for all treatment groups 

was performed simultaneously and analysis of slides was randomized. Adjacent slides 

treated similarly except in the absence of a primary antibody were evaluated as negative 

controls. Microscopic quantification utilized images analyzed with in-house-written 

macros for NIH-Image (http://rsb.info.nih.gov/nih-image) or ImageJ 

(http://rsbweb.nih.gov/ij/) to assess deposit size and number.  

Linear mixed effects models were used to evaluate the treatment effect on the 

outcome of Aβ, and p-tau load. Specifically, treatment groups, litters, and brain areas 

were included as the fixed effects and the random intercept was included as the random 

effect to account for the correlation among multiple measurements from the same mice. 

In the models, different areas of the brain also were allowed to have different variance in 

the random effects. The estimated treatment effect was calculated for the total brain and 

each brain area. For analysis of total tau, microglia, and astrocytes, statistical analysis 

(Student’s unpaired t-test) were performed using Prism 5.0d (GraphPad). 

Mouse behavioral analysis:  
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General activity and exploratory behavior were assessed during a single 7-min 

session and quantified using an automated tracking system (EthoVision 3.0) as described 

previously [26]. Multiple locomotor-based endpoints, including velocity (cm/s), mobility 

(% time) and meander (deg/cm), were quantified. Habituation rates for each endpoint 

were quantified by calculating the percent change between the observed mean during the 

initial 90 sec interval and the final 90 sec interval. Statistical analysis for all endpoints 

was performed using 2-way (treatment, genotype) ANOVA. 

Brain extraction and Western blot for amyloid β-protein precursor cleavage 

products:  

Relevant brain regions (hippocampus, entorhinal and piriform cortices) were 

dissected out of one hemisphere of CLR01- or vehicle-treated 3×Tg mouse brains at 

euthanasia. Brain regions were sonicated in a volume of Tris-buffered saline (20 mM 

Tris-HCl, 150 mM NaCl, pH 7.4) 4–7 times the tissue weight, then pelleted at 157,000 g 

for 15 min at 4 °C. The supernate was saved as the soluble fraction. The pellet was 

homogenized in Tris-buffered saline with 1% Triton X-100 and pelleted again. That 

supernate was saved as the detergent-soluble fraction. Both fractions were subjected to a 

BCA protein assay (Thermo Fisher Scientific, Rockford, IL) following the 

manufacturer’s protocol. The soluble fraction was fractionated on 10% Tris-Tricine SDS-

PAGE gels and subjected to Western blot using mAb 22C11 (Millipore, Billerica, MA), 

which recognizes the N-terminal region of amyloid β-protein precursor (APP), at 1:1000 

dilution. The detergent-soluble fraction was fractionated on 10–20% gradient Tris-Tricine 

gels (Invitrogen) and subjected to Western blot analysis probed with polyclonal antibody 

APP369 [27], specific for the C-terminal region of APP at 1:1000 dilution. All blots were 
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stripped and re-probed with an anti-β-actin polyclonal antibody (AbFrontier, South 

Korea) at 1:2,000 dilution as a loading control. Blots were visualized using enhanced 

chemiluminescence (GE Healthcare, Pittsburgh, PA) and bands quantified 

densitometrically using ImageJ. Statistical analysis (2-way ANOVA for treatment and 

genotype) was performed using Prism 5.0d (GraphPad).  

CLR01 stability and cytochrome P450 inhibition:  

In vitro evaluation of CLR01’s stability in plasma and liver microsomes, and 

inhibition of cytochrome P450 (CYP450) was performed by Wolfe Laboratories, Inc. 

(Watertown, MA). The experimental details are proprietary and therefore only a brief 

description of each experiment is given. For stability measurements, CLR01 was 

incubated with mouse or human plasma or liver microsomes and a nicotinamide adenine 

dinucleotide phosphate-regenerating system. Testing was conducted at 15 min intervals 

up to 60 min. Following protein precipitation by an organic solvent, samples were 

analyzed by high-performance liquid chromatography-mass spectrometry to determine 

overall stability and half-life of clearance. Testosterone was used as a positive control. 

For CYP450 inhibition, CLR01 was prepared at eight concentrations ranging from 0–25 

µM with each of the following individual human recombinant CYP450 isoforms (1A2, 

2C9, 2C19, 2D6, and 3A4) and the appropriate CYP450 substrate. Aliquots of the test 

samples were extracted using an organic solvent and analyzed by high-performance 

liquid chromatography-mass spectrometry to determine the CYP450 half-maximal 

inhibition concentration values. 

Cytochrome P450 induction by pregnane X receptor reporter gene assay:  
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African green monkey kidney cells were plated in 96-well plates at a density of 

7,000 cells per well in Dulbecco's modified Eagle's medium (Invitrogen) with 10% fetal 

bovine serum (Fisher Scientific) containing penicillin and streptomycin. Twenty-four h 

post-plating, cells were transfected with the appropriate plasmids using Lipofectamine 

2000 (Invitrogen) according to the manufacturer’s instructions. The total DNA per well 

was 115 ng and contained a mixture of each of the following plasmids: pSV40-β-

galactosidase (40 ng), XREM-Luc (20 ng), pSG5-hPXR (5 ng), and pBluescript (50 ng). 

Luciferase activity was determined using a standard luciferase assay system (Promega). 

The β-galactosidase activity was determined using standard methods by the O-

nitrophenolgalactoside assay and was read at 420 nm. Cells were treated with 10 mM 

rifampicin (Sigma) or CLR01 for 24 h. Data are normalized to β-galactosidase activity (n 

= 8). 

 

3.4 Results  

3.4.1 CLR01 rescues neurons from amyloid β-protein-induced retraction of 

dendritic spines.  

The strongest anatomical correlate for the degree of cognitive impairment in AD 

is synapse loss [28,29]. Post-mortem ultrastructural stereological analysis of the 

hippocampal CA1 regions of brains of patients with mild cognitive impairment showed 

18% synapse loss that progressed to 55% in mild AD [30]. In primary neuronal cultures, 

oligomers of Aβ42 have been shown to cause substantial decrease in dendritic spine 

density [31]. Additionally, Aβ toxicity has been shown to lead to neuritic abnormalities 

and axonal varicosities in AD mouse models [32,33]. 
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To assess the effect of MTs on Aβ42-induced synapse loss, Dr. Bitan and 

colleagues treated primary hippocampal neurons with 3 µM Aβ42 for 72 h in the 

presence or absence of 10-fold excess of CLR01 or a negative control derivative, CLR03 

[13], and quantified spine density. Aβ42 induced abundant varicosities (yellow arrows, 

Figure 3.1A) and caused a decline in the number of dendritic spines to 20.9 ± 1.3% of 

baseline (Figure 3.1B). In the presence of CLR01, spine density was rescued to 79.6 ± 

2.3% of baseline (P < 0.001 compared to Aβ42 alone) and varicosities were reduced, 

whereas CLR03 was inactive (22.5 ± 1.2% of baseline). In these and further experiments 

addressing synaptotoxicity, Dr. Bitan and colleagues adjusted the Aβ42 concentration 

empirically to elicit a sufficiently robust toxic response allowing measurement of 

inhibition by MTs. 

3.4.2 CLR01 prevents disruption of basal synaptic transmission. 

Changes in gene expression and synaptic vesicle trafficking in the brains of 

Figure 3.1 CLR01 protects neurons from Aβ-induced changes in dendritic 
spine number and morphology  
A) Rat primary hippocampal neurons were incubated for 72 h with media alone or with 
Aβ42 in the absence or presence of MTs. Yellow arrows point to Aβ42-induced 
varicosities. The scale bar denotes 5 µm. B) The number of dendritic spines per 100 µm 
was quantified. ***P < 0.001 compared to control; +++P < 0.001 compared to Aβ42 + 
CLR01.  
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patients with AD and transgenic mice suggest that synaptic function is compromised 

prior to the physical degeneration of the synapses [34,35]. Electrophysiologic 

experiments allow measurement of the earliest neuronal insults by Aβ. Previous reports 

have documented changes in basal excitatory synaptic neurotransmission due to Aβ42 

deposition ([36] and 

references therein). In a 

set of experiments 

designed to test the 

capability of CLR01 to 

rescue Aβ42-induced 

inhibition of basal 

synaptic transmission in 

autaptic microcultures of 

hippocampal neurons, Dr. 

Bitan and colleagues 

measured the amplitudes 

of EPSC, evoked by 

stimuli mimicking action 

potentials, in hippocampal 

neurons exposed for 24 h 

to 200 nM Aβ42 in the 

absence or presence of 2 

µM CLR01. Culture 

Figure 3.2 CLR01 rescues Aβ42-induced inhibition of 
evoked and spontaneous synaptic neurotransmission 
in autaptic hippocampal neurons  
A) Mean EPSC amplitude measured after 24 h of treatment 
with vehicle, 200 nM Aβ42, 200 nM Aβ42 + 2 µM CLR01 or 
2 µM CLR01. B) Representative traces showing mEPSCs 
recorded in neurons subjected to each treatment. C, D) Mean 
mEPSC amplitude (C) and frequency (D) following 24-h 
treatment with vehicle, 200 nM Aβ42, 200 nM Aβ42 + 2 µM 
CLR01 or 2 µM CLR01. **P < 0.001. 
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treatment with Aβ42 alone produced a 51.8% reduction of mean EPSC amplitude [3.6 ± 

0.3 nA (n = 38) vs. 7.4 ± 0.5 nA in controls (n = 25), P < 0.001, Figure 3.2A]. In 

contrast, in autaptic hippocampal neurons exposed to Aβ42 in the presence of CLR01 (or 

with CLR01 alone), EPSC amplitudes were not significantly different from controls [6.2 

± 0.6 nA (n = 18); 6.8 ± 0.7 nA (n = 18), respectively].  

Application of Aβ42 to hippocampal CA1 pyramidal neurons has been reported to 

reduce 2-amino-3-(5-methyl-3-oxo-1,2-oxazol-4-yl)propanoic acid (AMPA) receptor-

mediated spontaneous, mEPSC amplitude and frequency by 60% and 45%, respectively 

[37]. mEPSC frequency is thought to be a reflection of presynaptic glutamate release, 

whereas the amplitude reflects the postsynaptic AMPA receptor response to glutamate 

[37]. 

Spontaneous neurotransmitter release was studied by recording mEPSC (Figure 

3.2B) under the same experimental conditions as described above. Dr. Bitan and 

colleagues found that Aβ42 treatment reduced mEPSC amplitude by 34.5% (17.6 ± 1.0 

pA [n = 38] vs. 26.9 ± 1.6 pA in controls [n = 25], P < 0.001, Figure 3.2C) and mEPSC 

frequency by 41.6% (4.9 ± 0.5 Hz, [n = 38] vs. 8.4 ± 0.8 Hz in control [n = 25], P < 

0.005; Figure 3.2D). In neurons treated with Aβ42 in the presence of CLR01, both 

parameters were not significantly different from controls [mEPSC amplitude: 27.2 ± 2.7 

pA; mEPSC frequency: 7.1 ± 0.6 Hz, (n = 18)]. Application of CLR01 alone did not 

significantly affect either the frequency (7.9 ± 0.8 Hz; n = 18) or the amplitude (22.5 ± 

2.1 pA; n = 18) of mEPSC. 

3.4.3 CLR01 protects synaptic plasticity against Aβ42-induced insults. 
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Signalling through AMPA 

and N-methyl-D aspartate 

receptors is critical for long-term 

potentiation (LTP), a cellular 

correlate for learning and memory 

that is expressed as an increase in 

efficiency of synaptic 

transmission [38]. Inhibition of 

LTP, manifested as a decrease in 

fEPSP amplitudes and slopes, has 

been observed upon application of 

different Aβ oligomers to rat 

hippocampal slices [19,39]. 

To further evaluate the 

protective effect of CLR01 on 

Aβ42-induced synaptotoxicity, 

Dr. Bitan and colleagues studied 

Figure 3.3 CLR01 attenuates Aβ42-induced inhibition of long-term potentiation 
at CA3–CA1 synapses  
A) Time course of fEPSP amplitudes before and after HFS (indicated by arrow) in slices 
treated for 20 min with vehicle (black circles), 200 nM Aβ42 (grey circles), or 200 nM 
Aβ42 + 2 µM CLR01 pre-incubated for 1 h prior to application (white circles). Results are 
expressed as percentages of baseline fEPSP amplitude (=100%). Insets show representative 
traces of fEPSP at baseline (dotted lines) and during the last 5 min of LTP recording (solid 
lines). B) Bar graph showing mean LTP changes measured during the last 5 min of 
recording following slice exposure to vehicle or different combinations of 200 nM Aβ42, 2 
µM CLR01 and 2 µM CLR03. **P < 0.001; *P < 0.05. 



 115 

LTP at the Schaffer collateral–CA1 synapses in hippocampal brain slices. The Aβ 

concentration selected, 200 nM, did not influence basal synaptic transmission in brain 

slices, thus avoiding potentially producing confounding effects on LTP, as  

documented by the stability of pre-tetanus fEPSP recordings and the absence of 

significant differences between the pre- and post-Aβ application input/output curves. 

Higher Aβ concentrations (e.g., 500 nM) did inhibit basal synaptic transmission in brain 

slices (data not shown). Under control conditions, i.e., when hippocampal slices were 

perfused with vehicle alone for 20 min before HFS, the fEPSP amplitude recorded 60 

min post HFS displayed increases of +115.0 ± 8.8% over baseline (n = 11). In 

hippocampal brain slices perfused with 200 nM Aβ42 for the 20 min preceding HFS, the 

LTP was significantly smaller at +53.7 ± 5.1% over baseline (n = 10, P < 0.001, Figure 

3.3A). Co-application of 200 nM Aβ42 and 2 µM CLR01 significantly ameliorated LTP 

inhibition relative to Aβ42 alone [fEPSP amplitude increases of +75.4% ± 7.7% (n = 8), 

P < 0.05, not shown in graph]. Though this rescuing effect was statistically significant, 

its magnitude was small relative to the protective effects of CLR01 in cell culture 

(Figures 3.1–3.2). A potential explanation is differences in diffusion to the cellular targets 

between Aβ42 oligomers and CLR01, which may diminish the effectiveness of CLR01 in 

brain slices relative to cultured neurons. To test this hypothesis, Dr. Bitan and colleagues 

examined whether a 1-h incubation of Aβ42 with CLR01 prior to application to 

hippocampal slices would produce stronger protection. Indeed, 1-h pre-incubation of 

Aβ42 with CLR01 provided a stronger protective effect, raising the fEPSP amplitude 

potentiation to +94.2% ± 7.4% over baseline (n = 12, P < 0.001 vs. Aβ42 alone, and P < 

0.05 vs. controls; Figure 3.3A, B). 
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Control LTP experiments were performed in brain slices exposed to 2 µM CLR01 

alone or 200 nM Aβ42 in the presence of 2 µM CLR03. Application of CLR01 alone did 

not significantly affect LTP (fEPSP amplitude potentiation of +113.2 ± 11.7% over 

baseline; n = 6) whereas Aβ42 + CLR03 caused LTP inhibitions not significantly 

different from those produced by Aβ42 alone (+53.6 ± 5.9%; n = 8; P < 0.001 vs. 

controls, Figure 3.3B). 

Figure 3.4 Assembly size distribution pattern of Aβ42 preparations in the 
absence or presence of MTs  
Preparations of Aβ42 alone, Aβ42 + CLR01, Aβ42 + CLR01 incubated for 1 h or Aβ42 + 
CLR03 in artificial CSF or neurobasal media were fractionated using SDS-PAGE (A) or 
native-PAGE (B) and then analyzed by Western blot using mAb 6E10. CLR01 caused minor 
changes in the assembly size distributions, generally characterized by moderately decreasing 
the abundance of mid-size oligomers and increasing the abundance of larger assemblies. 
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Analysis of the Aβ42 assembly size distribution in the neurobasal media or 

artificial CSF preparations used in the electrophysiology experiments described above by 

native- or SDS-PAGE Western blots showed a mixture of species ranging from monomer 

to large oligomers. Little difference was observed between distributions of species in the 

absence or presence of MTs (Figure 3.4). 

 

3.4.4 CLR01 is pharmacologically stable and penetrates the brain at similar levels in 

wild-type and transgenic mice. 

Towards evaluating the potential of MTs for drug development, Dr. Bitan and 

colleagues studied the stability of CLR01 in plasma and liver microsomes. 

Biotransformation of CLR01 was measured during 60 min incubation in human or mouse 

plasma or liver microsome preparations, an abundant source of drug metabolizing 

enzymes [40,41]. In comparison with testosterone, which was used as a positive control 

and was degraded down to 29% in human, and 1% in mouse liver microsomes, no 

degradation of CLR01 was observed in these preparations. Similarly, CLR01 was found 

to be 100% stable in human and mouse plasma for 60 min at 37ºC. It is possible that 

because of the minimal degradation, lower doses may be required for treatment.  

