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ABSTRACT

Synaptic dysfunction and loss are hallmarks of the early pathogenesis of Alzheimer’s
disease (AD), leading to impaired cognitive function, including disruption of memory
processing. Accumulation of neurotoxic oligomeric beta amyloid (AB) in the prodromic
period leading up to AD is thought to contribute to dendrite atrophy, altered dendritic spine
dynamics resulting in synaptic dysfunction and spine loss, and compromised postsynaptic
receptor trafficking, but the molecular mechanisms for these AB-associated changes are still
yet to be fully understood. As the exocyst complex has been implicated in vesicle tethering
and trafficking preceding SNARE protein-mediated vesicle exocytosis in yeast and
mammalian cells, and preliminary work in our laboratories has found evidence of exocyst
involvement in amyloid precursor protein (APP) trafficking in murine primary neurons, I
investigated the impact of neurotoxic levels of AB on the octameric exocyst complex in
relation to altered dendrite and spine integrity and postsynaptic receptor trafficking in
spines. Specifically, I utilized Actin-GFP expression to examine dendritic arborization as a
measure of neuronal complexity and dendritic spine dynamics, which are driven by
cytoskeletal changes, and immunocytochemistry and proximity ligand assay (PLA) of key
exocyst subunits and AMPA GIuA1l receptors in conjunction with select exocyst subunit
deletion to correlate AB -induced changes in the exocyst with altered postsynaptic receptor
trafficking. The results were consistent with our central hypothesis that AB induces
dysregulation of the exocyst complex, obstructing major postsynaptic neurotransmitter
receptor AMPAR trafficking and, consequently, contributing to neurodegeneration through
dendrite atrophy and loss of dendritic spine density in AD. The findings provide new insights
into the molecular mechanisms underlying synapse dysfunction in AD pathogenesis,

potentially revealing novel targets for therapeutic intervention.
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CHAPTER 1.
INTRODUCTION



SECTION 1.1
ALZHEIMER'S DISEASE & BETA AMYLOID

"The Long Goodbye" is an infamous epithet sometimes used by family members and
caretakers of Alzheimer's disease (AD) patients. The epithet captures the reality of the three
to nine years after diagnosis; typically, all patients have left. Around the world, there are
over 45 million people diagnosed with AD who are facing the bleak reality of those three to
nine years. This short window of time is dominated by navigating the progressively
intensifying symptoms, which often begin with difficulty recalling recent events. The stages
of AD are shown in Figure 1. These early symptoms are sometimes mistaken as stress or
normal aging. Subtle problems may begin to arise with executive functions. The ability to be
attentive, make plans, and think abstractly begins to slip away (From Alzheimer's Assn.,
2021). These symptoms are common in the prodromal stage of AD and are often associated
with amnestic mild cognitive impairment (MCI). Apathy and depression will begin to settle
in. As AD advances into its early stage, the increasing learning and memory impairment will
likely prompt diagnosis. Gradually, patients will experience problems with disorientation and
mood swings. There are no treatments to halt the progression and only ways to improve

symptoms temporarily (From Alzheimer's Assn., 2021).

As the clock continues ticking, the disease advances into its middle stage. The
deterioration of the patient's cognitive abilities impedes their independence. Family
members provided $257 billion in unpaid care to patients diagnosed with AD and other
dementias in 2020 alone (From Alzheimer's Assn., 2021). Caregivers assist patients with
activities of daily living, such as bathing, dressing, and meals. Additionally, caregivers are
often charged with transportation, managing the patient's financials, and emotional support.
The difficulty of this enormous responsibility cannot be overstated. Many people with
dementia also have co-occurring conditions, which add complexity to the caregiver's role.
Compared to caregivers of people who do not have dementia, two times as many caregivers
of those with dementia report significant emotional, financial, and physical difficulties of
their own. Among caregivers of a patient with dementia, 30-40% report depression,
significantly more than the 5-17% reported among caregivers of similar ages who are not

responsible for a patient with dementia (From Alzheimer's Assn., 2021).

Late-stage AD requires complete dependency of the patient on caregivers. Death of
the patient usually results from body-wide inflammation provoking organ failure or some

form of pneumonia. AD is the fifth leading cause of death. An estimated 6.2 million



individuals face this monstrous disease just in the United States. That already staggering
number is expected to balloon to 13.8 million diagnosed Americans by 2060 (Alzheimer's
Assn., 2021).

Figure 1. The Alzheimer's Disease Continuum

Mild Cognitive Dementia due to AD Dementia due to AD
Impairment due to AD Moderate Severe

Preclinical AD

MNo symptoms Very mild symptoms Symptoms interfere Symptoms interfere Symptoms interfere
that do not interfere with some everyday with many everyday with most everyday
with everyday activities activities activities activities

Figure Legend: The stages of AD are organized from preclinical to severe, with associated
symptoms below. Although the arrows indicate equal size, there is no set duration for each

phase. (From Alzheimer's Assn., 2021)

AD as a Multifactorial Disease

AD is a highly complex, multifactorial disease with many contributing risk factors.
Typically, AD is bisected into early-onset AD (EOAD) or late-onset AD (LOAD) by an age cut-
off. Individuals with EOAD are diagnosed before age 65 and often face an accelerated
disease with more aggressive pathology. EOAD often exhibits more clinical presentation
heterogeneity, comprising multiple presentations such as amnestic, posterior cortical
atrophy, frontal, and linguistic variants. The phenotypic variants of AD are shown in Figure
2. EOAD represents about 5% of all AD cases, with the other 95% being LOAD (from
Alzheimer’s Assn, 2021). The genetics of AD is a highly complex subject, with many gene
networks being implicated. From a genetic perspective, the current understanding of AD is
that AD is a multicomponent disease with multiple insults that combine to result in a
cascade towards disease pathology. Only the most significant risk factors will be discussed
here, but it should be noted that there are many other associated genes. For a full review of

the past thirty years of genetic discoveries in AD, see de Rojas et al., 2021.



Figure 2. Phenotypic Variants of AD
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Figure Legend: Phenotypic variants of early-onset Alzheimer disease compared to typical
amnestic, LOAD Alzheimer disease across the age spectrum. The different colored lines
represent the different phenotypic variants of EOAD: posterior cortical atrophy, logopenic
variant primary progressive aphasia, behavioral variant, and the acalculic variant. (From
Mendez, 2017)

Pathology in EOAD shows more severe synaptic loss and neurodegeneration, with
increased metabolic defects (Panegyres & Chen, 2013). EOAD is a complex disorder with
strong genetic components. It is reported that 35-60% of patients with EOAD have at least
one first-degree relative with EOAD, commonly referred to as early-onset familial
Alzheimer's disease (eFAD). There are two types of inheritance patterns in EOAD:
mendelian and nhonmendelian. Mendelian EOAD has full penetrance and an autosomal
dominant inheritance pattern of mutations in APP, PSEN1, and PSEN2. These critical genes
are involved in APP processing and will be discussed further. Nonmendelian EOAD is much
less consistent and sporadic with highly variable age of onset. Unfortunately, known causal
mutations of EOAD only explain 10% of EOAD cases, suggesting many unidentified genetic
variations and combinations of these unknown variations contribute to the inheritance of

such a devastating disease.

LOAD occurs sporadically without a family history of the disease. Genetic variation in
the APOE gene has been identified as the most potent risk factor for LOAD. There are three
variants of APOE, which modify the weight of the risk factor. APOE €4 increases the risk of
AD, APOE €2 decreases the risk of AD, and APOE €3 is the common allele. The APOE €4 has
dose-dependent risk enhancing; with one dose increased risk threefold, and two doses
increasing risk 15-fold (Eftymiou et al., 2017). In EOAD, it is thought that beta amyloid (AB)



plague burden and soluble neurotoxic AB species are formed from amyloidogenic APP
processing, which may be a consequence of mutations within the APP gene itself, or in
associated factors such as PSEN1 and PSEN2. There is no evidence of improper APP
processing in LOAD that leads to amyloid accumulation. However, there is evidence that the

clearance of AB is disrupted (Mawuenyeta et al., 2010).

In addition to genetic risk factors, environmental factors may modify disease risk.
Aging is the most significant risk factor for sporadic AD (Peterson, 2000). Lifestyle habits
like the amount of sleep one gets at night have also been implicated in AD pathogenesis.
Sleep disorders have been associated with increased AD risk (Peter-Derex et al., 2015). The
gut microbiota has been studied for its impact on neurodegenerative diseases, as abnormal
gut microbiota has been reported in APP/PS1 mice, an AD mouse model (Sun et al., 2019).
Obesity and poor diet have also been associated with dementia risk. Cerebrovascular
disorders, strokes, and other vascular defects correlate with AD risk (Iturria-Medina et al.,
2016). Damage to the blood-brain barrier is also associated with AD risk. Hypertension is an
AD risk factor determined by epidemiological studies (Sweeney et al., 2019). Even
education level has been examined as a potentially protective factor against AD; meta-
analyses indicate that people with higher education levels may have decreased AD onset
risk (Caamafio-Isorna et al., 2006). Those with two X chromosomes are at a higher risk of
developing AD than those with XY chromosomes (Bove et al., 2014). Further, those with
Trisomy 21 or Down Syndrome are at very high risk of developing dementia or AD likely due
to have a third copy of the APP gene (Head et al., 2012). AD often presents comorbidities
that may contribute to disease pathology, with the most common being gastrointestinal
disease, cardiovascular disease, depression, and type II diabetes (Santiago & Potashkin

2021). The gross anatomy of the AD patient's brain is shown in Figure 3.

AD Pathology

With so many contributing factors in the nexus of AD pathology, it is not surprising
that treatment would need to be equally as complex. As of 2021, treatments approved by
the Food and Drug Administration (FDA) for AD are very limited. No treatment cures AD:
available treatments only delay clinical decline and lessen symptoms. The monoclonal
antibody Aducanumab targets AB protein for enhanced clearance, however, this treatment
remains highly controversial because a delay in clinical decline is unproven. Treatments for

cognitive symptoms are either cholinesterase inhibitors such as Donepezil, Galantamine,



Rivastigmine, glutamate regulator Memantine, or a combination of Memantine and
Donepezil. In AD patients, behavioral symptoms such as insomnia are often addressed with
Suvorexant, an orexin receptor antagonist. The side effects of these treatments are severe,
including headaches, confusion, nausea, and often the benefits must be weighed against the
side effects to determine if a patient should use these treatments (NIH, 2021). Many
patients are also encouraged to take part in clinical trials. Recent failures in a large number
of Phase 3 clinical trials underscore the incomplete understanding of AD pathophysiology

complexity and call for further research into the basic science of AD.

Figure 3. Gross Anatomy of the AD Brain

Normal [

Figure Legend: Top left: coronal section of a normal brain, bottom left: coronal section of
an Alzheimer’s brain. Comparison of the two shows widening sulcal spaces and gyri
narrowing in the AD brain. Arrowheads show areas that have distinct atrophy in the AD
brain. The circle highlights the locus coeruleus loss of pigmented neurons. (From DeTure &
Dickson et al., 2019)



There are multiple primary pathological hallmarks of AD, including AR plaques,
neurofibrillary tangles (NFTs), gliosis, and neuronal loss, shown in Figure 4. These features
of AD pathology are often accompanied by cerebrovascular amyloidosis, inflammation, and
significant synaptic degeneration (Jack et al., 2013). A hypothetical model of in vivo staging
of AD based on the five most established biomarkers is seen in Figure 5. These biomarkers
are measures of brain AB, cerebrospinal fluid (CSF) and position emission tomography (PET)
amyloid imaging, and measures of neurodegeneration, increased CSF total tau,

phosphorylated tau, hypometabolism on FDG PET, and atrophy on MRI.

Figure 4. Alzheimer’s Disease Senile Plaques & Neurofibrillary Tangles

Neurofibrillary Tangles

ey |

Senile Plagues

Figure Legend: Left A-D: Immunohistochemistry of affected Alzheimer’s tissues using
antibodies directed against AB peptides demonstrates the presence of both diffuse (A) and
dense core (B) senile plaques. These dense core plaques are often associated with neuritic
elements that stain filamentous tau and correlate with disease severity. Neuritic AD plaques
are observed using Bielchowsky silver staining (C) or Thioflavin S staining (D). These stains
can also label neurofibrillary tangles, as shown by the arrowheads. Neurofibrillary Tangles.
Right A-D: Neurofibrillary tangles develop from intracellular pre-tangles containing
misfolded tau and small tau aggregates to mature NFTs containing bundles of cross-linked
tau filaments before the neuron dies, an extracellular ghost tangle (*) remains. Silver
staining (A) and Thioflavin S (B) capture many mature tangles (arrows) and some pre-
tangles (arrowheads) along with amyloid plaques and tau neuropil threads. Development of
NFTS from the pre-tangles is more easily visualized using tau immunohistochemistry (C, D).

This allows the mis-localized somal tau to be distinguished readily from the bundles of PHFs



in NFTS in addition to the neuropil threads that can also be pronounced (D). Scale bars =
40 uM (Adapted from DeTure & Dickson et al., 2019)

It is widely accepted that AD begins with changes in amyloid precursor protein (APP)
processing, leading to excess production and/or reduced clearance of AB. All known forms of
autosomal-dominant AD involve genes that either encode APP itself or encode protease
subunits (PSEN1 and PSEN2) involved in the cleavage of AR from APP to generate
amyloidogenic AB peptides. By unknown mechanisms, but possibly due to the toxic effects
of AB oligomers, one or more forms of AB leads to a cascade characterized by abnormal tau
aggregation, synaptic dysfunction, cell death, and brain shrinkage. AB protein is the
principal but not sole component of AD-associated amyloid plaques. The metabolism and
clearance of AB is summarized in Figure 6, cellular and extracellular degradation and

pathways for clearance, notably the blood-brain barrier (BBB).

Figure 5. Revised Model of Dynamic Biomarkers in the AD Pathological Cascade
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Figure Legend: AP is identified by CSF AB42 (purple) or PET amyloid imaging (red).
Elevated CSF tau (blue). FDG PET and structural MRI measure neurodegeneration,

respectively, drawn concordantly (orange). By definition, all curves converge at the top
right-hand corner of the plot, the point of maximum abnormality. The horizontal axis of
disease progression is expressed as time. The cognitive response is illustrated as a zone

(green-filled area) with low and high-risk borders. (From Jack et al., 2013)



Figure 6. Metabolism of AB in the Brain
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Figure Legend: AB is generated by neurons, microglia, and astrocytes in the brain and
platelets, skin fibroblasts, osteoblasts, and skeletal muscle cells in the periphery. The CNS
and peripheral pools of AB can interact; some AB peptides in the CNS are cleared via
phagocytosis or proteolytic degradation, whereas others are released into the blood via the
blood-brain barrier (BBB), interstitial fluid (ISF) bulk flow, or cerebrospinal fluid (CSF)
egress pathways. (Adapted From Wang et al., 2017)

AB Production

AB is produced from the APP transmembrane protein via proteolytic cleavage.
Alternative splicing can generate different APPs. The three most common splice isoforms of
APP are the 695 amino acid form expressed in neurons and the 751 and 770 amino acid
forms expressed both in neurons and glia (Zhang et al., 2011). While extensively studied,
much of the physiological function of APP remains unclear. APP does support cell-cell
connections via its extracellular domain. APP homodimers may function as cell-surface G-
protein coupled receptors that bind AB and regulate neuronal signaling by coupling with
calcium channels. APP function in some cases is derived from its extracellular cleavage
products, the soluble amyloid precursor proteins (sAPP) a and B. sAPPa function has been
well characterized - sAPPa plays an essential role in neuronal plasticity/survival and is
protective against AB-induced toxicity. In contrast, the N-terminal APP fragment derived
from sAPPB may be neurotoxic, as it can bind death receptors to mediate axonal pruning

and neuronal cell death (Zhang et al., 2011).

CNS clearance



As such diverse functions of APP can arise from its proteolytic cleavage products, its
processing has been well studied. APP processing depends on three main proteolytic
secretase enzymes: a-, B- and y-secretase. a-secretases include ADAM9, 10, and 17. In the
brain, BACE1 is the major B-secretase. y-secretase is comprised of four core components,
including presenilin, nicastrin, PEN-2, and APH-1 (Sun et al., 2015). The cleavage products
formed during APP processing divide the pathway into non-amyloidogenic and
amyloidogenic, depicted in Figure 7. In the non-amyloidogenic pathway, a-secretase
mediates cleavage of full-length APP, releasing the sAPPa ectodomain outside the cell
membrane. The cell retains an 83 amino acids acid-C-terminal APP fragment (a-CTF or C83)
within the plasma membrane. C83 can be further cleaved by y-secretase, which releases
the small p3 fragment into the extracellular space, and the remaining APP intracellular

domain is retained in the cytoplasm (Haass et al., 2012).

