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Abstract
Amyloid beta oligomers (ABOs) are a key instigator of neurodegeneration in Alzheimer’s disease
(AD). The work presented in this thesis includes three disease-modifying approaches to disrupt
pathological ABO-related mechanisms in AD: (1) inhibiting ABO buildup, (2) blocking ABO-induced tau
phosphorylation, and (3) neutralizing ABOs. These three approaches were tested in primary hippocampal

neuron cultures to which A monomer or ABOs were applied.

First, the small molecule NU-9, which was previously developed to provide protection in models
of amyotrophic lateral sclerosis proteopathy, was shown in this work to additionally prevent buildup of
neuron-binding ABOs. The mechanism of NU-9, which acted on a cellular target, was determined to be
lysosome- and cathepsin B-dependent. Further, the buildup of neuron-binding ABOs in this model
occurred by a dynamin- and cathepsin L-dependent intracellular trafficking mechanism. These results
provide new insight into the mechanisms of pathological ABO buildup in neurons and uncover a novel
avenue for protection against ABO accumulation with potential application to multiple neurodegenerative

proteopathies.

Second, the effect of specific inhibition of the neuronal isoform of nitric oxide synthase (nNOS)
was tested. The results obtained in this work demonstrate the role of nNOS activation in ABO-induced tau
phosphorylation, ABO formation, and modulation of spine morphology. These results support the
conclusion that multiple forms of AD neurodegeneration may be nNOS-dependent and can be disrupted

by specific inhibition of nNOS.

Third, monospecific mono, di, and trivalent Nusc1 megamolecules were used to bind and
neutralize ABOs, preventing ABOs from binding to neurons. Differential APO binding and neutralization
corresponded to megamolecule valency. These findings support the use of Nuscl-based megamolecules

to robustly neutralize ABOs in AD.



In this work, three promising avenues of potential therapeutic relevance to AD were investigated,

and the results provided insight into the mechanisms of ABO buildup and ABO-instigated pathology.
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CHAPTER 1: INTRODUCTION
1.1 Alzheimer’s disease
1.1.1 Epidemiology

More than 50 million people worldwide suffer from dementia', of which Alzheimer’s
disease (AD) accounts for approximately 60-70%?>. In the United States alone, about 6.5 million
individuals have Alzheimer’s dementia, which affects about 1 in 9 people age 65 and older?. AD
is projected to cost the United States $321 billion in 2022, and it is currently the 7% most
common cause of death. Deaths from AD have increased 145% since 2000, and currently 1 in 3
seniors dies with Alzheimer's or another form of dementia. Alzheimer’s dementia places a
substantial personal burden not just on individuals suffering from it> but also their loved ones,

who provided a combined 16 billion hours of unpaid care in the United States alone in 2021%*>,
1.1.2 Symptoms and disease course

Pathological changes in the brain that eventually cause AD likely appear decades prior to
the onset of symptoms. Studies from individuals with familial dementia in a cohort in Colombia®
and the Dominantly Inherited Alzheimer’s Network’ suggest that over 20 years before the onset
of clinical symptoms, aberrations in biomarkers can be measured, including levels of amyloid
beta (AP) peptide in plasma and cerebrospinal fluid (CSF) (-25 estimated years to symptom onset
(EYO); the number of years thought to have occurred prior to symptom onset)!!> 12. Additionally,

in CSF, phosphorylation of tau at Thr217 (-21 EYO)?, and increases of neurofilament light, an

indicator of neuronal damage (-22 EYO)°, have been detected. After this time, phosphorylation
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of tau at additional epitopes is observed in CSF (-19 EYO for Thr181, -13 EYO for Thr205)3,

along with the deposition of AB peptides in brain plaques (-15 to -21 EYOQ)*!1%-12,

Alzheimer’s dementia is also preceded by a prodromal phase called mild cognitive
impairment (MCI) in which modest changes in memory are detectable, but individuals are able
to maintain most activities of daily living!*'® (~4y duration'”). The onset of dementia is defined
by loss in cognitive function that interferes with the activities of daily life and leads to a loss of
independence'®!”. In Alzheimer’s disease in particular, dementia often involves loss of memory,
difficulties with language and communication, difficulties with problem solving and other
cognitive skills, disorientation and confusion, and behavioral changes®. One individual with
dementia described the experience by saying “Sometimes it feels like thinking in syrup—it is
possible, but it takes a long time, it’s sticky and it’s difficult.”* Individuals with Alzheimer’s also
frequently described fears of losing their sense of self, and of burdening their loved ones.
Approximately 3-6 years after the diagnosis of dementia, the disease progresses to the point of

difficulty ambulating and swallowing, leading to death®!”-?°.

1.1.3 Genetic and environmental causes

The strongest risk factor for AD is age. About 5.0% of people 65-74, 13.1% of people 75-
84, and 33.2% of people >85 years old have AD?!. Data from twin studies indicate that
Alzheimer’s disease is 60-80% heritable??. Several rare, dominant mutations can cause
Alzheimer’s disease; all of these mutations result in elevated production of more aggregation-
prone isoforms of AR**-2°. Additionally, duplication of the amyloid precursor protein (APP)
gene, either by duplication of the entire chromosome 21 in Down’s syndrome?’ or by

microduplication of the APP gene specifically®®, causes early development of AD. Conversely,
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the APP A637T mutation, which reduces AP production, also reduces the chance of AD

development?’.

A genetic risk factor which affects a much greater number of people is the €4 allele of
apolipoprotein E (ApoE4). Having one copy of the allele increases AD risk 3-4x, while having
two copies increases risk 8-12x%33. More recent genome-wide association studies have
identified numerous other risk genes, most of which are associated with APP metabolism,
cholesterol homeostasis, endocytic trafficking, and inflammation/immune responses***>. The

combination of these genes can be used to predict development of AD with 80% accuracy>®.

The remainder of AD risk is environmental. Maintenance of cardiovascular health,
physical activity, and healthy diet are associated with lower risks of dementia overall>*’.

38,39

Additionally, education, socio-economic status, and social interactions*’ may also be

protective factors. Conversely, repeated history of traumatic brain injury increases the risk of

dementia*! 3,

Given that a substantial portion of Alzheimer’s disease risk is genetically inherited, the
effectiveness of lifestyle interventions to prevent disease, while important, may be limited. As
such, the development of therapeutics to slow and stop the progression of AD is critical. In this
regard, the vast scope of genetic information obtained regarding AD can provide insight into the
cellular pathways of AD development and is a rich resource to help inform the development of

such therapeutics.
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1.1.4 Plaques and tangles

The prototypical histopathologic features of AD are the deposition of extracellular
plaques comprised of insoluble fibrils of AP peptide and the buildup of intracellular tangles of
hyperphosphorylated tau protein®***. Current evidence of disease progression indicates that the
buildup of tau tangles is preceded by the development of AP pathology***’. Development of both
AP plaques and tau tangles tends to follow a stereotyped path, appearing in basal neocortex,
spreading throughout the hippocampus, and finally spreading to other areas of the cortex™’. The
burden of deposited amyloid plaques does not correlate well with the severity of cognitive loss,
indicating that insoluble AP is not the primary driver of neurodegeneration!. Rather, plaques
build up steadily and tend to plateau with the onset of dementia®>. Meanwhile, tau tangles

generally increase with age™.

Current hypotheses regarding the major instigators of neurodegeneration in AD highlight
a role for smaller, soluble AP and tau species, rather than the large plaques and tangles®>>*.
These larger aggregates may, in fact, represent sinks for the smaller, more neurotoxic species>>.
Alternatively, the structure of AP plaques, comprising a dense core and a diffuse surrounding

region, with a halo of surrounding smaller AB oligomers and neuronal death suggests that

plaques may leak smaller neurotoxic species™®.
1.1.5 Other pathology

Additional features of AD histopathology are often observed in regions adjacent to AP
plaques. This localization of these features is hypothesized to be instigated by diffusion of A
oligomers leaking out from the plaques®. One such feature is the inflammatory activation of

astrocytes and microglia®’*%. Also observed in proximity to AP plaques in the AD brain are lipid
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peroxidation, protein carbonyls, and tyrosine nitration, along with other indicators of oxidative
stress>®. This oxidative damage likely contributes to two key features of energy dyshomeostasis
in AD: the impairment of glucose metabolism and insulin resistance®. The observation of insulin
resistance in AD has led to the proposal that AD represents a form of brain-specific diabetes®.
Vascular pathology is also observed in AD, including stiffness of arteries and degeneration of the
blood-brain barrier®!%2, Finally, a close pathological correlate to dementia severity in AD is the
loss of neuronal synapses®'*%. Eventually, this damage results in diffuse loss of overall brain

volume®*.
1.1.6 Current treatment

Currently, five FDA-approved therapeutics exist for the treatment of AD. Rivastigmine,
galantamine, and donepezil provide symptomatic relief by inhibiting the degradation of the
excitatory neurotransmitter acetylcholine, but do not modify disease course®. Memantine, an N-
methyl-D-aspartate receptor (NMDAR) inhibitor, also provides symptomatic relief, but its
mechanism is incompletely understood. It can mitigate some of the excitotoxicity that occurs in
AD by preventing hyperactivation of the NMDAR®®. Recently, in 2021, the antibody therapeutic
aducanumab was also approved by the FDA. This antibody partially targets oligomers of AP and
provided some improvements in cognitive function. This promising result hints at the importance
of AP oligomers in AD. However, there is still a significant unmet need for therapeutic agents

that robustly protect against memory loss in AD.
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1.2 Amyloid beta (AB)
1.2.1 AP formation

AP peptide, which makes up the characteristic plaques in AD, is produced by consecutive
cleavage of APP by different secretases®”. First, B-secretase cleaves the transmembrane portion
of APP to produce the B C-terminal fragment of APP (B-CTF) and APPsp. Alternatively, an a-
secretase, usually a disintegrin and metalloproteinase-domain-containing protein 10 (ADAMI10)
can cleave the transmembrane portion to release a-CTF and APPsa. Finally, cleavage by y-
secretase produces the APP intracellular domain (AICD) and either AP (from B-CTF) or p3
(from a-CTF). Then APPsa is proposed to serve neuroprotective functions, while AICD, in
addition to AP, has been proposed to play a role in neurodegeneration®®’%’!, Production of A in
neurons is mostly intracellular in acidic endosomes or in the Golgi after which AP may be
trafficked to synaptic vesicles. Some A can also be produced at the cell membrane for

extracellular release’>”>.

1.2.2 AP changes in AD

Soluble AP is elevated in brain tissue from AD patients. Particularly, the 42-amino acid
peptide (AB42) and a small amount of ABa3 are enriched in AD brains’®’”. The overproduction of
aggregation-prone AP proteoforms is implicated as a genetic cause of AD?>*62878 For example,
mutations in APP can directly increase aggregation potential of AR’ and can also enhance the
production of longer isoforms such as AP4>, which have elevated tendencies for self-aggregation
due to their greater hydrophobic character®®. Mutations in the presenilin (PSEN) 1 and 2 genes
alter the processivity of the y-secretase enzyme, of which either presenilin enzyme forms the

81,82

catalytic core®"°*, resulting in the production of longer AP isoforms.
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In late-onset disease, AP production may be upregulated due to its potential physiological

8384 and to strengthen otherwise failing synapses®®, which might

roles as a response to infection
occur due to aging or environmental factors. A third factor implicated in disease development
due to either mutations, aging, or sleep deprivation is a failure to remove basal levels of Ap} due
to faulty proteolysis and clearance®®*’. Accordingly, the enrichment of ABa> in the brain in AD

patients corresponds with a reduction in CSF A4, suggesting reduced clearance of these species

from the brain to CSF in AD8%%,

The concentration of soluble AP in the CSF is a strong inverse correlate of synapse loss”,
which unsurprisingly has been the best predictor of dementia severity. Furthermore, soluble A3
levels in brain were not elevated in brains from cognitively normal individuals but which
nevertheless contained plaques. This evidence supporting the role of aggregation-prone, soluble
AP in disease progression eventually led to the discovery of a crucial pathologic species, Ap

oligomers (ABOs)’!.
1.3 ABO formation and structure
1.3.1 Formation

Prior to forming plaques, AP forms smaller, soluble clusters known as ABOs®?. Buildup
of ABOs follows the cleavage of amyloid precursor protein at Golgi or endosomal membranes,
which produces an intracellular pool of AP, or at the cell membrane, which produces an
extracellular pool of AB?***. In experimental settings, even at picomolar concentrations, APOs
can form spontaneously from monomer®>°. In vitro, ABOs spontaneously form a variety of
species, ranging in size from dimers, trimers, and tetramers to larger annular and spherical

species. >*+”7% The formation of different oligomer structures can be affected by concentration,
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pH, salt composition, mechanical disturbances, time, and temperature, as well as the particular

AP proteoform involved®®!%,

It has been hypothesized that in vivo the earliest formation of ABOs occurs

intracellularly®%101.102

, catalyzed by concentration of A into the acidic environment of endo-
lysosomal compartments'®-1%7. This could occur directly following formation of the intracellular
pool of AP in endosome or could result from endocytosis of extracellular AB. Receptor-
mediated endocytosis of AP can be mediated by the low-density lipoprotein receptor-related
protein 1'% or by binding to the receptor for advanced glycation end products (RAGE)!%%!10,
APBO formation could also be promoted by GM1 ganglioside, either at the cell membrane or
within endo-lysosomal vesicles'!!. In mouse models and in humans, ABOs accumulate in

trafficking vesicles, especially in late endosome or multivesicular bodies'!>!!?,

After intracellular formation, ABOs can mediate intra-neuronal damage''>!15,

116 115,117,118

Intracellularly, ABOs can inhibit proteasome activity '°, impair mitochondrial function ,
and damage lysosomes!!>!!"". Further, intracellular ABOs can spread directly from cell to cell'?°.
Exosomal release or direct puncture of membranes also allows ABOs to be released

121,122

extracellularly , where they can exert damage upon binding to neuronal receptors, or upon

internalization by receptor-mediated endocytosis.
1.3.2 Structure

Oligomer structure has proved difficult to investigate, given the meta-stable, aggregation-
prone nature of AP. Nonetheless, valuable information has been obtained from studies using
size-exclusion chromatography, atomic force microscopy, 2-dimentional nuclear magnetic

resonance spectroscopy, and cryo-electron microscopy, among other techniques.
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In general, oligomers have been classified into two groups: those that are “on-pathway”
to form fibrils, and others that are “off-pathway” and remain relatively stable in an oligomeric
conformation. Although these definitions are presented as binary in much of the literature, it is
expected that all these species exist along thermodynamic gradients in which different conditions
might stabilize a particular ABO or reverse its course from the “on-pathway” to “off-pathway.”
Regardless, these studies provide significant insight into the diverse range of APO structures that

might form in AD.

The “on-pathway” oligomers range from smaller, disk-shaped pentamers (1-2 nm) and
decamers (3-4 nm) of loosely aggregated strands'?* to larger spherical amyloid intermediates
(13-35 nm) with parallel -sheet structure!>* and eventually form fibrillar oligomers (13-28 nm
length) that comprise 19-mers with a parallel B-sheet structure within a superhelix!?. Eventually,
these develop the characteristic structure of AP fibrils: parallel, in-register B-sheets'?. While
some “on-pathway” AP oligomers exhibit greater cytotoxicity than fibrils, they are relatively
unstable at human body temperature, and are, therefore, likely to be relatively short-lived within
disease pathology. As such, the “off-pathway” oligomers are, therefore, predicted to instigate

more lasting damage within AD.

“Off-pathway” ABOs importantly are not ordered in the parallel, in-register -sheets of
fibrils and “on-pathway” oligomers. Instead, they encompass a variety of globular, annular, and
protofibril structures. For example, globular ABOs (1-10 nm, 150 kDa, 30-35mer) made on
micelles of dilute detergent at 25 °C contained both parallel and antiparallel p-sheet structure!?”-
129 At slightly higher temperature (37 °C), smaller “globulomers” (4-5 nm, 60 kDa, 12mer) were

obtained'*’; these also comprised a mixed B-sheet structure due to the presence of a B-hairpin'3!.
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Sandberg et al. stabilized the B-hairpin by introducing a di-cysteine mutation, a modification that
stabilized “off-pathway” oligomers (6 nm, ~100 kDa, 20-22mer), producing an antiparallel -
sheet structure that could form protofibrils'*2. Doi et al. confirmed that wild-type AP in the
absence of detergent at 37 °C also yields protofibrils (100 nm length), which are arranged in non-
parallel B-sheets'3*. Further, Kayed et al. produced annular protofibrils (8-25 nm outer diameter)

by incubation of globular ABOs with liposomes'3#136,

Lambert et al. used incubation in F12 media to produce globular ABOs of variable size
depending on the exact concentration and temperature (1-6 nm species, 10-700 kDa, ~2-
155mer)°"137:138 In PBS, Nirmalraj et al. also produced globular ABOs (7-9 nm) whose

139 Using

formation and stability was monitored over 120 h by atomic force microscopy
increased agitation, Noguchi et al. produced amylospheroids (10-15 nm, 158—669 kDa, ~35-
150mer) with parallel, out-of-register B-sheet structure!*®!4!. Although Noguchi et al. reported
these species were “off-pathway”, after about 7 days at reduced salt concentration, they
converted to a larger spherical intermediate (35 nm), which quickly rearranged to form fibrils'*2.
This observation highlights the fact that ABOs are unlikely to be perfectly stable “off-pathway”,
but that the biological environment in which they reside is an important factor to establish which
APBOs are stable in vivo and present in the AD brain. Kass et al. studied the most common ABOs

in human AD samples and mouse models and identified a fraction of soluble ABOs >400 kDa as

the most common form'#.

Additionally, synthetic biological strategies have enabled ABO imaging with higher-
resolution techniques; it will be important to validate the relevance of these structures in disease.

Kreutzer et al. stabilized dimers in a B-hairpin structure using a macrocycle, enabling X-ray
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crystallography, which was used to demonstrate the formation of triangular trimers, which
assembled to dodecamers, and finally to a higher-order annular ABO'**. Using wild-type AB in a
lipid-mimicking solution, Ciudad et al. also formed an annular ABO at 37 °C, which was
comprised of tetramers and octamers with antiparallel B-sheets, and formed pores in a

membrane'*

. Wu et al. also prepared annular ABOs by fusing AP to a-hemolysin; this stabilized
annular heptamers and provided a reference to enable higher-resolution cryo-electron
microscopy imaging'*®. This detailed structure again demonstrated the key features of B-sheets
containing B-hairpins, formed into an annular structure. In this way, creative strategies for the

characterization of ABOs and technological advancements in imaging technology are predicted

to provide additional insights into the structure of these species in the future.
1.3.3 Function

APBOs have also been demonstrated to serve physiological functions. For example, at picomolar
levels, APOs can strengthen synapses to boost long-term potentiation®>147-15° Additionally,
Bartley et al. observed transient expression of ABOs during embryonic development of the
chicken retina, suggesting a potential developmental function for APOs'>!. Finally, antimicrobial
functions of APOs have also been observed®*. However, overproduction of ABOs in disease leads

to dysfunction and neurodegeneration.
1.4 Presence of ABOs in AD
1.4.1 APOs distinguish AD patients from controls

Studies using brain tissue and CSF samples from AD patients have been important to

determine the correlation of ABOs with disease. To that end, several conformation-specific
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antibodies have been designed and used to identify ABOs in AD patient samples. Specific
antibodies developed against amylospheroids, rpASD1 and mASD3, showed a significant
elevation of these species in brain tissue from AD patients, which was correlated with severity of
disease!*’. Globular APO-specific antibodies, NU1 and NU4, also distinguished AD brain from
control brain'>2. Likewise, globulomer-specific antibodies, 8F8 and 5598, distinguished AD

brains from a healthy control, and were not found in MCI brains'3°

. Additionally, a moderately
selective, protofibril-specific antibody (mAb158) distinguished AD brains from a healthy

control'3. These experiments have demonstrated an overall elevation of various ABO structures

in AD.
1.4.2 ABO levels are highly correlated with disease

ABO levels are highly correlated with AD. As previously discussed, ABOs are elevated in
the frontal cortex of individuals with AD compared to controls!**!>*. Further, an elevated ratio of
APBO levels to plaque density distinguished individuals with AD dementia from those with AP
plaques but no dementia, indicating that ABOs are a specific indicator of memory loss!>>!%6,
ABOs composed of dimers were also specific to AD dementia; they were not found in other types

of dementia'®’

. Elevated synaptic ABO levels also distinguished AD patients from controls, and
buildup of synaptic ABOs preceded tau phosphorylation during disease progression'>®.

Importantly, ABO levels in frontal cortex from AD patients were correlated with the loss of

synapses and the level of cognitive impairment!4%-158,

In addition to brain, ABOs in CSF, plasma, and even nasal discharge are elevated in AD
and accumulate as the disease progresses. In CSF, Georganopolou et al. detected elevated levels

of ABOs in samples from AD patients compared to controls'*®. Plasma ABO levels were also
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elevated in individuals with AD compared to controls and correlated well with AD biomarkers
such as CSF pTau and total tau, decreases in plasma A4z, and amyloid PET in brain!6%1¢,
Plasma APOs also correlate with lower cognitive performance among individuals with AD'®? and
even among individuals in the very early stage of AD with MCI'%, Further, when nasal
discharge was profiled longitudinally in patients with mild to moderate AD, levels of ABOs
increased over time in individuals with declining cognitive performance and were correlated with
cognitive dysfunction'®*. Taken together, this evidence robustly demonstrates that APOs are

specifically elevated in AD, build up early and increasingly throughout disease progression, and

correlate with memory loss.
1.4.3 APOs are sufficient to cause AD pathology

Genetic and animal evidence indicate that ABOs are sufficient to induce AD. In
individuals with the Osaka mutation of AD (E693A in APP, E22A in AB), which causes minimal
AP plaques but substantial ABO buildup, neurodegeneration and memory loss occur!3-16,
Although postmortem tissue is not available from humans with the E693A mutation, E693A
animal models develop other features of AD subsequent to ABO buildup, including tau
hyperphosphorylation, activation of astrocytes and microglia, synapse degeneration, and memory
loss'”’. Similarly, the Arctic mutation of AD (E693G in APP, E22G in AB) promotes the
formation of ABO protofibrils'”!. Minimal plaques form in individuals with this mutation, but

this alteration in ABO formation is sufficient to cause pathologic increases in CSF pTau,

formation of tau tangles, abnormalities in glucose metabolism, and memory impairment!’>!73,

In healthy animals, injection of ABOs is sufficient to induce AD pathology. In mice and

rats expressing the human APP gene, ABO injection triggers activation of astrocytes and
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microglia, tau phosphorylation, and degeneration of neurites'’#!77

, as well as deficits in long-
term memory'’®, working memory!”, and spatial memory'®’. In non-human primates, ApO
injection also triggered manifestation of AD pathology. Intracerebroventricular injection of
APBOs caused synapse loss and tau hyperphosphorylation in cynomolgus monkeys (Macaca

fascicularis)'®'; in thesus macaques (Macaca mulatta) APO injection caused spine loss in

182

dorsolateral prefrontal cortex and neuroinflammation'®". More direct intracerebral injection of

APBOs to cynomolgous monkeys resulted in formation of AP plaques and tau tangles, activation

of microglia and astrocytes, and synapse loss'®?

. Recently, Wakeman et al. showed that
intrathecal injection of ABOs in African green monkeys (Chlorocebus sabaeus) also stimulated

tau phosphorylation and caused reduction in hippocampal brain volume'®*. These studies provide

strong evidence that ABOs are sufficient to cause AD pathology.
1.4.4 APOs are necessary for memory loss in AD

Conversely, prevention of ABO buildup by antibody treatment or enhancement of
clearance protects against memory loss. Intranasal delivery of the ABO-specific antibody, NU4,
lowered cerebral AP levels and improved spatial learning in an AD mouse model'”. Similarly,
the pan-oligomer specific antibody W20 also rescued cognitive impairment in AD model
176

mice' '°. Additionally, RD2, a compound developed to enhance clearance of ABOs, restored

memory in AD model mice'®’.

Evidence from several Phase 3 clinical trials of antibody therapeutics in humans also
supports this conclusion. Although antibodies that removed monomeric and fibrillar AP did not
provide significant therapeutic effect!3¢-138 two antibodies with promising Phase 3 trial results,

aducanumab and lecanemab, bound to a subset of species that includes ABOs somewhat more



33

selectively!®-12. These species also showed modest efficacy to protect memory. These provide

the first human evidence that ABOs are necessary instigators of AD memory loss. Key evidence

supporting the clinical importance of ABOs are presented in Table 1.1.

Table 1.1. Milestones establishing ABO clinical significance

Milestones establishing ABO clinical significance

Introduction of the ABO hypothesis®".

APBOs impair synaptic plasticity, inhibiting long-term potentiation®!-193194

long-term depression'®”.

and promoting

activation, and selective nerve cell death)!?*1%°.