The blood-brain barrier (BBB) is suggested to be compromised in humans with 

AD [42,43] and in transgenic animal models of Alzheimer's [44]. Thus, I analyzed brain 

permeability of CLR01 both in 3×Tg [45], and in healthy, WT mice to assess how much 

of the penetration is due to the disruption of the BBB seen with disease and how much 

may be due to other mechanisms, such as transporters. Tritium-labeled CLR01 (3H-

CLR01) was administered intravenously to 12-m old, WT or 3×Tg mice. One-h post 
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injection, blood was collected, mice were perfused to remove blood from the brain 

vasculature, euthanized, and the brains were collected. Brain penetration percentage was 

calculated as activity per g of brain relative to activity per ml of blood. There was a 

small, non-significant difference in brain penetration of CLR01 between WT (1.74 ± 

0.35%) and 3×Tg mice (1.98 ± 0.11%). There was no difference in percent of injected 

CLR01 found in the blood one-h post injection between WT and transgenic mice, 15.5 ± 

1.3% and 15.7 ± 3.5%, respectively. 

3.4.5 CLR01 reduces brain Aβ and tau burden and ameliorates microgliosis in 

transgenic mice without apparent toxicity. 

In light of the promising in vitro data, I next conducted an initial in vivo study to 

assess the efficacy of peripherally administered CLR01 in transgenic mice using 

immunohistochemical changes of Aβ and p-tau burden, and brain inflammation as 

endpoints. Similarly to the BBB experiments described above, in these experiments, I 

used the 3×Tg mouse model of AD, which overexpresses mutant forms of the human 

genes encoding presenilin 1 (mutation M146V) and APP (mutation KM670/671NL), 

each of which causes early-onset familial AD, and tau (mutation P301L), which causes 

frontotemporal dementia. These mice model particularly relevant pathologic features of 

AD by encompassing both amyloid plaques and neurofibrillary tangles [45]. 

Mixed-gender, 14–15-m old mice, n = 6–7 per group, were treated for 28 days 

with 40 µg/kg/day CLR01 in saline as a vehicle, or with vehicle alone, administered 

subcutaneously using osmotic minipumps. Following treatment, the mice were sacrificed 

and their brains were analyzed by immunohistochemistry for the presence of plaques, 

tangles, and inflammatory markers. Analysis of brain sections from vehicle-treated mice 
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using mAb 6E10 showed amyloid plaques deposited predominantly in the subiculum and 

CA1 regions of the hippocampus (Figure 3.5A), as reported previously [45]. In addition, 

the mice showed phosphorylated paired helical filaments detected by the anti-p-tau mAb 

AT8, predominantly in the hippocampal regions CA1 and CA3 (Figure 3.5D). Mice 

Figure 3.5 CLR01 decreases Aβ and p-tau deposition and ameliorates 
microgliosis in transgenic mouse brain  
Triple-transgenic mice were treated with 40 µg/kg/day CLR01 or vehicle. A, D, G, I) 
Vehicle-treated transgenic mouse hippocampus. B, E, H, J) CLR01-treated transgenic 
mouse hippocampus. A, B) transgenic mouse brain stained with mAb 6E10 showing 
amyloid plaque deposition. C) % Aβ burden was quantified by calculating the total 6E10-
stained area divided by the total area measured (Hippo – hippocampus, Ent – entorhinal, 
Peri – perirhinal, Pir – piriform cortices, Amyg – amygdala). D, E) transgenic mouse brain 
showing AT8-positive neurofibrillary tangles in the CA1 region. F) % Aggregated p-tau 
load was quantified by calculating the total AT8-stained area divided by the total area. G, H) 
transgenic mouse brain stained with mAb HT7 for total tau. I, J) transgenic mouse brain 
showing Iba1-positive microglia in the subiculum and CA1 region. K) Number of stained 
microglia in a 1.14 mm2 area of hippocampus per treatment condition. The scale bar in panel 
B applies to both panels A and B. The scale bar in panel J applies to panels D–J. *P < 0.05, 
**P < 0.01, ***P < 0.001 compared to vehicle-treated mice. 
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treated with CLR01 showed a significant decrease in Aβ burden of 33.3% in the total 

brain area analyzed (% burden: vehicle-treated 3.03 ± 0.19% vs. CLR01-treated 2.02 ± 

0.17%, P < 0.01, Figure 3.5B, C), 34.7% in the hippocampus (vehicle-treated 4.18 ± 

0.27% vs. CLR01-treated 2.73 ± 0.20%, P < 0.05), 49.3% in the perirhinal and entorhinal 

cortices (vehicle-treated 1.42 ± 0.24% vs. CLR01-treated 0.72 ± 0.08%, P < 0.05), and 

18.6% in the piriform cortex and amygdala (vehicle-treated 2.37 ± 0.23% vs. CLR01-

treated 1.93 ± 0.25%). Similarly, a 33.3% reduction in AT8-positive p-tau was observed 

in the total brain area analyzed (% burden: vehicle-treated 4.30 ± 0.32% vs. CLR01-

treated 2.87 ± 0.21%, P = 0.075; Figure 3.5E, F), 24.3% reduction in CA1 (vehicle- 

treated 4.82 ± 0.38% vs. CLR01-treated 3.65 ± 0.26%), and a 45.8% reduction in CA3 

(vehicle-treated 3.69 ± 0.52% vs. CLR01-treated 2.00 ± 0.29%) regions in mice treated 

with CLR01. These data were not statistically significant but a major trend was observed. 

In contrast, immunohistochemistry with the anti-tau mAb HT7 showed no effect on total 

tau (Figure 3.5G, H). 

Compared to vehicle-treated 3×Tg mice (Figure 3.5I), the CLR01-treated 3×Tg 

mice showed a 46.2% reduction in the number of microglia per hippocampal area 

(vehicle-treated 41.79 ± 9.64 vs. CLR01-treated 22.5 ± 4.12, P < 0.05; Figure 3.5J, K) 

and in the microglial stained area (data not shown). Similarly, a 43.9% reduction in 

microglial stained area was found in the cortex of CLR01-treated mice relative to 

vehicle-treated mice (data not shown). In comparison, there was essentially no difference 

between vehicle- and CLR01-treated WT mice in the level of microgliosis (vehicle-

treated 32.67 ± 4.16 vs. CLR01-treated 33.73 ± 4.81, Figure 3.5K). In contrast to the 

effect on microglia, CLR01 treatment had little or no impact on the number or staining 
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level of astrocytes in transgenic or WT mice in either the hippocampus or cortex (data not 

shown). 

As has been described previously [46], I found that the 3×Tg females in our study 

had more Aβ pathology than the males. The vehicle-treated females (n = 3) had 204% the 

Aβ load of the males (n = 3) in the hippocampus, 394% in the entorhinal/perirhinal 

cortices, and 205% in the piriform cortex/amygdala region. A similar trend was observed 

with the CLR01-treated mice (n = 4 females, 3 males): 138% in the hippocampus, 164% 

in the entorhinal/perirhinal cortices, and 308% in the piriform  

cortex/amygdala region. Correspondingly the effect of CLR01 treatment was 

substantially more pronounced in females than in males. Female mice showed a decrease 

of 45% in Aβ load in the hippocampus whereas males had a decrease of 19%. A similar 

trend was observed in the entorhinal/perirhinal cortices, 64% decrease in females and 

15% decrease in males, whereas in the piriform cortex/amygdala region, the trend was 

reversed — 17% decrease in females and a 45% decrease in males. Consistent with the 

previous study [46], the p-tau load did not differ significantly between male and female 

3×Tg vehicle-treated mice and CLR01 treatment affected p-tau load to the same extent in 

both genders. 

Table 3.1 No toxic effect of CLR01 on weight change (% of pre-surgery baseline) 
 

 
 
 

 

 

Because CLR01 may bind to K residues in proteins other than Aβ and tau and 

Genotype! Treatment! Day 0! Day 8! Day 23! Day 28!

Wild-type Vehicle 100.0 ± 0.0! 96.7 ± .01! 97.8 ± .01! 96.2 ± .01!
CLR01 100.0 ± 0.0! 95.6 ± .05! 96.2 ± .01! 95.8 ± .01!

3×Tg Vehicle 100.0 ± 0.0! 95.6 ± .02! 97.4 ± .01! 97.6 ± .02!
CLR01 100.0 ± 0.0! 95.9 ± .02! 100.4 ± .02! 97.8 ± .03!
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affect their activity, I used several criteria, including appetite loss, weight loss (Table 

3.1), lethargy, and mortality, to explore whether CLR01 treatment had adverse effects on 

the 3×Tg mice. I did not observe any adverse effects, though the number of mice and 

indices measured were limited and thus may influence the sensitivity of this analysis. To 

assess potential interactions between CLR01 treatment and general behavioral measures, 

mouse activity was analyzed during a single 7-min monitoring period. I did not observe 

any significant changes in velocity, path shape, or mobility between the CLR01-treated 

and the vehicle-treated transgenic or WT mice (Table 3.2). Similarly, no effects were 

observed on habituation rates in any of these measures (Table 3.2). As hyperactivity and 

other perturbations of locomotor activity, as well as disruptions of habituation, commonly 

have been observed following central nervous system toxicity [47,48], the lack of such  

 
Table 3.2 No toxicity of CLR01 by behavioral end points  

 

Geno
type!

Treat-
ment!

Velocity 
(cm/s)!

Velocity 
Habitu-
ation (% 
change)!

Mobility 
(% time)!

Mobility 
Habitu-
ation (% 
change)!

Meander 
(deg/cm)!

Meander 
Habitu-
ation (% 
change)!

Wild-
type!

Vehicle! 4.6 ± 0.6! -24 ± 7! 63 ± 6! -33 ± 13! 425 ± 39! 40 ± 10!
CLR01! 5 ± 1! -15 ± 16! 65 ± 5! -50 ± 31! 418 ± 34! 48 ± 20!

3×Tg! Vehicle! 5.5 ± 0.7! -24 ± 8! 71 ± 4! -25 ± 11! 377 ± 32! 49 ± 15!
CLR01! 5.6 ± 0.7! -9 ± 7! 75 ± 4! -8 ± 6! 358 ± 30! 21 ± 8!

P-
value 
(2-
way 
ANO
VA)!

Treat-
ment 
effect!

0.62! 0.23! 0.58! 0.99! 0.71! 0.49!

Geno-
type 
effect!

0.43! 0.77! 0.083! 0.19! 0.12! 0.52!

Inter-
action 
effect!

0.78! 0.80! 0.82! 0.35! 0.85! 0.21!
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behavioral effects suggests that the 28-day CLR01 regimen did not adversely impact the 

neural systems subserving these traits.  

To address further potential concerns regarding toxicity due to the unique 

mechanism of CLR01, I studied the effect of CLR01 in several in vitro and in vivo 

systems. Previously, CLR01 showed no toxicity below 400 µM in cell lines and in 

primary neurons [13,14], a concentration that is 1–3 orders of magnitude higher than 

needed for inhibition of toxicity in cell culture. Zebrafish treated with CLR01 up to 10 

µM dissolved in the water in which the fish developed showed no signs of toxicity [15]. 

In mouse brain slices treated with 2 µM CLR01 alone, no changes were seen in levels of 

LTP (Fig. 3.3B). I also did not find adverse effects by weight, activity, or mortality in 

mice treated subcutaneously with CLR01 doses from 40 µg/kg/day (Tables 3.1, 3.2) up to 

1,200 µg/kg/day (data not shown) or in mice treated intracerebroventricularly with 10 µM 

CLR01 (data not shown), suggesting the existence of sufficient therapeutic window for 

CLR01. I assessed the effect of CLR01 on APP processing. In the APP sequence, K 

residues exist directly N-terminal to the α-secretase cleavage site and two residues N-

terminal to the β-secretase cleavage site (in the 3×Tg mice used here, the K-M dipeptide 

as positions 670 and 671 is replaced by N-L). Additionally, several K residues are a few 

amino acids C-terminal to the γ-secretase cleavage site. Brain extracts from WT and 

transgenic mice treated with either vehicle or CLR01 were analyzed by Western blots 

using antibodies specific for the soluble N-terminal portion of APP (sAPP), or for the C-

terminal fragments (CTFs) of APP. I found no differences in concentration levels of 

sAPP, CTF-α, or CTF-β between vehicle- and CLR01-treated mice (Figure 3.6), 

supporting CLR01’s putative process-specific mechanism of action. 
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3.4.6 CLR01 interacts weakly with major cytochrome P450 isoforms. 

The CYP450 family of enzymes catalyzes the oxidation of a vast array of 

endobiotic and xenobiotic molecules to increase their hydrophilicity during phase-I 

metabolism, accounting for ~75% of the total number of metabolic reactions in the body 

[49,50]. Thus, inhibition or activation of CYP450 enzymes may cause metabolic toxicity. 

In addition, drug–drug interactions are an important consideration in development of new 

therapeutics and are highly related to the CYP450 system. Induction or inhibition of 

Figure 3.6 No difference in levels of sAPP, CTF-α, or CTF-β with CLR01 
treatment  
Soluble and detergent-soluble fractions of brain extracts from vehicle- or CLR01-treated 
WT or transgenic mice were subjected to Western blot analysis. A) N-terminal APP 
antibody 22C11 used to assess levels of sAPP. B) C-terminal APP antibody APP369 used 
to assess levels of CTF-α and CTF-β. Densitometric analysis of Western blots for C) 
sAPP; D) CTF-β; and E) CTF-α was calculated after normalizing to the actin loading 
control. WT Veh n = 4, WT CLR01 n = 4, Tg Veh n = 12, Tg CLR01 n = 10. 
 



 125 

particular CYP450 isozymes by one drug or food product may affect the rate of 

metabolism of other substrates (i.e., drugs) of these isozymes. Thus, it is important to 

evaluate the interaction of MTs with CYP450 if they are to become drug candidates. 

Measurement of the inhibitory potency of CLR01 on five major CYP450 isoforms 

responsible for 95% of drug metabolism [50] yielded the following half-maximal 

inhibition concentration values, listed in order from the most potently inhibited enzyme 

to the least: 2C19 (1.5 µM) > 3A4 (1.7 µM) > 2C9 (2.2 µM) > 2D6 (3.6 µM) > 1A2 (>20 

µM). Inhibitory potency values less than 1 µM are expected to cause drug interactions of 

at least 2-fold, based on comparison of in vivo drug interaction data and primary 

experimental in vitro results for 44 drugs [40]. The half-maximal inhibition concentration 

values for the interaction of CLR01 with the CYP450 were above the 1-µM threshold for 

all the isoforms tested. The in vitro inhibition order is generally expected to line up with 

the in vivo magnitude of drug–drug interactions involving the substrates for the specific 

CYP450 isoforms [40].  

Dr. Bitan and colleagues also evaluated induction of the CYP450 system using 

the pregnane X receptor (PXR) reporter gene assay [51]. PXR is a nuclear receptor and 

transcription factor for genes that are highly involved in xenobiotic and endobiotic 

uptake, metabolism and elimination. It is a key activator of the xenobiotic-inducible 

CYP3A, CYP2B, CYP2C, and glutathione S-transferase gene expression. Importantly, 

the PXR ligand-binding domain is uniquely large allowing the receptor to bind 

promiscuously to a large variety of structurally diverse molecules in different orientations 

[52], making it a robust target whose activation can be used to predict CYP450 induction 

and potential toxicity of new experimental drugs [53]. 
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To evaluate PXR activation and potential toxicity of CLR01, African green 

monkey kidney fibroblasts were transfected with plasmids containing luciferase and β-

galactosidase reporter genes under control of a PXR response element. Forty-eight h 

post-transfection, the cells were treated for 24 h with 10 µM rifampicin, an antibiotic and 

known PXR ligand, as a positive control, or with different concentrations of CLR01. At 

concentrations up to 1 µM, CLR01 exhibited luciferase activity similar to that of vehicle 

alone. At 10 and 50 µM, CLR01 induced a luciferase activity 56.4% and 39.5% the 

magnitude of rifampicin, respectively (Figure 3.7). Fifty µM of CLR01 reduced the β-

galactosidase induction by 39.6%. These data demonstrate minimal PXR activation by 

low µM concentrations of CLR01 compared to a known ligand of PXR and a commonly 

used drug, rifampicin. 

The highest plasma concentration found in pharmacokinetic experiments in which 

CLR01 was administered intravenously at 1 mg/kg (25-times the dose used for the 

Figure 3.7 Weak induction of the CYP450 system by CLR01  
Cells were treated with 10 µM rifampicin (rif; positive control) or CLR01 for 24 h. Cells 
transfected with luciferase but not PXR (XREM) were used as a negative control. A) 
Luciferase activity was determined using a standard luciferase assay system (Promega). B) 
β-galactosidase activity was determined using standard methods by the ONPG assay.  
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experiments shown in Figure 3.5), was under 11 µM at time zero [54], suggesting that 

toxicity is not anticipated at doses needed for the in vivo effects observed on aggregated 

Aβ, p-tau, and microgliosis. 

 

3.5 Discussion 

Recently, Dr. Bitan and colleagues have reported that CLR01 is a process-specific 

inhibitor of aberrant assembly and toxicity of amyloidogenic proteins [13]. The putative 

mechanism of action of MTs and the reason I refer to them as process-specific is their 

labile, moderate-affinity binding to solvent-exposed K residues, thereby disrupting a 

combination of hydrophobic and electrostatic interactions that are key to the aberrant 

self-assembly process. Dr. Bitan and colleagues previously showed that CLR01 inhibited 

the assembly and toxicity of multiple disease-associated proteins, disaggregated pre-

formed Aβ fibrils and stabilized non-toxic assemblies [13]. Additionally, by a similar 

effect on α-synuclein, CLR01 prevented developmental deformities and death, and 

facilitated proteasomal clearance of α-synuclein, in a novel zebrafish model [15]. 