Figure 7. Proteolytic Processing of APP
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Figure Legend: Proteolytic processing of APP within the anti-amyloidogenic (left) and

amyloidogenic (right) pathways. (From Haass et al., 2012)

The amyloidogenic pathway requires p-secretase cleavage by BACE1, which is the rate-
limiting step during AP generation. Following B-cleavage, y-secretase liberates the sAPPf3
ectodomain and a 99 amino acid APP carboxy-terminal fragment (BAPP CTF) can be further

cleaved by y-secretase into the APP intracellular domain (AICD) fragment. APP cleavage by
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y-secretase within the intramembrane domain can generate amyloid peptides of varying
chain lengths, including AB1-37, AB1-38, AB1-39, AB1-40, AB1-42, and ABi-43, shown in Figure 8.
The final cleavage by y-secretase is not precise and occurs under normal physiological

conditions between amino acids 37 and 43 (Haass et al., 2012), but in brain, favors

cleavage at 40 and 42.

Figure 8. Sequential Processing of APP by y-secretase
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Figure Legend: APP protein sequence, indicating sites of sequential cleavage by y-
secretase within the transmembrane domain and the resulting AB protein species. (From

Haass et al., 2012)

AB Species

AB1i-42 and ABi-40 comprise the two major AB species in the brain. Soluble AB1-40 is
much more abundant than soluble AB:i-42. AB1-42 aggregates due to hydrophobicity within its
two terminal residues and is the main component of amyloid plaques. At low concentrations,
like that found in undemented adults, AB is present predominantly in low-molecular-weight
soluble oligomeric forms. As AB levels rise, it forms different aggregate forms, leading to the
formation of fibrils coalescing into birefringent plaques. An intriguing characteristic of Ap
fibrils is their highly varied and heterogeneous morphologies with different residue
interactions (Meinhardt et al., 2009). The hypothesized mechanism of fibril formation is
shown in Figure 9. AB formation reactions lead to different inter-residue interactions despite
the same polypeptide sequence, affecting fibril-fibril interactions. These morphologically
distinct AB species may exist in humans (Meinhardt et al., 2009). Other forms of APP

processing have been found in addition to the classical APP processing pathways described,
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including processing by membrane-bound matrix-metalloproteinases. However, these

alternative mechanisms are not well-defined and will be omitted from this section.

Aberrant APP processing may contribute to AD pathogenesis by elevating AB
production. Substantial evidence supporting a role for alterations in APP processing and
increased levels of ABi-42 in AD was distilled from the characterization of EOAD mutations
identified in APP and presenilin genes. Mutations in PSEN1 are especially prominent in
familial Alzheimer's disease (FAD), where 221 pathogenic mutations have been identified so
far. Thirty-two pathogenic mutations have been described for APP, while 19 different
pathogenic mutations for PSEN2 have been reported. Mutations in PSEN1 and PSEN2 as well
as a subset of APP mutations primarily alter APP y-cleavage driving increased AB1-42 species
generation. The primary link of the onset of the disease for these familial mutations to
increased AP production has provided the strongest support for AB as an early trigger in AD
pathogenesis. Further support is provided by the genetics underlying Down’s syndrome, i.e.,
trisomy 21, wherein an extra copy of the APP gene and increased A is linked to early onset
of Alzheimer’s disease in these individuals.

Figure 9. AB Aggregation
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Figure Legend: The aggregation of AB oligomers into fibrils. First is an initial lag phase, a
subsequent growth phase, and a final stationary phase. Oligomers are necessary
intermediates in fibril generation and mainly exist in the lag and growth phases. Fibrillar

oligomers can quickly form protofibrils and mature fibrils through the fibril-forming pathway.

12



Nonfibrillar oligomers such as AB trimers or globulomers contribute to the formation of
fibrils through a structural conversion to become fibrillar oligomers. HMW = High molecular
weight.

Neurotoxic Effects of AR

The neurotoxic effects of AB:i-42 oligomers are well-established through multiple lines
of evidence spanning decades, which reaffirm the neurodegenerative cascade set into
motion by neurotoxic AB1-42 oligomers interacting with cell-surface receptors, leading to
synaptic dysfunction, formation of intraneuronal fibrillary tangles, and eventually neuron
loss in affected areas of the brain. Studies on FAD mutations consistently suggest that
elevated levels of AB1-42 relative to AB:-40 are critical for AD pathogenesis (Scheuner et al.,
1996). Although the majority of AB is secreted out of the cell, it generated in several
subcellular compartments within the cell, such as the ER, Golgi, and endosomes. In
addition, extracellular AB can be internalized by the cell for degradation (Shankar et al.,
2008). Interestingly, there is evidence that AB excretion is impaired in AD (Tampellini et al.,
2011).

The intracellular existence of AR was first reported in 1993 (Werkin et al., 1993). The
presence of intracellular ABi-42 led many to postulate that the neurotoxicity of A oligomers
goes beyond just extracellular plaques. Evidence began mounting to support this, as
intraneuronal AB:-42 accumulation has since been reported by many groups in postmortem
human brain tissue of AD patients (Ohyagi et al., 2005, Tabira et al., 2002), postmortem
human brain tissue of patients with Down syndrome (Cataldo et al., 2004), and animal
models of AD including transgenic mouse (Oakley et al., 2006, Espaina et al., 2010), rat
(Leon et al., 2010) and zebrafish (Saleem & Kannan, 2018). In humans, intraneuronal AB
has been found in the hippocampal and entorhinal cortical regions, discussed further in

Section 1.2. AR Deposition in the hippocampus of 5xFAD mice is shown in Figure 10.
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Figure 10. AB Deposition in the Hippocampus of 5xFAD Mice
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Figure Legend: Rapid cerebral amyloid deposition and gliosis in 5XFAD line Tg6799.
Parasagittal serial sections of brains from 2 (A, E, I, M), 4 (B, F, J, N), 6 (C, G, K, O), and 9
(D, H, L, P) month Tg6799 mice were stained with antibodies recognizing A 42 C terminus
(A-D), A 40 C terminus (E-H), GFAP (I-L), and F4/80 (M-P) and counterstained with
hematoxylin. AB deposition began in the deep cortex and subiculum at two months in this
line and then spread into other brain regions at older ages. Note that ABi-42 staining is much
stronger than that of ABi-40 at every age. Scale bar = 1 mm. (From Oakley et al., 2006)

While the neurotoxic effects of AR are well established, the physiological role of AR
oligomers is less well understood. AB proteins are highly conserved throughout evolution.
Sea anemones have an AB-like protein which indicates the existence of AB for the past 630
million years (Tharp & Sarkar, 2013). The human AB sequence is 95% homologous to other
mammals and 90% similar to birds, reptiles, and amphibians (Tharp & Sarkar, 2013). There
is strong emerging evidence that AB is a potent neuromodulatory protein. Studies by our lab
and others have shown that picomolar levels of AB species can alter LTP (Lawrence et al.,
2014; Puzzo et al., 2008, 2011) and non-toxic N-terminal AB fragments can even protect
from neurotoxic ABi-42 effects (Forest & Alfulaji et al., 2018). Oligomeric AB has also been
shown to act as a ligand and regulator for multiple extracellular receptors and major

signaling pathways. Multiple cell-surface receptors have been identified as AB receptors.
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Most well established are the cellular prion protein (PrPC), nicotinic acetylcholine receptors
(nAChRs) and the NMDA-type glutamate receptor (NMDA). Additionally, several microglial
scavenger receptors and toll-like receptors bind AB. Outside of the brain, there is AR
production by osteoblasts, skin fibroblasts, and skeletal muscle cells in a peripheral pool
(Wang et al., 2017).

Evidence for the multifunctional nature of AB proteins shows AB’s role in regulating
learning and memory, neurogenesis, blood-brain barrier modulation, injury response,
antimicrobial peptide, and tumor suppression. APP knock-out or BACE1 inhibition in wild-
type mice induces suppressed LTP and cognitive deficits (Filser et al., 2015, Dawson et al.,
1999), spontaneous seizures (Steinbach et al., 1998), and decreased dendritic spine density
(Filser et al., 2015). BACE1 knockout also delayed myelination (Hu et al., 2010). AB
targeting immunotherapies have also been shown in human clinical trials to include
microhemorrhages and brain edema (Penninkilampi et al., 2017). BACE1 knockout worsens
injury after cortical impact but is rescued with the application of AR (Mannix et al., 2011).
APP knockouts have increased mortality after infection (Kumar et al., 2016). Iron
homeostasis is another potential function of AB peptides, as APP knockout mice show higher
intraneuronal iron levels and age-dependent iron accumulation in the brain and liver (Duce
et al., 2010, Belaidi et al., 2018). Finally, a hot topic in AD research is the role of glucose
metabolism in disease pathology. Interestingly, BACE1 knockout mice have decreased

insulin expression in the pancreas (Hoffmeister et al., 2013).

As many current treatments for AD put their crosshairs over AB reduction, lagging
knowledge in the physiological role of AB species is setting AB-centered treatments up for
failure due to unforeseen effects on other pathways. Thus, in addition to highlighting the
pathological impact of AB1-42 on dendritic spines, the novel element of characterizing the
exocyst complex in the presence of ABi-42in this thesis also contributes to the understanding

of how AB modulates these critical processes.

SECTION 1.2
THE HIPPOCAMPUS & AD

With an aging population, the prevalence of age-related disease within the

population will continue to rise and grow over the next 20 years (Setti et al., 2017). Many

individuals will begin to display measurably impaired memory in their later years, starting in
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the seventh decade of life. These changes can be seen as deterioration of episodic or
autobiographical-type memories and working memory. Loss of short-term memory is often
among the first symptoms of AD reported by patients and caretakers (Setti et al., 2017).
The formation of memories relies upon dynamic changes in synaptic transmission in the
brain. These changes are persistent and activity-dependent at hippocampal synapses. In
AD, the individual pattern of memory impairment often correlates with the patient's brain
integrity and degree of hippocampal atrophy. While there is aging-related hippocampal
atrophy, the degree of hippocampal atrophy seen in AD is far more severe than in non-AD-
aged patients. Therefore, assessing the severity of memory loss is clinically relevant for

disease grading, prognosis, and AD subtype identification.

In the early stages of AD there is selective degeneration of principal neurons of the
entorhinal cortex layer II, followed by CA1 pyramidal cells in the hippocampus and
pyramidal neurons in neocortical association areas. This atrophy is illustrated in Figure 11.
Without standardized biomarkers available, the neuropsychiatric assessment of memory loss
is at the heart of AD diagnosis. Thus, it is relevant to discuss the hippocampus, as all
experimentation has been completed in hippocampal neurons due to the critical role of the

hippocampus in AD pathology.

Figure 11. Hippocampal Atrophy in Human AD Patient
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Figure Legend: On the left is a healthy control patient and on the right is a patient

diagnosed with Alzheimer's disease. The AD patient exhibits increased hippocampal atrophy
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and enlarged ventricles, typical AD disease pathology (Ferreira, Pereira, Volpe, & Westman,
2019).

Regions of the Hippocampus

The hippocampus is a well-studied structure in the mammalian brain. The
hippocampus is a seahorse-shaped brain region with great complexity within the medial
temporal lobe. Many years of research have determined that this seahorse-shaped region
has a critical role in memory and learning. Other contributing roles of the hippocampus
include spatial orientation and navigation (Kesner et al., 2015). Neurodegeneration leading
to atrophy of the hippocampus is one of the most consistent features of AD. The
hippocampus is the most severely affected brain region in most AD subtypes (Knopman et

al., 2021), and some amount of hippocampal atrophy is seen in all AD.

Additionally, neurotransmitters' changes correspond to hippocampal atrophy
affecting serotonergic, noradrenergic, and glutamatergic regions. While great strides have
been made to understand how the hippocampus processes information, there is still much
to learn about the precise function of the hippocampus (Knopman et al., 2021) and about
the role of hippocampal atrophy in AD pathology and how it contributes to the disease. In
order to best argue for the data which will be presented as being relevant to AD pathology,
it will be essential to understand the structure and function of the hippocampus and how
this relates to AD.

There are three critical subregions of the hippocampus: the dentate gyrus (DG), cornu
ammonis 3 (CA3), and cornu ammonis 1 (CA1l), readily identifiable in acute slice
preparations. Connections to and from the hippocampus include the entorhinal cortex,
perforant path, Schaffer's collaterals, recurrent collaterals, and the dentate gyrus. The
primary input to the hippocampal system is from the entorhinal cortex, which itself receives
inputs from multiple cortical regions and all sensory modalities (Kesner et al., 2015). These

regions are illustrated in Figure 12.
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Figure 12. Schematic of the Hippocampus

Figure Legend: Schematic of the hippocampus. In layer II of the Entorhinal Cortex,
neurons project onto the dentate gyrus (DG) through the perforant pathway (PP). Granule
cells in the DG then project through the mossy fiber pathway (MF) onto the CA3 subregion
of the hippocampus. CA3 region pyramidal cells will project back onto themselves via
recurrent collaterals (RC) and to the CA1 region through Schaffer collaterals (Sc). This
circuit forms the feedforward trisynaptic pathway. The fimbria (fim) is the principal output
pathway of the hippocampus and is the site where commissural (comm) input from the
contralateral hippocampus is received and brought into the hippocampus. (Adapted from
Yassa & Stark 2011).

Hippocampal Associations

The perforant pathway has been shown to undergo severe neurodegeneration in AD
patients (Knopman et al., 2021). The neocortex associations with the hippocampus are
visualized in the block diagram in Figure 13. The entorhinal cortex inputs to the dentate
gyrus and is essential for pattern recognition and memory encoding. Axons within the
perforant pathway arise in layers II and III of the entorhinal cortices. Layer II and IV
projections from the perforant path connect to granule and pyramidal cells in hippocampal
Cornu Ammonis (CA) 3 (Gilbert et al. 2009). There is a distinct pathway from layer III of
the perforant course directly to the CA1 neurons in the hippocampus. From the CA1 region,
the pyramidal cells then project axons into the subiculum and deep entorhinal cortex. The
subicular neurons will send their projections reciprocally to the entorhinal cortex. Activity-
dependent neuronal plasticity is exemplified in Schaffer's Collaterals, where points from the

DG, CA3, and CA1 form an essential hippocampal trisynaptic loop, part of the Papez circuit
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necessary for memory formation (Kesner et al. 2015). Lesions to individual members of the
trisynaptic loop in mice have been shown to cause deficits similar to complete hippocampal
lesions, giving evidence to the existence of this loop and underscoring the importance of
individual members of the loop. The activity of these neurons is largely excitatory
glutamatergic. Several recurrent collaterals send excitatory input to the CA3, vital for
memory holding (Gilbert et al., 2009).

A wealth of computational and behavioral data suggests that the CA3 subregion of
the hippocampus is vital for spatial memory. There is complex cytoarchitecture within the
CA3, which includes extensive interconnections among principal cells, necessary for
mnemonic processes. Finally, the dentate gyrus is a hippocampal region surrounded by the
CA. This region is the information processor from the entorhinal cortex to the CA3 area and
is essential for pattern separation and associate memory (Gilbert et al., 2009). CA1 contains
pyramidal cells and is necessary for matching information obtained from CA3. CA2 is
relatively small and is not regarded as a particularly important subfield of the hippocampus.
The polysynaptic pathway is essential in semantic memory, whereas the direct intra-

hippocampal path is essential for spatial and episodic memory (Kesner et al., 2015).

Figure 13. Block Diagram of Hippocampal Associations
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Figure Legend: Block diagram of hippocampal associations from areas of cerebral
association neocortex (parietal, prefrontal, and temporal) through the parahippocampal
gyrus and perirhinal cortex, converging through the entorhinal cortex to the hippocampus

CA3 region via dentate granule cells. (Adapted from Kesner et al. 2015)

Hippocampal Vulnerability in AD

The hippocampus is vulnerable in many neurodegenerative and psychiatric disorders
pathology, exhibiting hippocampal alteration or damage at many levels ranging from
molecular to whole region alterations. The hippocampus is the most severely affected
structure in Alzheimer's disease (Gilbert et al., 2009), and there are thought to be five main
potential mechanisms of hippocampal atrophy in AD (Knopman et al., 2021). First, the
deposition of AR has been shown to decrease dendritic spine density. The dendrites
themselves are also atrophied after treatment with AB in many studies using both primary
and slice cultures. Next, there is a suppression of hippocampal neurogenesis. The chronic
stress involved in disease pathology could inhibit neurogenesis within the hippocampus,
although the consequences are not well established. In animal models, suppression of
hippocampal neurogenesis does impair spatial and contextual memory (Knopman et al.,
2021). It is theorized that hippocampal atrophy is likely a combination of suppression of
hippocampal neurogenesis and cell atrophy or loss. Oxidative stress is another potential
mechanism for hippocampal atrophy (Knopman et al., 2021). AB has been shown to
increase the formation of oxygen-derived free radicals, and many AD patient brains show
significant lipid peroxidation. Metabolic stress is also another mechanism contributing to
disease. In early AD, there is an impairment of energy metabolism. Additionally, there are

mitochondrial deficits and impaired glucose transport (Knopman et al., 2021).