APOs instigate key features of AD pathology (synapse loss, tau hyperphosphorylation, glial

APBOs cause memory dysfunction in animals!3%200-201,

models®®2%?),

ABO buildup is AD-dependent (in human brain and CSF'**?*? and in animal AD

synapses>*,

Brain-derived and synthetic ABOs are structurally homologous'>* and bind selectively to

APBO-targeting antibodies, in animal AD models, rescue memory function®!.

Clinical trials have been initiated to assess ABO-targeting therapeutics in humans®®.

1.5 ABO-neuron interactions
1.5.1 Some ABOs can form pores in membranes

One postulated form of nonspecific, ABO-induced damage is based on the ability of
annular APOs to form pores in membranes®® 27, This has been proposed to enable calcium
influx into neurons and associated toxicity?’®>%°. Additionally, the ability of ABOs to damage
membranes by compromising membrane integrity without pore formation has also been

described?!?. In these ways, ABOs can induce nonspecific, ion-associated damage to cells.
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1.5.2 ABOs specifically bind to synaptic targets

However, several features of ABO interaction with cells suggest specific binding to

211,212

synaptic targets. First, ABOs specifically damage certain cell types in disease and in

Vifl’0154’199

, including certain subpopulations of excitatory neurons. Further, ABOs exhibit
specific, saturable, and high-affinity binding to a subset of cell types, where they colocalize with
receptors at excitatory synapses'>*?*+213 Disruption of ABO binding by knockout or knockdown
of receptors prevented ABO binding and protected neuronal health?!*?15, Additionally, nerve

terminals with bound ABOs also developed pTau!®. This evidence suggests that ABOs induce

damage by acting as toxic ligands at specific receptor targets.
1.5.3 N-Methyl-D-aspartate receptor (NMDAR)

One key receptor engaged by APOs is the NMDAR?!', a glutamate receptor involved in
long-term potentiation!”. Physiological activation of the NMDAR by glutamate triggers opening
of its calcium channel and subsequent calcium influx into the cell. Synaptic NMDARs
containing NR2A subunits close more rapidly, while extra-synaptic NMDARs containing NR2B
subunits remain active for longer 2. ABOs bind to NR2B-containing NMDARs and activate
them, causing a disruption of calcium homeostasis that leads to downstream formation of
reactive oxygen species and loss of synaptic spines'® 218-221 Accordingly, the NMDAR inhibitor
memantine is partially protective against ABO-induced neuronal damage, as were NR2B-
selective inhibitors*?2. ABO binding to cells requires the presence of the NMDAR, as
knockdown?!'* or blockade by an anti-NMDAR antibody?*!¢ prevented APO binding to cells.

However, NMDAR expression is not sufficient to enable ABO binding?!*, supporting the
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conclusion that a receptor complex may be involved in ABO binding to neurons. Dysregulation

of this group of receptors by ABOs might then cause dysfunction via multiple signaling cascades.

1.5.4 Metabotropic glutamate receptor 5 (mGIluRS5)

Evidence from Renner et al. supports the hypothesis that ABOs engage a complex of
receptors>3. A co-immunoprecipitation identified both mGluRS and NMDARs bound to ABOs.
APBOs bind to neurons and form clusters of increasing size over time, with concurrent reduction
in lateral diffusion. Over the same time period, the metabotropic glutamate receptor 5 (mGIluRS)
is also increasingly aberrantly clustered and co-accumulates at synapses with ABOs. Disrupting
the ABO-mGIuRS5 interaction by mGluRS knockout or use of an anti-mGluRS5 antibody
significantly reduced ABO binding to cells, indicating that it enhances ABO binding affinity to
the complex. The presence of mGluRS was also necessary for an ABO-induced increase in
intracellular calcium and synapse deterioration, which was prevented by an mGIluRS5
antagonist’'>??2. mGluRS was also found to mediate ABO-induced Fyn kinase activation, in a
prion protein dependent manner, suggesting a role for the prion protein in the APO receptor

complex as well*%,

1.5.5 Prion protein (PrP°)

APOs bind with nanomolar affinity to the cellular prion protein (PrP¢)?**, which is best
known for its role in prion diseases, but which also contributes physiologically to memory and
sleep homeostasis®*>. ABOs bind to the PrP° with nanomolar affinity, activating Fyn kinase,
which then phosphorylates the NMDAR NR2B subunit, causing a transient increase in
NMDARs at the cell surface prior to loss of synapses??°. In this way, APO interaction with PrP°

224

causes a disruption in synaptic plasticity=*. Additionally, aberrant signaling of several receptors
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is associated with PrP®-mediated, ABO-induced dysfunction®?’??°. As such, the PrP® has been
hypothesized to act as a scaffolding protein that coordinates protein complexes of ABO-
associated receptors to mediate neurodegeneration®**>!, PrP°-mediated ABO toxicity also
requires lipid rafts, which likely enable the formation of such protein complexes at the cell

membrane?32.
1.5.6 Sodium/potassium ATPase a3 subunit (NKAo.3)

APBOs also bind to the sodium/potassium ATPase a3 (NKAa3) subunit and inhibit
function, leading to calcium dyshomeostasis, tau abnormalities, and neurodegeneration®**.
Komura et al. observed that ABOs developed intraneuronally in excitatory neurons were released

and caused neurotoxicity of nearby NKAa3-expressing cells®**

. Recent literature suggests
additional pathogenic effects of AR and APO interactions with NKA03232%, This receptor has

also been proposed as a “docking station” at which bound ABOs could recruit other receptors®*’.
1.5.7 Insulin receptor (IR)

The complex of receptors that ABOs bind can also include the insulin receptor (IR).
APBOs bind to the IR and prevent insulin-induced IR autophosphorylation, thereby inhibiting
LTP?*8. Further, binding of APOs causes rapid, significant internalization of neuronal surface
insulin receptors specifically on dendrites bound by ABOs?*%**°. These results implicate ABOs as
a possible cause of the insulin resistance found in AD. IR autophosphorylation was restored by
the application of NMDAR inhibitors®*°. Additionally, application of extracellular insulin was
240241

protective to neurons by preventing ABO binding, indicating a protective role for insulin

Accordingly, application of liraglutide, a therapeutic agent that enhances insulin release,
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protected against ABO-induced tau hyperphosphorylation and synapse pathology in non-human

primates?*?.

1.5.8 Frizzled receptor (Fz)

APBOs also bind to the cysteine-rich domain of the frizzled receptor (Fz), a receptor that
typically stimulates signaling via the canonical Wingless/Int-1 (Wnt) signaling pathway>>*. ABO
binding inhibits the canonical Wnt signaling pathway?*->*°. This causes tau phosphorylation and
formation of tau tangles, possibly because Wnt signaling inhibits GSK-3p, a tau kinase?**. The
canonical Wnt signaling pathway, in turn, is neuroprotective against ABO-induced mitochondrial

damage, so Fz inhibition by ABOs likely contributes to a cycle of neurodegenerative effects.
1.5.9 p75 neurotrophin receptor (p75NTR)

Another binding target of AB proteoforms is the p75 neurotrophin receptor (p75NTR)?4¢.
AP binding can activate the p7SNTR, causing neuronal cell death!'*¥7* However, Costantini
et al. observed that, while cell death caused by AP fibrils was p75SNTR-dependent**®, cytotoxicity
induced by ABO was p75NTR-indeptendent?*®. They and Zhang et al. concluded that p7SNTR
activation, in fact, provided protection against ABO-induced cytotoxicity>*> 23¢. Conversely,
using different ABO preparations, ABOs were observed to trigger p7SNTR-dependent neuronal
cell death!!!, as well as tau phosphorylation and synapse degeneration®>’. Patnaik et al. also
found that ABOs activated the p75NTR, resulting in signaling via the Ras homolog family
member A and rho-associated, coiled-coil-containing protein kinase signaling cascade, which
stabilizes actin and thereby triggeres synaptic spine distension?*®. Because Patnaik et al. used
sub-lethal, nanomolar concentrations of ABOs rather than the higher concentrations used in prior

experiments, this effect may be most representative of the role of the p75SNTR in AD.
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1.5.10 Alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR)

APBO binding to neurons colocalizes with alpha-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid receptors (AMPARS) at synaptic spines, particularly those containing a
GluR2 subunit?!. Co-immunoprecipitation experiments revealed a preferential interaction of
ABOs with GluR2-containing complexes. Binding of ABOs to AMPARS results in rapid
calciuneurin-dependent internalization, likely as an effect of NMDAR-dependent or mGluR-
dependent long-term depression. Removal or inhibition of AMPARSs reduces ABO binding, and
AMPAR inhibitors prevented the internalization of AMPARSs and synaptic spine loss. Zhao et al.
also demonstrated that ABOs inhibit GluR1 signaling, indicating multiple forms of AMPAR

dysfunction in AD?2%-232,

1.5.11 a7 nicotinic acetylcholine receptor (a7nAChR)

AP proteoforms also bind to the a7 nicotinic acetylcholine receptor (a7nAChR) with high
affinity, resulting in internalization of the AP species with the a7nAChR?33. In neuroblastoma
cells, binding of AP species to a7nAChR killed neuroblastoma cells, an effect that was rescued
by a7nAChR agonists?>*. In AD model mice, increased expression of a7nAChR led to increased

255

tau pathology~>°. However, the a7nAChR may also serve a protective role to suppress ABO

formation?®,
1.5.12 Receptor summary

In summary, extracellular ABOs can cause damage to neurons by engaging with a cluster
of receptors including the NMDAR, mGluRS, PrP¢, and IR. The NMDAR, mGluRS, PrP¢,

p75NTR, and AMPAR GluR1 are all aberrantly activated by ABO binding, leading to calcium
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dyshomeostasis and synapse degeneration. Meanwhile, ABO binding inhibits the IR and Fz,
leading to energy dyshomeostasis and tau phosphorylation, while activation of these pathways is
neuroprotective. Finally, A and ABOs are internalized upon binding the IR, AMPAR, or

a7nAChR. Intracellular ABOs further instigate neurodegeneration.
1.5.13 Intracellular ABOs

In addition to extracellular ABOs, neurodegeneration in AD is also instigated by
intracellular ABOs. As previously mentioned, most ABOs likely form intracellularly!°"-?%’. APP
internalization from the cell membrane, followed by intracellular cleavage, produces intracellular
AP, which then oligomerizes to produce ABOs. In addition, ABOs formed intracellularly can be
externalized, and extracellular ABOs can be endocytosed upon association with IR, AMPAR,
a7nAChR, or other receptors®®?*°. Yu et al. identified dynamin-dependent endocytosis and

intraneuronal accumulation as a key feature of ABO-induced neurotoxicity?°.

Regardless of the mechanism, accumulation of intraneuronal A is an early event in
disease'??, observed both in AD animal models**”-2*® and AD patients'?!?%!_ Intracellular AB

accumulates in endosomes, endoplasmic reticulum, trans-Golgi network, and multi-vesicular

102

bodies and is often trafficked to lysosomes ™. After escape from trafficking compartments, A3

also accumulates in mitochondria, and cytosol. The presence of intracellular A and ABOs in AD

are associated with formation of reactive oxygen species, lipid peroxidation, lysosome

degradation, synapse dysfunction, tau phosphorylation, neuronal loss, and cognitive loss!%2%

262
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1.6 ABO-directed therapeutic strategies

Currently available AD treatments can only provide symptomatic treatment to slightly
bolster neurotransmission or to clear larger AP aggregates?$>2%*. Given that APOs are an early,
key instigator of neurodegeneration in AD, promoting tau phosphorylation, synapse loss, and
energy dyshomeostasis, and a significant body of evidence indicates that they are necessary and
sufficient to cause memory impairment, several therapeutic strategies have been proposed to

target APOs. These have included directly blocking ABO formation?®>%® bolstering AB/ABO

267-269 205,270

degradation , and neutralizing ABOs with targeted antibodies

In 2022, 63% of agents in Phase 3 clinical trials were disease-modifying therapeutic
agents’’!. Among disease-modifying therapeutic agents, small molecules and biologics targeted
at AP comprised 29%, indicating significant interest in targeting Ap. Additionally, aducanumab,
approved by the FDA in 2021, is an antibody with modest selectivity for ABOs and modestly

protected memory!?%?72,

In Phase 3 clinical trials, several therapeutic agents designed to neutralize ABOs or
prevent their binding to targets are being tested. These include the antibodies remternetug
(LY3372993), donanemab, gantenerumab, and lecanemab, as well as the vaccine formulation
UB-311, which are all currently undergoing Phase 3 clinical trials. Remternetug and donanemab
both target the pyroglutamate form of A, a proteoform for which ABO formation is
enhanced?’*’*. Ganenterumab was designed to bind fibrils, but may also partially neutralize
ABOs?”™. Lecanemab is an antibody with moderate selectivity for AB protofibrils; in recently-
reported Phase 3 clinical trial results, lecanemab moderately protected memory'®?. UB-311 is a

synthetic AP vaccine that induces the production of antibodies against various forms of AP,
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including ABOs?’®. In Phase 2, two small molecule candidates that would be anticipated to
release ABOs from receptor targets are also being tested: intranasal insulin®** and CT1812%"7.
The most specific ABO-neutralizing agents are currently being tested in Phase 1: the ABO-
selective antibody ACU193 and the APO-based vaccine ALZ-101. Results from these trials will
help to clarify the effect of neutralizing ABOs, which may provide robust protection from further

APBO-induced neurodegeneration.

Additional therapeutic agents designed to block APO formation are also currently being
tested in clinical trials. Currently in Phase 3 trials to block AP oligomerization are
valiltramiprosate (ALZ-801) and ALZT-OP1 (combination cromolyn sodium, intal, and
ibuprofen). Valiltramiprosate is a prodrug of homotaurine, which physically disrupts ABO
formation'®®, Phase 2 results for this agent were promising, and the Phase 3 trial is ongoing?’®.
Cromolyn is an FDA-approved asthma medication that also prevented ABO formation in AD

mouse models?”. In Phase 1 and Phase 2 trials, epigallocatechin gallate (EGCG)**, PBT2%!,

282 283
d ;

and contraloid~®“, which all help to prevent A oligomerization, along with varoglutamstat
which prevents formation of pyroglutamate AP, are also being tested. These potential

therapeutics would also be expected to prevent ABO-induced damage and might be especially

therapeutic if initiated in early or even preclinical stages of AD.

The development of numerous ABO-targeting therapeutics provides exciting clinical
promise. Additionally, these are predicted to provide valuable information about clinical effects
of ABO neutralization and the inhibition of AP oligomerization. Similar ABO-targeting
strategies, building upon these and enabling additional insight into the pathological formation

and effectors of ABOs, will be explored in the present work.
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1.7 Three strategies to disrupt ABOs
1.7.1. Disrupt formation and accumulation of ApOs

In this work, using primary cultures of hippocampal neurons, three strategies for
disruption of APO-induced neurodegeneration were examined. The first was disruption of one of
the earliest points in the AD pathway: the formation and buildup of ABOs. For these
experiments, the small molecule compound NU-9, which protected against aggregates observed
in amyotrophic lateral sclerosis, was tested in neurons for its potential to disrupt buildup of
ABOs from AP monomer. Unlike many of the small molecules currently in clinical trials, NU-9
does not physically interact with Ap monomer to disrupt APO binding directly, but instead acts
via a cellular mechanism. As such, evidence revealing the mechanism of NU-9 provides insight
into cellular mechanisms that may be leveraged to disrupt ABO formation. Its lysosome-
dependent mechanism, involving differential roles for cathepsin B and cathepsin L, was
elaborated in this work. These findings will be valuable toward understanding the shared
mechanisms of unstructured protein accumulation in various neurodegenerative diseases and
begin to provide insight into therapeutic interventions that might protect against multiple

diseases.
1.7.2. Block APO induced pTau and downstream effects

A second strategy tested in this work was to determine the effect of an inhibitor of ABO-
mediated tau phosphorylation. The currently-used AD therapeutic memantine acts by a related
mechanism, by blocking ABO-induced calcium influx through the NMDAR?*. However, ABO-
induced calcium dysregulation can be mediated by a variety of receptors, and significant

evidence supports a potential role for neuronal nitric oxide synthase (nNOS) in mediating
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downstream APO-induced tau phosphorylation and other features of AD pathology; thus far the
exact role of the neuronal isoform of NOS has not been established in these pathways 2832°, In
this work, a specific inhibitor of nNOS was applied for the first time to a model of ABO-induced
tau phosphorylation. Inhibition of nNOS was observed to prevent ABO-induced tau
phosphorylation. Additionally, nNOS inhibition disrupted ABO buildup from A monomer and

increased synaptic puncta density. These results support the use of nNOS inhibition as a potential

therapeutic strategy to mitigate ABO-related neurodegeneration.
1.7.3. Neutralize APO binding

The third strategy proposed is the neutralization of ABOs using megamolecules of the
specific, ABO-binding single-chain variable fragment (scFv) antibody Nuscl. Given that

189192 yse of a

antibodies with partial specificity for ABOs provided partial memory protection
specific APO-targeting antibody is predicted to provide even more effective protection.
Additionally, the megamolecule platform enables precise combination of several scFvs, while
maintaining a similar or smaller size as typical antibodies?*'"**. In this work, Nusc1
megamolecules, including Nuscl monomer, dimer, and trimer, were verified to bind to ABOs in
cell culture. At the concentrations tested, the Nuscl dimer detected ABOs with the highest
specificity, and Nuscl dimer demonstrated a robust ability to neutralize ABOs. This work
provided a proof of concept for the use of Nuscl in megamolecules to bind and neutralize ABOs.

These megamolecules could be expanded to include targeting moieties for CNS entry or a multi-

modal therapeutic approach?’!.
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1.7.4 Summary

This body of work has explored potential therapeutic avenues that intervene at three
discrete points in the sequence of ABO-induced toxicity. These findings help to further elucidate
the complex pathologic mechanisms by which ABOs exert their toxic effects in AD and have the

potential to abrogate these effects in early, mid, and late stages of disease.
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CHAPTER 2: INHIBITION OF AMYLOID BETA OLIGOMER ACCUMULATION BY
NU-9: ANOVEL THERAPEUTIC APPROACH FOR ALZHEIMER’S DISEASE

2.1 Introduction
2.1.1 ABOs comprise a key instigator of AD pathology

Alzheimer’s disease (AD) is the most common cause of dementia and the 7th most
common cause of death in the United States®. AD pathology in the brain is characterized by the
deposition of extracellular amyloid beta (AB) plaques and intracellular tangles of
hyperphosphorylated tau***. Human evidence of disease progression indicates that buildup of
tau tangles is preceded by the development of AB pathology*®*’. Prior to the formation of
plaques, AP forms smaller, soluble clusters known as amyloid beta oligomers (ABOs)®%. ABOs,
which range in size from dimers, trimers, and tetramers to larger annular and spherical species,

54,97,98,100

including a number of post-translational modifications , comprise a key instigator of AD

pathology. APOs are elevated in the brains of individuals with AD!40:134155,157-159,163,164.294.295 a4

AD animal models??**%7

, Where they build up increasingly throughout disease progression. In
individuals with the Osaka mutation of AD (E693A), minimal A plaques form, yet
neurodegeneration and memory loss are nonetheless instigated by ABO buildup'®>'%. Injection
of ABOs to healthy animals induces tau phosphorylation, activation of astrocytes and microglia,
synapse degeneration, and memory loss!”!¥1-18¢ Conversely, prevention of APO buildup by
antibody treatment or anti-aggregation therapy protects against memory loss in AD mouse

models??%2%?,
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2.1.2 Prevention of APO buildup could halt disease progression in AD

Excess buildup of ABOs in AD can be caused by the overproduction of aggregation-
prone AP proteoforms, which is implicated as a genetic cause of AD**262878 ' Additionally, ABO
production may be upregulated due to its potential physiological roles as a response to

8384 and to strengthen otherwise failing synapses®, which might occur due to aging or

infection
environmental factors. A third factor implicated in disease development due to either mutations,
aging, or sleep deprivation, is a failure to remove basal levels of ABOs due to faulty proteolysis
and clearance®®®’. Accordingly, proposed therapeutic strategies to protect against ABOs have
included directly blocking APO formation?®>2%, bolstering AB/APO degradation?®’2%°, and
neutralizing APOs with targeted antibodies?*>*’°. Currently available AD treatments can only
provide symptomatic treatment to slightly bolster neurotransmission, or to clear larger A
aggregates?®»?%*_ Given that ABOs are known to instigate pathology and that their removal is
protective, new APO-targeting strategies would be expected to provide more robust protection.

Blocking ABO buildup could halt disease progression and promote a healthy environment for

synaptic rewiring.

2.1.3 Accumulation of oligomeric species and larger aggregates is a characteristic feature and

potential therapeutic target in multiple neurodegenerative disorders

The accumulation of intrinsically disordered or misfolded proteins into oligomeric
species and larger aggregates is not unique to AD. It is a characteristic feature, as well as a
potential therapeutic target, in multiple other neurodegenerative disorders, including Parkinson’s
disease, Huntington’s disease, and amyotrophic lateral sclerosis (ALS)*°*3%!, In ALS, for

example, aggregates of superoxide dismutase 1 (SOD1) and TAR DNA-binding protein 43
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(TDP-43) are associated with death of upper and lower motor neurons, depending on the disease

subtype, leading to muscle weakness and wasting>%23%,

2.1.4 The small molecule NU-9 conferred protection in models of ALS

The small organic molecule (S)-5-(1-(3,5-bis(trifluoromethyl)phenoxy)ethyl)
cyclohexane-1,3-dione (NU-9) was developed to prevent aggregation of mutant G93A SODI1
and conferred protection in a cell model of ALS?%. Similarly, in the hSOD1 G93A and hTDP-43
A315T rodent models of ALS, NU-9 reduced levels of mutant protein, conferred protection to

upper motor neurons, and preserved limb function®"’

. NU-9 thereby demonstrated an ability to
protect neurons from dysfunction in two separate ALS translational models in which two
different misfolded protein species aggregate. However, its ability to prevent accumulation of

unstructured proteins in other neurodegenerative diseases has not been evaluated. In addition, the

mechanism of action by which it prevents this buildup has not been elucidated.
2.1.5 Could NU-9 protect against accumulation of ABOs?

In this study, we evaluated whether NU-9 could protect against accumulation of ApOs
implicated in AD and investigated key effectors of this protection. In neurons exposed to AP, we
identified the ability of NU-9 to prevent accumulation of neuron-binding ABOs. We
characterized the mechanism of NU-9, which acted on a cellular target and was lysosome- and
cathepsin B-dependent. Further, we determined that the buildup of cell-binding ABOs in cells
treated with AP monomer relied upon a cathepsin L- and dynamin-dependent trafficking
mechanism. Our work to identify key effectors that could mediate protection against different
types of misfolded protein aggregation or oligomerization will help to reveal the cellular

machinery involved in pathogenesis of ABO accumulation, illuminate the shared mechanisms by
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which unstructured proteins build up across separate neurodegenerative diseases, and provide

novel insight into interventions that might be effective against multiple diseases.
2.2 Results

2.2.1 Small molecule compound NU-9 reduces neuronal binding of ABOs formed from Af

monomer administered to cultured neurons

As a model for the accumulation of neuron-binding ABOs in a hippocampal cell
environment, we applied aggregation-prone AB42 monomer (500 nM, 30 min) to mature E18 rat
hippocampal neurons (18-25 div). Neuron-bound ABOs were then detected by
immunofluorescent labeling with the ABO-specific antibody NU2 and a dendrite-specific
antibody against microtubule-associated protein 2 (MAP2)!32. ABOs formed and bound along
dendrites in cells treated with AB42 monomer within 30 s (p = 0.0008, Figure 2.1A). This rapid
formation of oligomers is in line with previous observations®®*%. ABOs continued to increase in
number, size, and intensity over the measured time course. A second significant increase in
bound ABOs was observed between 10 and 30 min (p = 0.027). Therefore, the 30 min time point
was chosen for future incubations with A monomer, as a majority of ABOs had accumulated by

this timepoint.