Following up on these promising efficacy data and minimal toxicity found for CLR01 in 

cell culture or in zebrafish, here I report its capability to protect synaptic structure, 

function, and plasticity against Aβ insults and to ameliorate brain pathology in AD 

transgenic mice. 

Based on in vitro experiments using electron microscopy, dot blots with an 

oligomer-specific antibody, dynamic light scattering, and solution-state nuclear magnetic 

resonance [13], Dr. Bitan and colleagues expected that incubation of Aβ42 with CLR01 

would lead to a rapid modulation of Aβ42 to a non-toxic state. Using electrophysiologic 
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readouts as functional correlates of the toxicity state, Dr. Bitan and colleagues found that 

CLR01 provided significant relief from Aβ42-induced toxic effects on basal synaptic 

activity and LTP, supporting our prediction. Additionally, comparison of co-application 

with pre-incubation of Aβ and CLR01 before addition to brain slices in LTP experiments 

showed that pre-incubation increased the protective effect without changing the 

distribution of Aβ species as analyzed by native- and SDS-PAGE Western blots (Figure 

3.4). The lack of difference seen by the Western blot analysis compared to the positive 

difference seen in cell viability [13,14], dendritic spine (Figure 3.1), and 

electrophysiologic assays (Figures 3.2, 3.3) suggest that the changes in Aβ assembly 

induced by CLR01 are subtle or that CLR01 binding prevents contacts with the cellular 

targets of the toxic Aβ species. The increased protective effect following pre-incubation 

supports our previous findings of rapid disruption of Aβ42 self-association and its 

remodeling into non-toxic structures by CLR01 [13], which is common to a number of 

inhibitors [55]. One such inhibitor, scyllo-inositol was shown to inhibit LTP deficits 

caused by cell-secreted Aβ oligomers when pre-incubated with conditioned media 

containing these oligomers prior to application to slices [56], similar to CLR01, whereas, 

post-application of scyllo-inositol after incubation of cells with the conditioned media 

provided no protection against Aβ toxicity.  

As a first step in characterizing CLR01 in vivo, I quantified the BBB permeability 

of CLR01 in both WT and transgenic mice. Though BBB disruption has been reported in 

AD and transgenic mouse models, I found genotype-independent, ~2% BBB 

permeability, 1 h post-injection, in both 12-m old WT and 3×Tg mice, consistent with a 
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previous study of the 3×Tg mice at 11-m of age [57]. At this age range, the mice display 

a moderate disease phenotype, which apparently does not affect BBB integrity. 

Next, I assessed brain Aβ and p-tau load in a small group of transgenic mice 

treated continuously for 28 days and found a significant decrease in Aβ levels (Figure 

3.5). Similar effects were observed on p-tau and microglia, though due to the small 

sample size, statistical significance was not reached in all cases. Based on CLR01’s 

ability to disaggregate pre-formed fibrils in vitro [13], it is possible that a similar action 

disaggregated amyloid plaques in the brains of the treated mice into soluble, non-toxic 

structures amenable to clearance and/or degradation. Though additional experiments are 

needed to establish the mechanism by which CLR01 exerted its beneficial effects in the 

mice, the clearance hypothesis is supported by our recent in vivo study in zebrafish 

expressing human α-synuclein that were treated with CLR01 and showed recovery of 

proteasomal activity and increased α-synuclein clearance [15].  

Consistent with Aβ-induced neuroinflammation [58], the reduction in Aβ load 

correlated with a decrease in microgliosis (Figure 3.5). Though activation of microglia 

plays a dual role in the brain — phagocytosing deposited Aβ [59,60] and releasing 

cytotoxic compounds, such as reactive oxygen and nitrogen species [61,62], reducing 

brain microgliosis typically is considered a beneficial treatment outcome in AD [58]. 

Though mechanisms of tau toxicity in AD are still under discussion, 

oligomerization and hyperphosphorylation, likely downstream of Aβ insults, are believed 

to be involved [63,64]. I found reduction in levels of p-tau (Figure 3.5), which could 

result from either direct disaggregation by CLR01, as was shown in vitro [13] and 

eventual clearance, be downstream of the significant decrease in Aβ aggregates, or reflect 
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both mechanisms. Answering the question will require additional exploration, yet the 

data suggest that MTs’ process-specific mode of action is uniquely suitable to affect both 

the Aβ and tau components of AD pathology and therefore using these compounds is a 

promising intervention strategy. 

Labile binding to K residues with micromolar affinity is a unique mode of action 

that potentially could disrupt normal protein function and cause side effects. However, 

the aberrant self-assembly process that leads to the formation of toxic Aβ and tau 

oligomers involves many weak intra- and intermolecular interactions [65]. Thus, the 

labile binding of MTs is predicted to be effective in preventing these weak interactions 

without substantially disrupting structurally stable proteins. In practice, solvent-exposed 

K residues are commonly used for covalent attachment of biotin, fluorescent dyes, or 

other tags without interfering with biological activity of stably folded proteins. It is 

therefore plausible that non-covalent binding of CLR01 to these proteins with high on-off 

rate does not affect their bioactivity. Supporting this proposed process-specific 

mechanism, I found no interference with APP processing (Figure 3.6) despite the 

proximity of K residues to both the α- and β-secretase cleavage sites in WT APP (α 

secretase only in the 3×Tg mice). Similarly, Dr. Bitan and colleagues showed previously 

that the labile binding of CLR01 to K residues prevented α-synuclein aggregation but not 

the ubiquitination required for proteasomal clearance [15]. 

Because synaptic deterioration prior to neuronal loss correlates with onset of 

amnestic mild cognitive impairment [66], it can be considered a prominent pathological 

feature of AD. Thus, treatments that can prevent the loss of functional synapses during 

prodromal or early stages of the disease may complement the brain’s innate 
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compensatory defense mechanisms and significantly forestall additional AD-related 

cognitive symptoms. Furthermore, structural and functional synaptic alterations have 

been shown to be pharmacologically reversible in old, transgenic AD mice [67], 

suggesting that treatment after minor synaptic loss, but before overt neuronal loss, might 

delay or even reverse cognitive dysfunction. The prevention of spine retraction, rescue of 

Aβ-induced reduction in basal synaptic activity, and improvement of LTP by CLR01 

demonstrate its ability to ameliorate AD-associated phenotypes of synaptic dysfunction. 

Process-specific modulation of amyloid protein self-assembly is a novel approach 

towards treatment of amyloidoses. Much work still lies ahead for developing MTs as 

therapeutic tools for amyloid-related disease, including addressing additional questions 

about potential toxicity in more stringent systems and therapeutic effects on disease-

associated behavioral deficits. As multiple proteins of unrelated sequences cause 

amyloidoses, a treatment paradigm that is process-specific is a promising approach to the 

problem. With brain penetration of ~2% of blood levels, robust stability in plasma and 

liver microsomes, and weak interaction with major CYP450 isoforms, CLR01 shows a 

favorable drug profile and is expected to be stable inside the brain. The next chapter will 

further explore the safety profile of CLR01 in vivo, the stability of the parent CLR01 

compound, the effect of CLR01 on normal protein assembly, and will begin to 

characterize the brain levels of CLR01 over time.    
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Chapter 4 

 

Safety and pharmacological characterization of the molecular tweezer 

CLR01 in mice 

 
 
 
 
 
4.1 Abstract  

The “molecular tweezer” CLR01 is a broad-spectrum inhibitor of abnormal 

protein self-assembly, which acts by binding K residues with low micromolar affinity. In 

a triple-transgenic mouse model of Alzheimer’s disease (AD), CLR01 was found to 

reduce amyloid plaque burden and hyperphosphorylated tau levels following 

subcutaneous administration for 1 m. CLR01 also has been tested in several additional in 

vitro and in vivo models of amyloidoses all without signs of toxicity. With the eventual 

goal of developing CLR01 as a therapeutic drug for AD and other amyloidoses, here I 

had several goals related to the safety and pharmacokinetics of CLR01: 1) to explore the 

process-specific mechanism of action allowing CLR01 to disrupt aberrant protein 

assembly safely; 2) to determine the safety margin of CLR01 in mice; 3) to characterize 

CLR01’s blood–brain barrier (BBB) permeability in young (2-m old), middle-aged (12-m 

old), or old (22-m old) AD transgenic and wild-type mice; and 4) to begin to parse out 

potential modes of metabolism of CLR01. 

Studies of CLR01’s effect on tubulin polymerization did not show disruption of 

the process until 55-fold excess CLR01 was used, supporting its process-specific 
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mechanism of action. In an acute, 24-h toxicity study of a single intraperitoneal injection, 

only a high dose of 100 mg/kg CLR01, which is 2500-fold higher than the dose used for 

efficacy studies in the triple-transgenic model, induced behavioral signs of distress and 

liver toxicity observed histopathology and serologically. In a chronic, 30-d toxicity study, 

daily injection of up to 10 mg/kg did not show any signs of behavioral or 

histopathological toxicity. Surprisingly, lower cholesterol levels were found in CLR01-

treated relative to vehicle-treated mice. 

In healthy humans, increased age is associated with elevated BBB permeability, 

which increases further with vascular- or AD-related dementia. BBB breakdown also has 

been shown in transgenic mouse models of AD. To characterize BBB penetration of 

CLR01, radiolabeled CLR01 containing 3H in the hydrocarbon backbone was injected 

intravenously into triple-transgenic or WT mice at three different ages. The plasma half-

life of CLR01 was found to be 40−120 min and the brain penetration of CLR01 was 

1−3% of blood levels. Though CLR01 was almost completely removed from the blood 

by 8 h, unexpectedly, levels of brain CLR01 remained steady over 72 h. Multiple or 

larger doses resulted in a larger concentration of CLR01 in the brain. Thus, with the 

sustained brain levels following one administration and increased levels with different 

dosing regimens, it is possible that sufficiently large amounts of CLR01 are available in 

the brain, for protein aggregation disruption at low dosing regimens. Lastly, the 

molecular structure of CLR01 suggests that dephosphorylation may be a likely mode of 

catabolism. However, measurement of CLR01 metabolism in vitro did not find evidence 

of dephosphorylation.   
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The favorable safety profile and BBB permeability levels found for CLR01, 

together with efficacy shown in animal models of AD and other protein-aggregation 

diseases, support development of CLR01 as a valuable lead towards disease-modifying 

therapy for multiple amyloidoses.   

 

4.2 Introduction  

Alzheimer’s disease (AD) and Parkinson’s disease, along with over 30 other 

diseases, are amyloidoses, in which aberrant protein folding and aggregation is a central 

pathologic process. Amyloidoses are characterized by self-assembly of one or more 

proteins into toxic oligomers and insoluble amyloid. Currently, amyloidoses have no 

cure. Inhibition of the aberrant aggregation process is highly challenging because unlike 

traditional drug targets that have defined structures and in many cases, specific binding 

sites or active sites, toxic oligomers of amyloidogenic proteins are metastable structures 

that sample numerous conformations and amyloid fibrils are characterized by flat 

surfaces. These structures are largely devoid of specific binding pockets [1,2]. One 

possible solution to these challenges is to aim for one step prior to the unknown and 

unfavorable structures, specifically targeting the amino acid interactions.  

Recently, Dr. Bitan and colleagues reported that the molecular tweezer, CLR01, is 

a novel, broad-spectrum inhibitor of abnormal protein self-assembly, which acts by a 

“process-specific” mechanism and inhibits the aggregation and toxicity of multiple 

amyloidogenic proteins [3-5]. CLR01 is a small molecule, originally developed as an 

artificial K receptor [6,7] that binds K residues with low micromolar affinity [3,6,8]. The 

binding is highly labile [9], yet it is selective to K and involves inclusion of the K side-
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chain within the tweezer cavity (Figure 4.1). CLR01 also binds to R, yet with ~10-fold 

lower affinity [7,10]. Selective 

binding to K is achieved by a 

combination of hydrophobic and 

electrostatic interactions. K is the 

only proteinaceous amino acid that 

effectively forms both types of 

interactions – hydrophobic 

interactions involving the butylene 

chain, and Coulombic 

attraction/repulsion of its ε-NH3
+ 

group. Both types of interactions are important in aberrant protein self-assembly. Thus, 

CLR01 competes for the same interactions that are key to nucleation and aggregation by 

most amyloidogenic proteins [11,12]. 

The moderate-affinity binding of CLR01 to K is key to its process-specific 

mechanism. The forces that mediate normal protein assembly are thought to be optimized 

by evolution and thus tend to be strong. The forces that mediate abnormal protein 

assembly have not had the opportunity to participate in this evolutionary process. 

Consequently, the binding energies involved are substantially weaker than those 

controlling normal protein structure and function. Therefore, although CLR01 may bind 

to exposed K residues in virtually any protein, Dr. Bitan and I reasoned that at 

sufficiently low concentrations, labile binding with micromolar affinity would only affect 

Figure 4.1 Schematic representation of 
the interaction between CLR01 and K 
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relatively weak interactions, such as those that mediate aberrant protein oligomerization 

and nucleation. 

The data generated to date have supported our conjecture. CLR01 prevented 

deformation and mortality in a zebrafish model of α-synuclein (α-syn) toxicity by 

keeping α-syn soluble, preventing its neurotoxic effects, and promoting disinhibition of 

the 26S ubiquitin-proteasome system, thus allowing it to degrade the excess α-syn [4]. 

Peripheral, subcutaneous (SC) CLR01 administration in a triple-transgenic (3×Tg) mouse 

model of AD resulted in a significant decrease in amyloid plaque burden and 

hyperphosphorylated tau, with an accompanying decrease in levels of microglia [5]. 

Similarly, peripheral administration of CLR01 to familial amyloidotic polyneuropathy 

mice expressing mutant transthyretin led to a significant decrease in transthyretin 

deposition and associated endoplasmic reticulum-stress, apoptosis, and protein oxidation 

markers [13]. In support of the putative process-specific mechanism of CLR01, no signs 

of toxicity were observed in any of these studies. CLR01 was used at up to the 10 µM in 

the zebrafish model (in the water environment [4]), at 40 µg/kg/day in the AD mouse 

model [5], and at 1.2 mg/kg/day in the transthyretin model [13].  

In vitro studies of metabolic toxicity and drug–drug interaction involving the 

cytochrome P450 system showed minimal inhibition of five major isoforms with half-

maximal inhibition concentration values above levels expected to cause drug–drug 

interactions [5]. Minimal activation of the cytochrome P450 system by CLR01 was 

detected up to 10-µM concentrations in a cell-culture system compared to the antibiotic 

rifampicin, which was used as a positive control [5]. In nerve growth factor-differentiated 

rat pheochromocytoma cells treated with CLR01, no toxicity was detected up to 200 µM, 
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whereas a mild decrease in cell viability was observed at 400 µM—1−3 orders of 

magnitude higher than concentrations needed for inhibition of the toxicity of different 

amyloidogenic proteins in cell culture [3,14].  

Further support of the process-specific mechanism came from the observation that 

CLR01 did not affect processing of amyloid β-protein precursor (APP) in the treated AD 

mice. In APP, K residues are located N-terminally to the α- and β-secretase cleavage 

sites. Ostensibly, CLR01 binding to these residues could have affected APP processing. 

However, no differences were found in levels of APP cleavage products between brain 

extracts of vehicle- or CLR01-treated mice [5]. To further examine the putative process-

specific mechanism and toxicity profile of CLR01, here Dr. Bitan evaluated the effect of 

the compound in vitro on a physiologic (as opposed to aberrant) protein self-assembly 

process—tubulin polymerization— and in vivo using wild-type (WT) mice to which 

CLR01 was administered at high doses either as a one-time bolus or daily for 1 m. 

A large number of amyloidoses affect the central nervous system (CNS). If 

molecular tweezers are to be developed as drugs for these diseases, they likely will need 

to cross the blood–brain barrier (BBB). In the AD-mouse-treatment study, SC 

administration of CLR01 resulted in clear CNS effects [5], suggesting that the compound 

penetrated through the BBB into the brain of the mice. However, that study did not 

address the brain penetration levels or possible mechanisms. The BBB becomes 

compromised with aging [15] and this compromise is thought to be exacerbated in 

patients with certain neurodegenerative diseases, including AD [16-18]. Previously, I 

reported that using 3H-CLR01 injected intravenously, I found radioactivity levels in the 

brain to be ~2% of blood levels in 12-m old WT and 3×Tg AD mice [5]. I present here a 
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characterization of the BBB’s permeability to CLR01 and the effects of age and 

neurodegenerative disease. I also assessed a likely route of metabolism of CLR01 in 

mouse brain.  

 

4.3 Materials and Methods  

Mice  

All procedures were compliant with the National Research Council Guide for the 

Care and Use of Laboratory Animals, and approved by the University of California at 

Los Angeles (UCLA) Institutional Animal Care Use Committee. Two-m old WT 

C57BL/6J mice for toxicity studies were purchased from Jackson Laboratory (Bar 

Harbor, Maine, Stock 000664). 3×Tg and WT mice with the same genetic background 

[19] for BBB studies were bred at UCLA. Mice were housed 2–4 per cage under standard 

conditions, maintained on a 12-h dark and 12-h light cycle with ad libitum access to 

rodent chow and water.   