Finally, long-term potentiation, or LTP, impairment in the hippocampus and
elsewhere is another prominent component of AD pathogenesis (Knopman et al., 2021). LTP
is a broad term that describes the directional change in chemical synaptic transmission, in
this case, the strengthening of that transmission. LTP is regarded as the neural correlate to
memory (Miles et al., 2005). LTP results from coincident activity that enhances chemical
transmission between pre- and postsynaptic elements. This enhanced neurotransmission
has been shown to last for hours in vivo and months in vitro. The first descriptions of LTP
were in anesthetized rabbit neurons at glutamatergic synapses between medial perforant

path fibers extending from the entorhinal cortex and granule cells in the dentate gyrus of
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the hippocampus (reviewed in Miles et al., 2005). LTP is input- and synapse-specific. When
there is LTP induced by synaptic activation at a single synapse, LTP is not induced in other
inactive synapses that contact the same neuron. LTP is also associative. A single weak
stimulation of a pathway will not trigger LTP by itself. LTP can only be induced after a weak
stimulation if neighboring pathways are strongly stimulated and undergoing LTP (Miles et
al., 2005). Impairment of LTP has been shown to occur early in animal AD models, typically
before significant amyloid deposition in the hippocampus. LTP will be discussed further in
Section 1.4.

SECTION 1.3
NEURON MORPHOLOGY: DENDRITE COMPLEXITY & DENDRITIC SPINES

In order to best describe the dendritic spine, which is the substructure at the heart of
this thesis, the context of the spine must also be detailed. This section will discuss
pyramidal neurons, dendrite complexity, dendritic spines, the relevant underlying molecular
mechanisms of spine dynamics, and the current understanding of how these structures and
processes are altered in AD pathology. Aptly described by Santiago Ramon y Cajal as the
“delicate and elegant...butterflies of the soul,” neurons have elaborate arbors with fantastic
complexity (Leterrier, 2021). The namesake of pyramidal neurons is derived from their
slightly triangular or teardrop-shaped soma, which contains a somewhat off-centered
nucleus. Pyramidal neurons are found in mammals, birds, fish, and reptiles (Nieuwenhuys,
1994). These cells will have a heavily branched single axon and multiple dendrites in basal
and apical trees extending from the soma, allowing one pyramidal neuron to communicate

with many other cells via the complex network of branches.

Pyramidal Neuron Morphology

The following eight features are typical of mammalian pyramidal neurons: spiny
dendrites, radial apical dendrite, terminal bouquet in the superficial cortical layer, basal
dendrites, axon descending into subcortical white matter, intracortical axon collaterals,
rounded synaptic connections, and usage of excitatory neurotransmitters. Pyramidal
neurons account for 70% of the total neuronal population in the neocortex. The other 30%
of neurons are non-pyramidal neurons which contain few dendritic spines, have axons
contained in the cortex, have flat vesicle synapses, and use inhibitory neurotransmitter
GABA (Nieuwenhuys, 1994). This highly conserved core structure of the pyramidal neuron

(Fig. 14) suggests conserved functions. Likewise, the variation in other areas suggests
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additional functional specialization. The vital aspects of dendritic arbor structure can be
distilled into three main features which influence neuronal function: size, branching pattern,
and the number and distribution of inputs. As pyramidal neurons are disproportionately
eliminated in AD, this thesis will focus on the nature of pyramidal neurons and their

substructures (Roussarie et al., 2020).

Figure 14. Pyramidal Neuron Diversity
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Figure Legend: The structures of pyramidal neurons from different cortical areas. Each
type of pyramidal neuron has basal and apical dendrites and an apical tuft, but there are
considerable differences between the pyramidal neurons shown. (Adapted from Spruston,
2008)

Dendrites can range from long primary apical dendrites, which can measure a few
microns, to short terminal branches. Along the dendrites, there are different types of
protrusions that make up the arborization of the dendrite (Leterrier, 2021). Branches,
filopodia, and dendritic spines are all types of arbors that can adorn a dendrite. Different
domains of the dendrites will receive synaptic inputs from an array of sources. How this
information is decoded is still to be fully defined and has been challenging to tease out. For
this thesis, only a brief summary of signal integration will be included as it is relevant to

understanding the biological role of dendrite complexity.
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Dendritic Signal Integration

There are two proposed modes of neuronal integration, global and two-stage, shown
in Figure 15. Inputs that contribute directly to neuronal output via inducing EPSPs to
propagate to the action potential zone in the axon are in global integration mode. Then the
axon integrates each input's contribution, and if the resulting voltage is above the
threshold, an action potential is generated. Data from Katz et al., 2009 suggests that
hippocampal neurons from the CA1 region have synapses that integrate via two-stage
integration. Inputs that activate the voltage-gated channels in the dendrites to trigger
dendritic spikes result in outputs from each branch instead of each synapse that couple with
action-potential firing in the axon when in two-stage mode. The coupling of dendritic activity
spikes to axonal action-potential firing depends on synaptic activation patterns. The pattern
of synaptic activation results in forms of coincidence detection determined by dendritic
structure and excitability (Gasparini and Magee, 2006). This determination highlights an
essential role of dendrite complexity and branching, as it directly modifies dendritic spiking

and two-stage mode integration of signaling.

Further, cable theory states that the weight of inputs to the somatic and dendritic
membrane potentials is spatially determined (Spruston, 2008). For example, inputs
delivered closer to the soma have a larger influence on axonal action potentials than distal
inputs, which are dampened when the action potential initiation zone receives them.
However, distal inputs have their importance. Distal inputs generate far more significant
local voltage changes at the dendrite when compared to inputs closer to the soma. In short,
inputs near the soma will have a greater effect within the soma, and distal inputs will have a
more negligible effect in the soma but significant local effects along the dendrite (Gasparini
& Magee 2006).

Figure 15. Contrasting Models of Synaptic Conductance
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Figure Legend: Schematic showing the predicted distribution of synaptic conductance
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along an individual apical oblique dendritic branch if synapses are scaled to normalize
somatic EPSP amplitude (left) or the probability of initiating a dendritic spike (right).
(Modified from Katz et al., 2009)

In addition to branching and complexity, other factors will influence signal
conductance in pyramidal neurons. First, the thickness of the dendrite also modulates the
level of synaptic depolarization. The presence and distribution of voltage-gated channels
also influence synaptic integration. Voltage-gated Na* and Ca?* channels support local
initiation of dendritic spikes and the action potential backpropagation into the dendritic tree.
Conversely, activated K* channels dampen the excitability of the dendrite (Magee & Carruth,
1999). Finally, and most relevant to this body of work, the distribution of dendritic spines
has some discernable pattern within hippocampal pyramidal neurons. As shown in Figure
16, dendritic spine density and volume decrease towards the branches' distal end. This fact
further substantiates the need to consider the branch context of the dendritic spine

populations being quantified for this thesis.

Figure 16. Dendrite Context as Relates to Dendritic Spine Density & Volume
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Figure Legend: (E) 3D reconstructions of segments of dendrite. (F) Scatter plot showing
spine densities in dendritic segments near branch origins, branch ends, and branch centers.
Open symbols represent segments from the same branch, filled symbols represent

segments from different branches, and lines show the means. (G) Histogram showing the
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relative and cumulative frequencies of spine volumes in dendritic segments near branch

origins, near branch ends, and near branch centers. (Modified from Katz et al., 2009)

Dendritic Spines

Dendritic spines are micron-sized dynamic postsynaptic structures (Fig. 17)
mediating glutamatergic signaling in pyramidal cells, and which are strongly linked to
synaptic plasticity. Recently, changes at the level of individual dendritic spines have been
shown to be required for learning and memory (Hayashi-Takagi et al., 2015). Spine
morphology and density are altered in many conditions, including AD. Long-term
potentiation (LTP) of spine synapses in the hippocampus is the most well-studied example
of input-specific activity-dependent synaptic plasticity. This concept is discussed in detail in
Section 1.4. In addition to LTP, spines also undergo other forms of synaptic plasticity
including functional: (long-term depression (LTD)) and structural (size dynamics, total
elimination, and new spine formation). The structure-function relationship of spine size,
postsynaptic density (PSD) size, and the number of associated AMPA glutamate receptors
was first defined via two-photon glutamate uncaging experiments, which showed Hebb’s
law, discussed in the discussion Section 1.4 applies even at an individual synapse. Data

from this experiment are shown in Figure 18.

Figure 17: Dendritic Spine Electron Micrograph & Diagram

Figure Legend: Electron micrograph and the corresponding diagram depicting a single
excitatory synapse. The electron-dense PSD directly opposes the neurotransmitter release
sites on the presynaptic bouton, and the spine neck and spine apparatus are clearly defined
(Palmer et al., 2005).
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Figure 18. Structural Dynamics of Dendritic Spines
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Figure Legend: (A) Time course of spine enlargement induced by the two-photon uncaging
of a caged—-glutamate compound. Spine enlargement is specific to the stimulated spine (red
circle) and does not spread to the neighboring spine (white diamond). Enlargement occurs
within a few seconds and lasts over two hr. (B) Slow intrinsic fluctuations in spine sizes
occur in the presence of inhibitors of NMDA receptors (NMDAR) over periods of days. The
spines show relatively small changes in size. Spine generation (spines 4, 6, 7) and
elimination (spines 8 and 10) still occur frequently. (c) Relationship between structural
plasticity and receptor trafficking, the two mechanisms of synaptic plasticity. Structural
changes induced by plasticity can be maintained for a long time, enabling the functional
states of spines to be maintained for a long time—if there are structure-function
relationships. Such relationships can be caused by the allocation of AMPA receptors in
proportion to the spine size, resulting in the “readout of structure.” Trafficking of receptors
can facilitate and hasten the readout processes. (From Kasai et al., 2010) The high degree
of activity within dendritic spines requires careful targeted trafficking to maintain proper
function. This trafficking is supported by the dynamic actin cytoskeleton providing

scaffolding in the submembrane space.
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Dendritic Spine Morphology

Regardless of the length or complexity of a given dendritic segment, the adorning
spines will vary in size and shape, shown in Figure 19. As many as 100,000 spines protrude
from the dendrites of a single pyramidal neuron (Yuste, 2010). Each dendritic spine receives
input from a single excitatory presynaptic terminal. Spines occur at a density of 1-10 spines
per micrometer of dendrite length (Sorra & Harris, 2000). Spines consist of three basic
compartments: a base at the junction with the dendritic shaft, a constricted neck in the
middle, and a bulbous head contacting the axon. Spine lengths vary from 0.2 to 2 ym, and
spine volumes range from 0.001 to 1 ym3. Dendritic spines are uniquely intriguing, as they
are not static structures instead, they are highly dynamic even into adulthood (Grutzendler
et al., 2002). Spine morphology changes in response to neuronal activity in vitro and
experience in vivo. LTP causes enlargement of spine heads, suggesting that changes in

dendritic spine morphology play an essential role in memory formation (Fortin et al., 2012).

The primary classification of spines is whether they are mature or immature. During
development, dendritic spines tend to be longer (>2 um), “filopodia-like” morphology, with
few associated organelles or discernable head structure. Time-lapse imaging studies of
organotypic hippocampal slice cultures have shown that filopodia and spines can be
distinguished based on their motility. At the same time, both are dynamic; filopodia are
often longer, without a distinguishable head, and have a greater degree of movement
compared to dendritic spines (Marrs et al., 2001). Immature spines are highly dynamic,
with responsive extension and retraction occurring in minutes. Immature spines are also
much less likely to have a presynaptic counterpart. However, stable synaptic input can

transition an immature spine into a mature spine.

Mature dendritic spines have far greater diversity in form than immature spines.
Many attempts have been made to develop criteria to classify mature spines into different
morphologies, shown in Figure 19. Common names for spine morphologies identified via
electron microscopy studies are mushroom, thin, stubby, and branched (Bourne & Harris
2008). These criteria can be helpful for a quick discussion of general spine dynamics relating
to size. However, these classifications are so broad that they are highly self-limiting and
flawed and should not be used as discrete measures. Instead, a more proper approach is to
use morphology metrics such as spine length and volume to avoid bias, limitations of
commonly used imaging techniques, and detect more subtle changes in overall spine

population dynamics that would be overlooked by broad morphology categorization.
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Figure 19. Morphological Classifications of Spines
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Figure Legend: Variability in spine shape and size. A. 3-dimensional reconstruction of a
hippocampal dendrite (gray) illustrating different spine shapes, including mushroom (blue),
thin (red), stubby (green), and branched (yellow). PSDs (red) also vary in size and shape.
Scale cube = 0.5 um3. B. An example of a mushroom spine (blue) with a head diameter
exceeding 0.6 microns and a narrow neck. C. An example of a thin spine (red) with a small
head and narrow neck. D. An example of a stubby spine (green) with an equal head and
neck diameter and an overall length that equals its width. E. An example of a branched
spine (yellow) where both branches are thin spines. Scale bar = 0.5 pM and arrows indicate
where each spine's head and neck diameters were measured in B-E. F. A graph plotting the
ratio of head diameters to neck diameters for the spines on the dendrite reconstructed in A.
Mushroom spines (blue diamonds), stubby spines (green diamonds), and thin spines (red
diamonds) segregated into distinct groups. Both branches of the branched spine were of a
thin shape and are situated among the thin spine dimensions (yellow diamonds). (From
Bourne & Harris 2008; McGuier et al., 2018)
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Spines can also have multiple heads or multisynaptic single protrusions. New spines
containing PSDs are thought to form by direct extension of spine precursors along the
dendritic shaft or conversion of dynamic filopodia-like spines (Marrs et al., 2001). Spines
with a greater head diameter typical of mature spines have larger PSDs (Harris et al., 1992)
with a higher density of AMPAR glutamate receptors (Nicholson et al., 2006). Larger spines
are more likely to have smooth endoplasmic reticulum (Spacek & Harris 1997),
polyribosomes (Bourne et al. 2006), endosomal compartments (Park et al. 2006), and
astrocytes associated with the synapse (Witcher et al. 2010). Smaller spines typical of
immature spines may be more flexible, rapidly enlarging or shrinking in response to

subsequent activation (Bourne & Harris 2007).

Protein Biosynthesis in Dendritic Spines

The enhanced complexity of resource-rich larger spines imparts a functionally more
robust response to glutamate and protein biosynthesis. Recent evidence has shown that
polyribosomes and smooth endoplasmic reticulum redistribute from dendritic shafts into
large spines after LTP in rat hippocampal slice cultures (Chirillo et al., 2019). Nanoscale
microscopy and biochemical analysis of dendritic spines also support this idea. An analysis
of over 100 postsynaptic proteins and the correlation of their expression to PSD size, a
known correlate of synaptic strength (Elias et al., 2008), showed a more significant
presence in larger spines; secretory and trafficking proteins were also less correlated with
stubby spines. The overall implication is that small, stubby spines are less equipped to
respond to dynamic changes than resource-rich, large mushroom spines (Helm et al.,
2021).

The dynamic remodeling and maintenance of the PSD in dendritic spines is an
essential factor in synaptic strength. However, the exact mechanisms are still unclear. The
PSD is a disk-shaped array of proteins attached to the postsynaptic membrane, providing a
framework for signaling and plasticity. The PSD is essential for recruiting molecules,
including glutamate receptors, and signaling proteins. Many known major scaffolding
molecules are involved in PSD remodeling: PSD-95, GKAP, Shank, and PSD-Zip and F-actin
binding proteins like cortactin and a-actinin. Inhibition of F-actin dynamics prevented the
activity-dependent redistribution of scaffolding proteins associated with the PSD (Kuriu et
al., 2006). The link between the PSD and actin cytoskeleton provides a means for synaptic

remodeling connections in response to physiological activity (Dosemeci et al., 2016).
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The Actin Cytoskeleton in Dendritic Spines

Actin is the central cytoskeleton element of dendritic spines. Actin in dendritic spines
is organized in an intricate system of varying length branching filaments within the spine
neck and head. The actin cytoskeleton arrangement varies depending on spine maturity,
shown in Figure 20. Dendritic spines have multiple populations of actin species. Mature
spines have a greater pool of stabilized F-actin than immature spines with a greater pool of
dynamic F-actin (Hlushchenko et al., 2016). Precise spatiotemporal control of the dynamic
actin cytoskeleton is crucial for many cellular functions. Dynamic F-actin molecules are
directly associated with AMPAR, NMDAR, PSD scaffolding, and signaling proteins. Stabilized
F-Actin is vital for supporting the overall spine structure, spine mechanics, and elasticity
(Bucher et al., 2019). Globular G-actin monomers are assembled head-to-tail via ATP
hydrolysis into filamentous F-actin with two ends, barbed and pointed ends (Skruber et al.,
2018). Both monomeric and filamentous actin are in spines, and the G-actin/F-actin ratio
has been shown to influence dendritic spine morphology and synaptic function (Hlushchenko

et al., 2016). The cytoskeletal organization of dendritic spines is shown in Figure 21.