To determine whether NU-9 confers protection against accumulation of ABOs, we
pretreated mature hippocampal neurons for 30 min with 3 uM NU-9 or DMSO vehicle, a
concentration which previously protected 90% of cortical neurons from proteasome inhibitor-

induced neurotoxicity*®

. Then, monomeric AB42 was applied to hippocampal neurons and
consequent ABO buildup was quantified. Pretreatment with NU-9 significantly suppressed ABO

accumulation on dendrites compared to the control (61%, p < 0.0001, Figure 2.1B). Across 10
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Figure 2.1 Small molecule compound NU-9 reduces neuronal binding of ABOs formed from
AP monomer administered to cell culture. /4. Af monomers added to cultured hippocampal
neurons rapidly form ABOs that bind to dendrites. Anhydrous A} monomer solution in DMSO
was applied to mature hippocampal neurons, 23 div, in conditioned media, at 500 nM, for 30
sec-1 h. After treatment, coverslips were washed and neuron-bound ABOs were detected by co-
labeling with NU2 and MAP2. (Left) Representative images of ABOs (green, NU2) bound to
dendrites (red, MAP2) of mature hippocampal neurons over 30 s to 1 h. (Right) Quantification of
the number of puncta per micron along dendrites was conducted using ImagelJ for 15 images in
each condition from two coverslips imaged. This overall trend was observed in a separate
culture. /B. Neuroprotective small molecule NU-9 suppresses APO accumulation on dendrites.
(Below) Representative images of ABOs (green, NU2) bound to dendrites (red, MAP2) of
mature hippocampal neurons following addition of 500 nM AB42 with or without 30-minute
pretreatment with 3 uM NU-9. (Above) Quantification of ABO puncta per pm along the
dendrites, which was conducted using ImagelJ, n = 20 images/condition. Data were analyzed by
ANOVA followed by post-hoc Dunnett’s T3 multiple comparisons test. (**** denotes p <
0.0001). This trend was replicated in 10 bio-replicates. /C. NU-9 reduces intracellular AFO
accumulation. Quantification of intracellular ABOs as measured by integrated fluorescent
density of NU2 divided by area of MAP2 signal was conducted using ImagelJ, n = 30 images per
condition. Data were analyzed by ANOVA followed by post-hoc Dunnett’s T3 multiple
comparisons test. (*** denotes p < 0.001, **** denotes p < 0.0001). /D. NU-9 does not reduce
neuronal binding of preformed ASOs. Quantification of ABO puncta per um along the dendrites
of mature hippocampal neurons following application of (left) 200 nM or (right) 30 nM
preformed ABOs with or without 30-minute pre-treatment with 3 uM NU-9. Analysis was
conducted using ImagelJ, n = 30 images/condition. Data were analyzed by ANOVA followed by
post-hoc Dunnett’s T3 multiple comparisons test. (**** denotes p < 0.0001 using t-test).
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experiments, this reduction ranged from 26-93%. These results robustly support the

ability of NU-9 to prevent the accumulation of neuron-binding ABOs.

To determine whether the reduction of dendritic ABO accumulation by NU-9 was the
result of ABO retention at the cell body, we tested the effect of NU-9 on ABO levels in the cell
body region. ABO levels in the cell body region were also reduced by NU-9 (Figure 2.1C, 57%,
p =0.0002). This indicates that NU-9 reduced overall buildup of ABOs within cells and bound to

dendrites.

The effect of NU-9 could be attributed to two potential causes. First, NU-9 might
stimulate degradation of fully formed ABOs or prevent their binding to neuronal receptors.
Alternatively, NU-9 might disrupt a step in ABO formation. Therefore, to investigate whether
NU-9 interferes with the binding of preformed ABOs, we first pretreated neurons with NU-9,
then applied one of two preparations of preformed ABOs (200 nM or 30 nM)*!°. The high
concentration preparation of ABOs contains both high molecular weight and low molecular
weight species?**. The population of the 30 nM ABO preparation contains a greater proportion of
high molecular weight ABOs®!!312, Pretreatment with NU-9 did not reduce the number of
preformed ABOs bound to dendrites in either condition (p = 0.57 for 200 nM, 0.35 for 30 nM,
Figure 2.1D). This result supports the conclusion that NU-9 does not prevent binding or cause

degradation of fully formed ABOs, but rather interferes with a step in ABO formation.
2.2.2 NU-9 reduces ABO accumulation on neurons by a cell-based mechanism

To examine whether NU-9 directly interferes with ABO formation from monomer in
solution, in the absence of neurons, neuronal culture media containing AB42 monomer was

incubated in the presence or absence of NU-9 and ABO levels were measured via dot blot. Pre-
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treatment with NU-9 did not reduce ABO formation in fresh media (p = 0.85 for 3 uM NU-9,
0.18 for 30 uM NU-9, 0.13 for 300 uM NU-9, Figure 2.2A). This result was also observed in
conditioned media containing NU-9 (p = 0.88, Figure 2.2A) or in conditioned media from cells
which had been pre-treated with NU-9 (p = 0.54). Thus, NU-9 does not act by directly blocking
APBO formation nor by inducing the release of AB-degradative factors such as MMP-2 or MMP-

9313 but rather modulates a cellular pathway to reduce APO accumulation.

To verify whether the effect of NU-9 occurs intracellularly, we tested whether NU-9
would still be effective at reducing dendritic ABO accumulation even if NU-9 were washed out
from the extracellular media prior to the addition of AB42 monomer. NU-9 remained able to
reduce ABOs bound to neurons even after washout (p = 0.0004, Figure 2.2B), further supporting

a cell-based mechanism for the reduction of ABO accumulation by NU-9.

Given that NU-9 reduces ABO accumulation by a cell-dependent mechanism, we
investigated whether dynamin-dependent endocytosis, which mediates internalization of A
species into neurons, is necessary for effectiveness of NU-921%31°_ To inhibit dynamin-dependent
endocytosis, we pretreated neurons with 80 uM dynasore. Unexpectedly, treatment with
dynasore alone also prevented ABO buildup (75%, p <0.0001, Figure 2.2C). This suggests that

the buildup of a major population of ABOs is dependent upon functional endocytosis.

We investigated whether NU-9 alters overall ABO levels or simply prevents the buildup
of a particular neuron-binding proteoform. We probed the level of unbound ABOs present in
extracellular media collected from neurons treated with NU-9 and AB42. In addition to the
formation of neuron-binding ABOs, monomeric AB42 also produced unbound, extracellular

APBOs, which were detected by dot blot. We found that NU-9 did not significantly reduce the
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Figure 2.2 NU-9 reduces ABO accumulation on neurons by a cell-based mechanism.
2A4. NU-9 does not reduce APO formation from Ap monomer in cell-free solution or from

conditioned media derived from NU-9 treated cells. Dot blots probed for ABO abundance (NU2).
The standard curve is 0-1000 fmol preformed ABOs (2= 0.99 for both). All experimental
solutions were prepared in triplicate. (Left) DMSO (control), AB, and NU-9 followed by AP were
added for 30 min each to conditioned media. In the bottom row, cells were treated with NU-9 for
30 min, then extracellular media was removed, and A} was added to the media for 30 min.
(Right) DMSO vehicle (control), AB, and NU-9 (3-300 uM) followed by AP were added to fresh
culture media for 30 min each. 2B. NU-9 reduces dendritic accumulation of ABOs even if washed
out prior to Ap addition. (Left) Representative images of neuron-bound ABOs (green, NU2 and
red, MAP2). (Right) Puncta/length were analyzed using ImagelJ, 30 images/condition. Data were
analyzed by ANOVA with post-hoc Dunnett’s T3 test. (* denotes p < 0.05, **** denotes p
<0.0001) Effectiveness of NU-9 after washout was observed in an additional bio-replicate. 2C.
APO buildup is dependent on dynamin activity. (Left) Representative images of neuron-bound
ABOs (green, NU2 and red, MAP2). (Right) Puncta/length were analyzed using ImagelJ, 30
images/condition. Data were analyzed by ANOVA with post-hoc Dunnett’s T3 test. (* denotes p
< 0.05, **** denotes p < 0.0001). Prevention of ABO buildup by dynasore was observed in an
additional bio-replicate. 2D. NU-9 does not alter the number of unbound, extracellular ABOs. A
dot blot labelled with NU2 was used to probe the level of unbound ABOs present in extracellular
media pretreated for 30 min with NU-9, followed by application of AP for 30 min. The left
column contains a standard curve from 0-1000 fmol premade ABOs (r* = 0.99 for 125-1000
fmol). The middle section (green) contain extracellular media from cells treated with vehicle
(Veh), AB, or NU-9 followed by AB (AP + 9), which were centrifuged to remove fibrils prior to
application on the dot blot. Each of three bioreplicates was spotted in duplicate. The right column
corresponds to the same media, uncentrifuged, in duplicate.
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number of unbound, extracellular ABOs in either supernatant (p = 0.6, Figure 2.2D) or
uncentrifuged solution (p = 0.3). This finding supports the conclusion that NU-9 does not reduce

total ABO levels but instead prevents buildup of a specific, neuron-binding proteoform.
2.2.3 Proteasome inhibition does not alter the effect of NU-9 on ABO accumulation

Because the proteasome is known to contribute to A degradation, we tested whether
NU-9 required functional proteasome activity to reduce ABO accumulation®**31¢317 We used
100 nM MG132 (30 min) to inhibit proteasome activity based on prior literature showing that
this concentration inhibits neuronal proteasome activity with very minimal neurotoxicity>'8.
Proteasome inhibition had no effect on formation of ABOs (p = 0.19, Figure 2.3A) or reduction
of ABO accumulation by NU-9 (p = 0.21). The observation that NU-9 does not require

proteasome activity to reduce ABO accumulation suggests that NU-9 does not act by directing

AP species to the proteasome for degradation but may instead rely upon other mechanisms.
2.2.4 Lysosome inhibition prevents the effect of NU-9 on ABO accumulation

In addition to the proteasome, the lysosome is a major contributor to degradation of AP
and ABOs*!*+319320 We tested whether lysosomal activity was necessary for reduction of ABO
accumulation. Inhibition of endo-lysosomal acidification using the v-ATPase inhibitor
bafilomycin A (100 nM, 30 min pretreatment) prevented the effectiveness of NU-9 (p = 0.0003,
Figure 2.3B). Matching these observations, vacuolin-1, which inhibits lysosomal maturation and
exocytosis (1 uM, 1 h pretreatment), also prevented the effect of NU-9 (p = 0.0007, Figure
2.3C). These results support the conclusion that NU-9 effectiveness is dependent upon the

functioning of mature, acidic lysosomes.
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Figure 2.3 Lysosome inhibition prevents the effect of NU-9 on APO accumulation 34.
Proteasome inhibition did not alter ABO accumulation or effectiveness of NU-9. (Left)
Representative images of ABOs (green, NU2) bound to dendrites (red, MAP2) of mature
hippocampal neurons to which were applied 500 nM AB42, with or without 30-min pretreatment
with 3 uM NU-9 and 30-min pretreatment 100 nM MG132. (Right) Quantification of ABO
puncta per um along the dendrites, which was conducted using ImageJ, n = 30 images/condition.
Data were analyzed by ANOVA followed by post-hoc Dunnett’s T3 multiple comparisons test (*
denotes p < 0.05, **** denotes p < 0.0001). This result was observed in an additional bio-
replicate. 3B. Effectiveness of NU-9 is dependent on endo-lysosomal acidification. (Left)
Representative images of neurons were pretreated first for 30 min with 100 nM bafilomycin A,
then for 30 min with 3 uM NU-9, and were finally exposed for 30 min to 500 nM AB. ABOs
were labeled with NU2 (green) and dendrites were visualized using MAP2 (red). Bafilomycin A
prevented the effect of NU-9 (p = 6.98 E-6). This condition was not significantly different from
AP treatment alone (p = 0.38), nor was AP + BafA (p = 0.37). (Right) Puncta/length were
analyzed using ImageJ, n=15 images/condition. Data were analyzed by ANOVA, followed by a
post-hoc Dunnett’s T3 multiple comparisons test. (*** denotes p < 0.001, **** denotes p <
0.0001). Data from a second bio-replicate also showed NU-9 effectiveness was prevented in the
presence of bafilomycin A. 3C. Effectiveness of NU-9 is dependent on lysosome maturation and
exocytosis. (Left) Representative images of ABOs (green, NU2) bound to dendrites (red, MAP2)
of mature hippocampal neurons to which were applied 500 nM AB42 with or without 30-min
pretreatment with 3 uM NU-9 and 1 h pretreatment 1 uM vacuolin-1. (Right) Quantification of
APBO puncta per um along the dendrites, which was conducted using ImageJ, n =30
images/condition. Data were analyzed by ANOVA, followed by a post-hoc Dunnett’s T3
multiple comparisons test (** denotes p <0.01, *** denotes p < 0.001, **** denotes p < 0.0001
using t-test). An additional bio-replicate demonstrated the same trend. 3D. NU-9 does not
increase lysosome acidity, size, or number. Following 30 min treatment of NU-9, integrated
fluorescent density of LysoTracker, indicating acidic lysosomes, was not altered (p = 0.73),
although it was significantly reduced with the addition of bafilomycin A (p = 0.0039). This trend
was observed across two bio-replicates. Lysosome number, size, and average intensity (correlates
with acidity) were unchanged with NU-9 (p = 0.92, 0.94, 0.65).
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To investigate whether NU-9 enhances lysosome acidity or turnover, LysoTracker was
used to reveal acidic compartments, comprising lysosomes and late endosomes. The number,
size, and average intensity, the last of which correlates with acidity, of these lysosomes were not
altered by NU-9 treatment (p = 0.99, 0.99, 0.87, Figure 2.3D), although these values were
significantly reduced by bafilomycin A, a lysosomal inhibitor (p = 0.0008, 0.0045, < 0.0001).
Therefore, although the effectiveness of NU-9 to reduce APO accumulation is dependent upon

lysosome functioning, NU-9 does not directly enhance lysosome number, size, or acidity.

2.2.5 The effect of NU-9 is mimicked by cathepsin L inhibition, but NU-9 does not inhibit

cathepsin L

We hypothesized that NU-9 may act via modulation of lysosomal enzymes. To test
whether the effectiveness of NU-9 required cysteine cathepsins, we pretreated neurons for 24 h
with the nonspecific cysteine cathepsin inhibitor E64 (10 uM) prior to application of NU-9.
Pretreatment with E64 alone significantly reduced ABO accumulation (p < 0.0001, Figure 2.4A),
mimicking the effect of NU-9. We conclude that general cysteine cathepsin inhibition can

prevent ABO buildup.

To test which cysteine cathepsin was responsible for the reduction of ABO accumulation
mediated by nonspecific inhibition, we first tested the effect of cathepsin L inhibition on ABO
accumulation. Cathepsin L expression is increased in the brains of individuals with AD, and both
expression and activity of cathepsin L are enhanced upon treatment of cortical neurons with AP,
leading to apoptosis®2!-32*, The specific cathepsin L inhibitor Z-FY-CHO (aka SB-412515, 10

uM, 1 h) reduced ABO buildup (p < 0.0001, Figure 2.4B), indicating that cathepsin L inhibition
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Figure 2.4 The effect of NU-9 is mimicked by cathepsin L inhibition, but NU-9 does not
inhibit cathepsin L. 44. Nonspecific cysteine cathepsin inhibition mimics the neuroprotective
effect of NU-9 in a nonadditive manner. (Left) Representative images of ABOs (green, NU2)
bound to dendrites (red, MAP2) of hippocampal neurons to which were applied 500 nM AB42,
with or without 30-min pretreatment with 3 uM NU-9 and 24 h pretreatment 10 uM E64. (Right)
Quantification of ABO puncta per um along the dendrites was conducted with ImageJ, n =30
images/condition. Data were analyzed by ANOVA, followed by a post-hoc Dunnett’s T3 test.
(** denotes p < 0.01, **** denotes p < 0.0001). This trend was replicated in a second bio-
replicate experiment. 4B. Specific inhibition of cathepsin L mimics the effect of NU-9. (Left)
Representative images of neurons that were pretreated first for 1 h with 10 uM cathepsin L
inhibitor FY-CHO, then for 30 min with 3 uM NU-9, and finally for 30 min to 500 nM Ap.
APBOs (green, NU2) bound to dendrites (red, MAP2) were visualized by immunofluorescence.
(Right) Puncta/length were analyzed using ImageJ, 30 images/condition. Data were analyzed by
ANOVA, followed by a post-hoc Dunnett’s T3 test. (**** denotes p < 0.0001). 4C. NU-9 is not
a direct modulator of cathepsin L activity. Percent activity for cathepsin L treated with 0.0003-
150 uM NU-9 was calculated based on the cleavage rate of 7-AMC from Z-FR-AMC. No
significant effect of NU-9 on cathepsin L activity was observed at any concentration. 4D. NU-9
does not modulate activity of intracellular cathepsin L. Mature hippocampal neurons were
treated with NU-9 for 30 min, then Magic Red was used to monitor intracellular cathepsin L
activity. Cells were treated in 3 wells, and 9-22 images were analyzed per condition. Integrated
fluorescent density for the lysosome inhibitor bafilomycin A (BafA) was significantly lower than
vehicle (p = 0.011) but not for NU-9 (p = 0.34).
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Figure 2.5 Control — inhibition of cathepsin L enzyme by cathepsin L inhibitor Z-FY-CHO.
Effect of 0.0003-150 uM standard inhibitor Z-FY-CHO on the cleavage rate of 7-AMC from Z-
FR-AMC by purified cathepsin L. Greater than 90% inhibition of enzyme activity was observed
for concentrations 0.003 uM or higher.

could be responsible for the prevention of ABO accumulation mediated by cysteine cathepsin
inhibition.

Based on this result, we further investigated whether NU-9 could act by inhibition of
cathepsin L. First, we measured whether NU-9 was a direct inhibitor of cathepsin L by
combining purified cathepsin L with its fluorogenic cathepsin L substrate Z-FR-AMC in the
presence or absence of NU-9. No direct effect of NU-9 (0.0003-150 uM) was observed on the
activity of purified cathepsin L (p = 0.95, Figure 2.4C, Figure 2.5). Therefore, we conclude that

NU-9 is not a direct inhibitor of cathepsin L.

To monitor any indirect, intracellular effect of NU-9 on cathepsin L activity, we used its
corresponding Magic Red assay kit, containing a cell-penetrant, fluorogenic substrate
specifically cleaved by cathepsin L. Neurons were treated with NU-9. However, mean and total

integrated fluorescence intensity was unchanged for NU-9 compared to vehicle (p = 0.34, Figure



59

2.4D). This result indicates that, although inhibition of cathepsin L produces a similar effect as
NU-9, NU-9 does not directly or indirectly modulate activity of intracellular cathepsin L. Rather,
we conclude that NU-9 and cathepsin L inhibitors may act independently to prevent ABO

buildup.

2.2.6 Cathepsin B is necessary for the effect of NU-9, but NU-9 does not directly activate

cathepsin B

In parallel with cathepsin L experiments, we also investigated whether the effectiveness
of NU-9 depended on cathepsin B activity. Cathepsin B is connected to AD in several key ways.
Cathepsin B is spatially associated with extracellular AP plaques in AD brain®**, and cathepsin B
trafficking to endosomes is also enhanced in the brains of AD patients*?>. Additionally, cathepsin
B colocalizes with A in secretory vesicles in a chromaffin cell model, where it is implicated in
the production of AP from APP3?°, Across a variety of models of AD, several authors have

327—329’ while

described neuroprotective roles in which cathepsin B reduces AP accumulation
Hook et al. described neurodegenerative roles in which cathepsin B could contribute to A
production26-339331 To test whether inhibition of cathepsin B alters ABO accumulation or the
effectiveness of NU-9 in our model, neurons were pretreated first for 24 h with 10 uM of the
specific cathepsin B inhibitor CA-074. Cathepsin B inhibition prevented the effect of NU-9 (p =

0.016, Figure 2.6A). These data support the conclusion that cathepsin B activity is essential for

the effect of NU-9.

Accordingly, to determine whether NU-9 is an activator of cathepsin B, we conducted a

cell-free assay in which NU-9 was combined with purified cathepsin B enzyme, and cleavage of
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Figure 2.6 Cathepsin B inhibition blocks the effect of NU-9, but NU-9 does not directly
activate cathepsin B. 54. Effectiveness of NU-9 is dependent on cathepsin B. (Left)
Representative images of neurons that were pre-treated first for 24 h with 10 uM CA-074, then
for 30 min with 3 uM NU-9, and were finally exposed for 30 min to 500 nM Ap. (Right)
Puncta/length were analyzed using ImageJ, 30 images/condition. Data were analyzed by
ANOVA, followed by a post-hoc Dunnett’s T3 multiple comparisons test. (* denotes p < 0.05,
*dx% denotes p <0.0001). CA-074 prevented the effect of NU-9 (p =0.016). 5B. NU-9 has
minimal direct effect on the activity of purified cathepsin B. Percent activity of purified cathepsin
B was calculated based on the rate of cleavage of the fluorogenic cathepsin B substrate Z-RR-
AMC to 7-AMC. A very modest direct effect of NU-9 (0.0003-30 uM) was observed on the
activity of purified cathepsin B (p = 0.0076). 5C. NU-9 has no effect on intracellular cathepsin B
activity. Mature hippocampal neurons were treated with NU-9 for 30 min, then Magic Red was
used to monitor intracellular cathepsin B activity. Three wells per condition were treated, and all
fields were analyzed, 48 images per condition. Integrated fluorescent density was significantly
lower for bafilomycin A treated cells than for vehicle (p = 0.013) but not for cells treated with
NU-9 (p =0.19).
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the fluorogenic cathepsin B substrate Z-RR-AMC was monitored. A negligible direct effect of
NU-9 (0.0003-30 uM) was observed on the activity of purified cathepsin B enzyme (Figure

2.6B, Figure 2.7).
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Figure 2.7 Control — inhibition of cathepsin B by CA-074. For the known cathepsin B
inhibitor CA-074, increasing inhibition of enzyme activity was observed at concentrations 2 uM
and above. The ICso was estimated at 5.56 pM CA-074 in this assay.

Since NU-9 had minimal direct effect on cathepsin B activity, we investigated whether
NU-9 had an indirect, downstream effect on cathepsin B activity within the neuronal
environment. A cathepsin B-specific Magic Red substrate was used to monitor the effect of NU-
9 treatment on intracellular cathepsin B activity. NU-9 did not significantly alter intracellular
cathepsin B activity (p = 0.19, Figure 2.6C). Based on these results, we conclude that, while NU-
9 promotes a cathepsin B-dependent mechanism to prevent ABO accumulation, NU-9 does not
directly or indirectly activate cathepsin B. Instead, it likely acts on a target that is cathepsin B-

dependent.
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2.2.7 NU-9 rescued memory performance in preliminary experiments

Given the suppression of ABO buildup effected by NU-9, we investigated whether NU-9
treatment in SXFAD mice would protect their memory. 5XFAD mice possess 5 mutations
associated with familial AD and rapidly develop ABOs and AP plaque pathology beginning at 2-
4 months of age??!*32333 Behavioral deficits in memory function are observed by 4-5 months of
age’®!. In 5XFAD mice, removal of ABOs by intranasal injection of an ABO-selective antibody

was previously shown to provide protection against memory loss?°!.

To test for potential protective effects of NU-9, Dr. Maira Bicca treated 10-month-old
5xFAD mice for about one month with 20 mg/kg NU-9 by oral gavage. In a preliminary
experiment, Dr. Bicca observed that 3 out of the 4 animals treated orally with NU-9 retained
memory function in a combined test of novel object recognition and novel location recognition,
while all 5 animals treated with vehicle control failed (Figure 2.8). This result indicates that
reduction of ABO accumulation of NU-9 has the potential to mediate neuroprotection such that
memory function is protected. Future studies will be conducted to probe this potential memory
protection by NU-9 using a larger cohort and to monitor whether NU-9 can protect against the

development of in-vivo pathology.
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Figure 2.8 NU-9 rescued memory performance in preliminary experiments. Dr. Maira
Bicca tested memory performance in 5XFAD mice. The quantification of exploration time for
new versus old objects, comparing baselines and post-treatment animals orally dosed with
vehicle and NU-9 (C9) for one month. Animals that had higher interaction time with the new
object were defined as not-impaired, successful results. A fifth NU-9 treated animal was
excluded from post-treatment analysis because it was considered an outlier due to preferential
interaction with the old object.
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2.3 Discussion

2.3.1 Summary

In this work, we identified the ability of the small molecule compound NU-9 to prevent
the accumulation of neuron-binding ABOs. This molecule was previously shown to provide
protection in ALS models, indicating potential translation of this paradigm to other
proteopathies. Reduction of ABO formation by NU-9 ranged from 26-93%. The mechanism of
NU-9 involves a cellular pathway that is dependent on intact lysosomal and cathepsin B activity.
Results additionally provide new insight into the formation of ABOs and their ability to reach
cell surface targets, an intracellular trafficking pathway which appeared to be cathepsin L- and
dynamin-dependent. Efficacy of NU-9, which acts cellularly, suggests its potential use as a

neuroprotective agent in reducing the ability of AP to form AD-causing ABOs.