CLR01 

CLR01 was produced and purified as described previously [7]. 3H-CLR01 was 

prepared by Moravek Biochemicals (Brea, CA) using a method that provides 3H 

incorporation into the hydrocarbon skeleton (i.e., non-labile protons) [20] and yielded 

pure 3H-CLR01 with specific activity 1.3 Ci/mmol. 

Inhibition of tubulin polymerization 

The effect of CLR01 on tubulin polymerization [21,22] was analyzed using a 

commercial kit (Cytoskeleton, Inc., Denver, Colorado). Three mg/ml porcine brain 

tubulin (~18 µM) were allowed to polymerize at 37 ºC in the absence or presence of 
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CLR01 concentrations ranging from 10–1,000 µM. The turbidity of the solution was 

measured as absorbance at λ = 340 nm using a Synergy HT microplate reader (BioTek, 

Winooski, VT). The data are an average of three independent experiments with two wells 

per condition. 

Toxicity evaluation 

For acute toxicity studies, 2-m old C57BL/6J mice were administered saline-

vehicle, 10 mg/kg, or 100 mg/kg CLR01 by a single intraperitoneal (IP) injection. The 

mice were sacrificed 24-h after the injection. For chronic toxicity studies, 2-m old 

C57BL/6J mice were administered saline-vehicle, 3 mg/kg, or 10 mg/kg CLR01 by daily 

IP injection for 30 days. Acute-study mice were visually monitored for 1 h after injection 

and then every 50 min for 10 min over the first 6 h of the experiment for changes in 

activity and behavior. The mice also were monitored every 110 min for 10 min during the 

last 6 h of the experiment until they were sacrificed. Chronic-study mice were monitored 

for 1 h after injection and then 3 times throughout the day for 10 min each day of the first 

week. During that week there were no appreciable changes in the behavior, appearance, 

or weight of the mice. Therefore, monitoring was reduced to twice a day during the 

remainder of the experiment. On all occasions, the mice were monitored for any signs of 

severe toxicity, including bruising or bleeding, pale mucous membranes or extremities, 

diarrhea, dehydration, neurological signs, such as difficulty ambulating or paralysis, 

tachypnea or dyspnea, or abdominal distension.  

Following the treatment, mice were anesthetized with pentobarbital and blood 

was collected by cardiac puncture and placed in tubes containing a clot activator for 

serum separation (Capiject T-MG tubes, Terumo Medical Products, Somerset, NJ). Next, 
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the lungs were filled through the trachea with 4% paraformaldehyde to prevent collapse 

and tissues (brain, heart-lung, liver, kidney, and spleen) were collected and fixed for 72 h 

in 4% paraformaldehyde at a ratio of ~1:10 tissue:fixative (v/v). Tissues then were 

transferred into a 70%-ethanol solution and transferred to the UCLA Mouse Pathology 

Core for paraffin embedding, sectioning, and tissue histopathology analysis. Serum was 

analyzed by the UCLA Division of Laboratory Animal Medicine (DLAM) Animal 

Serology & Molecular Diagnostic Laboratory for an 11-panel serum chemical analysis 

using the ACE Alera Clinical Chemistry system (Alfa Wassermann Diagnostic 

Technologies, West Caldwell, NJ). The panel included: alanine aminotransferase, 

aspartate aminotransferase, albumin, alkaline phosphatase, creatinine, total bilirubin, 

lactate dehydrogenase, blood urea nitrogen, cholesterol, total protein, and glucose. 

 

Plasma concentration and blood–brain barrier permeability 

For studies of plasma concentration, CLR01 was administered by either SC or 

intravenous (IV) injection at 1 mg/kg or by oral gavage at 10 mg/kg and plasma was 

collected at time points between 0.33−24 h. Three mice were used per time point. The 

concentration of CLR01 in plasma was determined using liquid chromatography-mass 

spectrometry (LC-MS) by interpolation of sample peak area data into the calibration 

curve.  

The following groups of mice were used for CLR01 BBB penetration studies: 

3×Tg and the corresponding WT mice at 2-m, 12-m, and 22−24-m (hereafter called 22-

m) of age. The groups were as follows: 2-m WT, 2-m Tg, 12-m WT, 12-m Tg, 22-m WT, 

22-m Tg. Mice were administered 3H-CLR01 intravenously. Two µCi per gram of mouse 
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body weight, which are equal to 11.86 µg/g of CLR01 in which 3H-CLR01 made up 10% 

of the total CLR01, were injected into the jugular vein. Blood and brain were collected at 

0.5, 1, 3, 8, 24, or 72 h (not all time points were collected for all groups). For times ≤ 3 h, 

mice were anesthetized by IP injection of ketamine and xylazine. Anesthesia and the use 

of the jugular vein was due to initial difficulties with tail vein injections. The mice 

remained anesthetized following the injection until the specified time point, at which 

point they were given a lethal dose of pentobarbital. Then, blood was collected via a 

cardiac puncture, and the brain harvested with or without a perfusion step (see section 

4.4.3 below). For time points 8–72 h, mice were not anesthetized and 3H-CLR01 was 

injected into the tail vein. This change was due to the difficulty of keeping mice 

anesthetized for longer than 3 h and difficulties with tail vein injections were overcome 

by utilizing the help of UCLA veterinarians. No differences were observed between mice 

given anesthesia and jugular vein injections versus tail vein injections. Euthanasia 

procedures were the same as described above. For all mice, one hemisphere of the brain 

and 100–350 µl of blood were separately digested following instructions from Perkin-

Elmer (document: Scintillation Cocktails and Consumables) with 1 ml Solvable (Perkin-

Elmer, Waltham, MA), added to Ultima Gold Liquid Scintillation Cocktail (Perkin-

Elmer) and read in a Triathler Liquid Scintillation Counter model 425-034, (Hidex, Turku, 

Finland). Brain permeability percentage was calculated as counts per minute (CPM) per g 

of brain relative to CPM per ml of blood. The data are an average of values from three 

mice per genotype/age/time combination.  

For CLR01 transport-saturation studies using 5× the CLR01 dose, 3H-CLR01 was 

kept at 10% of the total CLR01 mixture and a total of 59.3 µg of CLR01 (10 µCi) per g of 
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mouse body weight was injected IV (22-m WT 5× dose). For CLR01 brain-accumulation 

studies, two 11.86-µg/g injections were administered at equal time intervals (22-m WT 

2× inj). In these experiments, mice were injected at time = 0 and at t = ½ of euthanasia 

time. For example, in the original, single-injection experiments, a mouse would receive 

an injection at t = 0 and then be euthanized at t = 1 h. In this experiment, a mouse 

received one injection at t = 0, a second injection at t = 0.5 h, and then was euthanized at t 

= 1 h. 

In experiments using 3H-CLR01, urine was collected when possible over the period 

between injection and euthanasia. In all cases, I found that the urine was radioactive. 

Unfortunately, comparison among mice proved to be difficult. I could not normalize the 

radioactivity because the amount of urine in the bladder prior to injection and the volume 

produced during the experiment could not be calculated. Thus, I can simply conclude 

qualitatively that CLR01 is excreted through the urine, but cannot provide quantitative 

measures of what percentage of the compound is excreted this way. 

 

In vitro metabolism 

Potential dephosphorylation of CLR01 was analyzed by incubating 100 nmol 

CLR01 with 0.08 units of alkaline phosphatase (ALP; calf intestinal alkaline 

phosphatase, Promega, Madison, Wisconsin) for 60 min at 60 ºC. One enzymatic unit is 

defined as the amount of enzyme required to catalyze the hydrolysis of 1 µmol of p-

nitrophenylphosphate per minute. Five to 50 nmol of p-nitrophenylphosphate disodium 

salt (Fisher, Waltham, Massachusetts) were used as a positive control and for generation 

of a standard curve. The amount of inorganic phosphate generated was measured 
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spectrophotometrically using an EnzChek Phosphate Assay kit (Life Technologies, 

Carlsbad, California) according to the manufacturer’s instructions on a Beckman Coulter 

(Brea, California), model DU-640 spectrophotometer at λ = 360 nm. Baseline values 

were subtracted from readings and compared to the standard curve resulting from serial 

ALP reactions to calculate the amount of inorganic phosphate. Similarly, potential 

dephosphorylation of CLR01 by brain homogenates was measured. For these 

experiments, one brain hemisphere was homogenized by sonication in the presence of 

cOmplete protease-inhibitor cocktail (Roche, Penzberg, Germany). Protein concentration 

was measured using a BCA Protein Assay Kit (Pierce, Rockford, Illinois). A “phosphate-

mop” system was used according to the EnzChek Phosphate Assay kit instructions to 

sequester inorganic phosphates naturally present in 1.5 mg of brain, and then 50-nmol 

CLR01 or different concentrations of p-nitrophenylphosphate disodium salt were added 

and incubated for 60 min at 60 ºC. 

 

Statistics 

Data are shown as means ± standard error of the mean (SEM). Statistical analysis 

was performed using Prism 6.0c (GraphPad, La Jolla, CA). For all experiments, 2-way 

analysis of variance followed by Sidak’s multiple comparisons test post-hoc analysis 

were used. The level of significance was set at p <0.05. 

 

4.4 Results  

4.4.1 In vitro examination of the process-specific mechanism of CLR01. 
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As stated above, the mechanism by which CLR01 remodels the assembly of 

amyloidogenic proteins into non-toxic assemblies that can be degraded by normal 

clearance mechanisms is by its specific binding to K and R residues. The mechanism is 

“process-specific” because it is postulated to affect only the aberrant assembly of proteins 

that leads to toxic oligomers and aggregates, but not normal protein assembly as happens, 

e.g., in tubulin polymerization. To test whether this indeed is the case, Dr. Bitan 

examined the effect of CLR01 on tubulin polymerization [21,22]. Three mg/ml (~18 µM) 

porcine brain tubulin, which contains 3.8% K and 4.8% R, was allowed to polymerize in 

the absence or presence of CLR01 concentrations ranging from 10–1,000 µM. 

In the absence of CLR01 

or in the presence of up to 300 

µM of the compound, the change 

in turbidity followed a typical 

sigmoidal curve, starting at 0.05-

0.09 absorbance units (Figure 

4.2). The absorbance remained 

unchanged for the first 10–15 

minutes, which is a typical lag 

phase in this reaction, and then 

increased gradually up to ~60 

min, at which point the rate of 

increase began to decline, and the 

reaction was followed for another 

Figure 4.2 CLR01 is a “process-specific” 
modulator of aberrant protein assembly 
Tubulin was allowed to polymerize in the absence or 
presence of increasing concentrations of CLR01. 
Perturbation of the polymerization was observed only 
at 1 mM CLR01. The data are an average of three 
independent experiments and are shown as mean ± 
SEM. 
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10 min. The only concentration at which significant modulation of the polymerization 

was observed was 1,000 µM (Figure 4.2, blue curve), i.e., at a tubulin:CLR01 

concentration ratio ~1:55. At this high ratio, a high absorbance, 0.15, was observed 

immediately, followed by a slight gradual decline during the lag phase. Then, the 

absorbance began to increase for 30 min, followed by a slow decline for the rest of the 

experiment. One interpretation of these data is that at the high concentration used, 1,000 

µM, binding of CLR01 to tubulin induced immediate self-assembly into an irregular 

aggregates. Similar immediate induction of self-assembly was observed with 4 of the 9 

amyloidogenic proteins tested by Sinha et al. [3], suggesting that this reaction occurs with 

some, but not all proteins. In all the cases studied by Sinha et al., these aggregates were 

non-amyloidogenic and non-toxic. 

Presumably, following the immediate aggregation in the presence of 1,000 µM 

CLR01, the tubulin aggregates observed at t = 0 partially disassembled as the 

polymerization reaction progressed, then polymerized between 10–30 min. At that point, 

the high CLR01 concentration appeared to interfere with the polymerization reaction and 

the tubulin polymers gradually disassembled again. Validation of this interpretation will 

require further investigation, yet it was not the focus of the current study. 

The motivation for this experiment was to test whether the concentration of 

CLR01 needed to interfere with a controlled self-assembly process was substantially 

higher than that required for modulation of aberrant self-assembly, which was found 

indeed to be the case. Most of the protein:CLR01 concentration ratios needed for 

inhibition of amyloidogenic protein aggregation were in the range 1:1–1:3 [3], compared 

to the 1:55 tubulin:CLR01 concentration ratio at which disruption of tubulin 
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polymerization was observed. These results support the specificity of CLR01 for 

inhibition of aberrant aggregation as opposed to controlled polymerization. 

 

4.4.2 CLR01 safety 

If CLR01 indeed operated by a process-specific mechanism, remodeling the 

abnormal aggregation of amyloidogenic proteins at substantially lower concentrations 

than concentrations that would perturb normal physiological processes, one would expect 

the compound to have a high therapeutic index. To calculate the therapeutic index, a 

lethal dose must be reached. The in vitro data described above suggested that disruption 

of tubulin polymerization occurs at concentration ratios 20–50 times higher than those 

needed for inhibition of aggregation of amyloidogenic proteins. In addition, cell culture 

experiments indicated that CLR01 began to show toxicity at concentrations 1–3 orders of 

magnitude higher than those required for inhibition of toxicity by different 

amyloidogenic proteins [3,4]. The next rational step was to test the safety margin of 

CLR01 in vivo. Based on the in vitro and cell culture data, I expected that 100 mg/kg 

would be lethal to mice and therefore used it as the highest dose in out safety evaluation 

experiments. I evaluated the safety of CLR01 in 2-m old, male, WT mice either 24 h 

following a single IP injection of 10 or 100 mg/kg (acute administration) or after daily IP 

injection of 3 or 10 mg/kg for 30 day (chronic administration). Following euthanasia, 

serum was collected for chemical analysis and tissues were harvested for histopathology 

evaluation.  

All CLR01-treated groups, except for the 100-mg/kg acute-administration group, 

behaved indistinguishably from control mice in terms of levels and type of activity and 
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grooming. The administration of 100-mg/kg CLR01 caused obvious signs of distress 

immediately, which lasted for ~30 min following the injection. For most mice, activity 

level decreased and eyelids became droopy. Some of the mice exhibited arching of the 

back, sporadic gasping, lying down, dragging one leg, and twitching. These signs of 

distress diminished after the first 30 min, at which point the mice resumed grooming and 

sitting on hind legs. Some mice showed decreased activity and droopy eyelids for up to 2 

h following the injection. No symptoms of severe toxicity, as defined by the UCLA 

DLAM veterinarians, were observed for any mice, including bruising, bleeding, pale 

mucous membranes or extremities, diarrhea, paralysis, tachypnea or dyspnea, or 

abdominal distension. 

Liver, kidney, spleen, heart, lung, and brain were collected for histopathology 

analysis. Tissue samples from heart, lung, spleen, and brain of all acutely CLR01-

administered mice were indistinguishable from those of control mice. In all 100-mg/kg-

dosed mice and one of eight 10-mg/kg-dosed mice of the acute-administration groups, 

liver degeneration and necrosis was detected in centrilobular and midlobular regions. 

Zonal nature of liver toxicity is common in drug-toxicity and was expected in the high-

dose group. 

The fact that all the mice in the high-dose group survived meant that the actual 

therapeutic index could not be calculated because contrary to our expectation, 100 mg/kg 

was under the lethal dose. However, I considered the observation of obvious liver toxicity 

at this high dose as sufficient for determining the maximal dose in future efficacy 

experiments and therefore did not treat mice with higher doses. Rather, I conducted next 

a 30-day, chronic-toxicity experiment in which mice were administered IP either saline-



 154 

vehicle, or 3 or 10 mg/kg/day of CLR01. Because one mouse of the eight used in the 10-

mg/kg acute-administration group showed signs of liver toxicity, 10 mg/kg/day was 

chosen to be the high dose in this experiment. 

Heart, lung, spleen, and brain from both chronically CLR01-treated groups of 

mice were indistinguishable from vehicle-treated mice and were free of signs of 

malformation, degeneration, necrosis, or inflammation within normal variability among 

mice. A few mice in the 3-mg/kg group showed signs of mild-to-moderate multifocal 

extramedullary hematopoiesis in the liver. The consulting veterinary pathologist 

concluded that this was possibly immune-stimulated but not pathogenic. Mild pancreatitis 

also was observed in one of the mice showing liver hematopoiesis and one additional 

mouse in the 3-mg/kg group. No signs of tissue pathology or liver necrosis, as seen in the 

acute study, were detected in the 10-mg/kg dosed group of mice and thus, it is highly 

unlikely that the hematopoiesis or inflammation found in the low-dose group were related 

to CLR01 treatment. 

Serum chemical analysis mainly consisted of tests of renal and liver function 

(Table 4.1). No significant differences were observed between the control and low-dose 

groups in either the acute-administration or chronic-administration experiments. The 

Table 4.1: Serum chemical analysis  
*** p < 0.001, ** p < 0.01  
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acute-administration, 100-mg/kg group showed significant increase in alanine 

aminotransferase, aspartate aminotransferase, and lactate dehydrogenase, and a 

significant decrease in cholesterol compared to both the control group and what is 

 considered a normal range (UCLA DLAM, modified [23]). All of these changes are 

consistent with acute liver injury. Glucose levels were significantly lower in the 100-

mg/kg acute-administration group than in the control group, but were within the normal 

range. Production of glucose is often the last function to be lost in liver failure, however, 

other changes indicating liver damage were not observed, including changes in albumin, 

alkaline phosphatase, or total bilirubin. In the chronic-administration experiment, the 

only significant 

serum-

chemistry 

difference 

observed was 

~40% lower 

cholesterol in 

the 10-mg/kg 

group 

compared to 

the control 

group. The 

cholesterol level was within the normal range. 