Figure 20. Dendritic Spine Actin Dynamics in Maturation
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Figure Legend: The relative size of the stable F-actin pool (gray circles) increases during

neuronal maturation. Simultaneously, the dynamic F-actin pool (blue circles) increases.
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Increased actin filament crosslinking (white bars) in more mature spines leads to a
significant fraction of stable filaments. The faster treadmilling of actin filaments closer to the

spine head surface fine-tunes spine shape. (From Hlushchenko et al., 2016)

Figure 21. Cytoskeletal Organization of Dendritic Spines
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Figure Legend: (A) Dendritic spine morphology (green) and localization of F-actin (red) in
cultured hippocampal neurons. Merged red and green are shown in yellow. Bar, 5 um. (B)
Actin and microtubule cytoskeleton organization in a mature dendritic spine from cultured
hippocampal neurons visualized by platinum replica electron microscopy (EM). (C)
Schematic diagram of a mature mushroom-shaped spine showing the postsynaptic
membrane containing the postsynaptic density (PSD; blue), adhesion molecules (gray), and
glutamate receptors (reddish-brown), the actin (black lines) and microtubule (yellow)
cytoskeleton, and organelles. The endocytic zone (EZ) is located laterally of the PSD in

extrasynaptic regions of the spine, and recycling endosomes (pink) are found in the shaft
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and spines. Dendritic spines exhibit a continuous network of straight and branched actin

filaments (black lines) (From Hotulainen & Hoogenraad 2010).

Activity-Dependent Dendritic Spine Dynamics

LTP will be discussed further in the following section in greater mechanistic detail,
but first, the dendritic spine cytoskeletal machinery involved in LTP response will be
covered. There are three significant phases following LTP induction, which cover the
extensive remodeling of the actin cytoskeleton, shown in Figure 22. The first phase amounts
to roughly 1 to 7 minutes post-tetanic induction. During the first phase, there is a
substantial change in the protein composition of the spine (Bonilla-Quintana & Woérgotter,
2021). The F-actin levels rapidly increase, and there is a high rate of actin polymerization.
The actin cytoskeleton is highly unstable, allowing for reorganization. This reorganization is
coordinated by a myriad of actin-binding proteins which have enriched expression during
LTP. A handful of classic actin-modifying proteins have a role in LTP: cofilin, which severs
actin; Arp2/3, which modulates actin branching; and Aip1l, which enhances actin capping
(Bonilla-Quintana & Wdorgoétter, 2021).

Figure 22. Actin Reorganization Following LTP
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Figure Legend: (A) Before LTP induction, actin distributes in a stable and dynamic pool
(dark and light blue dots, respectively). Spontaneous shape fluctuations (light blue lines)
result from the polymerization of the dynamic pool that organizes in distinct foci. (B) 1 min
after LTP induction, actin rapidly assembles and disassembles. Actin polymerizes at a single
location near the PSD, elevating the force generated by the membrane tension, which
triggers exocytosis of the recycling endosome. The initial spine shape is gray. (C) Actin
polymerization promotes total fusion of the Q-profile formed after the docking of the

recycling endosome with the spine membrane. (D) After completing exocytosis, the spine
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stabilizes. There is an increase in the AMPARs and spine size. Also, the membrane from the
recycling endosome (in green) is merged with the spine membrane. Note that the spine
enlargement occurs where the polymerization focus of (A) was located (highlighted in red).
(From Bonilla-Quintana & Woérgotter, 2021)

Cofilin is translocated to the spine upon activation of NMDA receptors during LTP.
After severing the actin cytoskeleton, there are new barbed ends that allow for new filament
growth. Cofilin is activated by slingshot homolog 1 (SSH1)-mediated dephosphorylation of
serine 3 (Ser-3) residue (Niwa et al., 2002). Activated cofilin is then free to bind to the side
of actin filaments, inducing actin filament severing. Inhibiting cofilin phosphorylation
disables dendritic spine enlargement, suggesting that phosphorylated-cofilin accumulation is
a crucial regulator of enlargement (Noguchi et al., 2016). Cofilin action is concentration-
dependent; at low concentrations, cofilin promotes F-actin disassembly by severing actin
filaments or by enabling the removal of the actin monomers (Bamburg & Bernstein 2016). It
is important to note that severing of F-actin may also induce a greater rate of actin
polymerization by freeing up barbed ends for monomer addition. The current model of
synaptic plasticity in the hippocampus includes cofilin activity. An increase in active cofilin
mediates spine shrinkage during LTD and that spine expansion during LTP requires a
suppression of cofilin activity (Chen et al., 2006 and Fukazawa et al., 2003). In concert with
cofilin severing, Arp2/3 nucleates the newly uncovered barbed ends for branching activity.
This mechanism is crucial for spine expansion and protein delivery to the postsynaptic

membrane.

Expression of actin stabilizing proteins is reduced during the first phase of LTP. Actin
stabilizing proteins bundle the F-actin or otherwise link the F-actin to the PSD. A few critical
proteins in this process of actin stabilization are drebrin, Ca?*- calmodulin protein kinase
type II, B isoform (CaMKIIB), and a-actinin (Bonilla-Quintana & Woérgétter, 2021). Drebrin
has two isoforms, drebrin E, embryonic-type, and adult-type drebrin A. Drebrin isoform
expression shifts from majority drebrin E to drebrin A during development. Additionally, the
localization of drebrin expression changes. Drebrin will sequester into the dendritic spines
over time and accumulate there, creating a stable pool. In addition to developmental
alteration of drebrin localization, activation of NMDA receptors during LTP has also been

shown to induce drebrin localization into dendritic spines (Yasuda et al., 2018).
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Drebrin is also associated with myosins. Myosins V and VI are actin-associating
motor proteins that hydrolyze ATP to move along F-actin, creating tension, sliding, and
allowing myosin to walk along the F-actin. Myosins are therefore important for cytoskeleton
dynamics and trafficking. Myosin V and VI are plus-end-directed motors, which move
towards the barbed end of actin filaments out to the membrane. Significantly, myosin V and
VI are involved in LTP-induced AMPAR trafficking (Sumi & Harada, 2020). Another important
F-actin modulator mentioned is the Ca?*/calmodulin dependent protein kinase II (CaMKII).
There are four CaMKII isoforms; the a and B isoforms are the most abundant in the brain.
The B subunit has an F-actin binding domain that recruits CaMKIIB to actin filaments in
dendritic spines to bundle the F-actin filaments together. CaMKIIf is anchored to a protein
complex that includes drebrin during the resting state. NMDA receptor activation releases
CaMKIIPB from drebrin, resulting in CaMKIIB/a association with PSD (Zalcman et al., 2018)

The second phase of LTP occurs about 7-60 min after the LTP induction. During this
phase, the F-actin concentration reduces to basal levels. Cofilin is inactivated via Ser-3
phosphorylation and localizes to the spine neck. This inactivation of cofilin and decreased
actin concentration allows for actin stabilization of the spine apparatus, essential for
anchoring an array of intracellular signaling proteins. The third phase corresponds to late
LTP, occurring 60 minutes after induction. Here, the PSD is remodeled by increasing the
concentration of PSD proteins and newly synthesized molecules (From Bonilla-Quintana &
Worgdtter, 2021). The changes which occur during LTP in the dendritic spine are

summarized in Figure 23.
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Figure 23. Activity-Dependent Dendritic Spine Dynamics
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Figure legend: Actin cytoskeleton components involved in dendritic spine dynamics during
LTP. During LTP following NMDAR activation there is a net increase in actin modifiers and
decrease in actin stabilizers. The result is greater actin cytoskeleton remodeling allowing for
increased spine volume. Additionally, there is recruitment of AMPA receptors to the post

synaptic membrane. (Modified from Pelucchi et al., 2020)

AR has been shown to induce oxidative stress, apoptosis, disruption of calcium, and
alterations in vesicular trafficking. These changes in trafficking are thought to occur through
modulations of cytoskeletal elements, including the neuronal F-actin responsible for
structural support of synapses, signaling machinery, and dendritic spine dynamics and
protein expression (Kang and Woo, 2019). As the cytoskeleton is highly dynamic, the
potential of altered oscillations in the basal rhythm of the cell may trigger synaptic
dysfunction loss, among other deficits which may contribute to the neurodegeneration seen
in AD pathology (Henriques et al., 2015). Therefore, when examining the changes in
receptor trafficking induced by AB in neurons, this study will also detect changes in the

neuronal cytoskeleton. These effects of AB on the cytoskeleton may underlie the modulated
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trafficking and monitoring them will provide a more holistic molecular context for the state

of the entire cell.

SECTION 1.4
THE ROLE OF AMPAR TRAFFICKING IN POSTSYNAPTIC EXCITATORY LTP

The postsynaptic number of AMPA (a-amino-3-hydroxy-5-methyl-4-isoxazole
propionic acid)-type receptors (AMPARs) glutamate receptors is a crucial component in
synaptic plasticity. Glutamate-gated AMPARs are ionotropic receptors composed of
tetramers of four core subunits, GIuAl through GluA4, which participate in various activity-
dependent permutations to make up tetrameric AMPARs (Diering et al., 2018) present
throughout the mammalian brain. It is thought that there exists a so-called "AMPAR Code,"
in which the character and concentration of the AMPARs present at the synapse underlie
synaptic plasticity, especially long-term potentiation (LTP), and long-term depression (LTD);
particular AMPAR tetramer variants containing specific subunits AMPARs will be recruited or
removed from synapses in response to homeostatic scaling up or down, respectively
(Diering et al., 2018). The exact mechanism of AMPAR trafficking is unknown, and current
theories require reevaluation. The structure, function, and how AMPARs are affected by

disease pathology will be discussed further.

It is relevant to this thesis to understand AMPARs and their role in AD-induced
neurodegeneration. Specifically, by further illuminating the process through which the
AMPAR receptors are delivered to the synaptic membrane during LTP, whether there is
potential for exocyst complex involvement, and if AB modulates the relationship between
AMPARs and the exocyst is vital to understanding how AD derails typical AMPAR function at
the synapse, which is critical for providing informed therapeutic treatments. This Section will
provide necessary background on postsynaptic excitatory LTP, describe the role of AMPAR in
synaptic plasticity at dendritic spines, and provide evidence of essential AMPAR trafficking

disruption during AD pathology.

To start, one must be aware that the cornerstone to the modern understanding of
learning and memory is that synapses are the primary information storage site. This theory
has been well supported by rigorous research in many model organisms. Donald Hebb
authored the seminal work on memory formation and synaptic adaptation during learning in
1949. This piece of neuroscience history was like Helen of Troy; its face launched a

thousand ships in the form of great discoveries regarding LTP and synaptic plasticity.
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Hebbian theory, named for Donald Hebb, is summarized as a simple principle: "neurons that
fire together, wire together." Hebb called these combinations of grouped neurons cell-
assemblies, which comprised a combination of connections that made up a highly adaptive
algorithm that responds to stimuli. LTP was first described in 1973 by Bliss & Lgmo in
anesthetized rabbits following stimulation of the perforant pathway, described in Section
1.2. They saw that trains of stimuli resulted in increased transmission efficiency lasting for

hours at granule cell synapses in the perforant path.

Molecular Basis of Memory

Building on this finding, the LTP mechanism began to be described in a cascade of
research on a sensitization-induced short-term increase in transmitter release in the
synaptic connections between the sensory and motor neurons of the marine snail Aplysia
californica, known as the animal's gill-withdrawal reflex (Kupfermann et al., 1970, Pinkser et
al., 1970, Carew et al., 1973). The serotonin released from these neurons, in turn,
stimulates the increase in synaptic strength, which was later found to be mediated by Cyclic
Adenosine Monophosphate (cAMP) in the sensory neurons (Cedar, H. & Schwartz, J. H.
1972). cAMP is an essential intracellular secondary messenger vital for synaptic strength
modulation in mammals. cAMP mediates all of its action through a kinase, cAMP-dependent
protein kinase A (PKA). PKA was one of the first protein kinases to be sequenced, cloned,
and have a solved crystal structure. PKA comprises two inhibitory regulatory subunits and
two catalytic subunits. When cAMP levels rise within the cell, cAMP binds to the regulatory
subunits of PKA and releases the catalytic subunits, allowing them to phosphorylate
downstream substrates (Knighton et al., 1991). Adenyl cyclase, the enzyme that
synthesizes cAMP, has enhanced activity in calcium (Ca?*) influx periods, thus resulting in
activity-dependent amplification (Hawkins et al., 1983). These findings in Aplysia were later
replicated in Drosophila in the 1970s. This group found that Drosophila can learn fear and
discovered that mutations in single genes could interfere with short-term memory (Dubnau
& Tully, 1998). The genes were those involved in the cAMP pathway, further evidencing the

importance of this protein in learning and memory.

Memory storage is temporally categorized: short-term memory lasting minutes and
long-term memory lasting days to much longer. The two types of memory also have distinct
molecular mechanisms which facilitate their development. Short-term and long-term

memory facilitation both involve protein synthesis (Goelet et al., 1986). The local increase
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of cAMP and subsequent activation of PKA allows PKA to phosphorylate substrates within the
synapse terminal. Some of these targets include potassium channels and proteins involved
in exocytosis, which can, in turn, induce additional transmitter or receptor availability. When
there is robust and repeated stimulation, catalytic PKA can recruit p42 MAPK. Both then
travel to the nucleus and phosphorylate transcription factors of proteins required for long-
term memory formation. Other essential proteins involved in the molecular basis of memory
include CaM kinases and synaptic protein phosphatases. PP1 and calcineurin counteract local
PKA activity and are considered inhibitory components of memory formation. As such,
memory retrieval is truly a balance between these kinase and phosphatase elements at the
synapse. The mechanisms for Ca?* -mediated regulation of gene transcription in neurons is
shown in Figure 24, including Ca2*-bound calmodulin activating adenylate cyclase to
produce cAMP to activate, in turn, PKA; direct activation of the CaMK pathways; and

activation of Ras-Raf pathway leading to RSK activation.

cAMP Response Element (CRE) are promoter elements activated by cAMP in the
nucleus and are represented by a highly conserved DNA sequence located within the control
region. Transcription factor binding to these response elements regulates RNA polymerase
activity. cAMP-dependent signaling is disrupted in AD, as seen in published data of
comparative analysis of cCAMP and Ca?*/CaMK levels in human postmortem hippocampi of
AD patients and age-matched controls (Yamamoto et al., 2000). The cAMP Response
Element Binding Protein (CREB) are the transcription factors, and the leucine zipper family
members bind to CRE. CREB1 functions as a transcription factor after phosphorylation via
PKA, MAPK, or CaMK. Experimental evidence for this was found by blocking the binding of
CREBL1 to CRE sites of cAMP-responsive genes in blocks long-term facilitation. More recent
studies have shown that there is alternative splicing of CREB, which generates isoforms that
have varying effects on learning and memory, including inhibitory isoforms. Thus, it is noted
that the ratio of CREB isoforms is implicated in this process (Liu et al., 2008). The pathway

upstream of CREB activation is largely evolutionarily conserved in the mammalian brain.
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Figure 24. Ca?*-mediated Gene Transcription Intraneuronal Signaling Pathway
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Figure Legend: Calcium-activated signaling pathways that regulate gene transcription. In
neurons, neurotransmitter reception and membrane depolarization lead to ligand- and
voltage-gated calcium channels opening. Subsequent calcium influx across the plasma
membrane drives the activation of several signaling molecules, including the calcium-
sensitive adenylate cyclase (AC), calcium/calmodulin-activated kinases (CamK), and Ras.
These molecules activate a cascade of signaling proteins that amplifies the calcium signal
and carries it to the nucleus. Dashed lines represent the components of each pathway that
are proposed to translocate into the nucleus. Nuclear kinases including protein kinase A,
CaMK-1V, and members of the Rsk family phosphorylate CREB at Ser-133, rendering it

competent to mediate transcription of genes such as BDNF (From West et al., 2001)

Under basal conditions, the CREB homodimers are bound constitutively to the
response elements in DNA. A cascade of secondary messengers facilitates the
phosphorylation of CREB: activation of ribosomal s6 kinase (RSK) via RAS-dependent
mitogen-activated protein (MAPK)/ERK, calmodulin-dependent protein kinase IV (CaMKIV),
and PKA. Upon CREB phosphorylation at Ser (serine residue) -133, the CREB dimers are

released from the DNA allowing for transcription of critical proteins in synaptic plasticity. A
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few essential gene products are a brain-derived neurotrophic factor (BDNF) tyrosine
hydroxylase (TH), and corticotrophin-releasing factor (CRF) (Finkbeiner et al., 1997). BDNF
and other neurotrophic factors and their relevance to synaptic plasticity and role in AD will

be discussed in Section 1.5.