2.3.2 NU-9 previously protected upper motor neurons against ALS proteopathies

NU-9 is a small molecule that was originally developed to prevent aggregation of mutant
SOD1 for protection against ALS. ALS is a neurodegenerative disease in which aggregates of
TDP-43 and SODI1 are associated with the degeneration of motor neurons, resulting in muscle
weakness*®. TDP-43 and SOD1 can form both large aggregates and smaller oligomers that
propagate in a prion-like manner, which may represent major instigators of neurodegeneration in
ALS*¥*337 The efficacy of NU-9 was previously established in two different translational animal
models of ALS*%-%7_ One model expressed mutant SOD1 and the other expressed mutant TDP-
43. Each of these aggregation-prone proteins are individually implicated in ALS, and expression
of either protein in rodents causes neurodegeneration of upper motor neurons and loss of limb

function. In each model, NU-9 protected upper motor neurons, and preserved limb function. In
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the SOD1 model, levels of misfolded protein were also measured by immunofluorescence and
were found to be reduced. These results indicated an ability of NU-9 to mitigate ALS
proteopathy. However, the exact mechanism by which NU-9 acts has remained unclear, and the
generalizability of NU-9 to combat other proteopathies aside from ALS had not been previously
studied. In this work, we evaluated the ability of NU-9 to prevent buildup of a key oligomer

formed in Alzheimer’s disease and investigated the cellular mechanism by which it acts.
2.3.3 ABOs cause neurodegeneration in AD

In AD, aggregation-prone A peptide accumulates in soluble oligomers known as
ABOs 929798100 \which cause AD pathology. APOs are elevated in the brains of individuals with
ADM0I54155157-159,163,164,294.295 a1y correlate with memory impairment! 4158162164 ABOs induce
tau phosphorylation, activation of astrocytes and microglia, synapse degeneration, and memory
loss!7181-184 preventing APO buildup by antibody treatment or anti-aggregation therapy protects

against memory loss!?%192:2982% In this work, we investigated the ability of NU-9 to prevent

ABO buildup.
2.3.4 NU-9 prevents the buildup of neuron-binding ApOs

In the context of AD-related oligomers, we observed that AR monomers formed AP
oligomers after application to cells for even a brief period. These ABOs bound to neuronal
dendrites in a punctate manner, and some were associated with the cell body region. NU-9
protected against that buildup of ABOs. NU-9 required cells to reduce ABO buildup and
remained effective even when washed out prior to introduction of A monomer. NU-9 was

effective when monomer was added to cells but did not block the binding of preformed ABOs to
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cells. Our results support the conclusion that NU-9 acts on a cellular target to prevent the

formation of neuron-binding ABOs.

The reduction of ABO formation by NU-9 ranged from 26-93% across experiments. This
range is attributed to a limitation of this model, which involves the application of exogenous,
monomeric AP to neurons in aqueous media. Formation of ABOs occurs rapidly in this

t%S. We hypothesize that a minority of the APO buildup on neurons results from the

environmen
very rapid oligomerization that occurs when AP is added to aqueous media. Given that NU-9 acts
on a cellular target to prevent ABO buildup from AP, extracellularly-formed ABOs would not be
affected by NU-9. Depending on the experiment, minor differences in timing might enable faster
extracellular oligomerization, reducing the observed effectiveness of NU-9. In AD, where a high

proportion of AP is formed intracellularly, in trafficking vesicles, it is predicted that NU-9 might

provide more complete and consistent suppression of ABO buildup.

We determined that the effect of NU-9 was lysosome and cathepsin B-dependent. NU-9
required lysosome acidity and intact endo-lysosomal fusion. The lysosomal enzyme, cathepsin B,
was also essential to the effectiveness of NU-9. Thus, we conclude that NU-9 prevents
proteopathy by a lysosome- and cathepsin B-dependent protective mechanism capable of
blocking the formation of neuron-binding ABOs. This novel effect of NU-9 indicates potential
therapeutic application to AD and supports the conclusion that NU-9 inhibits a general

mechanism of neurodegenerative proteopathy.
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2.3.5 NU-9 may restore trafficking of Ap to active lysosomes to prevent buildup of neuron-

binding ABOs

In AD patients and disease models, endo-lysosomal trafficking and lysosome function is
disrupted®**-%°, and AP accumulates in the late endosome and multi-vesicular
bodies®>101:102.105.107.113,115.314.340 Thjgq disrupted trafficking is implicated in the formation of
ABOs!'1% In fact, disruption of trafficking by Rab5 activation has been shown to reproduce

key factors of AD pathology>*!

. Additionally, genetic studies in late-onset Alzheimer’s disease
have identified numerous risk genes involved in endo-lysosomal trafficking®**-**¢. Given that
NU-9 reduces the buildup of neuron-binding ABO proteoforms by a mechanism that is
intracellular, and lysosome- and cathepsin B-dependent, we hypothesize that NU-9 restores the
trafficking of AP species to active lysosomes, where the formation of cell-binding ABOs can be
blocked by cathepsin B (Figure 2.9). Cathepsin B has been shown to proteolytically cleave
APB*7*47 and enhancement of cathepsin B levels by chemical modulation or viral delivery
reduced AP deposits and provided functional protection in AD models*?"*. Lysosome
acidification is also protective in AD, indicating that the lysosome is a critical site for modulation
of ABO formation®?°. NU-9 could promote trafficking to active lysosomes by activation of Rab7,
Rabl12, Rab9, or JNK-interacting protein 324333 or their downstream effectors such as Rab-

interacting lysosomal protein (RILP)*>!

. Modulation of trafficking by NU-9 represents a novel
avenue to protect neurons against ABO formation. Additionally, these results provide new

insight into key features of a trafficking mechanism that could be leveraged to provide protection

against multiple diseases.
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Figure 2.9 Proposed mechanism: NU-9 restores trafficking of Ap species to active
lysosomes. The proposed mechanism of action of NU-9 involves restoration of AP trafficking to
active lysosomes, where cathepsin B (CatB)-dependent processes can prevent formation of
neuron-binding ABOs. Additionally, the proposed mechanism of formation of neuron-binding
APBOs in this model involves internalization of AP, trafficking, and cathepsin L (CatL)-dependent
APBO formation, and release to bind dendrites. Neuron-binding ABOs are proposed to comprise a
high molecular weight (HMW) ABO. Figure created with BioRender.com.

2.3.6 Alternative possible mechanisms for NU-9

Alternative mechanisms for NU-9 could involve promotion of cathepsin B trafficking to
the lysosome by stabilization of mannose-6-phosphate receptors, which deliver newly
synthesized pro-cathepsins to the late endosome for maturation and delivery to lysosomes®>2.

However, this mechanism is unlikely, because these receptors are also responsible for delivery of
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cathepsin L, which our results implicated in ABO formation, to late endosomes. Alternatively,
NU-9 may activate an AB-modulating enzyme or chaperone, such as an endothelin-converting
enzyme, matrix metalloproteinase, or phospholipase D family member 3 (PLD3) to suppress the
formation of neuron-binding ABOs***~35%. However, cathepsin-B dependence of a particular
intracellular AB-modulating enzyme or chaperone is not clear. As another possibility, cathepsin
B may prevent formation of a key APO formation mediator such as GM1 ganglioside,
maintaining manageable basal levels for NU-9 to inhibit. Cathepsin B also protects against
buildup of intracellular cholesterol, which has also been reported to contribute to ABO formation

356

and buildup’>°. However, these alternative explanations are less likely because cathepsin B
inhibition alone did not increase ABO buildup significantly. As an additional conclusion, the
cathepsin B-dependence of NU-9 also suggests that this compound acts via a mechanism specific
to neurons, as cathepsin B has been shown to degrade AP specifically in neurons®>’. Therefore,

NU-9 is hypothesized to promote endo-lysosomal trafficking of AP in neurons, thereby

preventing the accumulation of neuron-binding ABOs.
2.3.7 Neuron-binding APO buildup from exogenous Ap is dynamin-dependent

Our results further shed light on the mechanism of ABO formation in this model. Prior
literature supported dynamin-dependent endocytosis as a key mechanism for the internalization
of AP species in neurons’!'*3!>3% Our results show that the buildup of neuron-bound ABOs is
dynamin-dependent. One limitation of this work was the use of the standard dynamin inhibitor,
dynasore, which is known to cause off-target effects, including alteration of cholesterol levels.
Cholesterol alterations could disrupt ABO formation or the formation of ABO-binding lipid rafts

independently of endocytosis. Future experiments to confirm the effect of dynamin versus
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cholesterol will be informative to clarify this point. However, the effect of dynasore to block
dynamin-dependent endocytosis of A species has been well established. As such, our results
support the conclusion that the formation of neuron-binding ABOs relies on dynamin-dependent
endocytosis. Several literature reports state that ABOs most likely form intracellularly in disease
upon concentration in late endosomes or lysosomes, which can then be released from cells to
bind at synapses®>!°1:192_ Our findings support this literature and provide neuronal evidence that
intracellularly formed ABOs comprise a major sub-population of neuron-binding, disease-
relevant ABO species. This new mechanistic insight raises the possibility that inhibition of AP
endocytosis could provide a therapeutic avenue to prevent the formation of neuron-binding

ABOs.
2.3.8 Cellular ABO formation is cathepsin-L dependent

Another key insight obtained into the mechanism of cellular ABO formation was a
dependence upon activity of cathepsin L. We observed that cathepsin L inhibition prevented the
buildup of neuron-binding ABOs. Boland et al. demonstrated that expression and activity of
cathepsin L both are enhanced upon treatment of cortical neurons with AB*%*. Further, Islam et
al. noted that cathepsin L activation leads to cleavage of lamin B and caspase 3, degrading

322 We hypothesize that cathepsin L may contribute to

nuclear structure and instigating apoptosis
APBO formation by impairment of lysosomal function due to nuclear destabilization in response
to A treatment. Regardless of the mechanism, our work provides the first evidence that

cathepsin L activity is necessary for ABO buildup. These results thereby offer new insight into

the mechanism of APO accumulation. Further, these findings support the use of cathepsin L

inhibition as a possible intervention to prevent ABO buildup.
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2.3.9 Future directions

Future directions of this work could provide additional insight into the precise details of
cellular ABO formation, the mechanism by which NU-9 inhibits ABO buildup, and the effects of
NU-9 on endogenous formation of ABOs. Regarding cellular ABO formation, proteomic or other
structural analysis could be used to identify which ABOs are prevented from forming when
dynamin is inhibited. This would provide insight into the structural features of the neuron-
binding ABOs that form by an intracellular mechanism. Additionally, future experiments could
be used to establish whether cathepsin L contributes to ABO buildup by cleavage of lamin B and
caspase 3. These investigations would help to illuminate additional effectors that can be targeted

to protect neurons in AD.

To identify the exact target of NU-9, a photoaffinity pulldown experiment could be used.
This experiment will clarify the exact mechanism by which NU-9 inhibits proteopathy.
Identification of the target will also provide a basis for structure-guided optimization to develop
more potent molecules. To identify whether NU-9 mediated protection against the formation of
neuron-binding APOs results in functional protection of memory and AD-relevant pathology, the
effect of NU-9 will be tested on a larger cohort of SXFAD model mice. Additionally, the effects
of NU-9 on buildup of physiologically relevant ABOs could be tested in the chick retina. In chick

retina, transient ABO expression occurs during embryonic development'!.

Finally, future experiments could be pursued to determine the breadth of oligomeric

proteins altered by NU-9. Genc et al. demonstrated that NU-9 was capable of preventing buildup

160

of misfolded SOD1 in upper motor neurons in a transgenic ALS model®. Our present work

demonstrates that NU-9 also inhibits the accumulation of neuron-binding ABOs in a cell model
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of AD. Future experiments to determine whether NU-9 also protects against formation of
oligomers of a-synuclein, phosphorylated tau, or huntingtin will help to illuminate the extent to

which NU-9 can be used to protect against neurodegeneration in general.
2.3.10 Potential therapeutic application of NU-9

Our results demonstrated the ability of NU-9 to inhibit the buildup of ABOs, an effect
which suggests a potential therapeutic application. Robust evidence from animal models and
clinical trials indicates that the removal of ABOs can slow or stop cognitive loss in AD"*
192.298.299 ° A5 such, prevention of ABO buildup by NU-9 would be a valuable therapeutic tool. To
that point, one post-mortem study found that more than half of individuals diagnosed with
probable AD have mixed pathology, including both AP plaques and tau tangles but also TDP-43
aggregates and/or a-synuclein aggregates®’. In cases of mixed pathology, the additional
proteopathies may contribute to neurodegeneration. The ability of NU-9 to target shared
mechanisms of protein oligomerization could therefore be a powerful asset for the effective

treatment of mixed pathology in neurodegeneration.

Further, the mechanistic information obtained in this work could be used to inform the
potential therapeutic use of NU-9. For example, given that NU-9 is lysosome dependent, a
potential synergistic effect could be achieved with the use of NU-9 in combination with
lysosome activators. Additionally, NU-9 could be used to block the intracellular formation of
new ABOs in combination with an ABO-neutralizing agent that would simultaneously remove
pre-existing extracellular ABOs. Lastly, the fact that NU-9 prevents the buildup of neuron-

binding ABOs but does not block binding of pre-existing APOs suggests that this compound
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could serve as a preventative agent to provide protection in early disease such as mild cognitive

impairment.

2.3.11 Conclusion

In conclusion, a potential therapeutic against formation of cell-binding ABOs was
identified and a lysosome-dependent mechanism involving differential roles for cathepsin B and
cathepsin L was elaborated. These findings will be valuable towards understanding the shared
mechanisms of unstructured protein accumulation in various neurodegenerative diseases and

begin to provide novel insight into interventions that might be effective against multiple diseases.

2.4 Materials

Materials used in this research and the commercial sources are as follows: 1,1,1,3,3,3-
hexafluoro-2-propanol (HFIP) (Sigma-Aldrich, 52517), 7-amino-4-methylcoumarin, 99%
(Sigma-Aldrich 257370-100MG), 96-well plates (Greiner Bio-One 655076), 96-well polystyrene
poly-D-lysine microplate (Fisher Scientific 07-000-190), amyloid beta (Peptides International
PAM-4349) anti-tubulin -3 (TUBB3, Fisher Scientific 501029522), bafilomycin A1 (Sigma-
Aldrich B1793-2UG), bovine serum albumin (Pierce 23209), Bradford assay reagent (Thermo
Scientific 23238), Brij® L.23 solution (Sigma-Aldrich B4184), CA-074 (Cayman Chemical
24679), cathepsin L from human liver (Fisher Scientific 50-489-704), cover glass 12 mm (Fisher
Scientific 12-545-80P and 12-545-81P), CPCA-MAP2 (EnCor Biotechnology CPCA-MAP?2),
culture dishes 35 mm (Fisher Scientific 08-772A), dimethyl sulfoxide (Sigma-Aldrich D2650-
5X5ML), dynasore (Cayman Chemical 164062), E18 rat tissue (Transnetyx SDEHCV), E64
(Sigma-Aldrich 324890-1MQG), formaldehyde solution 37% (Sigma-Aldrich F8775-500ML),

goat anti chicken IgY secondary antibody Alexa Fluor 568 (Thermo Fisher Scientific A11036),
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goat anti-chicken IgY secondary antibody Alexa Fluor 488 (Molecular Probes A11039), goat
anti-mouse IgG secondary antibody Alexa Fluor 488 (Fisher Scientific A11029), goat anti-mouse
IgG secondary antibody Alexa Fluor 568 (Fisher Scientific A11004), Ham's F12 medium
(Caisson Labs HFL05-500ML), Hibernate E minus calcium (Transnetyx HECA), Hibernate®
EB Complete (Transnetyx HEB), human amyloid beta (1-42) (Peptides International, PAM-
4349), L-glutamic acid (Calbiochem 3510), LysoTracker Red DND 99 (Thermo Fisher
Scientific L7528), MG132 (Millipore Sigma 474787-10MG), microcentrifuge tubes (MIDSCI
AVX-T-17-LC and AVX-T-06-LC), NbActivl® (Transnetyx NB1), NbActiv4® (Transnetyx
NB4 and NB4PR500), Neurobasal media (Thermo Scientific 21103049), nitric acid (Fisher
Scientific A200-500), nitrocellulose membrane (GE 10600003), normal goat serum (Fisher
Scientific ICN19135680), papain (Sigma-Aldrich P4762), peroxidase-linked anti-mouse-IgG
secondary antibody (Fisher Scientific NA931), poly-D-lysine (Sigma-Aldrich P6407), Prolong
Diamond mountant (Thermo Fisher Scientific P36862), SuperSignal West Femto Maximum
Sensitivity Substrate (Fisher Scientific PI34095), Triton X-100 (Sigma-Aldrich T9284-500ML),
Tween-20 (Sigma-Aldrich P1379), vacuolin-1 (Cayman Chemical 20425), Z-Arg-Arg-7-amido-
4-methylcoumarin hydrochloride (Sigma-Aldrich C5429-5MGQG), Z-FR-AMC (Cayman Chemical

34045), Z-FY-CHO aka SB-412515 (Cayman Chemical 23249).
2.5 Methods
2.5.1 Ap film preparation

AP films were originally prepared according to the method of Lambert, et al and Chromy,
et al®!*>31% The resulting 0.451 mg AP films were stored at -80 °C over desiccant until use.

Miniature A films were prepared from 0.451 mg films by a modified version of the previous
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procedure. To 0.451 mg films was added 1.25 mL ice-cold HFIP using a Hamilton syringe. The
vial was tilted and incubated for 1 h at RT, and then chilled on ice prior to aliquoting 100 pL per
tube into 0.6 mL microcentrifuge tubes on ice. HFIP was evaporated as previously described,

and the resulting aliquots of 36 ng AP were stored at -80 °C over desiccant until use.
2.5.2 Amyloid beta oligomer preparation

For experiments using preformed oligomers, ABOs were prepared according to the
method in Lambert, et al*!°. For the 200 nM concentration, ABOs were prepared at
approximately 1 uM in Ham’s F12 media and exact concentration was calculated by the
Bradford assay. This solution was diluted to 200 nM in conditioned media for cell treatment to
account for potential loss of AP to the plastic during formation from monomer in the dish. For
1311

the 30 nM concentration, oligomers were formed according to the procedure in Velasco, et a

in warm Neurobasal media. For cell treatment, media was replaced with this solution.
2.5.3 Hippocampal neuron cell culture

1 pair of combined E18 Sprague-Dawley rat hippocampus, cortex, and sub-ventricular
zone tissue was obtained fresh from Transnetyx and cultured according to the manufacturer’s
protocol, based on the procedures from Brewer et al.>*%3!_ Cells were diluted to 0.11-0.22
million/mL and plated at 0.15 mL/coverslip directly onto sterile poly-D-lysine coated 12 mm
circular coverslips, which were prearranged 4/dish in 35 mm culture dishes. This yielded a
density of approximately 15,000 cells/cm?. Cells were fed 4 days after plating by half-media
exchange with NbActivl, and subsequently every 2-3 days by half-media exchange with

NbActivl.
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2.5.4 Hippocampal neuron cell treatment

Mature hippocampal neurons at 18-25 div were pretreated first with any inhibitors of
interest including: dynasore (80 uM, 30 min), MG132 (100 nM, 30 min), bafilomycin A1 (100
nM, 30 min), vacuolin-1 (1h, 1 uM), E64 (10 uM, 24h), Z-FY-CHO aka SB-412515 (10 uM,
1h), CA-074 (10 uM, 24h), or the corresponding DMSO vehicle in conditioned media. In some
cases, two pretreatments with inhibitors were carried out one after another. These interventions
were followed by 30 min incubation with 3 uM NU-9 (or alternative, stated concentrations) or
DMSO vehicle, and finally by 30 min application of 500 nM A or 30-200 nM ABOs and the
corresponding DMSO, neurobasal, or F12 vehicle. At all stages, previous compounds were not
removed. To add subsequent treatments, half of the media was removed from each dish, and a 2x
solution of the next treatment was prepared in that conditioned media, which was then added
back to the dish and mixed to apply the treatment at the desired concentration. For
immunofluorescence experiments, cells were washed with sterile PBS prior to fixation with
formaldehyde. For biochemical experiments of extracellular, unbound ABOs, media was
removed from each dish after mixing well, and analyzed fresh or was flash-frozen and stored at -

80 °C prior to analysis.

2.5.5 Immunofluorescence

After washing with sterile PBS, coverslips were fixed by addition of an equal volume of
3.7% formaldehyde solution for 10 min, followed by replacement with 3.7% formaldehyde for
10 min. Coverslips were washed three times with PBS and blocked with 5% normal goat serum,
0.1% Triton X-100 in PBS overnight at 4 °C or for 1h at RT. Primary antibodies NU2 (1-

2ug/mL, in-house) and CPCA-MAP2 (1:10,000) were added in 10% blocking buffer overnight at
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4 °C. Occasionally, other antibodies were used instead of MAP2 for labeling neuronal processes,

including anti-tubulin -3 (1:2000).

Coverslips were then washed three times with PBS and secondary antibodies, goat anti-
mouse Alexa Fluor 488 or 568 (1:2000) and goat anti-chicken Alexa Fluor 568 or 488 (1:2000)
were added in a solution of 10% blocking buffer in PBS, for 3h, at RT, in the dark. Coverslips

were washed three times and mounted in Prolong Diamond Antifade mountant with DAPI.

Images were collected using a Leica DM6B fluorescent microscope using the 63x
objective. Using the Leica LAS-X software, 3D deconvolution was applied for 3 iterations, and

subsequently maximum projections were obtained for each image.

2.5.6 Analysis of APO binding assay

APBO binding analysis was conducted on immunofluorescent images in which a structural
reference antibody, most commonly MAP2, but also including -3 tubulin, was used as an
indicator of neuronal processes. ImageJ was used for analysis, using macros included in the
Appendix. Briefly, tiff images were assigned random numbers to avoid bias during analysis, and
then cell bodies were manually traced and deleted for each image to eliminate signal from
nonspecific antibody accumulation in the cell body. Then, the signal from different wavelengths
was split. To calculate total dendrite length in each image, a Gaussian blur was applied to the
MAP?2 signal, and the signal above an equal threshold for each image was skeletonized, and the
total length of the skeleton was measured. To calculate the total ABO puncta along processes,
again a Gaussian blur was applied to the dendrite signal, and the signal above an equal threshold
was selected. Then, the signal was dilated to encompass the area around the dendrites by 15

dilations. The area around the dendrites was used as a selection, and within the selection area,
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Imagel particle analysis and summary was used to count the NU2 puncta above an equal
threshold for each image. Thresholds were chosen based on one or two positive and negative
control images. Total NU2 puncta were divided by the total dendrite length to calculate the ABO

puncta/micron.

2.5.7 Cell-free incubation of Ap

For experiments using fresh NbActivl media: NU-9 or an equal volume of DMSO
vehicle was added to fresh media and incubated for 30 min, 37 °C in the absence of cells. For
experiments with conditioned media: NU-9 was added to one dish of cells, while conditioned
media from other dishes was removed and NU-9 or DMSO vehicle was added and incubated for
30 min, 37 °C in the absence of cells. Then, media from the NU-9 treated dish was removed to a
cell-free microcentrifuge tube, and 500 nM AP or an equal volume of DMSO vehicle was
applied to all solutions, mixed well with a pipet, and incubated in a cell-free environment for 30
min, 37 °C. Following this treatment, all tubes were placed on ice, centrifuged at 14,000 rcf, 10

min, 4 °C, to remove any fibrils, and the top 80% was used for analysis.

2.5.8 Dot blot biochemical assay of Af

Samples were diluted 25-30x using additional media, and 200 puL of each was quickly
loaded on a pre-wet nitrocellulose membrane using a Whatman Minifold dot blot system. For the
standard curve, standard solutions at 0-5 nM of preformed F12 ABOs were prepared in duplicate
and loaded at 200 uL per well to achieve a curve from 0-1000 fmol per spot. A vacuum was
applied to concentrate samples on the solution, and then 200 pL Tris-buffered saline (20 mM
Tris, 150 mM NaCl, pH 7.4, TBS) was used to wash all wells of the manifold and then vacuum

was re-applied. The membrane was allowed to dry briefly, and subsequently a blocking solution
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comprised of 5% milk was made in TBS with 0.1% Tween-20 (TBS-T) and applied for 1h, RT,
on a rocking shaker. The membrane was next incubated with primary antibody solution of 1-2
pg/mL of NU2 for 90 min, RT, and was washed 3 x 10 min each, with TBS-T, prior to
application of 1:20,000-1:40,000 peroxidase-linked anti-mouse-IgG secondary antibody for 1 h,
RT, on a rocking shaker. Finally, the membrane was washed 3 x 10 min each, with TBS-T and 3
times, quickly, with doubly-deionized water. West Femto Maximum Sensitivity
chemiluminescent substrate was applied according to the manufacturer's instructions, at half-
strength or full-strength, as needed, and membranes were imaged using a Sapphire Biomolecular

Imager.

2.5.9 Lysosome characterization using LysoTracker

In conditioned media, bafilomycin A1l (100 nM, 1 h) was applied to cells, followed by
NU-9 (3 uM, 30 min). Then, media was replaced with warm, transparent NbActiv4 media,
containing LysoTracker Red DND 99 used according to the manufacturer’s instructions, at 75
nM for 30 min. Cells were washed 1x into transparent NbActiv4. Immediately prior to imaging
with the 5x objective on a Leica DM6B fluorescent microscope, each coverslip of cells was

inverted onto a glass slide. Imaging was conducted quickly to avoid coverslips drying out.