 

Figure 4.3 CLR01 plasma concentration by different routes of 
administration  
Levels of CLR01 in plasma by administration of CLR01 by intravenous 
(black line) or subcutaneous (blue line) injection at 1 mg/kg, or by oral 
gavage (red line) at 10 mg/kg over 24 h. Data are given as mean ± SEM. 
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4.4.3 Pharmacokinetics of CLR01 in vivo 

The plasma half-life of CLR01 was measured by LC-MS in 2-m old WT mice 

following administration by a SC or IV injection or by oral gavage. The SC 

bioavailability was found to be identical, within experimental error, to the IV 

administration, which was considered as 100% bioavailable (Figure 4.3). Both routes 

resulted in ~30% of the administered dose detected in the blood at the earliest time point 

measured – 20 min. In both routes, the plasma half-life was found to be ~2.5 h. 

Approximately 5% of the initial CLR01 levels were found in the plasma 8 h following 

either SC or IV administration. Oral bioavailability was negligible, suggesting that 

CLR01 either gets metabolized in the gastrointestinal tract and/or does not pass from the 

gut to the blood. 

Next, I asked what percentage of the administered CLR01 penetrates through the 

BBB and gets into the CNS. Our first attempt was to measure CLR01 in brain extracts 

using LC-MS. However, this proved to be difficult. Due to the multiple negative charges 

of CLR01, its partial protonation at physiologic pH, and the presence of various counter-

ions in biological fluids, the MS signal splits into multiple peaks resulting in low signal-

to-noise ratio. The difficulty to observe the CLR01 signal in brain extracts using LC-MS 

suggested that the concentration was low and detection would necessitate considerable 

optimization of the extraction and LC-MS methods, which would require considerable 

effort and high costs. Therefore, I decided to test first whether CLR01 could be found in 

the CNS by using a radiolabeled derivative of the compound.  
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As the permeability of the BBB has been shown to be dependent on age and 

morbidity, and especially increased in AD [16] and in mouse models of AD [24,25], I 

assessed how age and disease progression affected the brain penetration of CLR01 by 

using WT and 3×Tg mice at three different ages. The 3×Tg model was chosen because it 

was used in a previous study, in which CLR01 was found to reduce AD-like pathology in 

the brain [5]. Mouse ages were chosen to correspond with: 1) a stage before Aβ burden 

and cognitive deficits are found at 2-m of age [19,26]; 2) a stage with minimal plaque and 

tangle pathology but with observable memory deficits at 12-m of age [19,27]; and 3) a 

stage of abundant plaque and tangle pathology with consistent behavioral deficits at 22-m 

of age [28]. Mice were administered 3H-CLR01 IV, blood and brain were collected at 

time points between 

0.5−72 h following 

CLR01 administration, 

and radioactivity levels 

were measured 

subsequently by liquid 

scintillation counting. 

Radioactivity is 

presented as CPM/g of 

brain or CPM/ml of 

blood. 

At 0.5 h following 

injection, blood 

Figure 4.5 Correction for radioactivity from 
residual blood in the brain  
Comparison of brain perfusion to remove residual blood 
with subtraction of calculated levels of blood radioactivity 
at 10 µl of blood per g of brain tissue. Data are given as 
mean ± SEM. The methods are not significantly different.  
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radioactivity levels in 12-m old mice were 39 ± 13% and 40 ± 6% of the injected levels, 

for WT and 3×Tg mice, respectively. These values were in agreement with the CLR01 

concentration levels detected in plasma by LC-MS. The half-life was calculated to be ~40 

min following the injection, and ~5−10% of the radioactivity observed at time 0.5 h 

remained in the blood after 8 h (Figure 4.4).  

To correct for the radioactivity associated with blood 3H-CLR01 in the brain 

vasculature, I performed both perfusion and subtraction analyses. In perfusion 

experiments, WT and 3×Tg mice at each of the three ages analyzed (n = 3 per group) 

were perfused with phosphate buffered saline following euthanasia. Perfusion lasted for 

either 5 min or until the liver changed color from a red to yellow, whichever was longer. 

In other experiments, mice were not perfused, but radioactivity associated with 10 µl of 

Figure 4.4 Blood CLR01 levels across groups and over time 
CLR01 radioactivity levels are given per ml of blood for six groups and for times between 
0.5−24 h. At 8 h post administration CLR01 levels drop to ~5−10% of values observed at 
0.5 h. Data are given as mean ± SEM.  
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blood per g of brain [29,30] was calculated based on brain weight and blood radioactivity 

levels and subtracted from brain radioactivity levels. At 1 h post injection, perfusion-

corrected brain values were statistically similar to subtraction-corrected brain values 

(Figure 4.5). Due to difficulties associated with the perfusion analysis, specifically liver 

color being used as an indirect readout of brain perfusion level, and because including a 

perfusion step could increase variability among experiments, the rest of the experiments 

utilized the subtraction method, which is a common practice in BBB-permeability studies 

[29,30]. 

Brain-radioactivity levels, calculated as a percentage of blood-radioactivity levels 

(CPM/g)/(CPM/ml) at 1 h following the injection ranged from 0.86–3.09% depending on 

age and genotype (WT or 3×Tg, Figure 4.6). Analysis of brain penetration levels at 1 h 

by absence or presence of AD 

transgenes and by age showed 

an effect of age but not of 

genotype. Interestingly, 2-m 

old 3×Tg mice significantly 

differed from 12-m and 24-m 

old 3×Tg mice (2-m: 3.09 ± 

0.55%; 12-m: 1.43 ± 0.17%; 

24-m: 1.45 ± 0.28%; p < 

0.05), whereas in the WT 

group, the only significant 

difference was between the 2-

Figure 4.6 Percent brain penetration of CLR01 at 1 h 
Percent of brain radioactivity per g was calculated as a 
function of blood radioactivity levels per ml at 1 h following 
IV administration of CLR01. Data are given as mean ± SEM. 
* p < 0.05.  
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m and 24-m old mice (2-m: 2.68 ± 0.31%; 12-m: 2.11 ± 0.69%; 24-m: 0.86 ± 0.17%; p < 

0.05). This suggests that changes in BBB permeability occur earlier and more sharply in 

3×Tg mice compared to WT mice. 

A surprising finding was that although blood radioactivity levels declined rapidly 

(Figure 4.4), the radioactivity levels measured in the brain did not change significantly 

over 24 h (Figure 4.7). Brain radioactivity levels were insensitive to genotype or time 

after injection and thus the 24-h time point was assessed only in the 22-m old mice (both 

3×Tg and WT) and the and 72-h time point was assessed only in the 22-m old WT mice. 

Differences were insignificant and likely represented experimental error. Furthermore, 

Figure 4.7 Brain CLR01 levels across groups and over time  
CLR01 radioactivity levels are given per g of brain for eight groups and for times between 
1−72 h. Most group×time combinations fall between 10,000−20,000 CPM/g. Double 
injection studies in aged WT mice show on average double the radioactivity levels of single 
injection group, 22 m WT. Aged WT mice dosed with 5× the amount of CLR01, show on 
average 5× the radioactivity levels of the 1× group, 22 m WT. Data are given as mean ± 
SEM.  
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brain radioactivity levels in 22-m old WT mice at 72-h post injection showed a similar 

value to the other time points, suggesting that brain CLR01 levels decline surprisingly 

slowly over 72 h.  

To explore further the mechanics of CLR01 transport across the BBB, I asked 

whether the transport system was saturated. To answer this question, I injected 5-times 

the amount of total CLR01, keeping the ratio of 3H-CLR01:CLR01 at 1:9, into 22-m old 

WT mice. This experiment resulted on average for all time points measured, in 5-times 

the absolute amount of radioactivity detected in the brain, including the correction for 

blood levels (Figure 4.7). The percentage of brain penetration at 1 h following the 

injection did not change (1× CLR01 brain penetration: 0.86 ± 0.30% of blood; 5× CLR01 

brain penetration: 0.97 ± 0.28% of blood). This result suggests that the transport 

mechanism, whether active or passive, is concentration-dependent because there was an 

increase in the absolute value but not the relative value of CLR01 entering the brain. 

To begin to explore whether additional dosing would increase the effective CLR01 

concentration in the brain, I injected 22-m old WT mice twice over two equal time 

intervals and compared brain levels to mice that received one injection. On average, over 

the 1-, 3-, and 8-h time points measured, the amount of radioactivity found in the brain 

following the double-injection was twice the amount measured following the single-

injection protocol (1 h: 3.3× compared to one injection, 3 h: 1.6×, 8 h: 1.9×; Figure 4.7). 

These data suggest that upon continuous dosing, as with the SC osmotic mini-pumps used 

in the efficacy study [5], CLR01 could reach sufficiently high brain concentration levels 

to inhibit Aβ aggregation even though the dose was relatively low — 40 µg/kg/day – 

when brain penetration levels are taken into account [5].   
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4.4.4 In vitro catabolism of CLR01 

Previously, I reported that CLR01 was not degraded or metabolized for 1 h upon 

incubation at 37 ºC with human or mouse plasma or liver microsomes preparations [5]. 

The BBB permeability experiments described above used radioactivity as an indirect 

readout of CLR01 concentration levels, which could have reflected the parent compound, 

CLR01 itself, or metabolites. The question of the source of radioactivity seemed 

particularly important in view of the surprising persistence of radioactivity attributed to 

CLR01 in the brain. The most likely metabolism of CLR01 is cleavage of one or both 

phosphate groups resulting in monophosphate and hydroquinone derivatives, respectively 

(Figure 4.8). Each such dephosphorylation would decrease the polarity of the compound 

and increase its potential partition into the lipophilic brain parenchyma environment 

relative to the blood. In particular, the hydroquinone product is insoluble in aqueous 

solutions, in contrast to CLR01 and its monophosphate metabolite, which are soluble at 

millimolar concentrations. Thus, double dephosphorylation could result in precipitation 

Figure 4.8 CLR01 dephosphorylation.  
Molecular structure of successive CLR01 dephosphorylations at the bridgehead to 
monophosphate and then to hydroquinone.  
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and accumulation of the hydroquinone in the brain, potentially leading to 

misinterpretation of the BBB permeability data. Complete analysis of CLR01 metabolism 

in the brain was beyond the scope of the study described here. However, to evaluate the 

potential for dephosphorylation, I incubated CLR01 in vitro with ALP or brain extracts 

and measured the release of inorganic phosphate. 

ALP is a widely distributed plasma membrane enzyme found in many tissues, which 

also can be released into body fluids [31]. The enzyme received its name because it 

shows optimal activity at pH ~9. There are four isoforms of ALP: intestinal, placental, 

germ cell, and tissue non-specific. All four isoforms are non-specific enzymes that 

catalyze the hydrolysis of a wide range of phosphate esters [32]. Tissue non-specific ALP 

concentration levels increase in both brain and plasma of patients with familial or 

sporadic AD relative to age-matched healthy individuals [33], possibly as a compensatory 

mechanism because the enzyme catalyzes tau dephosphorylation [34]. 

Because of its promiscuous hydrolysis activity, I tested whether calf intestinal ALP 

catalyzed CLR01 dephosphorylation by incubating the molecular tweezer with ALP and 

comparing the amount of inorganic phosphate released to a standard curve obtained by 

incubating ALP with increasing concentrations of a common substrate, p-

nitrophenylphosphate. This standard curve had a detection sensitivity limit of 5 nmol. 

Incubation of 100 nmol CLR01 with ALP resulted in undetectable levels of inorganic 

phosphate. 

To test whether CLR01 dephosphorylation might be catalyzed by brain phosphatases 

other than ALP, I incubated 50 nmol CLR01 with 1.5 mg of mouse-brain homogenate. 

The brain homogenate dephosphorylated the positive control substrate, p-
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nitrophenylphosphate, at 99−130% of the activity of 0.8 enzymatic units of ALP. 

Similarly to the reaction with purified ALP, no release of inorganic phosphate was 

detected when the brain homogenates were incubated with CLR01 under the same 

conditions. Based on these results, dephosphorylation of CLR01 likely did not happen in 

our BBB permeability experiments and the radioactivity measured in mouse brains 

plausibly reflected CLR01 itself. 

 

4.5 Discussion 

Recently, I have reported that CLR01, an inhibitor of aberrant assembly and toxicity 

of amyloidogenic proteins [3], protected primary neurons from Aβ-induced decrease in 

synaptic spine density, basal synaptic activity, and long-term potentiation [5]. In addition, 

CLR01 treatment of 15-m old 3×Tg mice with 40 µg/kg/day CLR01 for 28 days resulted 

in decreased AD-related brain pathology, including amyloid plaques, neurofibrillary 

tangles, and microglia levels [5]. Following up on these promising efficacy data, here, I 

explored the putative process-specific mechanism of CLR01, its safety margin in mice, 

its BBB permeability and how it might be affected by age and disease, and the most 

likely route of CLR01 metabolism.  

As stated above, no signs of toxicity have been observed in in vivo efficacy studies. 

To determine optimal dosing for subsequent studies, I sought to find out the median 

lethal dose, which would provide an upper limit for future dosing decisions. Effectively, I 

found that our highest acute dose of 100 mg/kg was not lethal but did elicit obvious 

behavioral signs of distress and liver damage (Table 4.1). Thus, chronic dosing at this 

concentration could lead to mortality. Importantly, I found that high doses of CLR01 had 
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no effect on brain, heart, lung, spleen, or kidney. Liver damage, found by both histology 

and serum analysis, was the main indicator of acute toxicity. These data will be used to 

direct monitoring for potential toxicity in future studies using higher doses than those 

used previously and potentially using species other than mouse. 

In the chronic-administration experiment, the only meaningful finding was a decrease 

in cholesterol levels, which were still within the normal range, in the 10-mg/kg/day group 

(Table 4.1). This was an unexpected effect of CLR01 treatment, and may be of interest 

for further exploration especially for dual prevention or treatment of AD and high 

cholesterol, which may be prevalent in the elderly and is of significance since high 

cholesterol in middle age is associated with increased risk for AD [35,36]. Importantly, 

the chronically administered dose of 10 mg/kg/day is 250 times higher than the 

efficacious dose of 40 µg/kg/day [5] and thus provides a large safety margin. 

Additionally, concentrations up to 300 µM did not significantly affect the polymerization 

of tubulin in vitro (Figure 4.2), suggesting that CLR01 does not inhibit physiologic 

protein assembly unless the concentrations used are substantially higher than those 

needed for therapeutic effects. These findings support development of MTs in general 

and CLR01 in particular towards initiation of clinical trials. 

It is important to note that animal dose should not be extrapolated to a human 

equivalent dose by conversion of body weight, but rather should be done by 

normalization to body surface area [37]. This method correlates well with several 

parameters of biology, including oxygen utilization, caloric expenditure, basal 

metabolism, blood volume, circulating plasma proteins, and renal function [38]. Thus, an 
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extrapolation using the body surface area suggests a dosing window between 0.04 – 10 

mg/kg/day in mice corresponds to 0.003 − 0.81 mg/kg/day in humans. 

Many of the properties of the BBB that determine the extent to which drugs are taken 

up by the brain are known to be altered in AD, such as disruption of tight junctions, 

decreased CSF reabsorption, decreased cerebral blood flow, and decreased efflux pump 

activity [16]. Similar BBB compromise has been reported in animal models of AD [24] 

[25], thus I set out to explore the differences in CLR01 brain penetration in both WT and 

the 3×Tg mouse model of AD. Because many of these properties, such as CSF 

reabsorption and BBB disruption, are not simply binary, I chose animals at three different 

ages, from 2−22-m, which correlate with different stages of disease progression to 

evaluate the effect of age and disease on drug uptake. Using 3H-labeled CLR01, I found 

brain penetration levels between 1−3% in the different ages, whereas the absence or 

presence of AD transgenes had little effect on CLR01 uptake into the brain (Figure 4.6). 

There was no statistically significant interaction between age and presence of AD 

transgenes. However, I did find that 2-m old 3×Tg mice differed significantly from 12-m 

and 22-m old 3×Tg mice. In comparison, in the WT group, the only significant difference 

was between the 2-m and 22-m old mice. These data suggest that the presence of the AD-

related transgenes expedites the disintegration of the BBB and thus increases the brain 

penetration of CLR01 by a small, but potentially meaningful, amount. Unexpectedly, I 

found higher penetration of CLR01 in the brains of the younger, rather than the older 

mice. One possible explanation of these findings, assuming the CLR01 enters the brain 

by a passive transport mechanism, is that the increased BBB permeability observed at old 

age results in faster leakage of CLR01 out of the brain than in the young mice. 
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Alternatively, CLR01 may be taken up by a serendipitous active transport system that is 

more efficient in the young mice than in older mice. 