AB Disruption of Mechanisms of Memory

Impaired CREB phosphorylation has been implicated in numerous diseases, including
AD. The mechanism of AD impairment of CREB phosphorylation can be seen in Figure 25.
AB oligomers have been shown to target NMDA and alpha 7 nACh receptors. Additionally, it
is thought that there is increased phosphatase and decreased kinase activity, which further
inhibits CREB phosphorylation (Bitner, 2012). In addition to decreasing known CREB gene
products, CREB phosphorylation impairment may have other downstream consequences.
Some data implies impaired CREB phosphorylation may contribute to the disrupted synaptic

incorporation of hippocampal glutamatergic receptor AMPA (Middei et al., 2013).

When there is rapid and repeated activation of AMPARs and NMDARs by glutamate at
a particular synapse, the downstream effect is postsynaptic membrane depolarization, which
induces the release of magnesium mediated voltage-dependent blockage of calcium-
permeable NMDA receptors (Mayer et al., 1984, Nowak et al., 1984, Collingridge et al.,
1983), allowing for Ca?* influx at the dendritic spine (Lynch et al., 1983). The Ca?* influx
allows for downstream Ca?* dependent intracellular signaling events that promote the
genetic basis of memory (Bliss & Collingridge, 1993). Loss of CREB function in mature
hippocampal glutamatergic neurons resulted in a decrease in AMPA and NMDA receptors at
the postsynaptic density (PSD). AMPAR GIuAl was reduced, and there was a correlative
reduction in AMPAR mEPSC frequency, LTP, with a concomitant increase in LTD. However,
other major synaptic proteins such as AMPAR GIuA2/3, GIuN1, GIuN2A, and PSD95 were not
found to be affected by CREB knockout (Middei et al. 2013). There are still many
unanswered questions about CREB involvement in glutamatergic AMPAR GIluA1l insertion.
However, it is essential to highlight that there is still much to learn about CREB dynamics as
we move to discuss AMPAR insertion dynamics in LTP and in AD, which has been shown to

impair CREB phosphorylation.
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Figure 25. Pathological vs. Physiological CREB Dynamics
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Figure Legend: Left side: physiological conditions, right side: pathological AD. Stimulation
of neuron cell surface receptors and ion channels (NTR =neurotrophin receptors, GPCR = G-
Protein Coupled receptor, DA = dopamine, mACh = muscarinic acetylcholine, nACh =
nicotinic acetylcholine, LGIC = ligand-gated ion channel, VGIC = voltage-gated ion channel)
induces nuclear CREB phosphorylation and subsequently gene expression of important

proteins involved in synaptic plasticity. (Adapted from Bitner, 2012)

Synaptic Plasticity & LTP

LTP is the most studied form of synaptic plasticity. It is now known that a spectrum
of LTP forms can differ from the classical LTP mechanism, which may have differences in
their properties (Citri & Malenka, 2008). Delineating all forms of LTP is beyond this project's
scope and will not be discussed. Additionally, due to the nature of this work focusing on
dendritic spines, the LTP mechanisms discussed will be centered on excitatory postsynaptic
LTP. Further, it should also be mentioned that the synapse-specific homosynaptic, or
Hebbian, plasticity does not fully capture the environment of the synapse in vivo. There are
mechanisms of local compensation mediated by heterosynaptic plasticity originating from
nearby synapses, which also contribute to the local neuronal circuitry. Further, homeostatic
plasticity influences neuronal firing globally, which is particularly important in development
(Jenks et al., 2021).
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During LTP, many processes are coordinated within the neuron, including tagging
the potentiated synapse, signaling to the nucleus, kinase cascades activating nuclear
transcription factors, altered expression of synaptic proteins, and tagging and trafficking of
newly synthesized proteins to the potentiated synapse. These changes are synapse-specific;
therefore, retrograde signaling from the activated synapse is relayed to the nucleus and
anterograde signaling from the nucleus back to the activated synapse. However, the exact
process of trafficking during transcription-dependent memory facilitation is remains to be
fully understood. It is known that following transcriptional activation, both newly
synthesized mRNAs and proteins must be explicitly delivered to the synapse, which has
triggered the gene transcription via activation. The current theory is a synaptic capture
hypothesis. The cargo is shipped along with the cell projections; however, only synapses
that have been activated have been tagged and can receive the cargo (Okuda et al., 2021).
This process may involve prion-like proteins such as CPEB to activate the dormant mRNAs,

which are transferred to the synapse for local synthesis (Si et al., 2003).

The criteria described for studying LTP (Martin et al., 2000) are as follows:
detectability, learning should result in detectable changes in total synapse weight; mimicry,
same synaptic weight changes for a given memory should create the same memory;
anterograde intervention where prevention of the synaptic weight changes would prevent
learning; and finally, retrograde intervention, were interfering with the synaptic weight
changes should erase the memory. Changes in synaptic weight are thought to occur via

dendritic spine dynamics during LTP or LTD.

Glutamate Dysregulation in AD

Before diving into covering AMPAR, we will first briefly discuss the neurotransmitter
glutamate and how it is regulated and dysregulated in AD, as these are relevant
considerations for our study. In hippocampal CA1 slices, it has been shown that increasing
the concentration of glutamate increased AMPAR channel conductance (Gebhardt & Cull-
Candy, 2006). These data area shown in Figure 26. The glutamate concentration in wet
tissue samples is around 5-15 pmol per gram (Erecinska & Silver, 1990). At a resting
synaptic cleft, glutamate concentration is about 0.6 pM (Bouvier et al. 1992). When a
synaptic transmission occurs, the extracellular concentration of glutamate can rise to above
10 M (Clements et al. 1992).
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Figure 26. Glutamate Action is Concentration-Dependent
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Figure Legend: Single-channel activity recorded in an outside-out patch from a
hippocampal CA1 neuron exposed to increasing glutamate concentrations: 200 nM, 10 uM,
and 10 mM. Frequency of events, the proportion of high conductance openings, and open-
time all increased with glutamate concentration (adapted from Gebhardt & Cull-Candy,
2006)

Glutamate drives depolarization, and its release is therefore tightly regulated.
Excessive stimulation of glutamatergic signaling can result in excitotoxicity, typically
mediating neurodegeneration via aberrant Ca2* influx at the postsynaptic neuron, ultimately
driving loss of synaptic function. A classic regulator of glutamate release is gamma-
aminobutyric acid (GABA) mediated inhibition, which is involved in shaping response at both
the synapse and local neuronal network level. In addition to excitatory plasticity, there is
also extensive inhibitory plasticity in the mammalian nervous system. GABAergic inhibition
may often need to be overcome to induce excitatory synapse plasticity. This often involves
the downregulation of excitatory inputs onto GABAergic interneurons to decrease GABAergic
outputs, thus having a net excitatory effect. GABAergic synapses are highly plastic, showing
increased layers of complexity, allowing for the experience to shape the synaptic
environment. A thorough dissection of this excitation-inhibition balance is far beyond the
scope of this thesis; howeuver, it is essential to call to mind the depth of these mechanisms
and how there is a balance of excitation and inhibition that provides precise stability timing

of neuronal firing in LTP and memory formation.

In addition to GABAergic regulation of glutamate release, there are a range of other
regulators. There is increasing evidence for the role of astrocytes in glutamate homeostasis
at the synapse (Mahmoud et al., 2019). Astrocyte function is dysregulated in AD. AB
oligomers have also been shown to reduce presynaptic protein expression crucial for

glutamate release regulation and modulate activity-dependent synaptic vesicle release
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(Kirvell et al., 2006). In addition to altering glutamate availability, Ap has also been shown
to enhance NMDAR function, which can be blocked with NMDAR antagonists (Kawamoto et
al., 2008). AB neurotoxicity is covered in Section 1. While the presynaptic environment is a
contributor to AD pathology, the focus of this work will be on postsynaptic effects because
there is sufficient evidence, including direct glutamate uncaging at individual dendritic
spines inducing LTP, to support that the postsynaptic environment is a central component of
LTP at key synapses in the hippocampal circuit (Isaac et al., 1995, Liao et al., 1995,
Kerchner & Nicoll, 2008).

AMPAR Receptor Structure & Expression

A range of evidence has substantiated that the primary mechanism of early-phase
LTP generation at key synapses is an activity-dependent change in AMPAR trafficking,
increasing the number of AMPARs in the postsynaptic plasma membrane (Granger et al.
2013). Much of the resolution to this debate came with the discovery of silent synapses,
which have NMDA receptors but no AMPAR receptors (Durand et al. 1996). Additionally,
further data exploring the role of LTD in learning and memory also helped support the the
postsynaptic environment as being the site for synaptic plasticity. While both silent
synapses and LTD are vital components of learning and memory, with interesting facets and
clinical implications in AD, these are both primarily outside of the scope of this thesis. Thus,
we will continue discussing activity-dependent changes in AMPAR at the postsynaptic

membrane.

AMPARSs contain a highly conserved ligand-binding domain and a channel pore
mediated by a transmembrane domain. They have an extracellular N-terminus and a loop
between transmembrane domain (TMD) 3 and TMD 4, which forms a ligand-binding domain,
and a re-entrant loop, TMD 2, includes the lining pore for the ion channel. AMPAR subunits
differ in their extracellular amino-terminal domains and carboxy-terminal tails. The domain
organization and structure of the AMPA receptor are illustrated in Figure 27. There are two
splice variants of all AMPAR subunits via Q/R editing known as “flip” and “flop.” This
variation allows for an increased spectrum of available desensitization kinetics. For example,
any AMPAR not containing GluA2 would be calcium permeable. AMPAR tetramers containing
the GluA2(Q) splice variant are Ca?* permeable, whereas GIuA2(R) variants are not (Greger
et al., 2017).
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Figure 27. AMPAR Structure
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Figure Legend: AMPAR structure. (A) Receptor schematic on the bottom, showing relative
contributions of each domain (NTD = N-Terminal Domain, LBD = Ligand binding Domain,
TMD = Transmembrane Domain, M1-4 are TMD helical elements, QR, R/G, Flip/Flop =
mRNA processing sites, CTD = C-terminal domain.) The top of the panel (A) illustrates in 3D
showing the domains. (Star = Subunit Docking Site, D1 & D2 = LDB lobes). (B) GIuR2
Homodimer. Colored by individual polypeptide chains. ECR = extracellular region, Star =
LBD cleft, Arrows = sites of dimerization). (C-E) Detailed illustrations of each domain layer.

(UL = upper layer, LL = lower layer) (From Greger et al., 2017.)

The carboxy-terminal tails are often used to differentiate the subunits into long-
tailed, GIuAl, GluA4, GIuA4L, or short-tailed, GIuA2, GIuA3, and GIuA4S. The carboxy-
terminal tail of AMPARSs is subject to posttranslational modification. These modifications
include phosphorylation, ubiquitination, glycosylation, palmitoylation, and S-nitrosylation.
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Sites of posttranslational modifications are illustrated in Figure 28. The carboxy-terminal
tails of AMPARs have been a highly studied subject. Much of AMPAR subunit trafficking

regulation is thought to be regulated by phosphorylation status; however, this remains

unclear. Further, there is also evidence that the channel conductance may be influenced by

the posttranslational modifications of the tail as well (Kristensen et al., 2011). However, the

carboxy-terminal tail is not required for LTP induction, only a pool of AMPAR (Granger et al.,

2013).

Figure 28. AMPAR Posttranslational Modifications
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Figure Legend: AMPAR posttranslational modifications. (A) AMPAR structure schematic. "%

identical" refers to the percent of sequence shared between AMPAR subunits GluA1-4. (B)

Amino acid sequences of each of the GIuA1-4 C-terminal tails. Each posttranslational

modification is indicated in the legend. Modifications with a '?' are known to occur, but the

exact site of the modification has not yet been identified. (From Diering et al., 2018)
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In addition to subunits, splicing variants, and posttranslational modifications, there
may also be regional expression patterns of AMPAR in the brain, which was explored by Lu
et al. in 2009 using single-cell genetic knockouts to quantify the contribution of each AMPAR
subunit to basal synaptic transmission within the CA1. In Figure 29, each subunit's
contribution to AMPAR excitatory postsynaptic current (EPSC) in the hippocampal CA1

region relative to the control.

Figure 29. Subunit Contribution to AMPAR EPSC in Hippocampal CA1
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Figure Legend: Summary bar graph showing consequences of deletion of respective
gene(s) on AMPAR EPSCs represented as a percent of the control. (AGIuAl: 19.4 £ 3.1%, n
= 31, *p < 0.001; AGIuA2: 51.7 = 3.8%, n = 86, *p < 0.001; AGIuA3: 83.8 £ 1.0%, n =
19, *p < 0.05; AGIUA2A3: 42.8 £ 5.2%, n = 14, *p < 0.001; AGIUA1A3: 12.1 + 2.4%, n =
12, *p < 0.001; AGIUA1A2: 5.7 + 1.4%, n = 24, *p < 0.001; AGIUA1A2A3: 2.4 £ 0.6%, n
= 13, *p < 0.001). (Adapted from Lu et al., 2009)

In the hippocampal CA1 region, most AMPARs are primarily comprised of either
GluA1/2 heterodimers or GIuA2/3 heterodimers. In the same study, Lu et al. provided data
that suggests that the GIuA1/A2 heterodimers primarily mediate excitatory transmission at

CA1l pyramidal neurons. The summary figure from their data is shown in Figure 30. It
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should also be noted that LTP requires a pool of AMPAR regardless of subunit composition
(Granger et al., 2013). In mice, genetic deletion of AMPAR GluAl prevents LTP (Zamanillo
et al., 1999), yet mice lacking GIuA2 and GIuA3 exhibit normal LTP (Meng et al., 2003). Due
to the evident importance of the GIuA1 subunit for hippocampal excitatory transmission, the
work in this thesis will focus on the trafficking of subunit GluA1 containing AMPARSs at the
dendritic spine during LTP.

Figure 30. AMPAR Compositions at Synapses & Extrasynaptic Membranes
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Figure Legend: Models for AMPAR compositions at synaptic and extrasynaptic membranes.
At CA1 pyramidal neurons, ~80% of synaptic AMPARs are GIuA1/A2 heteromers, and ~16%
synaptic AMPARs are GIluA2/A3 heteromers. On the other hand, ~95% of extrasynaptic
AMPARSs are GluA1/A2 heteromers. (Adapted from Lu et al., 2009)

The number and subunit character of AMPAR at the postsynaptic membrane is tightly
controlled. Recall that CaMKII activity is required for LTP induction, as discussed previously.
A substrate of CaMKII is a residue, Ser-831, on the C-terminal tail of AMPAR GIuA1l, which,
as discussed prior, is a significant subunit in the majority of hippocampal CA1 pyramidal
neurons. Phosphorylation mapping studies have identified residue Ser-831 on the GIluAl C-
terminal tail. Phosphorylation of this residue induces LTP. Phosphomimetic SS/DD mutant
Ser-831 AMPAR GluA1l subunits are trafficked to the dendrite tips with higher speed and

rate of insertion than non-phosphorylatable GluA1l, consistent with what is theorized about
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the role of the C-terminal tail in LTP (Hangen et al., 2018). Additionally, other AMPAR
subunit C-terminal tails have been identified as substrates of PKA and PKC, contributing to
LTP. While the C-terminal tail may not be required for LTP, its phosphorylation is often
sufficient. Therefore, it should not be overlooked, particularly as CaMK activity is disrupted
in AD, as described earlier. Ras-ERK-dependent signaling is also important for AMPAR
exocytosis during LTP and is thought to be a parallel mechanism to CaMK -dependent
signaling (Harvey et al., 2008). Patterson et al. used a two-photon uncaging and imaging
technique to label surface AMPARs and monitored AMPAR insertion events at stimulated
dendritic spines undergoing LTP. AMPAR insertion rate increased 5-fold during LTP induction
at the dendritic spine and along the dendrite. The diffuse Ras-ERK signaling is likely
essential for synapse-to-dendrite signaling prompting AMPAR recruitment to the

postsynaptic membrane.