2.5.10 Cathepsin B purified activity assay

Conditions were based on a protocol published by Sigma-Aldrich 3¢

and assays
developed by Barrett and coworkers 234, 0.1% Brij solution was prepared from Brij L23 in
doubly-deionized water. Stocks of test compound NU-9 and the standard inhibitor CA-074 were
prepared by serial dilution into 0.1% Brij solution. Assay buffer, 0.1% Brij solution, and

compound solutions were added to a black, flat-bottom 96-well plate. A fresh solution of 5 uM
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7-amino-4-methylcoumarin (7-AMC) in 0.1% Brij was added to create a standard curve from
0.4-02 uM. A fresh solution of the fluorogenic substrate, Z-Arg-Arg-7-amido-4-methylcoumarin
hydrochloride (Z-RR-AMC), was prepared in 0.1% Brij solution and added to the assay plate at
60 uM. The assay plate was subsequently warmed to 40 °C prior to addition of the enzyme
solution. The enzyme solution was added at 0.13 U/mL, wells were mixed, and the formation of
the fluorogenic substrate was monitored with a Synergy Neo 2 plate reader at an excitation of

348 nm and emission of 440 nm every 20 sec over 30 min.

2.5.11 Cathepsin L purified activity assay

Assay conditions were developed based on the method of Barrett, Mason, and
coworkers*®* 3%, Stock solutions of NU-9 and the standard inhibitor Z-FY-CHO were prepared
by serial dilution in doubly-deionized water and diluted into the assay buffer in a 96-well plate at
final concentrations of 0.0003-150 uM. To prepare a standard curve, solutions of 7-AMC were
diluted into a 96-well assay plate for final concentrations 0-2 uM in assay buffer. Substrate stock
was prepared by dissolving N-[(phenylmethoxy)carbonyl]-L-phenylalanyl-N-(4-methyl-2-o0xo-
2H-1-benzopyran-7-yl)-L-argininamide, trifluoroacetate salt (Z-FR-AMC) to 1 mM in DMSO.
The substrate solution was added to the 96-well assay plate at 1 uM Z-FR-AMC. Purified
cathepsin L enzyme from human liver was added at 25 ng/mL into 0.1% Brij solution containing
I mM DTT and incubated for 40 min at 4 °C to activate the enzyme. Then, the enzyme was
further diluted in activating solution to prepare an enzyme solution at 8.7 ng/mL. The assay plate
was mixed well and preincubated without the enzyme for 5 min at 30 °C. Then, activated
cathepsin L enzyme was added into the 96-well plate for a final concentration of 0.87 ng/mL,

approximately 2.3 pU/mL based on manufacturer analysis. Cleavage of substrate to the
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fluorogenic product 7-AMC was monitored using a Synergy Neo 2 plate reader with excitation at

348 nm and emission at 440 nm every 40 sec over 30 min.

2.5.12 Intracellular cathepsin activity assays

For cathepsin activity assays only, neurons were grown in a sterile, clear poly-D-lysine-
coated 96-well plate. Dissection and dissociation were carried out as previously described, and
E18 hippocampal neurons were plated at 20,000-40,000 cells/well in 100 uL media. Cells were
fed by addition of 100 pL NbActivl media after 4 days, then every 2-3 days by /2 media
exchange with fresh NbActivl. Cells were used at 21-25 div. For experiments, cells were treated
in conditioned media, first with 100 nM bafilomycin A1 for 30 min at 37 °C, then 3 uM NU-9
was added for another 30 min at 37 °C. Magic Red reagents for CatB and CatL were solubilized
according to the manufacturer’s instructions, then diluted to the recommended concentration in
transparent NbActiv4 media. This freshly made Magic Red-containing media was used to
replace treatment media, and the plate was incubated for 30 min at 37 °C. In some experiments,
Hoescht 33342 was added at 0.1 mg/mL for 5 min at 37 °C to label nuclei. Cells were washed 1x
with warm, clear NbActiv4 media prior to imaging using the 40x objective of a Molecular
Devices ImageXpress High Content Imaging Robotic Platform. During imaging cells were

maintained at 37 °C in the microscope.

2.5.13 Novel object and novel placement recognition assay

Twelve SxFAD mice were bred on the slow-onset background. These animals received
either vehicle control or NU-9 by gavage (20 mg/kg) daily for one month. Locomotion and
memory performance were evaluated prior to treatment, by measuring rearings and crossings,

and using the novel location recognition and novel object recognition assays, and animals were
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evenly distributed into treatment and vehicle groups**®2%’. In these assays, animals were first
habituated for 6 min to an open-field testing arena made of polyvinyl chloride with dimensions
of 21 x 21 x 12”. A visual cue was attached to one wall of the arena. Animals first were
presented with two plastic objects during a 6 min training session. Next, to assess novel object
recognition, one object was replaced with a novel object. Finally, to assess novel location
recognition, the novel object was displaced. The percentage of time spent interacting with each
object was quantified by the experimenter. Following treatment, a novel object was displaced as

a measure of both hippocampus- and cortex-dependent memory.
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CHAPTER 3: DISRUPTION OF AMYLOID BETA OLIGOMER ACCUMULATION AND

TAU PHOSPHORYLATION BY NNOS INHIBITION
3.1 Introduction: Alzheimer’s disease and nNOS
3.1.1 ABOs trigger tau phosphorylation and neurodegeneration

Alzheimer’s disease (AD) is the most common cause of dementia, which afflicts
approximately 1 in 9 people age 65 and older®. The histopathological diagnosis of AD is based
on the presence of amyloid B (AB) plaques and neurofibrillary tangles of hyperphosphorylated

tau protein®®

. However, the presence of AP plaques does not ensure AD development, and the
density of AP plaques does not correlate well with cognitive decline®®’. Rather, soluble
oligomers of AP (ABOs) instigate neurodegeneration>*!7+178:181-184 ' AB( levels can be used to
detect AD in very early stages and correlate with cognitive impairment throughout
disease!40138:162-164 ' ABOs cause neurodegeneration in multiple ways, including by instigating
oxidative and nitrosative stress, triggering inflammation, impairing autophagic machinery, and,

importantly, inducing phosphorylation of tau protein3#286-370-372,

The binding of extracellular ABOs to neuronal receptors triggers intracellular signaling
cascades that result in aberrant post-translational modification of proteins®’>*7*. While these
modifications are typically important for modulating protein activity to maintain homeostasis,
aberrant post-translational modifications can lead to cellular dysfunction. For example, aberrant
cysteine nitrosylation of several proteins is observed in AD brains, causing the activation of
multiple tau kinases and the inhibition of a key chaperone; these post-translational modifications
may contribute to tau hyperphosphorylation, synapse damage, and further protein

aggregation®%%37%, Additionally, the binding of ABOs to receptors triggers intracellular tau
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hyperphosphorylation!®’*7>. Hyperphosphorylation alters the function of tau, leading to
mislocalization, aberrant protein interactions, and eventual formation of the characteristic
neurofibrillary tangles®’>-*”. Thus, hyperphosphorylated tau mediates a substantial portion of
downstream ABO-induced neurotoxicity***-*%2, However, the mechanisms by which APO binding
triggers intracellular tau phosphorylation and cysteine nitrosylation have not been well

elucidated.
3.1.2 Connection between nNOS and APO binding

Mechanistically, ABOs are known to activate the N-methyl-D-aspartate receptor

(NMDAR), a ligand-gated calcium channel (Figure 3.1)?!63%3-384 One of four drugs currently
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Figure 3.1 Mechanism of NMDAR and nNOS-dependent excitotoxicity. ABOs and glutamate
activate the N-methyl-D-aspartate receptor (NMDAR), causing local calcium ion influx.
Memantine is an NMDAR inhibitor. Because neuronal nitric oxide synthase (nNOS) is
physically linked to the NMDAR via postsynaptic density protein 95 (PSD95), the local calcium
influx enables calmodulin (CaM) to activate nNOS, which produces nitric oxide (NO) that
contributes to excitotoxicity downstream. Created with BioRender.com.
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used to treat AD, memantine, is an NMDAR antagonist that inhibits acute downstream reactive
oxygen species formation and calcium influx following exposure to ABOs>**. Throughout the
course of AD, in addition to NMDAR activation, dysregulation of other calcium channels, such
as the ryanodine receptor, also contribute to increasing intraneuronal calcium in AD3¥*86, The
excitotoxicity following ABO-induced calcium influx could be mediated by neuronal nitric oxide
synthase (nNOS). nNOS is physically linked to the NMDAR via postsynaptic density protein 95
(PSD95)*738 When the NMDAR is activated, the subsequent local calcium influx enables

calmodulin to activate nNOS*°-3%2,
3.1.3 Physiologic and pathologic roles of nNOS

Activation of nNOS causes increased production of nitric oxide (NO), which under
normal conditions allows a functional response: activation of soluble guanylate cyclase,
triggering cyclic guanosine monophosphate (cGMP)-mediated downstream activation of protein
kinase G and cAMP response element-binding protein (Figure 3.2)**33%. These processes
underlie the normal signaling functions of nNOS, which include long-term potentiation and
blood vessel dilation®*”’. In early AD, increased activation of nNOS has been proposed to provide

a compensatory mechanism by which neurons enhance synaptic signaling®®

. However, over the
long term, overactivation of nNOS mediates excitotoxicity by excess cysteine nitrosylation and
tyrosine nitration of protein targets and by contributing to nitrosative stress>’*>?%. For example, in
a mouse model of glutamate-induced excitotoxicity, disruption of the PSD95/nNOS interaction
rescued neurons from cell death’**4%, Additionally, a nonselective inhibitor that targeted
multiple isoforms of nitric oxide synthase (NOS) and NMDAR activity was also neuroprotective

401

against glutamate-induced excitotoxicity™ . Overall, these results point to nNOS as a mediator of
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Figure 3.2 Mechanism of physiological NMDAR/nNOS signaling. Physiological levels of
glutamate and possibly amyloid beta oligomers ABOs activate the NMDAR to trigger local
calcium influx, which activates neuronal nitric oxide synthase (nNOS) via calmodulin (CaM)
binding. Activated nNOS produces nitric oxide (NO), which activates soluble guanylate cyclase
(sGC), triggering cyclic guanosine monophosphate (cGMP)-mediated downstream activation of
protein kinase G (PKG) and cAMP response element-binding protein (CREB), which mediate
synaptic plasticity. Created with BioRender.com.
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neurodegeneration downstream of NMDAR activation and dysregulated calcium influx.
However, it is currently unclear whether nNOS activation overall plays a neuroprotective or

neurodegenerative role in ABO-induced AD pathology.
3.1.4 Evidence for the overactivation of nNOS in AD

The loss of nNOS-expressing neurons in the hippocampus of AD patients suggests that

nNOS overactivation may contribute to AD neurodegeneration*>*®*, Evidence for nNOS
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overactivation in the AD brain includes excess nitrosylation of cysteines?$6:44+-406 Although
nitrosylation of cysteine targets serves a functional role at physiological levels, overactivation of
this pathway has been implicated in neuronal dysfunction. Also increased in the AD brain is the
chemically distinct, NO-dependent nitration of protein tyrosine residues*’’. Work by Liith and
coworkers suggests that nNOS is responsible for tyrosine nitration in neurons, while other
isoforms of NOS including inducible NOS (iNOS) and endothelial NOS (eNOS), produce the

408 However, iNOS is capable of producing higher levels of NO,

majority of NO in glial cells
which may diffuse from where it is produced in glial cells to have downstream consequences in

neurons>®’. As such, the relative contribution of nNOS to NO-dependent changes in the AD brain

remains unknown.
3.1.5 Potential targets of nNOS in AD

Several targets altered by nitric oxide in AD could be triggered by nNOS overactivation
(Figure 3.3). Two prominent tau kinases, glycogen synthase kinase-33*% and cyclin-dependent

kinase 5°%7

, are both activated by nitric oxide. Additionally, activation of the small G protein
Dexras] by S-nitrosylation is implicated in ABO-induced synapse loss**>*1°, Further, S-
nitrosylation of the chaperone protein disulfide isomerase is observed in AD, and the resultant
inhibition of chaperone activity would be expected to accelerate protein aggregation?*®,
Alternatively, nitric oxide also triggers zinc release, which can stabilize ABO formation?**>*°, By
modulating these targets, nNOS overactivation could be involved in promoting ABO-induced tau

phosphorylation, synaptic spine loss, and AD-relevant protein aggregation. However, the role of

nNOS in contributing to these forms of AD-relevant neuronal damage has not been established.
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Figure 3.3 Potential mechanisms of nNOS-mediated neurodegeneration. Amyloid beta
oligomers (ABO)s trigger calcium dysregulation in neurons, which could lead to neuronal nitric
oxide synthase (nNOS) overactivation, which would generate excess nitric oxide (NO). Nitric
oxide activates the tau kinases glycogen synthase kinase-3 (GSK-3f3) and cyclin-dependent
kinase 5 (Cdk-5). NO also activates the small G protein Dexras1 by S-nitrosylation, which leads
to synapse loss. NO can inhibit the protein disulfide isomerase (PDI) by S-nitrosylation and can
trigger zinc release, which can contribute to aggregation and APO formation. Created with
BioRender.com.

3.1.6 nNOS inhibitors

Highly selective inhibitors of nNOS have not been previously applied to the study of AD,
and as such, present a novel tool for the interrogation of this system. Sensitive, selective
competitive inhibitors for nNOS over other NOS isoforms have been developed in the Silverman

lab, but most exhibited low membrane-penetrance, limiting their ability to reach the brain in
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vivo*'!. These inhibitors began as mimics of arginine, the endogenous substrate for NOS, and
were further optimized via “scaffold-hopping” to thiophene-carboximidamide, aminopyridine,

and aminoquinoline-based inhibitors.
3.1.7 Development of nNOS inhibitors

Like arginine, these nNOS inhibitors typically use a guanidine-like head moiety to form a
salt bridge with Glu597 and hydrogen bond with Trp592. Although arginine binds identically
into the active site of each isoform, specificity over endothelial NOS (eNOS) has been achieved
by designing inhibitors that preferentially fit into the differently-shaped, more electronegative
pocket of nNOS, as defined by the replacement of eNOS Val104 with Met341 in nNOS, and the
replacement of eNOS Asn366 with Asp602 in nNOS*!!#13_ Specificity over inducible NOS
(INOS) has been achieved by taking advantage of the more flexible, hydrophilic nNOS active
site. Using these strategies, several hundred-fold selectivity for nNOS over other NOS isoforms
has been achieved. Sensitivity has been optimized to nanomolar levels by installing amine tail
groups that interact with one or both heme propionates, in analogy to the binding of the N-
terminal nitrogen of arginine, and by installing groups on the linker that form hydrogen bonds or
van der Waals interactions with additional active site residues including Tyr567, Tyr 593,

Asn574, Met575, and Tyr711412414415,
3.1.8 Low bioavailability of nNOS inhibitors

Although these inhibitors have achieved low-nanomolar sensitivity and several hundred-
fold selectivity for nNOS over other NOS isoforms, many have exhibited low membrane-
penetrance, hampering their potential to reach the brain. To access the brain, drugs must pass

through the blood-brain barrier (BBB), the layer of endothelial cells surrounding all capillaries in
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the brain*!%. Endothelial cells in the BBB are connected by tight junctions and express a high
number of efflux transporters, reducing paracellular transport and enforcing efficient removal of
efflux transporter substrates. Low membrane penetrance is a common issue for arginine-mimic
based compounds, which have high basicity and total polar surface area, as well as several
hydrogen bond donors*!®. These properties confer sensitivity but are unfavorable for membrane
permeability. As such, several attempts to increase permeability have led to decreased sensitivity

or selectivity*!7418,

3.1.9 Prodrug approach to nNOS inhibitors

The prodrug approach is ideally suited to solve the problem of low membrane penetrance.

A prodrug is a modified version of a drug that is converted to the active form in vivo*"®

. Using
prodrugs, membrane permeability can be optimized by tuning lipophilicity and pKa, and by
masking hydrogen-bond donors. Prodrugs may also be used to target molecules directly to the
tissue of interest by taking advantage of transporters expressed only in the BBB or cleavage
enzymes expressed only in the brain that will liberate the active molecule. Finally, prodrugs may
also be used to “lock-in active molecules within the brain, by unmasking a polar group

420

following movement across the blood-brain barrier*”. Major prodrugs for amines include

carbamate, N-oxide, and oxodioxolenyl compounds*?!

. Conjugated amino acids and sugars have
also been used as prodrugs to take advantage of active transport into the brain by the large
neutral amino acid (LAT-1) and glucose (GLUT1) transporters. To test the viability of a prodrug

approach to improve membrane penetrance of nNOS inhibitors, in this work several simple

carbamate prodrugs were synthesized, and their penetrance was tested.
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3.1.10 Non-prodrug optimization of nNOS inhibitors

However, simultaneous non-prodrug structural modifications of nNOS inhibitors by a
coworker in the Silverman group, Dr. Ha Do, also yielded promising improvements in BBB-
permeability*!>. An aminopyridine compound with a fluorobenzene linker and dimethylamine
tail showed improved permeability while retaining sensitive and selective nNOS binding. These
results support the hypothesis that non-prodrug modifications, especially those that decrease tail
amine pKa or mask available tail hydrogen bonds, provide a useful avenue toward improving
BBB-permeability of nNOS inhibitors. In this work, this improved inhibitor with favorable
permeability, HD-3-86, was used to test the effect of nNOS on tau phosphorylation and other

AD-relevant damage in neurons.

3.1.11 Research objective

Although significant evidence supports a potential role for nNOS in mediating ABO-
induced tau phosphorylation and other features of AD pathology, thus far the exact role of the
neuronal isoform of nitric oxide synthase has not been established in these pathways. Highly
selective inhibitors of nNOS have not been previously applied to the study of AD, and as such,
present a novel tool for the interrogation of this system. Therefore, in this work I applied a
specific inhibitor of nNOS for the first time to a model of ABO-induced tau phosphorylation to
determine whether nNOS activity was necessary for ABO-induced tau phosphorylation, to
measure whether nNOS activity contributed to ABO buildup from AB monomer, and to test the

effect of nNOS inhibition on synaptic puncta density.
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3.2.1 Synthesis of carbamate prodrugs for nNOS inhibitors

To prepare carbamate prodrugs of an nNOS inhibitor, compounds 1, 2, and 3 (methy],

ethyl, and benzyl carbamate derivatives of HD-1-86) were synthesized from the parent compound

using the corresponding methyl, ethyl, or benzyl chloroformate with triethylamine (Figure 3.4).

For the synthesis of compound 4, due to the higher pKa of the pyridine-connected amine

compared to the tail amines, which were previously protected, a more potent base, sodium

hydride, was used for deprotonation.
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Figure 3.4 Synthesis of (1) methyl, (2) ethyl, (3) benzyl, and (4) dual methyl carbamate

derivatives of HD-1-86.
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3.2.2 Passive permeability of nNOS inhibitor carbamate prodrugs was reduced

The parallel membrane permeability assay (PAMPA) was used to measure passive
permeability of each compound through brain lipids*??. Effective permeability (Pc) values for
each compound, presented in Table 3.1, were calculated via established methods based on the
transfer of each compound through a brain lipid-infused membrane*?*. In this assay, some

fraction of compound may not pass through but may simply be retained within the membrane

(%R).

As seen in Table 3.1, the effective permeability of compound 1 was the same as that of
HD-I-86. Compounds 2 and 3 had lower effective permeabilities than HD-I-86. Additionally,
high membrane retention was observed for these compounds. Since retention decreased for
compound 2 when its concentration was reduced, the lack of permeability may partly reflect poor
solubility. Taken together, these results indicate that even for some simple carbamate prodrugs of

HD-I-86, lipophilicity became too high for effective membrane penetration.

Table 3.1 PAMPA-BBB results for compounds 1-3

Compound P. %T %R
(Effective permeability) (Transfer) (Membrane retention)
Verapamil (+) 20.9 £1.7 E-6 35.7 19.3
Theophylline (-) 0.15+0.01 E-6 0.799 0.249
HD-I-86 (200uM) 15.2 £0.6 E-6 33.7 15.8
1 (200pM) 15.2 +0.6 E-6 12.8 67.9
2 (200pM) 734221 E-6 3.01 88.7
2 (100pM) 10.0 £0.8 E-6 9.77 66.3
3 (200pM) 6.0 +1.15 E-6 1.20 94.9

3.2.3 Permeability predictions for prodrugs of HD-1-86

Permeability trends for compounds 1-3 were accurately represented by a six-parameter

model developed by Wager and coworkers***#?, This model uses lipophilicity, molecular
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weight, total polar surface area, number of hydrogen-bond donors, and pK, to calculate a score of
CNS drug-likeness, referred to as a CNS multi-parameter optimization (MPO) score ranging
from zero to six. A compound with a CNS MPO score of six is generally predicted to be very
drug-like, including good penetration of the blood-brain barrier, while one with a score of zero is
predicted not to be drug-like, including poor blood-brain barrier penetration. Predicted data for

prodrug derivatives of HD-1-86 are shown in Table 3.2.

Table 3.2 CNS MPO scores for compounds 1-6

Compound ClogP ClogD MW TPSA HBD pKa CNS MPO score
HD-I-86 3.62 1.58 29738 5094 3 8.74 4.48
1 385  3.05 35541 6845 2 8.16 4.47
2 4.21 3.41 369.44 6845 2 8.16 4.04
3 557 477 431.51 6845 2 8.16 291
4 343 3.4l 400.48 93.65 1 1293  3.18
5 8.54  7.13 530.02 57.51 2 8.83 2.09
6 4.41 3.05 418.52 5726 2 12.08  3.33

As with the changes in measured permeability, the CNS MPO score for compound 1 was
similar to that of HD-I-86, and compounds 2 and 3 display progressively worse scores (Figure
3.5). For compound 4, the dual carbamate, permeability is predicted to be slightly better than that

of compound 3, but worse than the parent compound.

Additional compounds 5 and 6 had been designed as Schiff base and dihydropyridine
derivatives of HD-I-86, respectively, comprising other common CNS prodrug moieties (Figure
3.6). Unfortunately, these compounds are predicted to exhibit similar or worse passive
permeability than the carbamate derivatives, likely due to their high lipophilicity and molecular

weight (Table 3.2). Therefore, these additional prodrug modifications were not pursued.
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Figure 3.5 Central nervous system multi-parameter optimization (CNS-MPO) score
correlates with measured permeability (Pc). P. values for methyl, ethyl, benzyl carbamate
prodrugs, and the parent compound were correlated to CNS MPO scores by an exponential
growth curve (R? = 0.9995).

Figure 3.6 Proposed Schiff base (5) and dihydropyridine (6) derivatives of HD-1-86.
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3.2.4 Neuronal production of nitric oxide radicals can be prevented by NOS inhibition

To explore the effect of NOS inhibition in hippocampal neurons, an assay to monitor NO
production in neurons was established using the fluorescent dye diaminofluorescein-FM
diacetate (DAF-FM DA)**%%7 1 -Glutamate and p-serine, co-agonists of the NMDAR, were

428 An increased trend in the

administered to neurons as a positive control for nNOS activation
integrated fluorescent intensity was observed in the treated condition as compared to the control,

indicating glutamate-induced NO production (Figure 3.7, 540x, ns).
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Figure 3.7 Glutamate induces NO production. (A) Representative images of rat hippocampal
cells incubated with DAF-FM DA and treated with conditioned media as a control or 100 uM L-
glutamic acid and 10 uM D-serine. Cells were excited at 495 nm and imaged at 515 nm using the
10x objective. (B) Reaction of DAF-FM with NO. (C) Immunofluorescent integrated fluorescent
density in control and glutamate treated wells, normalized to intensity in control wells. Data were
combined from n=3 experiments, n=2 wells each. Integrated fluorescent density had an increased
trend of 541x in the L-glutamate treatment (p = 0.13 due to high standard deviation).
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The general NOS inhibitor N%-nitro-L-arginine methyl ester (L-NAME) was used as a
negative control for NO production. L-NAME pretreatment showed a trend toward reduction of
integrated fluorescence intensity, reflecting the suppression of NO production by NOS inhibition

(Figure 3.8A, 100%, ns).

* Glutamate & Glutamate + L-NAME

B S Control

t Density
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Figure 3.8 NOS inhibition prevents glutamate NO production. (A) Immunofluorescent
integrated fluorescent density from rat hippocampal neurons imaged following incubation with
DAF-FM DA (80 uM) for 2 hours, then treated with conditioned media, 100 uM L-glutamic acid
and 10 uM D-serine, or pre-incubated with 200 uM L-NAME before incubation with 100 uM L-
glutamic acid and 10 uM D-serine. Signal was normalized to intensity in control wells. Images
used for quantification were collected using a 10x microscope objective in live cells, 4 images
per well were averaged, and data were combined from n=2 experiments (data also included in
figure 3.7), n=2 wells each. Integrated fluorescent showed a trend toward reduction by L-NAME
(100%, p = 0.4047 due to high standard deviation). (B) Representative images of rat
hippocampal cells treated as described in (A) and then labeled with B-III-tubulin antibody and
DAPI and imaged at high magnification.