The observation that brain radioactivity did not decline with time (Figure 4.7) was 

peculiar. Linear regression analysis of the values between 1 − 72 h for the 22-m old WT 

mice resulted in a slope that was not significantly different from zero. This unexpected 

behavior raised a concern for a systematic error producing these data. However, both the 

double-injection-, and the 5×-dose experiments showed a linear increase in brain 

radioactivity, suggesting that the radioactivity measured in the brain reflected bona fide 

uptake of CLR01 through the BBB. Another concern was that the radioactivity measured 

in the brain actually came from residual blood that was not accounted for by either 

perfusion or subtraction of the expected values. However, the observations that blood 

radioactivity decreased to ~5% of the starting values by 8 h (Figure 4.4) without a 

correlating decrease in brain radioactivity, which remained steady over that same period, 

indicated that the radioactivity measured in the brain was not related to residual blood 

levels. Lastly, actual sample counts (~500 CPM and larger) were well above the 

minimum sensitivity of the liquid scintillation counting system (background is < 150 

CPM). Thus, the radioactivity measured in the brain reflected the actual 3H-CLR01 levels 

that penetrated the brain. 

This fact that CLR01 penetration levels were consistent among groups and persistent 

over time suggests that CLR01 enters the brain and accumulates with parameters that are 

age-specific, as age was seen to be a significant variable in Figure 4.6. The indefinite 

accumulation of CLR01 in any tissue is not ideal and thus requires further exploration 

regarding whether the accumulation is of the parent compound or a metabolite, and 
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regarding any long-term toxic effects of this accumulation. One possible mechanism by 

which CLR01 passes across the BBB is by binding to K residues on receptors that span 

the membrane or get endocytosed. An analysis of the amino acid sequence of four major 

human cellular receptors involved in transferring cargo across the BBB – transferrin, low 

density lipoprotein receptor-related protein 1, glucose transporter 1, and large neutral 

amino acid transporter – revealed that K makes up about 3.3−6.6% of their sequences. If 

these K residues are exposed and are positioned within the receptor’s channel, or get 

endocytosed upon ligand binding, they may allow CLR01 to “hitchhike” its way across 

membranes and across the BBB through its labile binding to these receptors and 

potentially through the transport of the natural cargo. 

The studies presented here can help calculate the extent to which CLR01 enters the 

brain and compare the resulting expected concentrations of CLR01 with reported 

concentration of brain Aβ. Based on the experiments using SC pumps in which 0.7% of 

the administered CLR01 was detected in the blood at steady-state [39], the brain 

penetration of ~2% of blood levels found here, and the efficacy studies in the 15-m old 

3×Tg mice using a 40-µg/kg/day dose [5], I estimate that ~200 fmol of CLR01 enters the 

brain per day. A literature search for brain concentration levels of Aβ40 and Aβ42 

resulted in reported values from zero to a maximum of 280 fmol/mg brain [19]. The 

masses of the mouse brains used in our studies were ~0.5 mg. Thus, a total of 140 fmol 

Aβ may be found at a given point in 13-m old 3×Tg mice [19]. Upon accumulation of 

CLR01 in the brain, as I observed in the double-injection experiment, the concentration 

levels of CLR01 entering the brain at a 40-µg/kg/day dose and of Aβ are expected to be 

on the same order of magnitude, specifically, in the range of hundreds of fmols. This is 
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not to suggest that CLR01 does not interact with all K residues on any protein, it 

probably does. However, the high on-off rate of CLR01 for K residues is thought to 

disrupt the aberrant folding process in a way that can be thought of as resetting the clock. 

Thus, unlike other drugs that need to continuously engage their targets, CLR01 does not 

and thus less CLR01 than all of the K residues in the brain could still be effective. 

Additionally, the accumulation of CLR01 in the brain over time would also help address 

concerns about the comparative stoichiometry of CLR01 to the total number of K 

residues in the brain. Overall, this analysis suggests that the intracranial Aβ:CLR01 

stoichiometry achieved in our study in which I found substantial decrease in AD-like 

pathology [5] was similar to the stoichiometry used in previous in vitro and cell culture 

experiments [3] providing strong support for the putative mechanism of action of CLR01. 

The estimate of 200 fmol of CLR01 entering the brain per day upon administration of 

40 µg/kg/day [5] is a conservative one, when considering two additional factors. First, the 

levels of CLR01 detected in the plasma following an IV injection, which is considered 

100% bioavailable, were about 30% of amount injected. Thus, the amount detected may 

reflect the limitation of the detection method and the actual CLR01 concentration in the 

blood may be higher. Second, the cerebrovascular volume of the 3×Tg mice at 11-m of 

age has been shown to be 26% lower than that of non-transgenic littermates, potentially 

due to cerebrovascular amyloid deposition [40]. I did not take this difference into account 

in our correction for cerebral blood when calculating brain radioactivity and thus might 

have biased our data to reflect lower radioactivity in the older 3×Tg mice than actual 

values. Taking these potential biases into account lends additional support to the 

suggested mechanism of action of CLR01 in vivo. 
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An important question for development of CLR01 and/or other MT derivatives as 

therapeutic drugs is what the active pharmaceutical ingredient is. In vitro data suggest 

that binding of CLR01 itself to free K residues is what modulates the self-assembly of 

amyloidogenic proteins into non-amyloidogenic, non-toxic species. However, in vivo, 

CLR01 may be metabolized in currently unknown ways and the active pharmaceutical 

ingredient may be a metabolite. To examine potential CLR01 metabolism, previously, I 

tested the stability of the compound in mouse and human, plasma and liver microsomes 

and found 100% stability in all preparations. To explore the question of stability and 

potential metabolism further, here, Dr. Bitan hypothesized that the phosphate groups 

would be the most likely targets of metabolism and therefore asked whether they are 

substrates for dephosphorylation by ALP or other brain phosphatases. The question was 

of particular importance in view of the reported increase in ALP concentration in both 

brain and plasma of patients with AD relative to healthy individuals [33]. I tested the 

potential dephosphorylation of CLR01 under stringent conditions of excess ALP in buffer 

and did not find release of inorganic phosphate upon incubation of CLR01 with either the 

purified phosphatase or the brain extracts. A plausible explanation for the observed 

stability of CLR01’s phosphate groups to enzymatic dephosphorylation is the rigid 

structure of the hydrocarbon backbone of the compound (Figure 4.1), which likely 

prevents its accommodation in the active sites of phosphatases. 

Process-specific modulation of amyloid protein assembly is a useful approach that 

can be adopted for a multitude of amyloidoses. The beneficial therapeutic effects of 

CLR01 have been demonstrated in mouse models of AD and familial amyloidotic 

polyneuropathy, and a zebrafish model of Parkinson’s Disease. Here, I found a favorable 
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safety profile and small yet persistent brain penetration – a formidable starting point for 

future formal development of CLR01 towards human therapy. Concurrently, Dr. Bitan 

and colleagues are investigating the effects of CLR01 in several other amyloidoses, some 

of which do not require brain penetration, and thus the findings of low toxicity for an 

artificial K-receptor are paramount for our future investigations.   

In line with the drive towards full pre-clinical evaluation of CLR01 for AD therapy, 

the next major goal is to assess whether CLR01 results in functional improvement in 

learning and memory in animal models of AD. The next chapter describes the validation 

and optimization of testing memory deficits in the 3×Tg mouse model using the Barnes 

maze test. 
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Chapter 5 

 

A Shortened Barnes Maze Protocol Reveals Memory Deficits at 4-

Months of Age in the Triple-Transgenic Mouse Model of Alzheimer’s 

Disease 

 
 
 
 
5.1 Abstract 

Alzheimer’s disease (AD) is a progressive neurodegenerative disease that 

manifests as memory loss, cognitive dysfunction, and dementia. Animal models of AD 

have been instrumental in understanding the underlying pathological mechanism and in 

evaluation of potential therapies. The triple transgenic (3×Tg) mouse model of AD is 

unique because it recapitulates both pathologic hallmarks of AD — amyloid plaques and 

neurofibrillary tangles. The earliest cognitive deficits in this model have been shown at 6-

m of age by most groups, necessitating aging of the mice to this age before initiating 

evaluation of the cognitive effects of therapies. 

To assess cognitive deficits in the 3×Tg mice, originally I employed a typical 

Barnes maze protocol of 15 training trials, but found no significant deficits in aged mice. 

Therefore, I shortened the protocol to include only 5 training trials to increase difficulty. I 

found cognitive deficits using this protocol using mainly measures from the probe day, 

rather than the training trials. This also decreased the effort involved with data analysis. I 

compared 3×Tg and wild-type mice at 4-m- and 15-m of age using both the original, long 



 177 

training, and the short training paradigms. I found that differences in learning between 

3×Tg and wild-type mice disappeared after the 4th training trial. Measures of learning and 

memory on the probe day showed significant differences between 3×Tg and wild-type 

mice following the short, 5-training trial protocol but not the long, 15-training trial 

protocol. Importantly, I detected cognitive dysfunction already at 4-m of age in 3×Tg 

mice using the short Barnes-maze protocol. The ability to test learning and memory in 4-

m old 3×Tg mice using a shortened Barnes maze protocol offers considerable time and 

cost savings and provides support for the utilization of this model at pre-pathology stages 

for therapeutic studies. 

 

5.2 Introduction 

In this dissertation, Chapter 2 described the in vitro studies done on CLR01’s 

interaction with amyloidogenic proteins that identified its anti-aggregation and anti-

toxicity properties and described an in vivo study in a zebrafish model of α-synuclein 

toxicity. Chapter 3 detailed an extension of the in vitro studies that showed that CLR01 

could protect primary neurons and brain slices from Alzheimer’s Disease (AD) 

associated structural and functional synaptotoxicity. Furthermore, Chapter 3 reported an 

in vivo study of CLR01 performed with a triple transgenic (3×Tg) mouse model of AD 

where peripheral administration of CLR01 resulted in central alleviation of the hallmarks 

of AD – amyloid plaque and hyperphosphorylated tau load and microglia levels. Chapter 

4 presented the systematic assessment of both the acute and chronic toxicity profile of 

CLR01, which failed to reach a lethal dose with both chronic dosing of 250-fold the 

previously utilized efficacious dose and with acute dosing of 2500-fold. Acute toxicity 
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manifested as liver damage. Blood-brain barrier penetration of CLR01 was found to be 

1–3% in mice depending on age but sustained over 72 h, which supported the previously 

utilized low level dosing method. The next critical step in the development of CLR01 for 

AD therapy is to assess its functional efficacy in the form of an influence on cognitive 

function in vivo, more specifically on memory. As the Bitan lab has not performed 

studies of rodent memory in the past, the first step towards this goal was to validate the 

utility of the behavioral test and the deficits in the mouse model to be used within the 

context of the resources − equipment, setup, and personnel − of the Bitan lab.  

Learning and memory deficits are relatively difficult to assess compared to other 

phenotypes, and although there is an abundance of papers describing cognitive deficit 

assessment in models of AD, replicating these studies de novo based on the literature 

often is challenging. Our comprehensive literature search resulted in Barnes maze [1] 

protocols with high variability of training periods, ranging from 4 d [2] to 15 d [3]. In 

addition, the age by which particular animal models of AD display cognitive deficits 

varies substantially, not only among models, but also in a particular model tested by 

different groups [2,4-7]. 

In addition to these challenges, assessing cognitive deficits in animal models is 

quite costly. For example, a new researcher embarking on assessment of learning and 

memory in a mouse model of AD using the Barnes maze at 8-m of age, who is paying 

animal per diem costs and minimum wage to a technician should expect to pay 

approximately $30,500 to establish the technique in their laboratory [Barnes maze – 

~$2500; video hardware and behavior detection software – ~$8,000; aging animals – 

~$1.25/day for 8-m for 60 mice = $18,000; minimal colony maintenance, running an 8 d 
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protocol and then analyzing 8 d of recorded behavior – ~250 h paid at minimum wage 

($8.00 in California) = $2000], in addition to the cost of obtaining and breeding the mice 

and many smaller but numerous expenses required for establishing a working system. If 

the mice need to be aged to an older age, as in the case of the 3×Tg model [8], which 

according to the literature often is used at 10-m of age or older to show convincing 

deficits [9-11] compared to control wild-type (WT) animals, the costs increase 

substantially. 

The Barnes maze originally was developed by Carol Barnes for use with rats [1] 

to overcome the stress induced by swimming in the Morris water maze (MWM) [12], and 

later was adapted for mice [13]. During the task, animals are placed in the middle of a 

circular table containing holes around the edges and receive negative reinforcement, in 

the form of bright lights, an exposed environment, loud buzzing, and sometimes air jets 

[14,15], motivating them to escape to a dark cage hidden underneath one of the holes.  

Similar to the MWM, the Barnes maze allows for evaluation of spatial reference memory 

and learning [16], but without inducing despair and anxiety that commonly are seen in 

the water maze in the form of floating and thigmotaxis [17-19]. At the same time, 

compared to the MWM, learning in the Barnes maze may be slow, and exploration high, 

due to the modest nature of the motivating stimuli [16]. Notwithstanding these 

differences between the two tests, many AD studies using mice have utilized the Barnes 

maze successfully to assess spatial memory [3,20-23].  

Typical Barnes maze protocols consist of a habituation phase, in which the mouse 

is introduced to the environment and task, a training phase where the mouse is given 

numerous trials to learn the task, and a probe phase, typically performed following a 24-h 
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delay, in which the mouse is tested for remembering what had been previously learned. 

Acquisition in the training phase typically is assessed as a decrease in latency and in the 

number of erroneous holes searched (HS) before finding the target hole, though not 

necessarily going into the escape cage. Entering the escape cage through the target hole 

often is not used as an end-point because, unlike in the water maze, the environment is 

not aversive enough to require immediate escape and mice may continue to explore after 

having identified the target hole. Other measures, such as path length or speed, also may 

be used [16,24]. Long-term memory is evaluated in the probe phase, which occurs 

following training and a delay, by removing the escape cage and observing search 

behavior for a set amount of time. It is assumed that mice that remember the location of 

the escape cage will have a shorter latency to reach the previous location of the escape 

cage and will search fewer holes. Practically, this is measured as the time spent HS in the 

target quadrant. A mouse with intact memory is expected to spend more than 25% 

(chance level) of their time in the target quadrant.  

The 3×Tg mouse model of AD was developed in 2003 by the La Ferla group [8] 

and is unique in manifesting both amyloid plaques and neurofibrillary tangles in the 

brain. Thus, this model recapitulates the hallmark lesions of AD more closely than 

models that have only plaques or only tangles. The 3×Tg model, which harbors two 

familial AD mutations, APP(Swe) and PS1(M146V), and the tau(P301L) mutation found 

in frontotemporal dementia, has been integral in studies of the relationship between 

amyloid β-protein (Aβ) and tau [25,26], and has been used to assess the role of 

intraneuronal Aβ [27,28] and several potential therapies for AD [29,30]. Studies by the 

LaFerla group on the cognitive deficits of this model have suggested that memory 
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acquisition and retention were convincingly impaired starting at 4-m of age using either 

the MWM or the Barnes maze [4,27]. However, other groups have not replicated deficits 

at this age. The youngest age at which groups other than LaFerla’s have found deficits is 

6-m of age using the MWM, WWWhich test, and/or nesting behavior [7,31,32]. Studies 

using the Barnes maze to assess the spatial reference learning and memory in the 3×Tg 

model found deficits at 4-m, 11-m, or 12-m of age [2,5,6]. These studies did not utilize 

the probe phase for measuring cognitive deficits. The one study in which deficits were 

found at 4-m of age was reported by the LaFerla group, who found that measures of 

latency showed progressive impairment with age but measures of error did not [2]. Frazer 

et al., who reported deficits at 11-m of age, did not detect deficits at 2-m or 6-m of age. In 

their study, all the animals were injected with a herpes simplex virus amplicon vaccine, 

thus a completely naïve control was only available for the 2-m group [5]. A study by 

Banaceur et al., in which deficits were found at 12-m of age, used only one age group, 

male mice, and only reported the measure of latency for training trials [6]. Potentially, the 

differences in Barnes maze protocols utilized in the above studies may have contributed 

to the different age of deficit onset observed. 

Here I present an improved protocol, which allows testing learning and memory 

in the 3×Tg mouse model of AD using a short training paradigm at a young age, resulting 

in substantial saving of cost and time. To cut down the high costs, I constructed a 

homemade Barnes maze (<$300), devised a shortened training protocol consisting of only 

two training days, and used manual analysis of time and HS on only the probe day. Using 

this method, I found memory deficits in the 3×Tg model not only at 15-m of age but also 

at 4-m of age. 
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It is also our goal here to present some of the idiosyncrasies involved with this 

method. As I have been developing our protocol, I often encountered situations that either 

are not addressed in the literature or are not described in enough detail, and thus had to 

use our own judgment. I hope to lead by example by including our observations, such as 

the value of examining the range or median of data, which may not be directly results-

related, but provide valuable insight and hope that these details are of value to other 

groups.  

 

5.3 Materials and Methods 

Animals 

All procedures were compliant with the National Research Council Guide for the 

Care and Use of Laboratory Animals, and approved by the UCLA Institutional Animal 

Care Use Committee. 3×Tg and WT mice were bred at UCLA. Mice were housed 2–4 

per cage under standard conditions, maintained on a 12-h dark and 12-h light cycle with 

ad libitum access to rodent chow and water, randomized, and handled under the same 

conditions by two investigators. Mixed-gender mice were tested at 4-m- and 15-m of age 

with n=14–32 mice per group and a minimum of n=7 of each gender per group.  