AMPAR Trafficking During LTP

The current model for AMPAR trafficking during LTP is illustrated in Figure 31. Recall
that in Hebbian plasticity, activation of NMDARs triggers AMPAR mobilization in response to
high-frequency stimulation for brief periods of time initiates a calcium-dependent
mechanism that recruits synaptic AMPARs thereby increasing synaptic efficacy. Conversely,
low-frequency stimulation for several minutes leads to the removal of synaptic AMPARs to
produce a long-sustained decrease in synaptic strength, LTD. For the purpose of this work,
AMPAR insertion will be the primary focus. There are three significant steps in AMPAR
trafficking: lateral diffusion in the plasma membrane, endo or exocytosis, and motor-
dependent intracellular transport (Choquet & Triller, 2013, Wang et al., 2008, Kim &
Lisman, 2001). Newly synthesized AMPARs are transported from the Golgi apparatus (GA)
located either in the cell soma or local Golgi outposts. However, the exact mechanisms of
intracellular transport of AMPARSs are still largely unknown. This thesis will explore the
mechanism of insertion of AMPAR to assess whether the exocyst complex has a role in
AMPAR insertion and whether AB disrupts this function. The effect of pathological

concentrations of AB oligomers at the synapse is summarized in Figure 32.
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Figure 31. Current Model for AMPAR Trafficking During LTP
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Figure Legend: 1) Preexisting extrasynaptic surface AMPARs are diffused to synaptic sites
during LTP. 2) AMPARs are exocytosed from intracellular recycling endosomes into the
exocytotic domain adjacent to the PSD. 3) AMPARs are further laterally mobilized to the
synaptic site. 4) Potentially, there is also direct delivery of AMPARs without lateral diffusion.
5) AMPARs are trapped at the synapse and immobilized by TARP protein Stargazin and
AMPAR ATD interacting proteins. ATD = Amino-terminal domain, PSD = postsynaptic
density. (From Park, 2018)
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Figure 32. Effect of Pathological Concentration of AB Oligomers at Synapse
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Figure Legend: AB oligomers at pathological concentrations may interact with multiple
proteins, including a7-nAChRs and NMDARs, triggering synaptotoxicity. These events
include aberrant activation of NMDARSs, elevated neuronal calcium influx, calcium-dependent
activation of calcineurin/PP2B and its downstream signal transduction pathways, involving
cofilin, GSK-3B, CREB, and MEF2. This results in aberrant redox reactions and
severing/depolymerizing F-actin, tau-hyperphosphorylation, endocytosis of AMPARs, and

eventually leads to synaptic dysfunction and cognitive impairment. (From Tu et al., 2014)

Research on AP effects on AMPAR trafficking is viewed mainly from a paradigm of
increased AMPAR endocytosis resulting in fewer AMPAR at the postsynaptic membrane. As
the mechanism of AMPAR exocytosis onto the postsynaptic membrane is yet to be fully
defined, it cannot be ruled out that Ab oligomers may also influence AMPAR exocytosis.
AMPAR vesicles are trafficked by Rab family proteins, which are exocyst complex mediators;

see Section 1.5. The involvement of Rab family proteins suggests that exocyst -mediated
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exocytosis is a potential mechanism for AMPAR insertion. The mechanism of Rab protein
regulation of intracellular AMPAR trafficking in the context of synaptic plasticity is illustrated
in Figure 33. Rab 39B has been identified as a regulator of AMPAR exit from the ER towards
the GA. Rab39B localizes to the Golgi and interacts with PICK1, which is necessary for GIuA2
transport, as shown by data from Rab39B knockdowns (Mignogna et al., 2015). Rab8 has
been found close to the postsynaptic membrane and PSD, potentially to direct the delivery
of AMPARs from the GA to the plasma membrane (Brown et al., 2007, Gerges et al., 2006).
When AMPARSs are internalized via clathirin, Rab5 regulates the uncoating mechanism and
directs AMPARs toward early endosomes (Gu et al., 2016), a process strongly upregulated
in LTP. Rab4 and Rab11 mediate continuous recycling of endocytosed AMPARs from
endosomes. Rabl1 is particularly important, as Rabl1-dependent endosomes translocate
AMPARs from the dendritic shaft into dendritic spines, with insertion driven by Rab8 (Brown
et al., 2007), a process upregulated in LTP. Our lab has previously published data
demonstrating upregulation of Rab5 and enhanced endosomal-recycling in a presynaptic
model in response to chronic AB (Arora et al., 2013) and downregulation of Rab11 family
interacting protein 5 (Rab11fip5) expression in RNA-sequencing experiments in the same

neuronal model to chronic AB (Arora et al., 2020).
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Figure 33. Role of Rab Family Proteins in AMPAR Trafficking
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Figure Legend: Rab proteins regulating intracellular trafficking of AMPARs in neurons
during basal conditions and synaptic plasticity. (B) Rab-dependent events in the basal state,
(C) during LTP, or (D) LTD. (B) In the basal state, de novo transport from the Golgi or from
the Golgi outpost takes place through Rab8-associated exocytotic vesicles (E). Exocytosis
occurs at the extrasynaptic membrane, mostly at the dendritic shaft, although some data
suggest direct delivery of AMPARs to the perisynaptic membrane (dashed arrow).
Extrasynaptic AMPARs diffuse laterally toward the synaptic membrane, where they are
immobilized within the PSD. Clathrin-mediated endocytosis of AMPARs into Rab5-positive

early endosomes (EE) occurs at the endocytotic zone, located perisynaptically or within the
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dendritic shaft. Besides de novo trafficking, continuous recycling directly from Rab4-positive
endosomes or through Rab1l1-associated recycling endosomes (RE) supplies synaptic
AMPARs inside the spines as well as within the shafts (C) upon LTP, the number of synaptic
AMPARs is increased by upregulating de novo trafficking toward the plasma membrane and
lateral diffusion of newly inserted AMPARs (thicker arrows). During activity-dependent
recycling, the endosomal compartment is increased in size and recycling through Rab11-
positive recycling endosomes is elevated. The role of Rab4-dependent delivery to the
membrane has yet to be proven during LTP. It is yet unclear how Rab5-dependent

endocytosis is changed during LTP. (Adapted from Hausser & Schlett, 2019).

SECTION 1.5
THE EXOCYST COMPLEX

Accurate and orderly trafficking of membrane-bound vesicles is vital to the health of
eukaryotic cells, as this trafficking is essential for growth, secretion, and communication
between cells. There are many proteins involved in this process to aid in vesicular
trafficking. The exocyst complex is directly involved in this process. There is much evidence
to suggest that exocyst complex members regulate vital proteins involved in vesicle-
membrane fusion events. The exocyst complex has been implicated in many processes,
exocytosis, endocytosis, cytokinesis, autophagy, ciliogenesis, and cancer (Mei & Guo, 2018).

However, the role of the exocyst in AD pathology is unknown.

The exocyst complex is an octameric protein complex involving a single copy of each
of the following eight subunits, with the previous naming system terms in parenthesis
following the new terms for these subunits, which will be used exclusively: Exocl (Sec3),
Exoc2 (Sec5), Exoc3 (Secb), Exoc4 (Sec8), Exoc5 (Secl0), Exoc6 (Secl5), Exoc7 (Exo70),
Exoc8 (Exo084) (Wu & Guo, 2015). The exocyst complex is visualized in Figure 34. The
exocyst is typically found at sites of active growth bound to phosphoinositides at areas of
polarized growth and secretion (He et al., 2007). Thus, it is interesting whether the exocyst
can be found at dendritic spines, which are highly dynamic regions that exhibit expansion
and receptor cycling. It is vital to understand whether there is a role in exocyst dysfunction

during dendritic spine loss and shrinkage in AD.
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Figure 34. The Exocyst Complex
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Figure Legend: The Exocyst complex is shown in green. The relationship between specific
components of the complex to the plasma membrane and vesicle containing membrane
proteins and Rab GTPases can be identified. This figure is courtesy of Dr. Benjamin

Fogelgren.

The Exocyst Complex Assembly & Structure

Recent advances in cryo-EM and chemical cross-linking mass spectrometry have
allowed for a better understanding of the exocyst complex assembly and structure. The
current view of exocyst assembly follows a hierarchical pattern, where there is an
antiparallel pairing of coiled-coil motifs between four pairs of the subunits creating four
heterodimers (Mei & Guo, 2018). The coiled-coil motifs are referred to as CorEx motifs and
are highly evolutionarily conserved from yeast to mammals in the exocyst complexes and
other vesicle tethering complexes. The Exocl and Exoc2 heterodimer then enmesh with the
Exoc3 and Exoc4 heterodimer to form subcomplex I. Subcomplex II is formed likewise from
two heterodimers, Exoc5 and Exoc6, and Exoc6 and Exoc8. The two subcomplexes then
assemble into the full holocomplex via the binding motifs with rod-like character along
subcomplex I, originating from Exoc4 and Exoc2 (Mei & Guo, 2018). This full holocomplex is
what is referred to as the exocyst complex. The process of this assembly is visualized in
Figure 35. Previous studies have shown in yeast that mutations in the exocyst resulted in a
block of secretion (Sec mutants) and, subsequently, an accumulation of secretory vesicles
(Novick et al., 1980). The role of this complex in neuronal trafficking at dendritic spines in

AD has not been characterized.
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Figure 35. The Exocyst Complex Assembly

Subcomplex | Subcomplex Il

Current Biology

Figure Legend: This figure illustrated the assembly of the Exocyst holocomplex from the
two subcomplexes. The CorEx motifs contained within Exocl (Sec3), Exoc2 (Sec5), Exoc 3
(Sec6), Exoc4 (Sec8) form a four-helix bundle (shown in the boxes) known as subcomplex
I. Similarly, the CorEx motifs contained within Exoc5 (Sec10), Exoc6 (Secl5), Exoc?7
(Ex070), and Exoc8 (Exo84) assemble into subcomplex II. These two subcomplexes then

come together to form the whole exocyst complex. (Adapted from Mei & Guo, 2015)

The Role of the Exocyst Complex in Vesicle Trafficking

The exocyst complex is involved in tethering secretory vesicles to the plasma
membrane before soluble N-ethylmaleimide-sensitive factor attachment protein receptors
(SNARESs), machinery (Wu & Guo, 2015). This is illustrated in Figure 36. Small GTPases
Cdc42 and Rho1l bind to the Pleckstrin homology (PH) domain of Exocl at the plasma
membrane. In addition to interacting with subunits of heterotrimeric G proteins and various
protein kinases, PH domains also allow binding to phosphatidylinositol lipids in cell
membranes. In the case of the exocyst, it is thought that exocyst interaction via the PH
domains with small GTPases and phosphatidylinositol 4,5-bisphosphate (PI 4,5-P2) may be
the regulator of exocyst localization and function. PI 4,5-P; functions include mediation of
phagosome formation and phagosome fusion with early endosomes and ARP2/3 complex
involved actin polymerization process (Desale & Chinnathambi, 2020). In AD, it has been
shown that AR may alter the levels of PI 4,5-P2, having downstream effects on the actin
cytoskeleton network (Desale & Chinnathambi, 2020). However, as PI 4,5-Pz is necessary for
exocyst complex localization, it can be speculated that this phosphatidylinositol disruption,
which occurs in AD pathogenesis, could also result in dysregulation or otherwise

mislocalization of the exocyst complex, resulting in altered exocyst activity.
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Exoc7 also binds to Cdc42, as well as Rho3 and TC10. In mammalian cells, Rab
proteins Rab3, Rab8, Rab10, Rab11, and Rab27 will interact with Exoc6. After which, there
is a cascade of GTP-dependent GTPase activity that results in the vesicle exit from the
originating membrane, likely the trans-Golgi network (TGN) or endosomes (Margittai et al.,
2003). At the TGN, class V myosin protein Myo2 is likely recruited by Rab proteins. It is
thought that at recruitment, Myo2 is simultaneously bound at two spots along with the
cargo-binding domain by both a Rab family member and Exoc6. The vesicle is then

trafficked towards the plasma membrane and F-actin bundles by myosin proteins.

Figure 36. The Exocyst Complex Tethers Vesicles to Target Membrane Before v- and
t- SNARE Interaction
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Figure Legend: This figure illustrates the arrangement of the exocyst complex, with Exoc7
and Exocl bound to PI 4,5-P2 on the target membrane. The v-SNARE is associated with the
vesicle, and the t-SNARE is associated with the target membrane. Exoc6 is involved in Rab
GTPase binding on the vesicle. (Adapted from Wu & Guo, 2015)

In addition to tethering, there is evidence that the exocyst complex also interacts
directly with the SNARE machinery to modulate its function. At the plasma membrane, it
has been shown that Exoc3 may interact with v-SNARE protein Snc2. Additionally, Exocl

likely binds the amino terminus of t-SNAREs at the plasma membrane. SNARE superfamily
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of proteins is highly conserved, largely membrane-bound proteins involved in eukaryotic cell
membrane fusion events. SNARE proteins have been implicated in multiple
neurodegenerative diseases in addition to AD, including Parkinson's disease and
amyotrophic lateral sclerosis (Margiotta, 2021). The SNARE complex is essential for vesicle
fusion and neurotransmitter release. Therefore, the importance of understanding SNARE
protein interactions with the exocyst complex and the impact on neurotransmission is

paramount to improving therapeutic strategies for neurodegenerative diseases.

Neuronal Vesicle Trafficking

SNARE proteins that have a role in AD onset include syntaxin-5, syntaxin-1, SNAP-
25, VAMP2, and VAMPS8. Previous studies have shown that many SNARE proteins are stress-
responsive and have modulated expression and localization when challenged with Ap
(Margiotta, 2021). This results in impairment of the essential steps for vesicle exocytosis at
various stages: vesicle docking, priming, and Ca2+ mediated fusion (Margiotta, 2021).
While SNARE proteins and exocytosis events are well characterized at the presynaptic
membrane during neurotransmitter release, these proteins are also involved in the

exocytosis of key postsynaptic receptors onto the postsynaptic membrane.

Understanding the machinery behind these exocytosis events is critical for
developing treatment options for neurodegenerative disease. SNARE proteins have been
extensively studied in neurons, but the exocyst is less so. Structural studies have provided
evidence that Exocl binds to v-SNARE proteins, allowing for open confirmation SNARE and
thus allowing for SNARE protein function to induce vesicle fusion to target membrane (Yue,
et al., 2017). Exoc3 has also been shown to interact with SNARE proteins, with unclear
function. However, the interaction between Exoc3 and SNARE Snc2 is thought to recruit the
exocyst complex to the secretory vesicle. Exoc3 has also been speculated to be involved in
SNARE complex formation due to interactions with Secl, an essential player in the SNARE
complex formation (Dubuke et al., 2015). Exoc8 has also been shown to bind Sro7 and
Sro77, which could regulate cellular coupling of SNARE-mediated vesicle tethering and
target membrane fusion. The role of the exocyst in SNARE protein function and the essential
nature of SNARE proteins for cell survival make it clear that the function of the exocyst

demands further study in neuronal exocytosis events.
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SECTION 1.6
p75N"R DUAL ROLE IN NEURODEGENERATION & NEUROPROTECTION

p75N™R was originally identified as the low-affinity nerve growth factor (NGF)
receptor, implicating it in the regulation of neuronal differentiation and survival (Malik et al.,
2021). Later, it was identified as a component to the neuronal “death receptor.” It has been
since shown that p75N"™R is a highly pleiotropic receptor, depending upon associating
proteins/co-neurotrophin receptors, belonging to the tumor necrosis factor receptor (TNFR)
superfamily. The structure of p75NR has a single transmembrane region with an amino
terminal extracellular domain, carboxyterminal intracellular domain, a flexible adaptor
protein binding region, and a globular death domain. There are four cysteine-rich resides
domains that control receptor conformation and ligand binding. These domains are shown in
Figure 37. Ligands for p75N™® include all neurotrophins, including NGF, brain-derived
neurotrophic factor (BDNF), and neurotrophins 3 and 4 (NT-3, NT-4). Interestingly, p75N™®
ligands also include AB, which will be discussed further. In mammals, p75N™R is highly
expressed in the nervous system during early development to promote nerve growth. After
maturation, p75N™R expression is significantly downregulated, but p75N™® expression can be

intensely stimulated after CNS injury (Ibafez & Simi, 2012).

p75NTR does not have intrinsic catalytic activity. Instead, signaling activity is initiated
via co-receptors and intracellular adaptor proteins, resulting in an array of diverse effects
that occasionally oppose one another. p75N™R interacts with tropomyosin-related kinase
(Trk) receptors to enhance affinity for mature NTs. Other coreceptors will have different
effects. NogoR and Lingo-1 coreceptor activity will enhance axonal growth inhibition. Sortilin
coreceptor activity will initiate apoptosis signaling of proneurotrophins, and initiate PKA
activity to regulate cAMP. These relationships are illustrated in Figure 38. In addition to
coreceptor signaling, p75"™R is also a substrate for proteolytic cleavage by a-secretases and
y-secretase. The cleavage product is a soluble intracellular domain with equally powerful

cytoplasmic and nuclear signaling capability.
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Figure 37. p75NTR Structure
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Figure Legend: p75"™ is a single transmembrane-spanning protein with an amino-terminal

ECD and a carboxy-terminal ICD. Selected p75N\'™R catalytic (red) and non-catalytic (grey)

adapter proteins mediate diverse cellular effects. CRD, cysteine-rich domain; DD, death

domain; ECD, extracellular domain; ECM, extracellular matrix; HSC, hepatic stellate cell;

ICD, intracellular domain; p75N™R, p75 neurotrophin receptor; PKA, protein kinase A; PDE,

phosphodiesterase; Siah, seven in absentia homolog 2; TM, transmembrane domain. (From