An isoform of NOS found in immune cells, iNOS, can produce large amounts of NO**7,
Since this signal could significantly mask nNOS activation, I verified that most NO production
stimulated by glutamate was occurring in neurons, and not in nearby glial cells. I detected NO
using DAF-FM DA, then fixed and labeled cells with an antibody against -1II tubulin to
selectively stain neurons. Results indicated that most glutamate-stimulated NO production occurs

in neurons (Figure 3.9, median 66%).
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Figure 3.9 Nitric oxide production in neurons. Rat hippocampal neurons were incubated with
DAF-FM DA (80 uM) for 2 hours, then 100 uM L-glutamic acid and 10 uM D-serine, and
finally labeled with B-III tubulin. Neurons were imaged at Cy5 and FITC ranges with an
ImageXPress microscope using the 10x objective. (A) Neurons were labeled using B-III tubulin
(TUBB3, red). (B) Merged signal from B-III tubulin (red) and NO (green) are shown. (C) A
histogram of % DAF-FM DA signal found within neuronal (TUBB3) area. Median value 66% of
NO was produced in neurons.

Finally, higher-magnification images were obtained (Figure 3.8B). The blue fluorescent
4’ 6-diamidino-2-phenylindole (DAPI) stain was added to mark nuclei. NO production was
detected in numerous 3-10 um ovular regions close to the cell body in many cells, and with
diffuse cell-body staining in some cells. These observations are consistent with the description of
nNOS subcellular distribution by Roth et al., who observed brain nNOS localized in some cases

to mitochondrial membranes, or in a more diffuse cellular distribution*?’.

3.2.5 Cellular expression of nNOS was variable across cell culture

An antibody for nNOS (3G6B10) was used to measure cell-to-cell trends in expression of
nNOS. I observed a 5-fold variation in nNOS expression across different cells (Figure 3.10).

This suggests that some cells may be more vulnerable to any nNOS-mediated neurodegeneration.
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Figure 3.10 nNOS expression is varied throughout neuron culture. Images of neuronal cell
culture labeled with anti-nNOS antibody (green) with DAPI (blue) (A) or without DAPI shown
(B). Cells were imaged at 60x. Some cells exhibited high nNOS expression (orange arrows),
while others had low expression levels (blue arrow). (C) A histogram was used to quantify
expression levels of nNOS throughout the cell culture in terms of integrated fluorescent density
of nNOS antibody divided by area. The minimum value was 8.75, the maximum was 79.8, and
the median was 21.7. Data were collected from n = 31 regions of interest from a total of 9
images.

3.2.6 Inhibition of nNOS blocked ABO-induced tau phosphorylation at Thr205 and pSer396

Therefore, to determine whether nNOS activation was required to mediate ABO-induced
tau phosphorylation, mature neurons were treated with vehicle or 500 nM ABO, with or without
100 uM nNOS inhibitor (HD-3-86, 30 min pretreatment) and probed for ABO binding (NU4) and
tau phosphorylation at Thr205. Although it did not alter ABO binding (Figure 3.11a, c, ns),
nNOS inhibition significantly prevented downstream tau phosphorylation at Thr205 (Figure
3.11b, 108% reduction, p <0.0001). In a separate experiment, in a separate neuron culture, nNOS
inhibition also prevented tau phosphorylation at Ser396 (Figure 3.12, 97%, p < 0.0001). Based
on these results, we conclude that nNOS is required for tau phosphorylation at both Thr205 and

Ser396, two AD-relevant phosphorylation sites.
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Figure 3.11 nNOS inhibition blocks pTau (Thr205). (A) Representative images of neurons
were pre-treated with HD-3-86 (100 uM), then treated with 500 nM ABO for 4 h. Cells were
stained for ABOs (NU4, green), tau phosphorylated at Thr205 (pThr205, red), and nuclei (DAPI,
blue) and mounted on slides before imaging using a 20x objective. (B) Tau phosphorylation at
Thr205 was quantified based on integrated fluorescent density of pThr205 antibody divided by
number of nuclei per image (n=15-24 images per condition). Tau phosphorylation at Thr205 was
significantly increased in the ABO condition (p = 0.0001) and significantly reduced in the
APO-+HD-3-86 condition (108%, p<0.0001). (C) ABO puncta per micron along processes were
quantified from n = 18-19 images per condition, collected using a 63x objective. The ABO
condition demonstrated significantly more ABO puncta than F12 vehicle (p <0.0001), and ABO
binding was not reduced in the ABO+HD-3-86 condition (ns).
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Figure 3.12 nNOS inhibition blocks pTau (Ser396). (A) Representative images of neurons
were pre-treated with HD-3-86 (100 uM) or vehicle, then treated with 500 nM ABO or vehicle
for 6 h. Cells were stained for ABOs (NU2, green), tau phosphorylated at Ser396 (pSer396, red),
and nuclei (DAPI, blue) and mounted on slides before imaging with a 20x objective. (B)
Integrated fluorescent density of pSer396 divided by number of nuclei were analyzed for 30
images in each condition. ABO-treated cells displayed significantly more pTau than F12 vehicle-
treated cells (p <0.0001). HD-3-86 pre-treated cells had significantly lower levels of pTau than
ABO-treated cells (97%, p <0.0001).

3.2.7 nNOS inhibition increases synaptic puncta from baseline

In AD, the degeneration of synaptic spines correlates closely with memory loss®!#30-432,

Therefore, to determine whether nNOS inhibition could alter the number of synaptic spines on
neurons, phalloidin staining was used to label filamentous actin, which is highly enriched in

synapses. Treatment with the nNOS inhibitor HD-3-86, even in the presence of crosslinked
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APBOs, induced an increase in synaptic spine density (Figure 3.13, intensity increased 1.5-fold, p
=0.0499). This supports the conclusion that nNOS inhibition could protect or even enhance
synapses.
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Figure 3.13 nNOS inhibition increased synaptic puncta. (A) Representative images of
neurons pre-treated with HD-3-86 (100 uM), then treated with 500 nM ABO for 1 h. Cells were
stained for filamentous actin (phalloidin, green) and nuclei (DAPI, blue) and mounted on slides
before imaging with a 63x objective. (A) Analysis of integrated fluorescent density of phalloidin
was conducted using n = 10 images per condition. HD-3-86 pre-treated cells demonstrated an
increase in integrated fluorescent density (1.5x, p = 0.0499).

3.2.8 nNOS inhibition reduces Af-derived ABO buildup

Given prior experiments (Chapter 2) showing that the small molecule NU-9 protected neurons
from APBO buildup when AP monomer was applied, we also tested the effect of nNOS inhibition
on ABO buildup along neurons using the same assay. In two separate experiments using different

cell cultures, nNOS inhibition reduced ABO buildup (Figure 3.14, 54%, p = 0.0057). This
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supports the conclusion that nNOS inhibition protects cells not only from ABO-induced tau

phosphorylation, but also from upstream ABO buildup.
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Figure 3.14 nNOS reduces Ap-derived ABO buildup. (A) Representative images of cells pre-
treated with HD-3-86 (100 uM, 30 min), then AB monomer (500 nM, 30 min), labeled for
dendrites (MAP2, red), ABOs (NU2, green), and nuclei (DAPI, blue). (B) Analysis of ABO
puncta per micron along dendrites were quantified in n = 30 images per condition. ABO buildup
was observed in the AR monomer condition (p < 0.0001) and was significantly prevented by
nNOS inhibition (54%, p = 0.0057). This same trend was observed in a replicate experiment in a
separate cell culture.

3.3 Discussion

3.3.1 Summary of results

In this work, I first synthesized carbamate prodrugs for nNOS inhibitors in an attempt to
improve permeability without compromising sensitive and selective inhibition. Unfortunately,

we found that these modifications did not improve passive permeability, indicating an upper
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limit for lipophilicity. However, an nNOS inhibitor analog synthesized by Dr. Ha Do
demonstrated improved permeability. I therefore used that permeable analog to test the

biological effects of nNOS inhibition in neuronal cells.

The results I obtained in this study suggest that NMDAR-stimulated NO production in
neurons could be prevented by NOS inhibition and that the majority of NO production was
localized to cell body-adjacent regions within neurons. Additionally, cellular expression of
nNOS varies across hippocampal cell culture, and ABO-induced tau phosphorylation at pThr205
and pSer396 is dependent upon nNOS activity. Finally, nNOS inhibition increased the number of
synaptic spines on neurons and suppressed AB-derived ABO buildup. Taken together, these
results identify nNOS activity as a contributor to ABO buildup in neurons and ABO-induced tau
phosphorylation, and support nNOS inhibition as a potential therapeutic strategy to protect

against these pathologic hallmarks of AD.

3.3.2 Mechanisms of interest

The obtained results suggest several potential mechanisms for nNOS-dependent tau
phosphorylation, synapse growth suppression, and A oligomerization. In these mechanisms,
significant evidence indicates the involvement of NO, but the role of nNOS has not previously
been established. First, two major tau kinases are activated by nitric oxide: cyclin-dependent
kinase 5 and glycogen synthase kinase-3f. Once tau is phosphorylated, Fyn kinase likely
contributes to enhancement of nNOS-dependent tau phosphorylation. In addition to
phosphorylation, we hypothesize a potential role for nNOS in triggering tau acetylation by
GAPDH nitrosylation. S-nitrosylation of Dexrasl could also be involved in propagating effects

of nNOS activation, including tau phosphorylation. To suppress synapse growth, we hypothesize
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that nNOS may be involved in suppressing mTOR activity downstream of the NMDAR. Finally,
nNOS may contribute to AP oligomerization by triggering release of zinc, or by inhibition of the
chaperone protein disulfide isomerase. These proposed mechanisms lay a foundation for
potential future experiments to identify the role of downstream effectors in nNOS-dependent,

AD-related processes.
3.3.3 nNOS-dependence of tau phosphorylation at Thr205 — a potential role for Cdk5

Our results demonstrate that ABO-induced tau phosphorylation at Thr205 is nNOS-
dependent. We hypothesize that S-nitrosylation of cyclin-dependent kinase 5 (CdkS5), a tau
kinase, is the mechanism by which nNOS mediates ApO-induced tau phosphorylation at Thr205
(Figure 3.15). The tau phosphorylation site at Thr205 comprises a major phosphorylation target
of CdkS5. S-nitrosylation of Cdk5, which is elevated in AD**’, enhances the activity of Cdk5. Qu
et al. demonstrated that application of AP to neurons triggers S-nitrosylation of Cdk5, which
could potentially be mediated by nNOS downstream of NMDA receptor activation, and which
caused downstream synaptic spine loss ?*’. Conversely, a mutation of CdkS5 that prevented
nitrosylation, as well as a nitric oxide synthase inhibitor, resulted in protection against synaptic
spine loss?*’. In AD, expression of the Cdk5 activator protein p25 is increased; p25 formation
can be triggered when AP binding at synapses causes intracellular calpain activation***** Town
et al. also found that AB-induced Cdk5 overactivation can cause tau hyperphosphorylation, but
this effect was attributed to calpain-mediated increases in p2528743345438 _Given our results,
nNOS-dependent S-nitrosylation of Cdk5 may be a major contributor to ABO-induced tau
phosphorylation. Future studies to identify whether nNOS inhibition diminishes ABO-induced

CdkS5 S-nitrosylation, and whether nNOS inhibitors are still able to prevent ABO-induced tau
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phosphorylation at Thr205 in the presence of constitutively active CdkS5, could further support

this possible explanation.
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Figure 3.15: Activation of tau kinases. ABOs trigger N-methyl-D-aspartate (NMDA) receptor-
mediated calcium influx, which enables calmodulin (CaM) binding to activate neuronal nitric
oxide synthase (nNOS), which produces nitric oxide (NO). This could cause S-nitrosylation of
cyclin-dependent kinase 5 (Cdk5), a tau kinase, activating it to enable increased production of
phosphorylated tau (pTau) and synaptic spine loss. AP also causes increased formation of p25,
which also activates CdkS5 from p35. NO production by nNOS could also activate glycogen
synthase kinase-3 (GSK3p), another tau kinase. Dashed lines indicate hypothesized pathways.
Created with BioRender.com.

3.3.4 nNOS-dependence of tau phosphorylation at Ser396 — a potential role for GSK-3f

Our experiments also show that ABO-induced tau phosphorylation at Ser396 is nNOS-

dependent. This result implicates nNOS-dependent activation of a second tau kinase, glycogen
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synthase kinase-3p (GSK-3B, Figure 3.15) 2854 Ser396 is a major phosphorylation target of
GSK-3p. Zhang et al. determined that application of NO to neurons resulted in GSK-3f3-
dependent tau phosphorylation at Ser396/4047%. Additionally, the distribution of active GSK-3p
in the AD brain matches patterns of tau phosphorylation*?. Further, inhibition of GSK-3f and
knockdown of GSK-3f expression both protected neurons against AB-induced tau
phosphorylation**!##2, Future studies to determine whether nNOS inhibitors are still able to
prevent ABO-induced tau phosphorylation at Ser396 in the presence of constitutively active
GSK-3f3 would establish whether nNOS-dependent tau phosphorylation at this site relies on

activation of GSK-3p.
3.3.5 Potential Fyn kinase contribution to nNOS signaling

As previously discussed, we observed that nNOS is necessary for ABO-induced tau
phosphorylation at two key AD-relevant sites. Tau hyperphosphorylation causes tau to detach
from microtubules and redistribute from the axon to the cell soma and dendrites*#3-445 375.376.446-
49 There, tau tethers Fyn to the PSD-95 scaffold protein, which facilitates phosphorylation of
the NMDAR by Fyn, enhancing PSD-95/NMDAR stability (Figure 3.16). Ittner et al. found that
Fyn was necessary for AB-induced neurotoxicity****>!. Given that nNOS is physically and
functionally linked to the NMDAR by PSD-95, this enhanced association likely contributes to
the observed nNOS-dependent AD-relevant processes we observed. Future experiments to
determine whether Fyn is necessary for tau phosphorylation at both Ser396 and Thr205, and

whether nNOS inhibition prevents Fyn-mediated NMDAR phosphorylation would help to

establish the interaction of Fyn with this newly established role for nNOS.
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Figure 3.16 Potential Fyn contribution to nNOS signaling. Hyperphosphorylated tau (pTau)
tethers the kinase fyn to the post-synaptic density 95 (PSD-95) scaffold protein, where it can
phosphorylate the N-methyl-D-aspartate (NMDA) receptor to stabilize the interaction of the
NMDAR and PSD-95. This may enhance activation of neuronal nitric oxide synthase (nNOS) by
calmodulin (CaM) when NMDAR activation causes local calcium influx. Created with
BioRender.com.

3.3.6 Potential role of nNOS in tau acetylation

Recently, in addition to phosphorylation, acetylation of tau has been identified as a post-

translational modification which is elevated in AD brains**?

. Acetylation impairs tau function
and contributes to aggregation and toxicity mediated by tau*>**7. Sen and coworkers showed
that, in cortical neurons, A stimulates nitrosylation of GAPDH, a modification which is also
enhanced in the brains of AD patients*8. Nitrosylated GAPDH activates the tau acetylase p300
and concurrently inhibits the tau deacetylase SIRT1; as a result, tau acetylation is enhanced via a
nitrosylation-dependent pathway (Figure 3.17). Conversely, use of the GAPDH nitrosylation

inhibitor omigapil prevented AB-induced tau acetylation and memory impairment in mice. These

observations suggest that nNOS could also contribute to pathogenic tau acetylation. Future
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experiments to determine the effect of nNOS inhibition on tau acetylation would help to establish

whether nNOS is necessary for ABO-induced tau acetylation.
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Figure 3.17 Tau acetylation. AP stimulates calcium influx into neurons, which activates
neuronal nitric oxide synthase (nNOS) to produce nitric oxide (NO) which could nitrosylate
glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Nitrosylated GAPDH acetylates p300,
enabling it to acetylate tau. By trans-nitrosylation, GAPDH also inhibits the tau deacetylase
(sirtuin 1) SIRT1, reducing tau de-acetylation. Dashed lines indicate hypothesized pathways.
Created with BioRender.com.

3.3.7 Dexrasl1 activation and tau nitration as potential effects of nNOS

Another adaptor protein, the C-terminal PDZ ligand of nitric oxide synthase

(CAPON/NOS1AP) also acts as a scaffold to promote interaction of nNOS with additional
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targets (Figure 3.18)*°. Binding of nNOS to CAPON is triggered by NMDAR activation and has

40 CAPON expression is upregulated in CA1

been shown to help potentiate NMDAR signaling
pyramidal cells of the AD brain, and CAPON deficiency ameliorated AD-related phenotypes in
an AD model mouse*!%*!. One ligand coupled to nNOS by CAPON is Dexras1. Zhang et al.
demonstrated that A species enhance the nNOS-CAPON interaction, leading to nitrosylation of
Dexras1*?. Dexrasl S-nitrosylation triggers damage to mitochondria, causing AB-induced
neurodegeneration in their model. Further, Hashimoto et al. reported that tau binds to CAPON,
and that nNOS-CAPON interaction allows increased nitration of tau at Tyr29, promoting tau
phosphorylation*!®. Therefore, future experiments to establish whether Dexras] nitrosylation and

tau Tyr29 nitration are prevented by nNOS inhibition would further demonstrate whether these

are features of nNOS-dependent neurodegeneration.
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Figure 3.18 CAPON and Dexrasl activation. AP triggers increased interaction of the C-
terminal PDZ ligand of nitric oxide synthase (CAPON) with neuronal nitric oxide synthase
(nNOS). This interaction enables nitrosylation of Dexras1. S-nitrosylation enables Dexras] to
damage mitochondria. Tau also binds to CAPON, and nNOS-CAPON interaction allows
increased nitration of tau at Tyr29, promoting tau aggregation. Created with BioRender.com.


https://biorender.com/

112

3.3.8 nNOS increases the number of synapses

We also observed that nNOS inhibition stimulates an increase in synaptic spines. This
result is not unexpected considering reports that inhibition of the NMDAR using memantine or
ketamine also promotes spine formation*®?#%* Li et al. demonstrated that the mechanism for this

synaptic spine formation involves activation of the mTOR pathway*

. However, adding
complexity to this regulatory pathway, Ruddy et al. reported that, while acute NMDAR
inhibition increases spine density, long-term administration at low levels reduces spine
density*®. This may explain the reduction in spine density that is observed in NMDAR knockout
animals*®®. As such, future studies to determine the long-term effects of nNOS inhibition on
spine density will be of interest. Additional studies to identify whether synaptic spine increases

stimulated by nNOS inhibitors are mTOR activity-dependent will help to illuminate the details of

this pathway.
3.3.9 nNOS inhibition can prevent APO buildup from monomer

Our results demonstrating that nNOS inhibition can reduce dendritic ABO buildup from
monomer in cell culture match observations by Deshpande et al. showing that synaptic formation
of ABOs is activity-dependent, and that targeting to synapses can be prevented by NMDAR
inhibitors*’. They implicated release of zinc as a potential mediator of this ABO formation,
given that zinc can stabilize certain APO species®®’. Bossy-Wetzel et al. showed that NO can
stimulate release of free zinc to the cytoplasm?®. Future experiments to determine whether
nNOS inhibitors alter zinc release in neurons, and whether addition of excess zinc could prevent
the protective effect of nNOS inhibition would establish whether nNOS acts by preventing zinc-

dependent ABO formation. Alternatively, S-nitrosylation of protein disulfide isomerase (PDI), a
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chaperone which prevents protein aggregation, has also been observed in AD?%%. Therefore,
future studies to measure the effect of nNOS inhibition on PDI S-nitrosylation would help to

establish whether this modification is also nNOS-dependent.

3.3.10 Potential therapeutic applications of nNOS inhibitors

In conclusion, this work establishes a role for the activation of nNOS in APO-induced tau
phosphorylation, ABO formation, and modulation of spine morphology. Although alterations of

d468

calcium homeostasis induced by ABOs have previously been reported™®, and nitrosylation and

285,287-290.409410 3 direct role for nNOS in this mechanism

nitration are implicated in AD pathology
has not been previously established. Our work suggests that nNOS inhibition could provide a
strategy to block ABO-related neurodegeneration. Important considerations for therapeutic
application of nNOS inhibitors will be the effect of long-term administration, and the
identification of an appropriate therapeutic window in which normal function is preserved, but

aberrant signaling is prevented. These results demonstrate that multiple forms of AD

neurodegeneration are nNOS-dependent and can be disrupted by specific inhibition of nNOS.

3.4 Methods

3.4.1 Synthesis

Reactions were performed in oven-dried glassware using anhydrous solvents. Column
chromatography was conducted using a CombiFlash instrument and Teledyne ISCO columns.
Thin-layer chromatography (TLC) was used to monitor reactions using EMD Millipore silica gel
60 F254 coated plates (1057150001). NMR experiments were carried out on a Bruker Avance III

500 MHz spectrometer, using a DCH CryoProbe, and a SampleXpress autosampler. NMR values
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are reported in ppm. Deuterated chloroform was used as the solvent with a standard chemical
shift. Peaks are denoted as singlet (s), doublet (d), triplet (t), quartet (q), or multiplet (m).
Coupling constants are reported in Hz. Mass spectra were collected on an Agilent HPLC and

Thermo Scientific MS instrument with a quadrupole detector and APCI ionization.

Compound 1 was prepared by reaction of HD-1-86 (0.12¢g, 0.40 mmol, 1 equiv) with
methyl chloroformate (0.038g, 0.040 mmol, 1 equiv) in triethylamine (0.068 mL, 0.48 mmol),
DCM (1.21 mL) and MeOH (0.13 mL) with stirring. The crude product was purified by flash
chromatography using a gradient of 0-20% MeOH in DCM. A solid white powder was obtained
after solvent evaporation (0.092 g, 64%). "TH NMR (500 MHz, CDCl3) & 1H NMR (500 MHz,
CDCI3) 6 7.10 (s, 1H), 6.94 (m, 2H), 6.43 (s, 1H), 6.25 (s, 1H), 4.28 (s, 2H), 3.72 (s, 3H), 3.00

(s, 3H), 2.95 (s, 4H), 2.28 (s, 3H). APCI-MS (M+) 356/357.

Compound 2 was prepared by reaction of HD-1-86 (0.05 g, 0.1 mmol, 1 equiv) with ethyl
chloroformate (0.020 g, 0.18 mmol, 1.1 equiv) in triethylamine (0.028 mL, 0.20 mmol), DCM
(0.50 mL), and MeOH (0.056 mL) with stirring. The crude product was purified by flash
chromatography using a gradient of 0-20% MeOH in DCM. A beige solid was obtained by
solvent evaporation (0.039 g, 65%). "TH NMR (500 MHz, CDCl3) & 7.07 (m, 3H), 6.54 (s, 1H),
6.38 (s, 1H), 4.45 (s, 2H), 4.31 (q, J=21.1 Hz, 2H) 3.14 (s, 3H), 3.06 (d, /= 7.8 Hz, 4H), 2.38
(s, 3H), 1.41 (t, 3H, (t, J = 14.3 Hz). 3C NMR (126 MHz, CDCl3) & 163.80, 163.52, 163.33,
161.37, 155.90, 154.68, 151.13, 142.72, 127.82, 124.45, 116.60, 116.42, 116.02, 115.85, 113.52,

109.39, 85.18, 82.63, 77.04, 61.79, 38.77, 35.69, 35.01, 21.66, 14.68.

Compound 3 was prepared by reaction of HD-1-86 (0.05 g, 0.17 mmol, 1 equiv) with

benzyl chloroformate (0.032 g, 0.18 mmol, 1.1 equiv) in triethylamine (0.028 mL, 0.20 mmol, 1
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equiv), DCM (0.5 mL), and methanol (0.11 mL) with stirring. The crude product was purified by
flash chromatography using a gradient of 0-20% MeOH in DCM. A yellow oil was obtained by
solvent evaporation (0.037 g, 62%). 'H NMR (500 MHz, CDCls) § 7.30 — 7.16 (m, 5H), 7.12 —
6.72 (m, 3H), 6.12 (d, ] = 13.2 Hz, 2H), 5.03 (s, 2H), 4.18 (d, J = 28.7 Hz, 2H), 2.90 (s, 3H), 2.79
(s, 2H), 2.73 (s, 2H), 2.06 (s, 3H). 13C NMR (126 MHz, CDCl3) & 207.04, 163.29, 161.34,
157.28, 155.65, 151.50, 143.82, 136.60, 128.51, 128.06, 126.98, 124.19, 124.17, 116.30, 116.11,
116.04, 115.87, 114.12, 107.76, 84.82, 82.94, 67.46, 65.24, 38.97, 37.77, 35.26, 34.22, 33.38,

30.94, 21.24.

Compound 4 was prepared by reaction of compound 1 (0.021 g, 0.058 mmol, 1 equiv)
with methyl chloroformate (0.022 g, 0.23 mmol, 4 equiv) and sodium hydride (0.0028 g, 0.069
mmol) in 0.29 mL THF with stirring. The crude product, a brown solid, was purified by flash
chromatography with a gradient of 0-80% ethyl acetate in hexanes. The pure product was
obtained by solvent evaporation (0.010 g, 42%). 'TH NMR (500 MHz, CDCI3) 6 7.64 (s, 1H),
7.03 (s, 1H), 6.92 (d, J = 8.9 Hz, 1H), 6.82 (d, ] =9.4 Hz, 1H), 6.60 (s, 1H), 4.31 (s, 2H), 3.77 (s,
3H), 3.72 (s, 3H), 2.99 (s, 3H), 2.93 (dd, ] = 10.2, 6.7 Hz, 2H), 2.90 — 2.83 (m, 2H), 2.29 (s, 3H).
I3C NMR (126 MHz, CDCl3) 6 163.29, 161.33, 153.55, 150.80, 127.71, 119.21, 116.27, 116.09,
115.94, 115.77, 110.46, 82.86, 82.84, 77.27, 77.02, 76.76, 60.40, 52.97, 52.51, 35.05, 33.33,

21.44, 14.20. APCI-MS (M+) 452.