Barnes Maze 

Barnes maze was administered to assess cognitive deficits in learning and 

memory of 3×Tg mice compared to the WT group. The maze was made from a circular, 

13-mm thick slab of white polyvinyl chloride with a diameter of 48” (Figure 5.1). Twenty 

holes with a diameter of 1.75” were made on the perimeter at a distance of 1” from the 
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edge. This circular platform was then mounted on top of a rotating stool, 35” above the 

ground and balanced. 

The escape cage was made by using a mouse cage and assembling a platform and 

ramp 1.25” below 

the surface of the 

maze. The 

platform, made of 

a square petri dish, 

and ramp, made of 

laminated 

cardboard, were 

made out of plastic 

to be easily 

cleanable with 

70% ethanol. The 

outside of the walls 

of the cage was 

covered with black 

paper to make the 

inside of the cage dark and thus attractive to the mice. The maze was placed in the center 

of a dedicated room and two 120 W lights were placed on the edges of the room facing 

towards the ceiling about 3/4 of the way up from the floor and about 3–5 feet away from 

the maze. Eight simple colored-paper shapes (squares, triangles, circles) were mounted 

Figure 5.1: Barnes maze diagram with quadrants 
The Barnes maze is made up of a circular platform, 48” in diameter, 
with 20 equally spaced holes around the periphery. The holes are 1” 
away from the edge and have a 1.75” diameter. The maze is divided 
into 4 quadrants labeled Target, Positive, Opposite, and Negative with 
the escape hole being in the center of the Target quadrant.   
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around the room as visual cues, in addition to the asymmetry of the room itself. After 

testing each mouse, the cleaning of the quadrant of the maze around the target hole was 

alternated with cleaning the whole maze, using 70% ethanol. The maze was rotated 

clockwise after every 3 mice to avoid intra-maze odor or visual cues. All sessions were 

recorded using COP Security Monochrome CCD Camera (Model 15-CC20) and MyTV/x 

software (Eskape Labs). 

 The animals interacted with the Barnes maze in three phases: habituation (1 day), 

training (2–4 days in the short or long training paradigms, respectively; Table 5.1), and 

probe (1 day). Before starting each experiment, mice were acclimated to the testing room 

for 1 h. Then all mice (n=2–4) from one cage were placed in individual holding cages 

where they remained until the end of their testing sessions. Holding cages were used 

during the experiment to control for potential artifacts that could result from housing 

some mice only two per cage, where one mouse remained alone while the other mouse 

was being tested, compared to other mice that were housed four per cage and therefore 

never were left on their own. Additionally, using holding cages prevented potential 

influence by mice that had already completed the test on the mice waiting for their turn. 

After all mice from one home cage completed testing for the day, they were placed back 

Table 5.1: Comparison of short and long training paradigms 
 Training 

duration 
(min) 

Probe trial 
duration 
(min) 

# of 
training 
trials 

# of 
training 
days 

Total protocol 
time (days)* 

Short 
paradigm 

2 2 5 2 4 

Long 
paradigm 

2 2 15 4 6 

* Total time does not include the day of rest between training and probe phases. 
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in their home cage together, the holding cages were cleaned, and the next set of mice was 

separated into individual holding cages.  

On the habituation day, the mice were placed in the center of the maze underneath 

a clear 3,500-ml glass beaker for 30 s while white noise was played through a sound 

system. Then, the mice were guided slowly by moving the glass beaker, over 10–15 s to 

the target hole that leads to the escape cage. The mice were then given 3 min to 

independently enter through the target hole into the escape cage. If they did not enter on 

their own during that time, they were nudged with the beaker to enter. Getting the mice to 

enter the escape cage is key in “showing” them that the escape cage exists and gives them 

practice in stepping down to the platform in the cage. The mice were allowed to stay in 

the escape cage for 1 min before being returned to the holding cage. Once all animals had 

completed the 1-session habituation, they were all returned to their home cage. 

In the training phase, mice were placed inside an opaque cardboard cylinder, 10” 

tall and 7” in diameter, in the center of the Barnes maze for 15 s. This allowed the mice 

to be facing a random direction when the cylinder was lifted and the trial began. At the 

end of the holding period, a buzzer was turned on, the cylinder was removed, and the 

mice were allowed to explore the maze for 2 min (Table 5.1). If a mouse found the target 

hole, the end-point of the trial, and entered the escape cage during that time, it was 

allowed to stay in the escape cage for 1 min before being returned to the holding cage. If 

it did not find the target hole, the mouse was guided to the escape hole using the glass 

beaker and allowed to enter the escape cage independently. If it did not enter the escape 

cage within 3 min, it was nudged with the beaker until it did. If a mouse still did not enter 

the escape cage after 1 min of nudging, it was picked up and manually put on the 
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platform in the escape cage. Then it was allowed 1 min inside the escape cage before 

being returned to the holding cage. In all cases, the buzzer was turned off once the mouse 

entered the escape cage. This process typically took 5–7 min per mouse and was done 

with four mice at a time, providing a 20–30 min inter-trial interval. The total number of 

trials used was 5 for short training, 3 trials on training day 1 and 2 trials on training day 2, 

or 15 for long training with 3 trials on day 1 and 4 trials for days 2−4 (Table 5.1). During 

the training phase, measures of primary latency and primary HS were recorded. Primary 

latency was defined as the time to identify the target hole the first time, as mice did not 

always enter the hole upon first identifying it. HS was defined as nose pokes and head 

deflections over any hole. Primary HS was defined as the HS before identifying the target 

hole for the first time. Parameters were assessed by blinded observers. About 70% of the 

measures were randomly reassessed by a second blinded observer to identify potential 

inaccuracies. Differences between the two observers were insignificant in all cases. In all 

the cases in which two observers scored the raw data, their scores were averaged.  

On the probe day, 48 h after the last training day, the escape cage was removed, mice 

were placed inside the opaque cylinder in the center of the maze for 15 s, the buzzer was 

turned on and the cylinder removed. Each mouse was given 2 min to explore the maze, at 

the end of which, the buzzer was turned off and the mouse was returned to its holding 

cage. During the probe phase, measures of time spent per quadrant and HS per quadrant 

were recorded. For these analyses, the maze was divided into quadrants consisting of 5 

holes with the target hole in the center of the target quadrant (Figure 5.1). The other 

quadrants going clockwise from the target quadrant were labeled: positive, opposite, and 

negative. 



 187 

An observation of potential value is that 8 mice at 15-m of age and 2 mice at 4-m of age 

fell off the Barnes table during the training trials on the first day of training. Typically, 

they fell through one of the holes by attempting to extend their view and not off the edge. 

Initially, they were placed back in the center of the maze and the study continued. 

However, these mice were excluded from data analysis. It remains to be determined what 

this observation may signify.  

Statistics 

Data are shown as means ± standard error of the mean. Statistical analysis was 

performed using Prism 6.0c (GraphPad, La Jolla, CA). Student’s unpaired t-test and 2-

way repeated measures ANOVA followed by Fisher’s Least Significant Difference post-

hoc analysis were used for probe day and training trials data, respectively. The level of 

significance was set at p <0.05. 

 

5.4 Results 

5.4.1 Training trials – Comparison of 15 trials versus 5 trials  

I began our use of the Barnes maze because I was interested in assessing the 

cognitive benefits of small molecule aggregation inhibitors for AD therapy [33]. Based 

on our extensive literature search on the Barnes maze in AD models, I developed a 15-

training trial protocol and following its execution, found that either our 3×Tg mice did 

not have cognitive deficits compared to WT mice or the test was not sensitive enough to 

detect the deficits. 

Our analysis of the training day latencies in the initial long-training paradigm, 

which included 15 training trials showed that consistent differences in latency between 
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the WT and 3×Tg groups existed only in the first 4 trials followed by stochastic values in 

the remaining trials, especially for the 3×Tg group (Figure 5.2A). Repeated-measures 

ANOVA with post-hoc analysis showed significant differences on trials 2, 4, and 12, yet 

examination of the entire trend suggested that the difference observed on trial 12 likely 

was coincidental. Thus, I hypothesized that much of the training after trial 4 was 

redundant and leading to elimination of cognitive difference between the groups. Thus, I 

developed a shortened Barnes maze paradigm to test this hypothesis. 

 Short training, consisting of 5 trials, of 15-m old mice showed significant 

differences between WT and 3×Tg mice on trials 2 and 5 (Figure 5.2B). Latency 

measures in 4-m old mice administered short training showed a significant difference 

between groups on trial 2 (Figure 5.2C). Based on these data, I argue that latency data 

from training days is not robust enough to establish meaningful differences and is greatly 

influenced by the high variability of the system, resulting in potentially false positive 

data. Many studies examine, or even only examine, differences in latency or HS between 

groups on training days. Though these measures can illuminate differences between 

groups, the differences often occur on only one or two of many training trials. Our study 

suggests that relative to the value gained, the time and effort required for analysis of 

training days is not an efficient use of resources. 

Because in the long-training paradigm the latency means for trials 5–15 were 

highly variable within each group, I asked whether the range of latencies might offer 

additional information. The range of latencies for WT and 3×Tg mice in trials 5–15 was 

34–58 s and 18–64 s, respectively. This suggested that the 3×Tg mice actually reached a 
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shorter average latency (on trial 12) 

than the WT mice, which seemed 

counterintuitive. However, when the 

 raw latency values for the mice were 

evaluated, it became evident that this 

observation was due to an artifact 

created by using the arithmetic mean 

population descriptor (i.e., the 

average of the population). This 

causes larger numbers to have a larger 

weight even though a more 

reasonable analysis would give each 

animal’s latency value the same 

weight. Thus, I posit that the median 

is a better population descriptor in 

this situation. Comparison of the 

Figure 5.2: Primary latency of 
training trials shows group 
differences only in first 4 trials  
A) Primary latency, out of 120 s, for 15-m 
old WT or 3×Tg mice receiving 15 training 
trials (WT n=32, 3×Tg n=24). Mean and 
median values given for comparison. 
Primary latency over 5 training trials for 
15-m old (B; WT n=15, 3×Tg n=15) and 4-
m old (C; WT n=14, 3×Tg n=17) mice. * p 
< 0.05, ** p < 0.01 compare mean values 
of WT and 3×Tg.  
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3×Tg mean and median curves shows very similar results. Notably, the median latency 

values for trial 1 and 2 are increased relative to the mean values. Comparison of the WT 

mean and median curves shows a general drop in latencies on trials 4 and later. Thus, the 

range of median trial latencies for WT and 3×Tg mice in trials 5–15 changes to 16–42 s 

and 16–50 s, respectively, supporting the conclusion that the WT mice learned as well as 

the 3×Tg mice did. 

 

5.4.2 Probe day – Comparison of long versus short training in 15-m old mice 

 Initially, I used the long training paradigm to compare 15-m old WT and 3×Tg 

mice. Using this paradigm, the differences between the 3×Tg mice and the WT mice in 

the number of HS and time spent in the target quadrant, which measure the ability of the 

mice to remember the general location of the escape hole on probe day, were small 

(Figure 5.3). Though the 3×Tg mice showed significantly lower percent HS in the target 

quadrant compared to the WT mice (WT 65.4 ± 4.9%, 3×Tg 48.6 ± 5.9%; p < 0.05, 

Figure 5.3A), the time spent in the target quadrant was not significantly different between 

groups (described below, Figure 5.3B). Moreover, the % HS in the target quadrant for 

both groups was prominently above a chance level of 25% (Figure 5.3B) indicating that 

learning and long-term memory were intact, albeit less efficient in the 3×Tg group.  

To test if the results reflected over-training of the mice, I shortened the number of 

training sessions from 15 to 5. Using this short-training paradigm, a more pronounced 

difference was observed in % HS in the target quadrant between the WT and 3×Tg mice 

(WT: 37.3 ± 3.5%, 3×Tg: 21.6 ± 2.0%; p < 0.001; Figure 5.3A). Importantly, 3×Tg mice 
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receiving short training did not search 

in any quadrant at levels higher than 

chance suggesting that they did not 

remember which quadrant contained 

the escape cage. The difference 

between the WT and 3×Tg in % HS 

on probe day indicated a deficit in 

memory retrieval rather than in 

learning for both the long and short 

training paradigms because all groups 

demonstrated learning, by a decrease 

in latency, of the target hole on 

training days (Figure 5.2).  

Similar results were observed 

Figure 5.3: Percent holes 
searched and time in target 
quadrant show short training can 
resolve cognitive deficits 
A) Percent holes searched, on probe 
day, in each of four quadrants by 15-m 
old WT or 3×Tg mice receiving either 
short or long training. Chance level of 
holes searched in each quadrant is 
25%. B) Time (s) spent in the Target 
quadrant by all 6 groups of mice. 
Chance amount of time spent per 
quadrant is 30 s out of 120 s. C) 
Percent holes searched in each of four 
quadrants by WT or 3×Tg and 15-m or 
4-m old mice receiving short training. 
* p < 0.05, *** p ≦ 0.001 compare WT 
and 3×Tg. 
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using measures of time (Figure 5.3B) or % time (data not shown) spent in each quadrant 

on probe day. Long training of 15-m old mice resulted in similar values, which were 

significantly above chance (30 s) for both WT and 3×Tg mice. In contrast, short training 

resulted in highly significant differences between the WT and 3×Tg groups. The 3×Tg 

spent near chance levels of the time in each quadrant. Previous studies have shown that 

the 3×Tg mouse model presents not only with gender differences in brain pathology 

[33,34], but also in behavior [4,32]. Thus, I evaluated the effect of gender on the behavior 

of the different groups. I did not find significant differences in % HS in the target 

quadrant on probe day between males and females of either genotype with either training 

paradigm (data not shown). 

 

5.4.3 Probe day – Comparison of young (4-m) versus old (15-m) mice in the short-

training paradigm 

Age is a highly important factor in studies related to AD. Not only is age a major 

determinant of phenotype and disease progression, but also in studies of animal models, 

the age of the animals has a substantial effect on the study cost. Following the 

development of an improved, short paradigm allowing observation of robust, significant 

differences between old (15-m of age) WT and 3×Tg mice, I asked whether such 

differences also could be observed in young mice. To answer the question, I trained and 

tested 4-m old WT and 3×Tg mice using the short-training paradigm. 

Following short-training, both 4-m old WT and 3×Tg mice performed above 

chance levels in the % HS in the target quadrant on the probe day (Figure 5.3C). The % 

HS in the target quadrant by the 4-m old WT mice (40.2 ± 2.3%) was similar to that of 
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the 15-m old WT mice (37.3 ± 3.5%), suggesting that the age difference was not a 

significant determinant of memory retention in the WT group. In contrast, the 4-m old 

3×Tg mice displayed 54% better ability to remember the target quadrant than their 15-m 

old counterparts (4-m 33.2 ± 2.4%, 15-m 21.6 ± 2.0%; p < 0.001), suggesting that in the 

presence of the transgenes, age was an important contributor to memory decline. Despite 

the improved memory of the young 3×Tg relative to the old 3×Tg mice, the difference 

between the 4-m old WT and 3×Tg groups still was statistically significant (WT 40.2 ± 

2.3%, 3×Tg 33.2 ± 2.4%; p < 0.05; Figure 5.3C). Comparison of the time spent in the 

target quadrant between the WT mice at 15-m (47.0 ± 4.2 s) and 4-m (48.0 ± 3.2 s) 

showed similar values, whereas the 3×Tg mice show a larger difference of 35% with 

increasing age (15-m 26.0 ± 2.9 s vs 4-m 40.0 ± 2.4 s; p = 0.001). No effects of gender 

were found in the 4-m old WT or 3×Tg mice. 

  

5.4.4 The ‘Motivation’ factor 

The motivating stimuli for any behavioral task often are of great importance. 

Many studies use food or water deprivation, or survival instinct (in the case of the 

MWM), to instigate the mice to perform the task. Other tasks use natural tendencies such 

as object- or environment-exploration and thus do not add stress on the animals, with the 

cost of a decrease in the task-instituted motivation. One potential weakness of the Barnes 

maze test may be the relatively mild aversive stimuli used to motivate the mice to find the 

escape cage.  

Our data suggest that the total number of HS on probe day, regardless of quadrant, 

may be an indication of motivation. Fifteen-m old mice receiving long training, 
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regardless of genotype, and 4-m old WT mice receiving short training, searched on 

average in 16–17 holes with a similar range — 1–37 holes and 8–35 holes for 15-m WT 

and 3×Tg, respectively, and 5–36 holes for 4-m WT mice. Interestingly, 15-m old mice 

receiving short training, regardless of genotype, and 4-m old 3×Tg mice receiving short 

training searched on average in 22–23 holes. The range of hole searched was 

substantially higher for these groups — 2–58 holes and 0–51 holes for 15-m old WT and 

3×Tg, respectively and 8–48 holes for 4-m 3×Tg mice. One interpretation of these results 

is that the long training, and thus more experience with the task where no major threats 

are felt, in the 15-m old mice and the WT genotype in the 4-m old mice confers a feeling 

that the mouse is safe and decreases the anxiety and motivation to search for escape on 

the probe day. 

Motivation also can be measured by the number of mice who needed to be guided 

to the escape hole during training days because they did not enter the escape hole on their 

own in the allowed time (Figure 5.4). Notably, this does not suggest that the mice did not 

identify the escape hole on training days, only that they did not go into the escape hole. 