Malik et al., 2021)
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Figure 38. Neurotrophin signaling through the p75"™R and Trk receptors
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Figure Legend: This diagram depicts the major intracellular signaling pathways associated
with each neurotrophin receptor. Each Trk receptor isoform binds mature neurotrophins and
acts through three predominant pathways—activation of PLC-y1 results in PKC-mediated
promotion of synaptic plasticity. Activation of Ras initiates MAPK-mediated promotion of
neuronal regeneration and growth. Activation of PI3-K results in activation of Akt and
promotion of NF-kB-mediated cell survival. These pathways are also known to regulate
genetic transcription, further promoting pro-survival and regenerative gene expression. The
p75NTR receptor also regulates three main pathways. When a mature neurotrophin binds to
an isolated p75N™ NF-kB-mediated cell survival is promoted. If the p75N™R is co-expressed
with the sortilin receptor, pro-neurotrophins can bind and cause activation of JNK-c-Jun
mediated cell death and degeneration. A receptor complex consisting of Nogo, p75"'R, and
Lingol can bind pro and mature neurotrophins to alter neurite outgrowth in a RhoA-
dependent manner. NGF, nerve growth factor; BDNF, brain-derived neurotrophic factor; NT-
3, neurotrophin-3; Trk, tropomyosin receptor kinase; mNT, mature neurotrophin; ProNT,
proneurotrophin; p75N™R, pan neurotrophin receptor 75; PLCy1, phospholipase C gamma

one; PKC, protein kinase C; MAPK, mitogen-activated protein kinase; TFs, transcription
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factors; PI3-K, phosphoinositide 3-kinase; NF-kB, nuclear factor kappa-light-chain-enhancer

of activated B cells; JNK, c-Jun N-terminal kinase. (From Houlton et al., 2019)

p75NR Response to AB

As noted, experimental evidence exists to indicate that p75N™R can induce cell death.
Alteration in the p75N™R expression and co-receptor association can promote cell death or
enhance cell survival. Decreased p75N™R expression is correlated with increased cell survival
rate, whereas increased p75"™R expression induces apoptosis, likely by silencing Trk-
mediated survival signals. AR -mediated cell death via p75"™R is altered by the NGF. Mutant
p75NTR=/~ mice treated with AB injections exhibit less neuronal cell death than WT controls in
the hippocampus (Sotthibundhu et al., 2008). In cultured hippocampal neurons, it has been
shown that AP facilitates apoptosis through the activation of the JNK-c-Jun-Fas ligand-Fas
pathway (Morishima et al., 2001). Studies of p75"™® knockdown show reduced damage in
mouse models of neurodegenerative diseases. In AD models, p75N™R was shown to
contribute to AB-induced neural damage (Yang et al., 2008). Postmortem brain samples
from human AD patients show an increase in p75N™R expression relative to TrkA, potentially
underlying cholinergic neuron loss (Counts et al., 2004; Costantini et al., 2006). The
differential reduction in cholinergic, TrkA, and p75N™® immunoreactive neurons during the
progression of AD is shown in Figure 47. Increases in proNGF in AD (Fahnestock et al.,
2001) indicate that the neurotrophin environment promotes p75N™ interaction with
coreceptor sortilin, a known pathway of degeneration. A similar shift to p75"™R expression in

response to injury has been suggested to foster damage and loss of neurons.

Figure 47. p75"R Positive Neurons are Distinctly Eliminated in AD
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Figure Legend: Histograms show the differential reduction in cholinergic, TrkA, and p75NTR
immunoreactive neurons during the progression of AD. Photomicrographs of dual labeled
nucleus basalis neurons showing phenotypic downregulation of p75N™R (dark blue) compared
to ChAT (pink) positive neurons between no cognitive impairment (NCI), mild cognitive
impairment (MCI), and AD. Note the loss of p75"™® immunoreactive staining of ChAT-
positive cells in MCI and AD (open arrows). The black arrow indicates dual stained neuron in
AD (C1) = and ** indicates p < 0.05 and 0.01, respectively (Mufson et al., 2019)

Knowles et al. investigated the ABi-42 interaction with p75N™R using fluorescence
resonance energy transfer (FRET). This study provided further evidence of p75NR
involvement in AB-induced neuronal death and c-Jun expression via p75"NTR~/~ mutant mice-
derived neuronal cultures and a hybrid p75N™R~/= AD mice model. The results reveal that
neurodegeneration through p75N"™R requires AB interaction on the surface domain of p75NTR,
Further evidence examining calcium dynamics in neuronal networks also supports this
hypothesis. A high level of Ca?* influx is a characteristic of the molecular pathogenesis of
AD. The overexpression of p75NR prevented the Ca?* channel current, but the ABi-42
treatment significantly increased the Ca?* channel current due to the blockage or decreasing
expression of p75NR, The ABi-42 induced Ca?* channel current activation is removed when
the p75N™R expression is dropped (Wang et al., 2020). AB-associated pathways of

neurodegeneration that intersect with p75N™R signaling pathways, are shown in Figure 40.

p75NTR & Synaptic Transmission

p75N™R and other neurotrophin receptors are also significant modulators of synaptic
transmission. Neurons secrete neurotrophins in an activity-dependent manner. Of particular
interest when studying hippocampal LTP are TrkB and BDNF. Lack of BDNF results in
inhibition of LTP (Korte et al., 1995). Conversely, bathing hippocampal slices in BDNF-
enriched fluid results in long-lasting enhancement of LTP (Minichiello et al., 1999). As TrkB
is required to establish LTP, it is thought this effect of BDNF is likely mediated via TrkB
signaling (Minichiello et al., 1999). Much less is known about the role of p75N™ in synaptic
plasticity. Blocking p75N™ with antibodies does not interfere with LTP induction in adult mice
(Xu et al., 2000). However, the deletion of p75N™® improved spatial learning in mice (Rdsch
et al., 2005). Interestingly, p75N"™® has been shown to regulate circadian clock rhythms
(Baeza-Raja et al., 2013). There is also evidence that p75"™R contributes to synaptic

plasticity and may selectively regulate LTD. With p75NR deletion, hippocampal LTP remained
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functional, but LTD was lost (Résch et al., 2005). Changes in p75N™® may therefore shift the
balance in adaptive (Hebbian) synaptic plasticity, as a shift in sliding thresholds. However,

the deficits in synaptic plasticity that occur in AD pathology have a host of causes.

Figure 40. p75"™R and AD-Related Signaling Pathway Intersections
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Figure Legend: Diagram showing the association between p75N™® and Alzheimer’s-related
degenerative signaling networks. Aging, AB, and other processes produce numerous
changes in signaling pathways involved in neurite and synapse function and degeneration.
p75NTR promotes degenerative signaling in either its unliganded state or response to
proneurotrophin binding to p75N™ and its sortilin family co-receptors. (Modified from Yang
et al., 2020)

While the previous studies discussed support a role for p75N™® in neurodegeneration,
many studies also implicate the opposite. p75"™R has also been shown to be essential for
neuroprotection and injury recovery (Meeker and Williams, 2014). One study using the
p75NTR-/- model found that sympathetic glial sprouting in an injured dorsal root ganglion is
significantly reduced, hampering injury recovery (Hannila and Kawaja, 2005). BDNF is a
positive modulator of myelination during peripheral nerve recovery and is dependent on the

p75NTR for its function (Song et al., 2006). Most intriguing, in cultured hippocampal neurons
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subjected to excitotoxic concentrations of glutamate p75N"™® was necessary to induce
neuroprotective NGF and TrkA signaling (Culmsee et al., 2002). Therefore, it should not be
discounted that p75N™R is also vital for survival and growth of select neuronal systems,
depending on their complement of co-receptors. In AD pathology, the relevance of p75N™R
and which side of the story, neuroprotection, or neurodegeneration, may also be a function
of timing. This study will focus on early changes to p75N™R expression in neurons challenged
with AB. Investigating the regulation of p75N™R specifically in dendritic complexity provides a

broader perspective of the impact of AB on the dendritic spine population.

SECTION 1.7
SPECIFIC AIMS & CENTRAL HYPOTHESIS

Overall Objective: To investigate the impact of alterations in the exocyst complex in
postsynaptic receptor trafficking in dendrites and dendritic spines induced by toxic levels of
beta amyloid (AB), leading to spine shrinkage and loss and hence synaptic dysfunction akin
to that found for neurodegenerative processes in the pathogenesis of Alzheimer's disease

(AD), as illustrated in the graphical abstract seen in Figure 41.

Figure 41. Graphical Abstract
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Figure Legend: AB induces dysregulation of receptor expression homeostasis in neurons at
distal dendrites and dendritic spine postsynaptic sites via impairment of vesicular transport
and possibly through disruption of the exocyst complex. This potentially contributes to
neurodegeneration by losing dendritic spine density and dendrite atrophy in AD. This study
provides a novel characterization of the neuronal molecular mechanisms involved in

neurodegeneration in AD.

Central Hypothesis: A induces dysregulation of the exocyst complex, obstructing major
postsynaptic neurotransmitter receptor trafficking and, consequently, contributing to

neurodegeneration through dendrite atrophy and loss of dendritic spine density in AD.

Aim 1. Investigate the role of the exocyst complex in AB induced changes in p75N™R

trafficking as relates to dendrite atrophy.

The p75 neurotrophin receptor (p75V™R) is a 75-kDa low-affinity neurotrophin
receptor (Allen et al., 2011). Studies have shown that p75N™® is involved in neuronal cell
survival and neurite outgrowth processes via ligand and co-receptor interactions. Activation
of p75N™R has been shown to contribute to pathology in in vivo animal models of
neurodegenerative diseases. Increased p75N™® ligand proneurotrophins have been recorded
in postmortem brain tissue from AD patients (Allen et al., 2011). AB oligomers have been
shown to eliminate p75N™® expressing neurons in vitro preferentially, but little is known
about AB's impact on p75N™R trafficking. This work will use similar biochemical and
immunocytochemical approaches with mouse primary neuronal cultures harboring select
exocyst subunit deletions to assess the impact on AB-induced changes in p75N™R expression

and localization in dendrites, as correlated with dendrite atrophy.

Aim 2. To investigate the consequences of AB-triggered regulation of the exocyst complex
and the net effect of these modulations on AMPA-type glutamate receptor expression and

trafficking in dendrites and the dendritic spine.

There is evidence that AB oligomers disrupt synaptic plasticity through dysregulation
of glutamate receptors (Hsieh et al., 2006). Vital postsynaptic glutamate receptors of
interest in this study are AMPA (a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid)
receptors (AMPARSs). Regulation of synaptic plasticity requires balancing AMPAR synthesis

and membrane trafficking events (Diering et al., 2018). Disruption of this balance is
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sufficient for modulation of dendritic spine size and may preempt dendritic spine elimination
(Hsieh et al., 2006). AB oligomers have been shown to promote AMPAR endocytosis, but the
impact of AR on dysregulation of exocyst-dependent AMPAR trafficking to the postsynaptic
membrane has not been fully explored (Hausser, 2019). Here, using mouse primary
neuronal cultures harboring deletions of specific exocyst subunits as compared to wild-type
neurons, this thesis will study the role of the exocyst in AB-induced changes in AMPAR
expression using biochemical approaches and changes in postsynaptic AMPAR trafficking in
dendrites and dendritic spines using immunocytochemical approaches, to be correlated with
altered spine morphology and number. The changes will be further assessed in the context

of dendrite atrophy.

Significance: The exocyst complex is expressed in mature neurons but has never been
directly implicated in AD pathology. Preliminary data in our labs indicates that exocyst
holocomplex assembly is involved in APP processing. This study will build upon those
findings by further investigating the exocyst's role in disrupting postsynaptic receptor

homeostasis in AD pathogenesis via innovative in vitro and ex vivo imaging techniques.

Approach: Experiments were conducted in murine primary hippocampal neurons that
mature in culture for at least 21 days to develop dendritic spines properly. Murine models
employed in this study include matured primary hippocampal neurons or hippocampal
organotypic slice cultures from C57BI6/] and Exoc57/F TdTomato mice. Techniques applied
in these experiments included western immunoblotting, fluorescence confocal microscopy,
Cre-Lox recombination, and BacMam transfections. All data quantification was produced via
Image] and relevant plugins. Prism GraphPad software will be used for statistical analysis.
The majority of techniques are all practiced and familiar to our lab with established

protocols that work well. Chapter 2 will detail all materials and methods.
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CHAPTER 2.
MATERIALS & METHODS
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SECTION 2.1
MOUSE MODELS

All animal handling and euthanasia were performed under approved IACUC protocols
(16-2282-2), compliant with NIH and Society for Neuroscience guidelines for using
vertebrate animals in neuroscience research. C57BI6/] animals were housed in ventilated
enrichment cages in the John A. Burns School of Medicine AAALAC-accredited Vivarium with
ad libitum access to food and water. For primary cultures, hippocampi were isolated from
P0O-3 neonatal mice of either sex. Hippocampi from 6-9-day old mice of either sex were
used for slice cultures. Exoc57/F TdTomato mice were obtained from Dr. Benjamin

Fogelgren.

SECTION 2.2
PRIMARY HIPPOCAMPAL NEURONAL CULTURES

In AD, pyramidal neurons are disproportionately eliminated within the hippocampus.
These neurons are crucial for high-level cognitive functions such as memory. In order to
research the process of pyramidal neuron elimination occurring in AD, primary hippocampal
neuronal cultures derived from neonatal mice will be used. Cultured neurons are a widely
used model system with many applications. When isolating neurons from the hippocampus,
it is possible to achieve a largely homogenous culture with upwards of 90% of the cells
within the culture being pyramidal neurons (Meberg and Miller, 2003). Cortical isolations will
have a more diverse array of cell types but will provide more protein concentration which

can be helpful for biochemical assays like western blotting.

The stability of the cultures for weeks and the formation of mature synapses allow
for physiological studies comparable to those formed in vivo. For example, the pyramidal
neurons present in the intact hippocampus will form long projections which can synapse
onto each other, much like what occurs in long-term cultures (Meberg and Miller, 2003).
Many of the physiological events which occur in the dissociated cultures have been
replicated in slice cultures, which further substantiates the usefulness of primary neuronal
cultures as a model. When examining the hippocampus, some critical differences between
slice cultures and dissociated cell cultures include preserving the dendritic arbor alignment
and architecture. Those careful arrangements of glia and neurons that form unique tissue

organization are best observed in tissue slices suspended at an air-liquid interface (Meberg
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and Miller, 2003). However, slice cultures are not ideal for high-resolution imaging of fast-
acting events as they must be imaged either through the membrane. Due to their 3-
dimensional nature, they require z-stack capturing during imaging, which adds a significant
amount of time to the image acquisition process. Thus, this project will rely mainly on
dissociated, long-term hippocampal neuronal cultures to examine the neurodegeneration
process at the dendritic spine and dendrites. Imaging techniques applied to these long-term
hippocampal neuronal cultures will take advantage of the fact that pyramidal neurons have

their greatest complexity along two dimensions.

Additionally, primary hippocampal neurons grow directly onto the coverslip within
100 nm of the coverslip surface and do not need a supportive matrix beyond the thin
coating of poly-D-lysine (Meberg and Miller, 2003). This allows for quality microscopy to be
done on fixed neurons and live imaging that can detect changes in cell surface character.
For context, long-term cultures are established beyond 12 days, and short-term cultures are
cultured for about seven days. Additionally, primary hippocampal cultures will have
pyramidal neurons with a distinct morphology identical to that present in vivo. The
namesake of pyramidal neurons is derived from their slightly triangular or teardrop-shaped
soma, which contains a slightly off-centered nucleus. These cells will have a heavily
branched single axon and multiple dendrites in basal and apical trees extending from the
soma, allowing one pyramidal neuron to communicate with many other cells via the
complex network of branches. These dendrites can range from long primary apical
dendrites, which can measure a few microns, to short terminal branches. Along the
dendrites, there are different types of protrusions that make up the arborization of the said
dendrite (Leterrier, 2021). Branches, filopodia, and dendritic spines are all types of arbors

that can adorn a dendrite.

Dendritic spines are impressive, micron-sized dynamic postsynaptic structures that
drive synaptic plasticity crucial for learning. Proteins and lipids are diffused along the
dendritic spine plasma membrane and play important neuronal physiology players. This
process is supported by the dynamic actin cytoskeleton providing scaffolding in the
submembrane space. With the increasing age of the culture, and special conditioned media
harvested from primary glial cultures containing essential cholesterol and other glial factors,
these adornments can closely replicate that seen in vivo. The overall length and structure of
the extension will be used to distinguish between the filopodia and dendritic spines.

Filopodia and other dendritic branches will be defined aligning with previous research as
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structures greater than 2.5 uym in length without the traditional mushroom-shaped

morphology of a dendritic spine.