3.4.2 PAMPA-BBB assay

The parallel membrane permeability assay for blood-brain barrier penetration was used

by Dr. Ha Do to measure passive permeability of each compound through brain lipids**.

Effective permeability values for each compound, presented in Table 3.1, were calculated based
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on the transfer of compound from a donor to an acceptor well through a lipid-infused membrane
using Equation 142, In this formula, A corresponds to the cross-sectional area of the membrane,
&4 to the membrane porosity, V, and Vj, to the volumes of the donor and acceptor wells, t to the
incubation time, 7 to the time required to saturate the membrane, C,(t) to the concentration
detected in the acceptor well after incubation, and Cp, (0) to the original concentration of
compound added to the donor well. R represents the fraction of compound that is retained in the

membrane and was calculated as shown in Equation 2 below.

Equation 1

2303 VA - VD VA + VD CA(t)
- e 20

A, (t—1) VitV (1-R)V, Cp(0)

Equation 2

cdvd + CaVa
cd0)vd
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3.4.3 Neuron culture in phenol red-free media for NO assays

1 pair of combined E18 Sprague-Dawley rat hippocampus, cortex, and sub-ventricular
zone tissue was obtained fresh from Transnetyx (SDEHCV) and cultured according to the
manufacturer’s protocol, based on the procedures from Brewer et al.¢%3¢!_ Cells were diluted to
0.2-0.4 million/mL and plated at 100 pL/well directly onto sterile pre-coated 96-well plates
(Fisher Scientific 07-000-190). This yielded a density of approximately 20,000-40,000 cells/well.
Cells were fed every seven days by addition of 35-50 uL phenol red-free NbActiv4 (Transnetyx

NB4 and NB4PR500).
3.4.4 DAF-FM DA assay for NO production in neurons

Nitric oxide (NO) production in neurons was measured using the fluorescent dye
diaminofluorescein-FM diacetate (DAF-FM DA, Thermo Fisher Scientific D23844) according to
the previous protocols by Nott and Kolarow*?**?”. DAF-FM DA was added to cells in
transparent conditioned media (80 uM, 37 °C, 2h, dark). Cells were subsequently washed twice
with Hanks’ Balanced Salt Solution. In some experiments, the general NOS inhibitor N°-nitro-L-
arginine methyl ester (L-NAME) or vehicle was applied (200 uM, 30 min, 37 °C, dark). Then
100 uM r-glutamate and 10 M p-serine were applied in transparent conditioned media (5 h, 37
°C)*28, Live cells were imaged using the ImageXPress microscope in the Northwestern High-
Throughput Analysis Laboratory at 10x objective. The total integrated fluorescence intensity for

each well was quantified using ImagelJ.

To co-stain for neurons, the cells were next fixed by addition of 3.7% formaldehyde 1:1,
10 min, and subsequent replacement of this mixture with 3.7% formaldehyde for 10 min. Cells

were then blocked using 10% normal goat serum in PBS with 0.1% Triton X-100 for 30-45min,
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RT. A primary mouse antibody against B-III tubulin (Promega G712A, 1:2000), which
selectively stained neurons, was applied in blocking buffer at 4 °C overnight. After washing, this
antibody was visualized using the Alexa 647 goat anti-mouse antibody (Invitrogen A11029,
1:2000, 3h, RT, dark). In some cases, blue fluorescent 4',6-diamidino-2-phenylindole (DAPI)
stain was added as well to mark nuclei. These were imaged using the ImageXPress microscope

in the Northwestern High-Throughput Analysis Laboratory at 10x and 40x objectives.

3.4.5 Neuron culture on coverslips for immunofluorescence of fixed cells

1 pair of combined E18 Sprague-Dawley rat hippocampus, cortex, and sub-ventricular
zone tissue was obtained fresh from Transnetyx (SDEHCV) and cultured according to the
manufacturer’s protocol, based on the procedures from Brewer et al.*%3¢!_ Cells were diluted to
0.11-0.22 million/mL and plated at 0.15 mL/coverslip directly onto sterile poly-D-lysine (Sigma-
Aldrich P6407) coated 12 mm circular coverslips (Fisher Scientific 12-545-80P or 12-545-81P),
which were prearranged 4/dish in 35 mm culture dishes (Fisher Scientific 08-772A). This yielded
a density of approximately 15,000-30,000 cells/cm?. Cells were fed 4 days after plating by half-
media exchange with NbActivl (Transnetyx NB1) and subsequently every 2-3 days by half-

media exchange with NbActivl.

3.4.6 Cell treatment and immunofluorescent detection of pTau levels

Neurons were pretreated at 12-21 div with 100 uM HD-3-86 or DMSO vehicle as control.
ABOs, made according to the protocol of Lambert et al., or F12 media vehicle as control
(Caisson Labs HFLO05) were added to cells for 4-6 h, 37 °C*!°. For immunofluorescence, cells
were fixed by addition of an equal volume of 3.7% formaldehyde solution (Sigma-Aldrich

F8775-500) for 10 min, followed by replacement with 3.7% formaldehyde for 10 min.
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Coverslips were washed three times with PBS and blocked with 5% normal goat serum (Fisher
Scientific ICN19135680), 0.1% Triton X-100 (Sigma-Aldrich T9284-500ML) in PBS for 1 h at
RT. Primary antibodies NU4 (1:2000, Klein lab), anti-tau pThr205 (1:500, GeneTex
GTX31124), anti-tau pSer396 (1:500, Thermo Fisher Scientific 710298), and/or anti-nNOS

(1:500 based on Figure 3.19, Thermo Fisher Scientific 372800) were applied overnight in

blocking buffer at 4 °C.
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Figure 3.19 nNOS antibody titration. Quantification of raw integrated fluorescent density from
three dilutions of nNOS antibody (1:250, 1:500, 1:800) that were compared to a secondary only
staining condition. nNOS signal was significantly different from secondary only at 1:500 (p =
0.0153). Image analysis was conducted in ImageJ and data were analyzed using one-way
ANOVA with post-hoc Dunnett’s T3 multiple comparisons test.
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Coverslips were then washed three times with PBS and secondary antibodies, goat anti-
mouse Alexa Fluor 488 (1:2000, Fisher Scientific A11029) and goat anti-rabbit Alexa Fluor 568
(1:2000, Thermo Fisher Scientific A11036) were added in a solution of 10% blocking buffer in
PBS, 3 h at RT in the dark. Coverslips were washed three times and mounted in Prolong

Diamond Antifade mountant with DAPI (Thermo Fisher Scientific P36862).
3.4.7 APO-induced pTau formation — method optimization/troubleshooting

Some inconsistencies with the tau phosphorylation assays were observed over time. The
best results were often obtained using fresh antibody, and some batches of antibody failed to
show APO-induced tau phosphorylation. After initial freeze-thaw, the antibody against pSer396
(Thermo Fisher Scientific 710298) failed to show tau phosphorylation (data not shown),

suggesting that aliquoting to avoid freeze-thaws is crucial for its use.

For this analysis, crosslinked ABOs (xLABOs) were used due to their higher observed
binding to cells. XLABOs were prepared according to the method of Cline et al., followed by 6
rounds of buffer exchange into PBS to remove excess reagents and to enrich ABOs '**. The ATS
antibody (Thermo Fisher Scientific MN1020), which detects tau phosphorylation at Thr205, was
initially found to detect small but significant increases in tau phosphorylation when 500 nM
xLABO was administered to mature cells at 21 div for 6 h (Figure 3.20a, p = 0.0006, 1.4x).
Additional tests of different aliquots, which likely experienced different amounts of
freeze/thawing, showed no APO-induced tau phosphorylation for one aliquot (Figure 3.20b, p =
0.82), while a significant increase was observed for another aliquot (Figure 3.20c, p = 0.0083,
4.4x). This result supports the conclusion that different aliquots of the same antibody might label

phosphorylated tau with different efficacy, likely due to a loss of efficacy after multiple freeze-
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thaws. For this reason, antibodies were then routinely aliquoted to prevent high numbers of

freeze-thaw cycles.
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Figure 3.20 ATS8 optimization. (A) Using ATS, cells were treated with 500 nM xLABO, 6h.
Analysis of integrated fluorescent density of AT8 signal divided by integrated fluorescent
density of total tau was used to calculate tau phosphorylation (n = 29-30 images/condition from 3
CS). A modest, but significant increase in tau phosphorylation was detected (1.4x, p = 0.0006) In
a follow-up experiment, cells were treated with 500 nM xLABO, 6h, and tau phosphorylation
was measured using different antibody aliquots in (B) and (C), resulting in different outcomes as
measured by integrated fluorescent density of AT8 signal divided by integrated fluorescent
density of total tau (n = 20 images/condition from 2 CS). No significant difference was observed
in (B), but a significant increase upon treatment was observed using (C) (4.4x, p =0.0083).

3.4.8 Synaptic spine measurement with phalloidin

Neurons at 21 div were pretreated with 100 uM HD-3-86 or DMSO vehicle as control.
APBOs or F12 media (Caisson Labs HFL05) vehicle as control were added to cells for 30 min at
37 °C. Cells were washed with PBS, and were then fixed by addition of an equal volume of 3.7%
formaldehyde solution (Sigma-Aldrich F8775-500) for 10 min, followed by replacement with
3.7% formaldehyde for 10 min. Cells were washed with PBS, and then permeabilized with 0.5%

Triton X-100 (Sigma-Aldrich T9284-500ML) in PBS for 5 min at RT. Cells were washed again
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with PBS, and then phalloidin reconstituted at 14 pM in 100% methanol was applied to cells at
100 nM in PBS for 30 min at RT in the dark. Coverslips were washed three times with PBS and
mounted in Prolong Diamond Antifade mountant with DAPI (Thermo Fisher Scientific P36862).

Slides were stored protected from light at 4 °C for less than 2 weeks prior to imaging.

3.4.9 APO binding assay

Mature hippocampal neurons at 21-22 div were pretreated first for 30 min with 100 uM
HD-3-86 or the corresponding DMSO vehicle in conditioned media. Then 500 nM A3 or DMSO
vehicle was applied for 30 min. To add AP, half of the media was removed from each dish, and a
2x solution of the next treatment was prepared in that conditioned media, which was then added
back to the dish and mixed well. For immunofluorescence, cells were washed with sterile PBS
prior and subsequently fixed by addition of an equal volume of 3.7% formaldehyde solution
(Sigma-Aldrich F8775-500) for 10 min, followed by replacement with 3.7% formaldehyde for 10
min. Coverslips were washed three times with PBS and blocked with 5% normal goat serum
(Fisher Scientific ICN19135680), 0.1% Triton X-100 (Sigma-Aldrich T9284-500ML) in PBS for
1 h at RT or 4 °C overnight. Primary antibodies NU2 (1:2000, Klein lab) and anti-MAP2
(1:10,000, EnCor Biotechnology CPCA-MAP?2) were applied overnight in blocking buffer at 4
°C. Coverslips were then washed three times with PBS and secondary antibodies, goat anti-
mouse Alexa Fluor 488 (1:2000, Fisher Scientific A11029) and goat anti-chicken Alexa Fluor
568 (1:2000, Thermo Fisher Scientific A11041) were added in a solution of 10% blocking buffer
in PBS for 3 h at RT in the dark. Coverslips were washed three times and mounted in Prolong

Diamond Antifade mountant with DAPI (Thermo Fisher Scientific P36862).
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Quantification was conducted on immunofluorescent images in which a structural
reference antibody, most commonly MAP2, but also including -3 tubulin, was used as an
indicator of neuronal processes. ImageJ was used for analysis, using macros included in the
Appendix. Briefly, tiff images were assigned random numbers to avoid bias during analysis, and
then cell bodies were manually traced and deleted for each image to eliminate signal from
nonspecific antibody accumulation in the cell body. Then, the signal from different wavelengths
was split. To calculate total dendrite length in each image, a Gaussian blur was applied to the
MAP?2 signal, and the signal above an equal threshold for each image was skeletonized, and the
total length of the skeleton was measured. To calculate the total ABO puncta along processes,
again a Gaussian blur was applied to the dendrite signal, and the signal above an equal threshold
was selected. Then, the signal was dilated to encompass the area around the dendrites by 15
dilations. The area around the dendrites was used as a selection, and within the selection area,
Imagel particle analysis and summary were used to count the NU2 puncta above an equal
threshold for each image. Thresholds were chosen based on one or two positive and negative
control images. Total NU2 puncta were divided by the total dendrite length to calculate the ABO

puncta/micron.

3.4.10 Microscopy

NO imaging was conducted using a Molecular Devices ImageXpress High Content
Imaging Robotic Platform in the High-Throughput Analysis Laboratory at Northwestern
University. Fixed fluorescent images were collected using a Leica DM6B Fluorescent

Microscope in the Biological Imaging Facility at Northwestern University.
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CHAPTER 4: BLOCKAGE OF AMYLOID BETA OLIGOMER BINDING USING NUSC1
MEGAMOLECULES

4.1 Introduction:
4.1.1 Neutralization of APOs provides neuroprotection

In individuals with Alzheimer’s disease (AD) small, soluble clusters of AP peptide called
amyloid beta oligomers (APOs) accumulate in the brain over the course of disease’’*?*’. ABOs
instigate other features of AD pathology, including tau hyperphosphorylation, inflammation,
synapse degeneration, and memory loss!6>-16%17%.181-184 ‘Neytralization and removal of ABOs by

antibody treatment protects against memory loss in AD mouse models***2%,

Several clinical trials have tested antibodies that bind and remove A, measuring their
effectiveness to treat AD dementia'®®!87. However, most of these antibodies remove monomeric
and fibrillar AP, rather than ABOs. As such, therapeutic efficacy has been limited'*®.
Additionally, because AP serves a physiological function to maintain integrity of blood vessel
walls, nonspecific removal of all AP species likely contributes to the adverse effects of brain
edema and hemorrhage (ARIA)*°72, However, two of the antibodies tested in clinical trials,
aducanumab and lecanemab, bind to a subset of species that includes ABOs somewhat more
selectively!8192 Accordingly, these species showed modest efficacy to protect memory. Highly
selective ABO-specific antibodies are therefore predicted to provide a powerful protection of

memory function against AD dementia.
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4.1.2 Application of scFv technology to antibody therapy

However, the use of antibody therapies for neuroprotection suffers from several inherent
challenges. Firstly, full-sized immunoglobulin G (IgG) antibodies have a high molecular weight,
which may hamper their ability to penetrate the blood-brain barrier (BBB)*>4>. Additionally,
the crystallizable fragment (Fc) region of a full-length IgG antibody activates microglial
inflammation and immune responses by the complement system, which would be harmful within
the environment of the brain*’6-*’®, These features likely also contribute to adverse effects

associated with the AD antibodies previously tested in clinical trials***-472,

Single-chain variable fragment (scFv) antibodies, which consist of just the variable
fragment, with one variable heavy and one variable light chain connected by a covalent linker,
provide a solution to these problems*”®. ScFv antibodies are about five times smaller than full-
sized IgG antibodies, retain specific binding ability, and demonstrate more rapid
pharmacokinetics than full-sized antibodies, along with an absence of inflammation or immune
response*’>* An additional advantage of scFv antibodies is that, in contrast to full-sized IgG
antibodies, their small size and lack of glycosylation means scFv antibodies can be produced at
lower cost in microbial systems. As such, scFv antibodies could provide a valuable therapeutic

tool to clear ABOs from the AD brain.
4.1.3 Nuscl is an APO-specific scFv antibody fragment

Using biopanning to screen a human phage-display library, our colleagues Velasco and
Sebollela et al. identified the ABO-binding scFv antibody Nusc1?'!*8!, Nusc1 binds specifically
to ABOs larger than 50 kDa, which comprise major neuron-binding proteoforms. Nuscl detected

ABOs bound in a punctate pattern along hippocampal dendrites in neuronal culture. It also
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differentiated tissue from APP/PS1 AD model mice compared to wild-type and distinguished
human AD brain tissue from that of age-matched controls. Nuscl protected hippocampal neurons
in culture from ABO-induced tau phosphorylation and prevented the production of reactive

oxygen species.

Our collaborators Selles et al. tested neuroprotection by Nuscl in two AD mouse models:
one where ABOs were injected intracerebroventricularly and one in the APPswe/PS1AE9 genetic
model*®?. In both models, adeno-associated viral vector (AAV)-expression of Nusc] protected
memory function. Given its robust protection of cellular and memory function in AD models,
Nuscl presents a valuable potential therapeutic intervention against ABO-induced damage in

AD.
4.1.4 Megamolecule technology for antibody fragments

Although scFv antibodies are typically taken up into the brain more rapidly and
efficiently than full-sized IgG antibodies, a potential drawback for therapeutic use is that these
small fragments are less thermodynamically stable and are cleared from circulation more
rapidly*73474480:483 potential solutions to this problem include AAV expression or combination
of multiple scFvs***. The two most common strategies to combine scFvs are the use of tandem
scFvs and diabodies*®**7. However, development of tandem scFvs requires extensive structural
optimization to ensure bioactivity, and synthesis of diabodies does not produce precisely defined
populations. A third strategy, the use of megamolecules, can also be used to combine multiple
scFvs, producing precisely defined, modular structures that are still up to 1.5x smaller than full-
sized IgG antibodies and still absent the inflammatory and immune-reactive Fc region. The

488

combination of multiple scFvs into megamolecules would enhance avidity™®, optimize stability
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by masking hydrophobic regions**’, and have the potential to include central nervous system-

targeting elements*°.

To implement megamolecules, our collaborators Modica et al. developed a new platform
for the precise preparation of modular megamolecules?®!2%3. The platform uses fusion proteins in
which the protein of interest is fused with a particular enzyme, such as cutinase, and linked to

other fusion proteins with synthetic linkers (Figure 4.1). The specific reactivity of the chosen

Fusion protein
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Figure 4.1 Megamolecule synthesis overview. A hypothetical fusion protein containing a
protein of interest (1) linked to cutinase reacts with a p-nitrophenyl phosphonate (pNPP) group
on the synthetic linker. This generates an ether connection to the linker. This can be used to
create a symmetrical dimer, or to link another protein of interest (2) by reaction of SnapTag with
benzylguanine (BG) or chloropyrimidine (CP) on the linker. Figure created with BioRender.com.
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enzyme enables selective binding to each end of the linker. One end of the linker contains a p-
nitrophenyl phosphonate (pNPP), which will specifically react with the cutinase Ser120,
producing an ester which attaches the cutinase-based fusion protein to the linker and
simultaneously inactivates the cutinase. At the other end, the linker may contain another
phosphonate, to create a symmetrical megamolecule. Alternatively, it may contain a
benzylguanine group, which enables attachment of a SnapTag-based fusion protein to the linker,
with simultaneous inactivation of the SnapTag enzyme. For fragment antibodies, this
megamolecule platform could be used to improve stability by masking hydrophobic regions,
optimize avidity by increasing valency, attach central nervous system-targeting moieties, and

precisely combine multiple fragment antibodies to enable multiple biological effects.

4.1.5 Application of megamolecules to Nuscl

Our collaborators in the Mrksich group, Justin Modica and Alexandra Barajas, generated
three monospecific megamolecules of increasing valency using Nuscl-cutinase fusion proteins
(Figure 4.2). First, they prepared a monomeric Nusc1-cutinase fusion protein. Then, they used
symmetrical linkers with p-nitrophenyl phosphonate groups at each end to produce dimer and
trimer species. These species were predicted to exhibit increasing avidity with increasing
valency, which would translate to an enhanced ability to bind and neutralize disease relevant
APBOs. Therefore, our objective in this work was to measure megamolecule binding to cell-bound
APBOs and to characterize the differential ability of increasing n-mer megamolecules to neutralize
ABOs. We found that megamolecules can bind to and clear cell-bound ABOs in neuron culture
more effectively at higher valency. In particular, across the range of concentrations tested, the

Nuscl dimer demonstrated a robust ability to bind and neutralize ABOs specifically, even at 10-
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fold lower concentration than monomer. This work provides a proof of concept for the use of

Nuscl in megamolecules to bind and neutralize ABOs.

Monomer Dimer Trimer

o

Nusc1  Cutinase

&

Figure 4.2 Monomer, dimer, and trimer megamolecules of Nuscl. Monomer is a fusion
protein of Nuscl with cutinase. Dimer has a divalent linker with pNPP groups at either end.
Trimer has a trivalent linker with pNPP groups at all ends. Figure created with BioRender.com.

4.2 Results
4.2.1 Megamolecules bind to cell-bound ASOs in neuron culture

Given that the original Nuscl scFv detects the punctate binding of high molecular weight
(>50 kDa) ABOs along dendrites in neuronal culture, it was important to verify whether Nuscl
megamolecules were also capable of binding cell-bound, high molecular weight ABOs. To test
this, we applied crosslinked ABOs (xLABOs), which are stabilized at >50 kDa*’!, to mature

hippocampal neurons (500 nM xLABO, 1 h). Then the cells were fixed with formaldehyde, and
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immunofluorescent labeling was conducted using Nuscl megamolecules. For a full list of
labeling conditions screened, see section 4.4.4. Megamolecules were diluted according to the
number of Nuscl units present on each. Monomer was used at 0.2 uM, dimer was diluted
twofold to 0.1 uM, and trimer threefold to 0.07 uM. For secondary labeling, because Nuscl
contains a polyhistidine (His) tag, a green-fluorescent anti-His tag antibody was used to label

megamolecules.

Under these conditions, all three megamolecules detected ABOs bound to cells (Figure
4.3). Dimer and trimer identified a higher number of ABO puncta compared to vehicle than

monomer (Figures 4.3 and 4.4, 2.0 = 1.4 for monomer, 140 + 58 for dimer, 92 + 94 for trimer).

Monomer Dimer Trimer
Vehicle Vehicle Vehicle

Monomer Trimer.
XLABO xLABO

Figure 4.3 Nuscl megamolecules detect cell-bound ABOs (images). Representative images of
mature, hippocampal neurons to which was applied 500 nM xLABO or PBS vehicle and which
were immunofluorescently labeled with Nuscl monomer, dimer, or trimer (green) and DAPI
(blue) are shown. Brightness and contrast are adjusted evenly for each set of two images labelled
with the same megamolecule (Monomer 10-25, Dimer, 20-100, Trimer 100-255).
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Figure 4.4 Nuscl megamolecules detect cell-bound APOs (quantification). Analysis of
megamolecule-detected puncta count in mature, hippocampal neurons to which was applied 500
nM xLABO or PBS vehicle and which were immunofluorescently labeled with Nuscl monomer,
dimer, or trimer are shown. Cutinase-only scaffolds were also included as controls. Number of
Nuscl-labeled puncta in each image were quantified in ImagelJ at a threshold of 20, 60, or 150
for increasing sizes of megamolecules. N = 5 images per condition are plotted as individual data
points. Mean and standard error are also plotted. NU2 puncta over vehicle were 2.0 + 1.4 for
monomer, 140 + 58 for dimer, 92 + 94 for trimer.