Typically, the measure of primary HS, rather than total holes searched before entering the 

hole, can be used to overcome the effect of low motivation to enter the escape cage on 

evaluation of learning. Fifteen-m-old mice receiving long training needed to be guided to 

the escape hole at the end of their allotted time on average for the first five trials 56% and 

83% of the time for WT and 3×Tg, respectively. This value decreases to 51% and 73% 

for trials 6–10 and to 29% and 60% for trials 11–15 for the WT and 3×Tg mice, 

respectively. Fifteen-m-old mice receiving short training needed guidance to the escape 

hole on average for the total five trials 64% and 91% for WT and 3×Tg, respectively, and 
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4-m old mice receiving short training needed guidance 75% and 84% of the time for WT 

and 3×Tg, respectively. Three conclusions can be gleaned from these  

data. First, 3×Tg mice enter the escape cage on their own less often than WT mice, 

potentially indicating hypoactivity akin to AD-like apathy, as reported by Filali et. al. 

[35]. However, our analysis of total HS does not show a difference between 15-m old 

WT and 3×Tg mice when compared between similar training lengths. The difference seen 

between the 4-m old WT and 3×Tg also is not statistically significant. Second, the 

percentage of mice that entered the escape cage voluntarily increased with added training 

trials, indicating increased motivation to enter the escape cage. Lastly, age did not affect 

motivation to enter the escape cage in the 3×Tg mouse model. Thus, motivation in the 

Figure 5.4: Percent of mice 
being guided to escape hole on 
training days decreased with 
training 
Percent of mice being manually 
guided to the escape hole that did not 
independently enter in the allotted 2 
min. Training trials divided into 3 
groups: trials 1-5, 6-10, and 11-15. * 
p < 0.05, ** p < 0.01 , *** p < 0.001, 
**** p < 0.0001 compare WT and 
3×Tg. 
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Barnes maze task potentially can be separated from changes in cognitive function. 

Though these results regarding manual guidance of mice do not directly affect measures 

of learning, as the end-point is hole identification and not entering hole, analysis of 

percent of mice guided to the escape hole suggests that motivation to enter the escape 

cage is low in early trials, especially for 3×Tg mice. 

 

5.5 Discussion  

5.5.1 Data from probe day is superior to data from training days 

Our study illuminates the higher value of probe-day measures over training-day 

measures by demonstrating a correlation between performance and age, amount of 

training, and presence of transgenes. Inspection of HS or time spent in the target quadrant 

(Figure 5.3) shows the effects of extra training sessions on memory retrieval, the changes 

in cognition as a result of aging or the presence of transgenes, and several combinations 

thereof. These results are robust and are detectable following analysis of one 2-min trial 

per animal rather than the substantially longer and labor-intensive training-day analyses 

of 5 or 15 trials per animal. The decrease in data processing allows for a more accurate 

manual analysis, compared to tracking-software analysis, which is prone to recognition 

biases, such as different or sufficient body parts present in the target zone for a sufficient 

amount of time [36]. 

Comparisons of Figure 5.2 panels A–C show that 3×Tg mice started with 120 s 

median latency in the first two trials, whereas WT mice started with 85–110 s median 

latency in the first trial and often improved by the second trial. All groups of mice 

showed shorter latencies over the next few trials and converged at either trial 4 or 5. The 
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reduction in escape latency during the training trials is similar to learning curves in the 

hidden-platform MWM test. However, similar decreases in escape latencies have been 

observed in visible-platform MWM trials and cued Barnes maze studies [13,36]. When 

the mice can see the platform, a decrease in latency likely is not due to spatial learning, 

but rather due to habituation to the environment eventuating in decreased anxiety and 

increased motivation to escape over repeated trials [36]. This theory is supported by our 

observation of a decrease in the number of HS on probe day with long training and the 

decrease in the need for manual guidance of mice to the escape hole during the last 10 

training trials in the long-training paradigm (Figure 5.4). A putative high level of anxiety 

at the start of the study seems to be especially prominent in the 3×Tg mice, which, 

compared to the WT mice, always started at a higher latency on trial 1. In addition, the 

3×Tg mice showed significantly larger latencies on training-trial 2, compared to WT 

mice, regardless of age or training length (Figure 5.2). 

Increased anxiety in this model has been identified previously [37,38]. Possibly, 

the consistent significant difference on trial 2 between the 3×Tg and WT mice suggests 

that the 3×Tg mice not only have higher anxiety levels, but also take longer to habituate 

to their environment. Our protocol consisted of a 30 s habituation phase and guidance to 

the escape hole to “show” the mice that escape existed. This habituation could be 

extended to potentially mitigate some of the initial anxiety due to the novel environment. 

Possibly, if both 3×Tg and WT mice had an extended habituation time, both groups 

might start at a lower initial latency and might still be different from each other or the 

extended habituation could serve to close the starting gap between the 3×Tg and WT 

groups. I theorize that a combination of both scenarios may be the most likely because of 
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the elimination of observable cognitive deficits found with overtraining, as discussed in 

the next section. As the longer training closed the gap in performance between the WT 

and 3×Tg mice and did not just increase both groups’ time in the target quadrant (Figure 

5.3B), it is probable that additional habituation would both decrease initial latency values 

for both groups and close the gap between them. 

Significant differences in latency between WT and 3×Tg mice also were observed 

following the convergence, on trial 5 in the 15-m short training group (Figure 5.2B) and 

on trial 12 in the 15-m long training group (Figure 5.2A). However, considering the 

global trends of the data, specifically, the variability of the individual trial mean values 

and values for trials 10, 11, 13, and 14 in Fig. 2A, the high significance found on trial 12 

appears to be a mere coincidence. 

 

5.5.2 Observing cognitive deficits depends on the difficulty of the task 

Comparison of the long- and short-training paradigms (Figure 5.3B) reveals that 

the number of training sessions affects directly the time spent in the target quadrant on 

the probe day, which indicates the ability of the mice to remember the location of the 

target hole. Importantly, our study shows that overtraining makes the probe day task too 

easy and results in elimination of observable cognitive deficits between WT and 3×Tg 

mice. Strong evidence for the high impact of overtraining is the fact that 4-m-old WT 

mice who received short training had less % HS in the target quadrant (40%, Figure 

5.3C) than old 3×Tg who received long training (49%, Figure 5.3A), indicating that with 

sufficient training, the memory impairment caused by age and presence of the three 

dementia-causing transgenes can be overcome. Similar results are seen with time spent in 
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the target quadrant measure (Figure 5.3B). An additional difference between our Barnes 

maze protocol and typical published protocols that may increase the difficulty of the task 

is that I allowed for a 48 h delay between the training trials and the probe day. This 

assumes that the amount of delay is related to the difficulty of the task by requiring more 

neural processing for consolidated learning and long-term memory. 

Ideally, the number of training trials and delay time would be calibrated to result 

in a difficulty level that leads animals with expected memory deficits to spend only 

chance levels of time or of % HS in the target quadrant as was achieved in the 15-m 3×Tg 

group receiving short training (Figure 5.3A, C). Chance-level behavior can be a useful 

additional indication of the difference between groups and can help reduce the probability 

that a particular measure, e.g., % HS in the target quadrant would show a difference 

whereas another measure, e.g., time in target quadrant, would not show a difference 

between the 3×Tg and WT groups, as was the case for the 15-m old mice receiving long 

training. The possibility to carefully adjust the number of training trials and delay time 

and thus the difficulty of the task is an advantage of the Barnes maze and other learning 

tasks relative to tasks that solely rely on exploratory behavior.  

To our knowledge, this is the first study other than those by LaFerla’s group, to 

show cognitive deficits in the 3×Tg mouse model at 4-m of age. Presumably, this was 

achieved thanks to our optimization of the Barnes-maze training paradigm. Frazer et al. 

who showed deficits in the 3×Tg mice at 11-m of age, but not at 2-m or 6-m of age, using 

the Barnes maze used 3 training trials for 1 day at 2-m, 6-m, and 11-m [5]. They reported 

measures of distance, errors, and latency averaged over the 3 trials during the training day 

yet did not perform a probe trial. A trend in the data of Frazer et al. suggested that latency 
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was higher at 6-m than at 2-m. However, high variability, possibly due to a relatively 

small number of animals (n=6) per group, might have prevented reaching statistical 

significance in that study. It is possible that Frazer et al. did not detect deficits at a 

younger age because they only tested learning, not long-term memory, and the 3×Tg 

mice show learning over the training trials in most studies. In addition, the values over 

the 3 trials were averaged together, which can mask an initial deficit. LaFerla and 

colleagues [2], who showed deficits in the 3×Tg mice at 4-m of age used 4 training trials 

per day for 4 days. They performed a long-term memory trial at 24-h and 7-d after the 

fourth day of training. However, the escape cage was present during these retention trials. 

Their study reported higher latency values for 3×Tg mice compared to WT mice on 

training days starting at 2-m of age. In addition, they found significantly longer escape 

latency at the 24-h memory retention test but not at the 7-d retention test in the 2-m old 

3×Tg mice. The average number of HS in the target quadrant was not significantly 

different between 3×Tg and WT mice at 2-m of age. Thus, not all measures showed 

deficits at 2-m of age. The differences between 3×Tg and WT mice, by measures of 

training trial escape latency, 24-h and 7-d retention trial escape latencies, and HS in the 

target quadrant became significantly different at 4-m of age. Our data suggest that 

Clinton et al. might have been able to detect consistent significant differences between 

the 3×Tg and WT groups at 2-m if less training had been used.  

 

5.5.3 More versatile models are necessary to break the cycle of failed drugs 

The ability to identify cognitive deficits and to evaluate therapeutic means for 

rescuing or preventing these deficits is a fundamental tool needed for therapy 
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development in the AD field. Having this ability in young mice has several advantages. 

First, little time needs to be spent aging mice leading to cost reduction and allowing for a 

shorter experiment-planning time resulting in more possible leads being tested. Second, 

being able to test the cognition of animal models of AD before amyloid plaque deposition 

in the brain allows testing prevention, which likely will be more advantageous than 

treatment approaches as actual therapy for AD. For example, Das et al. treated Tg2576 

mice, a mouse model of AD, with a γ-secretase inhibitor from 4−7-m of age, prior to the 

onset of the exponential increase in Aβ deposition. A much larger decrease in Aβ levels 

(60%) was observed in this group compared to treatment from 7−10-m (34%) or 12−15-

m (no effect) of age. Importantly, in all cases, the mice were sacrificed and their brains 

analyzed when they reached age 15-m [39]. Clinical trials of Aβ lowering drugs, such as 

γ-secretase inhibitors or immunotherapeutics, in symptomatic patients have been 

unsuccessful, prompting concerns that such strategies may be of limited efficacy when 

used in symptomatic patients with AD compared to prevention at pre-symptomatic stages 

[40]. On the other hand, prophylactic administration of drugs without a good screening 

procedure for AD, which begins 10–20 years before the onset of symptoms [41,42], may 

be cost-prohibitive. A reasonable compromise is a hypothetical treatment paradigm, in 

which people may be treated preventatively, for example, for several months every 5 

years beginning at age 40. If human data were to echo the findings by Das et al. [39], 

such a strategy could result in a delay of pathology progression and potentially the onset 

of disease by years. I recognize that transgenic mouse models are not perfect proxies for 

human disease, as they lack neurodegeneration and timing of appearance of biological 

and functional pathology cannot always be directly translated. Though human AD 
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patients present with lots of brain Aβ pathology prior to cognitive deficits, opposite to the 

mouse models, detecting cognitive deficits at the earliest age in mice can be thought of as 

dysfunction in neurotransmission and translated to the initial appearance of human 

cognitive deficits as Aβ pathology load is not correlated with cognitive deficits. 

Treatments that can prevent the loss of functional synapses during prodromal or early 

stages of the disease may complement the brain’s innate compensatory defense 

mechanisms and significantly forestall additional AD-related cognitive symptoms and 

models of early disease are required for this approach. Thus, these models are essential 

for identification of leads and detection of early memory deficits offers the benefits of 

testing multiple leads with time and cost savings, as discussed above. 

 Several studies have examined shortened training paradigms in the MWM 

[36,43]. In contrast, to our knowledge, this is the first systematic analysis of the effect of 

the number of training trials, and comparison of training versus probe days, on the 

sensitivity of the Barnes maze to detect cognitive deficits, and its validation in young 

transgenic AD mice. Our study provides compelling evidence for using a short-training 

paradigm and for inclusion of a probe trial that can produce robust distinctions between 

3×Tg and WT mice. These factors and the validation of cognitive deficits in 4-m old 

3×Tg provide the framework for analysis of CLR01’s influence on the memory 

component of AD in the 3×Tg model and thus bring us one step closer to finding a 

disease-modifying therapy for AD.  
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Chapter 6 
 

Conclusions 
 
 
 
 
 

The studies in this dissertation used a mouse model of Alzheimer’s disease (AD) 

to investigate whether an in vitro-validated protein-aggregation inhibitor, CLR01, which 

acts by a novel and unique mechanism also could exert its beneficial effects in complex 

in vivo environments without consequential toxicity. The findings suggest that indeed, the 

innovative approach of using molecular tweezers as protein assembly modulators is 

viable and promising for development of therapy for AD and other amyloidoses. 

With the exception of one drug that has not been approved in the US (tafamidis 

for familial amyloidotic polyneuropathy) currently, there are no disease-modifying 

therapies for amyloidoses. As AD is estimated to affect over 5 million people in the US 

and expected to cost the American healthcare system over $200 billion in 2013 alone, 

disease characterization and new therapeutics are urgent, unmet public health needs. A 

promising strategy for prevention and/or treatment of amyloidoses is inhibition or 

modulation of the aggregation process to reduce the level of toxic protein assemblies. 

However, achieving this goal has been highly challenging due to the nature of the toxic 

oligomers, which have unfavorable structural characteristics for disruption by small 

molecules. Prior to the initiation of the studies in this dissertation, our group identified 

and evaluated in vitro a small molecule, designed as an artificial K receptor, for its 

aggregation-inhibition potential with encouraging results. CLR01, the current lead 

molecular tweezer, was characterized in vitro and found to be a process-specific, rather 
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than protein-specific, assembly and toxicity inhibitor that remodeled oligomers into non-

toxic structures and dissociated pre-formed fibrils.  

The studies in this dissertation extended the in vitro findings by evaluating their 

significance in vivo. First, treatment of a triple-transgenic mouse model of AD with 

microgram-per-day doses of CLR01 for one month demonstrated that CLR01 reduced the 

brain levels of the two pathological hallmarks of AD, amyloid plaques and neurofibrillary 

tangles, and decreased levels of microglia found in transgenic but not wild-type mouse 

brains. This finding is vital as a proof-of-concept and supports future study of CLR01 as 

an AD therapeutic lead. Second, the blood-brain barrier penetration of a single dose of 

CLR01 was established to be ~1−3% of blood levels in multiple combinations of 

different ages and transgenic profiles of mice. The absolute brain CLR01 level was found 

to be persistent over 72 h and was increased by additional doses or higher administered 

concentration. Third, toxicity studies established that the unique K-binding mechanism of 

CLR01 was not itself toxic at >250-fold the therapeutic dose. Because of the unique 

mechanism by which CLR01 and other molecular tweezers work, toxicity resulting from 

binding to off-target proteins was a great concern. Studies conducted in the context of 

this thesis have screened for and not detected any overt toxicity and thus provide the 

basis for more fine-tuned toxicity experiments. Studies of toxicity not only are 

fundamental for development of CLR01 as a treatment for AD, but also for several other 

protein-aggregation diseases where CLR01 currently is being explored as a therapy. 

Finally, the Barnes maze test of learning and memory deficits in mice was optimized for 

time, cost, and sensitivity. This optimization allowed for illumination of deficits in the 
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triple-transgenic mouse model of AD at 4-months of age, which had not previously been 

successful by groups external to the one that developed the model.  

These studies provide the framework for better understanding AD therapeutics in 

vivo, and specifically lay the groundwork for development of CLR01 and molecular 

tweezers as therapeutic drugs for multiple diseases. Obviously, additional questions must 

be answered for successfully exploiting the therapeutic potential of molecular tweezers. 

Of high importance for AD would be the study of CLR01’s effects on the memory 

deficits found in animal models because reduction in brain pathology does not necessarily 

reveal functional effects. This future study could readily combine the CLR01 efficacy 

study and the optimized Barnes maze method discussed here in both young mice, to 

assess prevention, and in old mice to assess therapy. Another area of future study will be 

further exploration of the pharmacokinetics of CLR01. Specifically, the fate of CLR01 in 

the brain should be explored to address concerns of potentially unwanted tissue 

accumulation, in addition to CLR01’s metabolism and excretion. These studies will 

require optimization of methods for extraction of CLR01 from tissues and liquid 

chromatography-mass spectrometry for improved detection sensitivity.  

The ambition of this PhD project was to advance the development of a cure for 

AD. The findings obtained in the project as a whole, advance the development of CLR01 

for therapy of AD in particular and amyloidoses in general by providing proof-of-concept 

of the compound’s in vivo efficacy in a mammalian model of disease and by providing a 

framework for the initiation of the next phase − clinical trials. It has been a privilege and 

an honor to play a role in this endeavor.    