However, the use of Nuscl megamolecules for immunofluorescent labeling was challenging
overall because the lack of a constant region meant the absence of the typical signal
amplification obtained from the binding of numerous secondary antibodies to each primary
antibody. Across the megamolecules tested, increasing valency from monomer to dimer and
trimer was predicted to enhance binding potency. It was observed that both specific and
nonspecific detection of ABOs by megamolecules increased with increasing n-mer size (Figures
4.5 and 4.6). At the concentrations tested, the best signal over background for ABO detection was

obtained with dimer (Figure 4.4).
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Figure 4.5 Both specific and nonspecific binding of Nuscl megamolecules increase with n-
mer size (images). Representative images of mature, hippocampal neurons to which was applied
500 nM xLABO or PBS vehicle and which were immunofluorescently labeled with Nusc1
monomer, dimer, or trimer (green) and DAPI (blue) are shown. Brightness and contrast were
unadjusted for all images, then brightness and contrast then were increased equally for all images
in Powerpoint.
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Figure 4.6 Both specific and nonspecific binding of Nuscl megamolecules increases with
n-mer size (quantification). Analysis of megamolecule-detected puncta count in mature,
hippocampal neurons to which was applied 500 nM xLABO or PBS vehicle and which were
immunofluorescently labeled with Nuscl monomer, dimer, or trimer are shown. Cutinase-only
scaffolds were also included as controls. Number of Nusc1-labeled puncta in each image were
quantified in ImageJ at a threshold of 20. N = 5 images per condition. In Panel (A), all
datasets are included together along the same scale. Panel (B) shows individually-scaled
images. When thresholds were identical, number of NU2 puncta was 1.6 for Mon-
Nusc1+Veh, 3.6 for Mon-Nusc1+ABO, 440 for Dim-Nusc1+Veh, 570 for Dim-Nuscl+AO,
2100 for Tri-Nusc1+Veh, and 3100 for Tri-Nusc1+ABO.
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4.2.2 Neutralization with higher concentrations of megamolecules block ABO binding for

monomer and dimer

Since all megamolecules can bind to cell-bound ABOs, we next measured whether
megamolecules were capable of neutralizing ABOs to prevent them from binding to cells. To do
this, we incubated megamolecules (0.4 uM) with xLABOs (0.2 uM) for 1 h prior to application
onto cells. Then, we probed for neuron-bound ABOs by immunofluorescence with antibodies
against ABOs (NU2) and neuronal dendrites (MAP2). At this concentration, both monomer and
dimer megamolecules of Nuscl blocked the binding of ABOs to neurons (Figure 4.7). A scaffold
containing just a dimer of cutinase had no effect on ABO binding, indicating that ABO

neutralization by the Nuscl dimer was specific. However, neutralization of ABO binding by the

0 % X.LAEO (02 M AB) B 7 04P-M d|mer scaffold =~ 0.4 pM trimer scaffold
Sl ,. : YAABO (G2 UM AR | +xLABO (0:2 pM AB)

I

0.4 pM Nuscl monomer 0.4 uM Nuscl dimer 0.4 uM Nuscl trimer
+xLARO (0.2 UM AR} +xLARBO (0.2 pM AB) + xLABO (0.2 M AR)

Figure 4.7 High concentration Nuscl monomer and dimer prevent ABO binding; Nuscl
trimer prevents APO binding but scaffold reduces binding as well. Representative images of
mature hippocampal neurons to which were added 0.2 uM xLABO in the presence of 0.4 uM
Nuscl megamolecules, megamolecule cutinase scaffolds, or PBS vehicle. Immunofluorescent
labeling was used to label ABOs (NU2, green), dendrites (MAP2, red), and nuclei (DAPI, blue).
Brightness and contrast were adjusted evenly for all images.
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Nuscl trimer was not; the trimer cutinase scaffold also blocked ABO binding nonspecifically.
This result matches the previously observed nonspecific binding of the Nuscl trimer to cellular
structures, and suggests a stickiness of the trimer cutinase structure, which may be susceptible to

nonspecific interactions.

4.2.3 Differential neutralization by Nuscl across concentrations

To determine a range of concentrations over which the dose-responses of ABO
neutralization by Nuscl megamolecules could be measured, ABO neutralization by the original
scFv Nuscl was first measured over a range of concentrations (0.05 uM-1 uM). The ABO
concentration was maintained constant at 0.5 uM. At 1 uM, Nuscl effectively neutralized ABO
binding (Figure 4.8). At 0.17-0.5 uM, Nuscl visibly reduced ABO binding. At 0.05 uM, Nuscl
had a low or minimal effect on ABO binding. Over this range of 0.05 to 1 uM, Nuscl neutralized

APO binding in a dose-dependent manner (Figure 4.9, ICso = 0.1 uM, R? = 0.73).

Vehicle " XLABO (0.5 uM AB) , 1 uM Nuscl + xLABO (0.5 uM A)

0.5 uM Nuscl + xLABO (0.5 uM AB) 0.17 uM Nus&l + XLABO (0.5 uM AB) 0.05 uM Nuscl + XLABO (0.5 uM AB)

Figure 4.8 Neutralization by the original Nuscl scFv was effective at the highest
concentration, less effective with dilutions (images). Representative images of mature
hippocampal neurons to which were added 0.5 uM xLAPBO in the presence of 0.05-1 uM Nuscl
scFv or PBS vehicle. ABOs (NU2, green), dendrites (MAP2, red), and nuclei (DAPI, blue) were
labeled. Brightness and contrast were adjusted equally for all images.
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Figure 4.9 Neutralization by the original Nuscl scFv was effective at the highest
concentration, less effective with dilutions (quantification). ABO puncta per micron length
along dendrites was quantified from n=10 images per condition in ImageJ. Dose-response was
quantified using a 3-parameter nonlinear regression to a sigmoidal curve with a Hill slope in
GraphPad Prism. IC50 was calculated at 0.1 uM, R? = 0.73.

4.2.4 Differential neutralization by Nuscl megamolecules across concentrations

Because Nuscl exhibited a dose-dependent neutralization of ABO binding over 0.05-1
uM, the efficacy of Nuscl megamolecules was tested over 0.05-0.5 uM. The APO concentration
was again maintained constant at 0.5 uM. The Nuscl monomer yielded a clear dose-response
over the measured range (Figure 4.10, ICso ~ 0.07 uM, R? = 0.70). At 0.05 pM, the Nuscl
monomer did not block ABO binding, and at 0.5 uM, the Nuscl monomer almost completely
neutralized ABOs. The Nuscl dimer neutralized ABOs much more effectively, almost completely
blocking ABO binding across the entire measured range, including at a 10x lower concentration

than that required for neutralization by monomer (Figure 4.11).
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Vehicle XLABO (0.5 uM AB)

ABO (puncta/pm}

[Nusc1 monomer] (M)

(1.65 PV Monomer + xI:ABO (0.5 uM AB) 0.17 uM Monomer + XxLABO (0.5 uM AB) 0.5 uM Monemer +xLABO {0.5 uM AB)

Figure 4.10 Nuscl monomer reduced ABO binding in a dose-dependent manner. (A)
Representative images of mature hippocampal neurons to which were added 0.5 uM xLABO
which had been preincubated with 0.05-0.5 uM Nuscl monomer or an equal volume of PBS
vehicle. Immunofluorescent labeling was used to label ABOs (NU2, green), dendrites (MAP2,
red), and nuclei (DAPI, blue). Brightness and contrast were adjusted evenly for all images. (B)
Quantification of ABO puncta per um length of dendrites from n = 5 images in each condition.
Dose-response was quantified using a S-parameter asymmetric nonlinear regression to a
sigmoidal curve in GraphPad Prism. ICso was approximately estimated at 0.07 pM, R? = 0.70.
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0.05 uM Dimer + xLABO (0.5 uM AB) 0.17 uM Dimer 4+ xLABO (05 pM AB) 0.5 pM Dimer + xLABO (0.5 pM AB) -,
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Figure 4.11 Nuscl dimer reduced ABO binding across the measured range. (A)
Representative images of mature hippocampal neurons to which were added 0.5 uM xLABO
which had been preincubated with 0.05-0.5 uM Nusc1 dimer or an equal volume of PBS vehicle.
Immunofluorescent labeling was used to label ABOs (NU2, green), dendrites (MAP2, red), and
nuclei (DAPI, blue). Brightness and contrast were adjusted evenly for all images. (B)
Quantification of ABO puncta per um length of dendrites from n = 5 images in each condition.
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Additionally, to identify a range at which specific inhibition by the Nuscl trimer could be
measured, we also tested nonspecific neutralization by the Nuscl trimer cutinase scaffold across
the range of 0.05-0.17 uM. At these concentrations, nonspecific neutralization reduced dose-
dependently, but was not eliminated (Figure 4.12). Interpolation of these data in GraphPad Prism
using a four-parameter dose-response curve predicted that nonspecific neutralization would be

minimal at a concentration of 0.003 uM, although this has not yet been tested experimentally.
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Figure 4.12 Trimer cutinase scaffold reduced APO binding. (A) Representative images of
mature hippocampal neurons to which were added 0.5 uM xLABO which had been preincubated
with 0.05-0.5 uM trimer cutinase scaffold or an equal volume of PBS vehicle.
Immunofluorescent labeling was used to label ABOs (NU2, green), dendrites (MAP2, red), and
nuclei (DAPI, blue). Brightness and contrast were adjusted evenly for all images. (B)
Quantification of ABO puncta per um length of dendrites from n = 5 images in each condition.
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4.3 Discussion

4.3.1 Summary of results

In this work, monospecific multivalent Nuscl megamolecules, including monomer,
dimer, and trimer, were verified to bind to ABOs in cell culture. Higher valency Nuscl
megamolecules exhibited increases in both specific and nonspecific binding. At the
concentrations tested, the Nuscl dimer detected APOs with the highest specificity. The
differential ability of Nuscl megamolecules to neutralize ABOs, thereby preventing ABOs from
binding to cultured neurons, was quantified. In this assay, the increasing valency increased
neutralization but also nonspecific interaction. In both cases, at the concentrations tested, the
Nuscl dimer demonstrated a robust ability to bind ABOs sensitively with minimal nonspecific

interactions.

4.3.2 Nuscl monomer effectively detects and neutralizes ApOs

The Nuscl monomer comprised a fusion protein of Nuscl with cutinase. The monomer
specifically detected cell-bound ABOs, and dose-dependently neutralized APO binding to
neurons. However, the monomer exhibited the weakest detection and neutralization of the three
megamolecules over 0.05-0.5 uM monomer. Interestingly, although the Nuscl monomer was
tested in a separate experiment, it appeared neutralize ABO binding more effectively than the
original Nuscl scFv. The original scFv only partially neutralized ABO binding at 0.5 uM, while
the Nuscl monomer completely neutralized ABO binding at the same concentration.
Accordingly, the estimated I1Cso of the Nuscl monomer was 0.07 uM, while that of the scFv
alone was 0.1 uM. This finding suggests that fusion of a cutinase to Nuscl may provide

thermodynamic stabilization that improves functional efficacy of the monomer. However, the
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Nuscl monomer contains an active cutinase due to the absence of an attached linker; as such, it
is possible that the enzymatic activity of the cutinase could be responsible for the enhanced
effect of the Nuscl monomer. Regardless, these results support the conclusion that the Nuscl
monomer could be used to effectively neutralize neuron-binding ABOs for therapeutic use and

would be an effective building block for a multi-functional megamolecule.
4.3.3 Nuscl dimer exhibits multi-fold enhancement of APO neutralization

To form the Nuscl dimer, two fusion proteins of Nuscl with cutinase were linked with a
symmetrical pNPP linker. The Nuscl dimer detected cell-bound ABOs with higher sensitivity
than the Nuscl monomer and also neutralized ABO binding more effectively. Previous literature
by Alam et al. showed that trimerization of an anti-HER3 scFv using the Spycatcher platform
resulted in a 12-fold enhancement of the dissociation constant*®®, and results obtained by Cuesta
et al. showed that trimerization of anti-NIP scFv fused to collagen trimerization domains
produced at least a 100-fold increase in functional affinity compared to the monovalent
species*®’. Our results also support the conclusion that multimerization results in multiple-fold
increases in binding, as the Nuscl dimer maintained full neutralization of ABO binding at 10-
fold lower concentration than monomer. These results support the conclusion that the Nuscl
dimer could be used therapeutically to block ABO binding more completely than monomer.
Additionally, the minimal nonspecific binding of the dimer-cutinase scaffold supports the
potential future use of a dimer scaffold to combine the Nusc1 monomer with other scFvs for
additional tau clearance or CNS-targeting. Overall, the Nuscl dimer was shown to provide more
sensitive detection and neutralization of ABOs than monomer, with minimal nonspecific

interaction.
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4.3.4 Nuscl trimer scaffold interacts non-specifically with substrates

The Nuscl trimer included three fusion proteins of Nuscl with cutinase, combined with a
trifold pNPP linker. The Nuscl trimer non-specifically stuck to cells in immunofluorescence
experiments. Given that a non-specific interaction of the trimer-cutinase scaffold with ABOs was
also observed in neutralization experiments, non-specific binding of the Nuscl trimer can likely
be attributed to the structure of the trimer-cutinase scaffold. However, the specific threshold for
neutralization of ABO binding by the Nuscl trimer has not yet been quantified, although it is
predicted to be higher than that of the Nusc1 dimer given the increased valency. As such, the
exact specificity of the Nuscl trimer for ABOs relative to other Nuscl megamolecules cannot be

concluded from these experiments.

4.3.5 Future work

In the future, additional experiments will help to identify precise parameters for use of
Nuscl megamolecules. Lower concentrations of Nuscl megamolecules could be tested to
establish dose-response ranges for ABO neutralization by Nuscl dimer and trimer. A
concentration of 0.003 uM would be a useful starting point to characterize specificity of the
trimer in comparison to monomer and dimer. Given that target engagement and neutralization of
APBOs by Nuscl megamolecules have been demonstrated in scell cultures, effectiveness of these
molecules to neutralize ABOs could also be tested in vivo. These tests could also be used to probe
whether increased size of megamolecules results in reduced brain penetration, which could be
counteracted by installation of brain-targeting moieties, or reduced clearance, which would be

therapeutically beneficial.
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4.3.6 Significance

One key benefit of the megamolecule platform is the ability for precise, modular
assembly of molecules with different functionality?*!->*>. Currently, one bispecific tandem scFv,

blinatumomab, is FDA-approved for cancer immunotherapy*

. However, the design of such
bispecific tandem scFvs requires extensive structural optimization, impeding high-throughput
screening of multiple modalities. Megamolecules containing Nuscl-cutinase could be linked to
other building blocks by a heterobifunctional linker to a SnapTag fusion protein or a
heterotrifunctional linker to SnapTag and HaloTag. In this way, the megamolecule platform
could easily be used to screen modular combinations of Nuscl with other antibody fragments for
multi-modal activity. For example, antibody fragments against brain-uptake receptors such as
insulin-like growth factor 1 receptor, transferrin receptor, or vascular cell adhesion molecule 1
could be added to Nuscl containing megamolecules to enhance brain uptake****%*. Targeting to a
specific brain region of interest, such as hippocampus, might also be achieved by introduction of
an antibody fragment against a receptor enriched in hippocampus, such as the Kv4.2 channel**.
Further, incorporation of anti-ABO fragments with different structural specificities, including

camelid nanobodies or other scFvs*”

, could be used to tune megamolecule activity to target
varying ranges of ABO species, and installation of an anti-phosphorylated tau fragment antibody,
anti-inflammatory agent, antioxidant, insulin, or other potential AD therapeutic agent, could also
be used for a multi-modal therapeutic approach?’!. As such, this work provides a foundation to

establish feasibility of using megamolecules containing Nuscl, which could provide a powerful

tool to prevent APO-triggered neurodegeneration in AD.
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4.4 Methods
4.4.1 Megamolecule synthesis

Nuscl megamolecules were synthesized by our collaborators in the Mrksich lab, Dr.
Justin Modica and Alexandra Barajas, building on previously published methods?!-2924%,
Briefly, Nuscl-cutinase fusion proteins were expressed in TOP10 E. coli cells and purified by
immobilized metal affinity chromatography to isolate the His-tagged material, followed by fast
protein liquid chromatography to isolate the light chain, and finally size-exclusion
chromatography. Purified fusion proteins were then combined with the appropriate homo-

bifunctional or homo-trifunctional poly-ethylene glycol linkers with pNPP groups at each end

overnight at RT. The final megamolecules were purified by size-exclusion chromatography.
4.4.2 Hippocampal neuronal cell culture

One pair of combined E18 Sprague-Dawley rat hippocampus, cortex, and sub-ventricular
zone tissue was obtained fresh from Transnetyx (SDEHCV) and cultured according to the
manufacturer’s protocol, based on the procedures from Brewer et al.¢%3¢!_ Cells were diluted to
0.11 million/mL and plated at 0.15 mL/coverslip directly onto sterile poly-D-lysine coated 12
mm circular coverslips (Fisher Scientific 07-000-190), which were prearranged 4/dish in 35 mm
culture dishes. This yielded a density of approximately 15,000 cells/cm?. Cells were fed 4 days
after plating by half-media exchange with NbActivl (Transnetyx NB1-500), and subsequently

every 2-3 days by half-media exchange with NbActivl.
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4.4.3 Synthesis of crosslinked ABOs (xLABOs)

xLAPBOs were prepared according to the method of Cline et al. using AP (Peptides
International PAM-4349), 1,5-difluoro-2,4-dinitrobenzene (Thermo Scientific 21525), and
dithiothreitol (Sigma-Aldrich D-0632). xXLABOs were buffer-exchanged six times into PBS to

remove excess reagents and enrich ABOs!'3.

4.4.4 Megamolecule immunofluorescence

Nuscl megamolecule immunofluorescence labeling was optimized using Nuscl dimer by
testing the conditions outlined in Figure 4.13. In all cases, ABOs were applied to mature
hippocampal cells for 1 h, then the cells were washed with sterile PBS. Most cells were fixed
with formaldehyde, which was subsequently removed by three washes with PBS. Then the
coverslips were blocked and labeled with megamolecules as a primary antibody and a variety of
secondary antibodies. Finally, the coverslips were mounted on glass slides and imaged. Overall
signal amplification was limited by the use of a fluorophore conjugated anti-His tag. Future
optimization might benefit from labeling first with a mouse anti-His tag and subsequently with
an anti-mouse secondary to enhance signal. Nonetheless, a clear signal over background for ABO
detection of megamolecules was obtained using the following optimized immunofluorescence

conditions.

Optimized immunofluorescence conditions, used in Figures 4.3-4.6, were as follows. 500
nM xLABOs or PBS vehicle was applied to mature hippocampal neurons (20-25 div) for 1 h,
then the cells were washed with sterile PBS. The cells were subsequently fixed with
formaldehyde, first by 1:1 addition of 3.7% formaldehyde (Sigma-Aldrich F8775-500) for 10

min, and then by replacement with 3.7% formaldehyde for 10 min. Formaldehyde was removed
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by three washes with PBS. The coverslips were then blocked for two intervals of 10 min and one
interval of 40 min, RT. The blocking buffer contained 3% bovine serum albumin (Sigma-Aldrich
A7906-500G) in PBS. Megamolecules were applied overnight at concentrations of 0.2 uM

monomer, 0.1 uM dimer, or 0.07 uM trimer in blocking buffer at 4 °C, with orbital shaking. The

coverslips were washed twice with PBS for 5-10 min each.

[pomary | secondary | itont Lokt

0.66 uMm 1:1000 Fixed 5% FBS, 1h Nonspecific labeling for vehicle and ABOQ,
dimer aHis488 hut not for scaffold or secondary only
0.66 uM 1:1000 Live 5% FBS, 1h Nonspecific nt e for vehicle and

dimer aHis488 ABQ, but not fo condary only

0.66 um 1:500 FITC-L Fixed 2% BSA, 1h Nonspecific binding for vehicle and ABO

dimer {others not tested)

0.66 uM 1:500 FITC-L Live 2% BSA, 1h Nonspecific {intemnalization or clumping) for vehicle and
dimer ABO, but not for scaffold or secondary only

0.3 uMdimer  1:500 FITC-L Fixed 3% BSA, 2x10 Nonspecific binding for F12 vehicle and F12 ABO

min, 1x40 min  as well as PBS vehicle and xLABQ

0.3uMdimer  1:500 FITC-L Fixed + fixed again 3% BSA, 2x10 Nonspecific binding for PBS vehicle and xLABO
after primary min, 1x40 min {others not tested)

0.1 uM dimer  1:500 FITC-L Fixed + fixed again 3% BSA, 2x10 Nonspecific binding for F12 vehicle and F12 ABO

after primary min, 1x4G min  as well as PBS vehicle and xLABO
0.1 uM dimer  1:500 FITC-L Fixed + fixed again 3% BSA, 2x10 Nonspecific binding for PBS vehicle and xLABO
after secondary min, 1x40 min {others not tested)
0.3 uM dimer  1:1000 or Fixed 3% BSA, 2x10 Very low s/n for F12 vehicle vs F12 ABO at 1:1000,
1:500 aHis488 min, 1x40 min Moderate s/n at 1:500 aHis488
0.3 uM dimer  1;1000 or Fixedl + fixed again 3% BSA, 2x10 wery low s/n for F12 vehicle vs F12 ABO
1:500 aHis488  after primary min, 1x4Q min

0.1 uM dimer  1:500 aHis488  Fixed + fixed again 3% BSA, 2x10 Fairly low s/n for PBS vehicle vs xLABO

after secondary min, 1x40 min  {others not tested)
0.1 uM dimer  1:500 aHis488 Fixed + fixed again 3% BSA, 2x10 Moderate s/n for PBS vehicle vs xLABO
after primary min, 1x40 min {worked well for F12 ABOs)

Figure 4.13 Nuscl megamolecule immunofluorescence conditions. Nuscl megamolecule
immunofluorescence labeling was optimized using Nuscl dimer to test the specified conditions.
In all cases, ABOs were applied to mature hippocampal cells for 1 h, then cells were washed with
sterile PBS. Most cells were fixed with formaldehyde, which was subsequently removed by three
washes with PBS. Then coverslips were blocked and labeled with dimer as a primary antibody
and a variety of secondary antibodies. In some cases, fixation steps were performed after
addition of primary or secondary. Finally, coverslips were mounted on glass slides and imaged.
Abbreviations: aHis488 (Alexa Fluor 488 anti-His tag), FITC-L (FITC-tagged protein L), BSA
(bovine serum albumin).

The remaining bound primary antibody was then fixed by replacement of PBS with 3.7%
formaldehyde for 10 min, which was then removed by three washes with PBS. The secondary

antibody, Alexa Fluor 488 anti-His Tag (1:1000, BioLegend 652509) in a solution of 3%
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blocking buffer was added for 3 h at RT in the dark. The coverslips were washed twice for 10
min each, then mounted on slides in Prolong Diamond Antifade mountant with DAPI (Thermo
Fisher Scientific P36862) and allowed to dry at RT, protected from light. Images were collected
using a Leica DM6B fluorescent microscope using the 63x objective. Using the Leica LAS-X
software, 3D deconvolution was applied for 3 iterations, and subsequently maximum projections

were obtained for each image.

Image analysis was conducted using ImageJ, by measurement of the total fluorescent
integrated density or the count of ROIs above an equal threshold for all images. Data analysis

was conducted using GraphPad Prism.

4.4.5 APO neutralization assays

For all neutralization assays, XLABOs were first preincubated with megamolecules,
Nuscl, cutinase scaffolds, or PBS vehicle for 1 h at 37 °C. For the initial experiment in Figure
4.7, 0.4 uM of each megamolecule, cutinase scaffold, or an equal volume of PBS vehicle was
preincubated with 0.2 uM xLABO. For the Nuscl scFv experiment in Figure 4.8, 0.05-1 uM
Nuscl or an equal volume of PBS vehicle was preincubated with 0.5 pM xLABOs. For the multi-
dose megamolecule experiments in Figures 4.10-4.12, 0.05-0.5 uM of each megamolecule or an

equal volume of PBS vehicle was preincubated with 0.5 uM xLABOs.

These solutions were then applied to mature hippocampal neurons on glass coverslips
(20-24 div) for 1 h at 37 °C. The coverslips were washed with sterile PBS and fixed first by 1:1
addition of 3.7% formaldehyde (Sigma-Aldrich F8775-500) for 10 min and then by full volume
replacement with 3.7% formaldehyde for an additional 10 min. Formaldehyde was removed by

three PBS washes, and coverslips were blocked for 1 h at RT. The blocking buffer consisted of
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5% normal goat serum and 0.1% Triton X-100 (Sigma-Aldrich T9284-500ML) in PBS. The
primary antibodies, NU2 (1:1500-1:2000, in-house) and MAP2 (1:10,000, EnCor Biotechnology
CPCA-MAP2), were then applied in blocking buffer at 4 °C overnight with orbital shaking. The
coverslips were washed three times with PBS. The secondary antibodies, goat anti-mouse Alexa
Fluor 488 (1:2000, Fisher Scientific A11029) and goat anti-chicken Alexa Fluor 568 (1:2000,
Thermo Fisher Scientific A11036), were added in a solution of 10% blocking buffer in PBS for 3
h at RT in the dark. The coverslips were washed three times with PBS and mounted on a Prolong

Diamond Antifade mountant with DAPI (Thermo Fisher Scientific P36862).

Images were collected using a Leica DM6B fluorescent microscope using the 63x
objective. Using the Leica LAS-X software, 3D deconvolution was applied for 3 iterations, and,

subsequently, maximum projections were obtained for each image.

APBO binding analysis was conducted on immunofluorescent images in which MAP2 was
used as an indicator of dendrites. ImageJ] was used for analysis. Briefly, tiff images were
assigned random numbers to avoid bias during analysis, and then cell bodies were manually
traced and deleted from each image to eliminate signal from nonspecific antibody accumulation
in the cell body. To calculate total dendrite length in each image, a Gaussian blur was applied to
the MAP?2 signal, the signal above an equal threshold for each image was skeletonized, and the
total length of the skeleton was measured. To calculate the total ABO puncta along processes,
again a Gaussian blur was applied to the dendrite signal, and the signal above an equal threshold
was selected. Then, the signal was dilated to encompass the area around the dendrites by 15
dilations. The area around the dendrites was used as a selection, and within the selection area,

Imagel particle analysis and summary was used to count the NU2 puncta above an equal
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threshold for each image. Thresholds were chosen based on one or two positive and negative
control images. The total number of NU2 puncta was divided by the total dendrite length to
calculate the ABO puncta/micron. Data analysis was conducted in GraphPad Prism using

nonlinear regression.
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