The following method was used to isolate and care for the neurons. Mature primary
hippocampal neurons were isolated from neonatal (0-1 day old) mice. Dissection medium
was ice cold serum-enriched Neurobasal medium containing L-glutamine and Gentamicin.
The hippocampus was removed and digested for 20 minutes with 100 units/mL Papain in
cell dissociation buffer and 400 mM L-cysteine in 5% CO2, 37 °C. The digestion product was
centrifuged for 3 min, 25 °C, 800 RPM. The Papain/Cell dissociation buffer was removed,
and the pellet resuspended in warmed SNB. All pipettes used were pre-wetted with SNB to
discourage tissue and cell from sticking to the surface of the pipettes. The cell suspension
was then triturated with fire-polished glass Pasteur pipettes with decreasing diameters.
Once most tissue has been incorporated into the suspension, the suspension was again
centrifuged at 3 min, 25 °C, 800 RPM. The pellet was resuspended in 1 mL warmed SNB
and plated onto a 35 mm dish. The dish was incubated at 5% CO02, 37 °C for 5-6 minutes or
until two distinct layers of cells were visible under a 20x objective: adherent cells which are
mixed glia, and the floating cells, which contain the neurons. The 1 mL of SNB containing
the neurons was carefully removed from the 35 mm and added to a warmed aliquot of SNB
for plating. This preplating step will remove most glial contamination. The remaining cells in
the final culture are in the majority pyramidal neurons, some interneurons, and few glia, as

ascertained by immunocytochemistry.

The diluted cell suspension was then plated onto 0.5 ug /mL poly-D-Lysine -coated
plates or acid-washed Nol. glass coverslips, with occasional gentle inversion to ensure the
cells do not settle to the bottom of the tube while plating. After 24 hours, the cells were
washed once with serum-free neurobasal (PNB) and were cultured in serum-free neurobasal
for the remainder of days in vitro (DIV). After that, a 50% media change was performed on
every third day. For long-term cultures (>12 days), PNB media were supplemented with
10% glial conditioned media (GCM). The benefit of long-term cultures is the presence of
highly mature pyramidal neurons with a greater extent of dendrite arborization yielding
highly complex networks. A drawback of culturing long term is the need to optimize seeding
density to balance natural die-off of neurons and the presence of overlapping dendrites that

make imaging challenging.
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Furthermore, GCM is important to maintain the health of long-term cultures. GCM
was produced from primary glial feeder cultures via the following method. Glia were isolated
via the preplating step of initial culture preparation. They were gently washed from the 35
mm dish using SNB and plated onto a 0.1 ug/mL poly-D-lysine coated dish or flask. The glia
were then cultured in modified PNB, which contained 10% horse serum, essential for glial
cell health in culture until about DIV 7. Next, 24 hours before collection, the glia were
washed 1x with PNB and then cultured in PNB. This is essential, as the serum-free
environment of the primary neuronal cultures helps prevent glial overgrowth; so, collected
GCM should not contain any horse serum. The following day, the glial-conditioned PNB,
GCM, was removed from the glial cultures and sterile filtered prior to aliquoting to remove
any contaminants, including bacteria or cells. If necessary, to maintain the cultures further,
the glial cells are returned to the horse serum containing PNB. The sterile GCM aliquots
should be stored at -20 °C for up to 60 days and only be thawed once to add to warmed

PNB the day of the media change.

Table 1. Plain NB (100 mL)

Reagent Amount | Company | Catalog Number | Lot Number
Neurobasal Media | 100 mL | Gibco 21103-049 2186952
B-27 2 mL Gibco 17504-044 2337473
GlutaMax 1mL Gibco 35050-061 2274962
Table 2. Serum NB (100 mL)
Reagent Amount | Company | Catalog Number | Lot Number
Neurobasal Media 100 mL | Gibco 21103-049 2186952
B-27 2 mL Gibco 17504-044 2337473
GlutaMax 1mL Gibco 35050-061 2274962
Fetal Bovine Serum | 5 mL Omega FB-11 764107
Gentamicin 2 uL Gibco 15750-060 2211602
Table 3. Glial Maintenance Media (100 mL)
Reagent Amount | Company | Catalog Number | Lot Number
Neurobasal Media | 100 mL | Gibco 21103-049 2186952
B-27 2 mL Gibco 17504-044 2337473
GlutaMax 1mL Gibco 35050-061 2274962
Horse Serum 10 mL | Gibco 26050-088 1968946

72




Table 4. Cell Culture Reagents

Reagent Company Catalog Number | Lot Number
L-Cysteine Sigma C7352-256 SLBQ4967V
Cell Dissociation Buffer | Gibco 17504-044 2337473
Papain Worthington | L5003126 30J20403
Poly-D Lysine Gibco A38904-01 881772F
SECTION 2.3
TRANSFECTION

In order to label actin filaments precisely in areas of high turnover, BacMam
ActinGFP was used. BacMam is an insect virus baculovirus that does not replicate inside
human cells and is therefore relatively safe. This transfection technique is transient, with
the labeling only seen for up to five days post-transfection. The plasmid is an ActinGFP
fusion gene being driven by a promoter. The resulting actin produced by the cell will have
GFP fused, allowing for fluorescent imaging techniques. The cells can be imaged live or fixed
first with paraformaldehyde and then imaged. The cells have a high tolerance for the
BacMam virus, which only becomes cytotoxic at high titers. Therefore, it is necessary to
optimize the amount of BacMam virus used to preserve the neurons' health. Multiple
BacMam viruses can be used simultaneously to achieve multi-color fluorescent labeling of
different targets. As it was previously unknown what proportion of the dendritic spine would
be labeled by the ActinGFP, it was necessary to produce dual staining with the ActinGFP and
Drebrin to show the proportion of the spine which is not captured by the ActinGFP labeling

alone.

It was shown that there is a degree of difference between the Drebrin and ActinGFP
staining when imaging spines, with the Drebrin labeling capturing more of the spine area in
untreated mature spines. Dual labeling with the ActinGFP and Drebrin allows for
visualization of a greater spine area, but this is not entirely necessary for the project's
scope for a few reasons. First, a myriad of actin modulating proteins within the dendritic
spine have been shown to alter from the basal state in the presence of AB. The numerous
actin modulating proteins will have variable responses to AB. This includes Drebrin, an actin

stabilizing molecule shown to decrease expression at the spine after treatment with AB.
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Therefore, because the actin molecules within the spine bear the functional consequences of
the multitude of modulations occurring to the abundant actin-binding proteins, assessment
of the net effect of these changes can be seen in changes to the actin cytoskeleton, which
the BacMam ActinGFP captures, meaning it is not necessary to detail the response of each
actin modulator to AR treatment when it is possible to examine live changes in the
cytoskeleton being mediated by the microenvironment of proteins acting upon it. For this
project's scope, the overall changes in actin are of greater interest than the individual
changes of each actin modulator. Secondly, the changes in Drebrin labeling were
proportional to the level of ActinGFP, meaning a more prominent spine will have increased
Drebrin labeling and ActinGFP presence as well, and vice-versa. Therefore, again, for
understanding the status of the spine, the length of actin as labeled by the ActinGFP is
sufficient. Finally, the expressed ActinGFP system allows for live-cell imaging techniques to

be employed to observe changes in the cytoskeleton live in response to AB.

Table 5. Transfection Reagents

Catalog Lot
Reagent Reagent:Media | Company
Number Number
BacMam ActinGFP 1:20 Invitrogen C10582 2303214
BacMam Plasma
1:20 Invitrogen C10608 227747
MembraneRFP
BacMam Cre Montana
1:1 C0500 004
Recombinase Molecular

SECTION 2.4
AB PEPTIDES

Solutions of ABi-42 (Bachem, CAT# 4045866-1000, LOT# 1021658) were prepared

from sterile aqueous stock solutions, followed by bath sonication.

SECTION 2.5
IMMUNOCYTOCHEMISTRY

Once mature cultures have been established, the presence of dendritic spines were

confirmed via immunostaining for MAP2 and Drebrin. MAP2 is a microtubule-associated

protein rich in the dendrites of neurons. As dendritic spines are actin-rich environments with
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limited microtubule invasion beyond the spine neck, the actin stabilizing protein Drebrin will
label the whole structure. Drebrin is a developmentally regulated actin-binding protein and
will be present throughout the dendrite and spines of younger cultures and gradually
transition to be localized to the spines in more mature cultures. Mature primary
hippocampal neurons grown on 0.5 ug / mL Poly-D Lysine coated No 1. coverslips were
carefully washed once with cold 1x Tris-buffered saline (TBS). Next, the cells were fixed
with 4% paraformaldehyde prepared in Tris-buffered saline (TBS) for 20 minutes at room

temperature, protected from light.

After fixation, the cells were gently washed with 1x TBS three times, 10 minutes per
wash at room temperature, protected from light on a low-speed rocker. Cells were then
permeabilized using 0.1% TritonX-100 for 15 minutes. After permeabilization, the cells were
washed three times with 1x TBS, 10 minutes per wash on a low-speed rocker. Next, the
cells were blocked in a blocking buffer containing 10% normal goat serum in 1x TBS for 1
hour to discourage nonspecific binding of the primary antibodies. After blocking, the cells
were then stained with the primary antibodies prepared in blocking buffer overnight at four
°C with gentle agitation, except for the secondary control, which did not receive any
primary antibody. The cells were then washed three times with 1x TBS, 10 minutes per
wash. Secondary antibodies prepared in blocking buffer were then applied to all of the
coverslips and incubated for 1 hour at room temperature with gentle agitation. From this
point on, it is crucial to ensure the cells are protected from light as the secondary antibodies
are light sensitive. The blocking buffer was then applied for an hour, followed by a final

triple wash with 1xTBS, 10 minutes per wash.

The coverslips were carefully mounted onto 25x75x1mm cleaned glass slides using
VectaShield Mounting Media with Dapi and sealed. The stained samples were then imaged
on a Leica TCS Sp8 confocal microscopy system with HyVolution using oil immersion 40x
and 63x objectives. The secondary-only control coverslips was used to determine the level
of specificity of the staining; a clean secondary-only control indicates that the staining has a
high degree of specificity to the target antigen. Background levels can be adjusted using
this control and must be uniform throughout the experimental coverslips based on this

measurement.
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Table 6. Immunocytochemistry Antibodies

Catalog
Antibody Species Dilution | Company Lot Number
Number
AMPAR Rabbit
1:200 CST 13185S 4
GluAl
Rabbit Gift From
p75NTR 1:200 MPH WA294
Collaborator
Drebrin Rabbit 1:250 Abcam Ab178408 GR141382-3
Map?2 Mouse 1:250 Millipore MAB3418 2521465
Rabbit Gift From
Exocl 1:200 PTG 11690-1-AP
Collaborator
Mouse Santa
Exoc5 1:200 SC-514802 1019
Cruz
Goat Anti
Alexa488 1:1000 | Invitrogen | A11029 840881
Mouse
Goat Anti
Alexa633 1:1000 | Invitrogen | A21071 2128971
Rabbit
Goat Anti
Alexa633 1:1000 | Invitrogen | A21052 2126815
Mouse
Table 7. Immunocytochemistry Reagents
Reagent Company Catalog Number | Lot Number
Tris-Buffered Saline Quality Biological | 351-86-131 724042
TritonX-100 MPBio 04807423 7672]
Paraformaldehyde EMS 15715-2 200311
VectaShield Mounting Media with Dapi | VectaShield H-1800 ZG1203
Goat Serum MP Biological 191356 1225785
SECTION 2.6
SHOLL ANALYSIS

Neurons were visualized with a confocal upright microscope (Leica SP8) using the
63x oil-immersion objective. A Z-stack of optical sections roughly 1 ym completely spanning
the entire ActinGFP -labeled cell were acquired. The stacks were reassembled, and the

morphometric analyses were performed with the SimpleNeuriteTracer plugin for Imagel. A
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concentric Sholl analysis and reconstruction of the neuronal structure was performed with

SimpleNeuriteTracer.

Table 9. Software

Program Version

Imagel Image] Version 2.1.0/1.53c

SimpleNeuriteTracer | 4.0.9

SECTION 2.7
DENDRITIC SPINE QUANTIFICATION

Neurons were visualized with a confocal upright microscope (Leica SP8) using 40x
and 63x oil-immersion objectives. A Z-stack of optical sections roughly one um completely
spanning the entire ActinGFP labeled cell were acquired. Spiny neurons with pyramidal
morphology were selected from at least three separate cultures using ActinGFP labeling for
quantification. The dendrites between the cell soma and the second branch point were
selected for the analysis. All of the clearly evident dendritic protrusions were included and
were manually measured. Filopodia and branch points were differentiated by length, >2.5
HMm, as previously reported. The spine area was used as a proxy for spine volume to indicate

spine size.

SECTION 2.8
HIPPOCAMPAL SLICE CULTURES

Hippocampal slice cultures for this study were provided by Ruth Taketa in the Nichols
Laboratory. Cultures were prepared from pups of the following mice: male and female
C57BL/6] mice and Exoc57/F' TdTomato mice. Preparation of hippocampal slice cultures at
postnatal day 7. Postnatal pups were euthanized by decapitation, and brains were
aseptically removed. Brains were sliced using the Leica Vibrotome at 250 uM thickness.
Entire hippocampal sections were transferred into Petri dishes containing cold buffer solution
of minimum essential medium supplemented with 2 mM GlutaMAX (Invitrogen, Thermo
Fisher Scientific) at pH 7.3. Three sections were placed onto one humidified porous
membrane, filled with 1 ml culture medium per well below the insert. Culture medium was
changed every other day and consisted of heat-inactivated horse serum (25%), HBSS

(25%), and minimum essential medium (50%), complemented with GlutaMAX (2 mM)
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adjusted to pH 7.2. HSCs were kept at 37°C in humidified CO2-enriched atmosphere. HSCs
were kept for 5 days without any experimental treatment to obtain stable culturing
conditions. On day 6 the wildtype C57BI6/] slices were treated with AB or not. Likewise, at
DIV 6 the Exoc5FI/FI TdTomato hippocampal slice cultures were transfected or not.
Hippocampal slice cultures were fixed with 4% PFA, pH 7.4 for 24 hours in a humidified
chamber at 4 °C. The hippocampi attached to the membrane were excised from the
surrounding membrane and transferred to a 12-well plate. There, they were washed three
times with 1x TBS. The hippocampi were then permeabilized using 0.1% TritonX-100 for 24
hours. After permeabilization, the hippocampi were washed three times with 1x TBS. Next,
the cells are blocked in a blocking buffer containing 10% normal goat serum in 1x TBS for

24 hours to discourage nonspecific binding of the primary antibodies.

After blocking, the hippocampi were then stained with the primary antibodies
prepared in blocking buffer overnight at 4 °C with gentle agitation, except for the secondary
control, which will not receive any primary antibody. The cells are then washed three times
with 1x TBS, 10 minutes per wash. The hippocampi are then blocked a second time
overnight. Following this, the slices are washed three times 1xTBS. Secondary antibodies
prepared in blocking buffer are then applied to all of the hippocampi and incubated
overnight at 4 °C with gentle agitation. From this point on, it is crucial to ensure the slices
are protected from light as the secondary antibodies are light sensitive. The blocking buffer

is then applied again overnight. Next, a final triple wash with 1xTBS.

The hippocampi were carefully mounted onto 25x75x1mm cleaned glass slides using
VectaShield Mounting Media and sealed. The stained samples are then imaged on a Leica
TCS Sp8 confocal microscopy system with HyVolution using oil immersion objectives 4x. The
secondary-only control will be used to determine the level of specificity of the staining; a
clean secondary-only control indicates that the staining has a high degree of specificity to
the target antigen. Background levels were be adjusted using this control and were uniform

throughout based on this measurement.

SECTION 2.9
IN SITU PROXIMITY LIGATION ASSAY (PLA)

A proximity ligation assay (PLA) was performed using the Duolink In Situ Red Starter
Kit Mouse/Goat (#DU092103, Sigma-Aldrich), following the manufacturer’s instructions and
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Fogelgren laboratory’s protocol. Briefly, the coverslips were transfected by ActinGFP and 24
hours later were fixed with 4% PFA for 15 min, washed, and incubated in Duolink blocking
buffer for one hour at 37 °C. After washing twice in Duolink washing buffer A, samples were
incubated overnight at 4 °C with a mix of mouse AMPAR GluA1, rabbit anti-Exoc5 or mouse
anti-Exoc? diluted in Duolink antibody diluent. After washing in Duolink washing buffer A,
samples were incubated for one hour at 37 °C with a mix of minus and plus probes diluted
1:5 in Duolink antibody diluent. Then, ligation of probes with connector oligo was done by
washing the samples in washing buffer A and incubating for 30 min at 37 °C with ligase (25
U/ml) diluted in the Duolink ligation buffer. Amplification was done by washing the samples
in the washing buffer A and incubating for 100 min at 37 °C with polymerase (125 U/ml)
diluted in the amplification buffer. Coverslips were washed in buffer B, then diluted 1:100 in
Milli-Q water and mounted in Duolink mounting medium with DAPI. All incubation steps

were done in a humidified chamber.

Table 10. PLA Antibodies

Antibody Species | Dilution | Company Catalog Number | Lot Number

Exoc5 Mouse | 1:200 Santa Cruz | Sc-514802 Gift From Collaborator
Exoc7 Rabbit | 1:200 Protein Tech | 12014-1-AP Gift From Collaborator
AMPAR GIuAl | Rabbit | 1:200 | CST 13185S 4

SECTION 2.10
DATA AND STATISTICAL ANALYSES

Statistical comparisons were analyzed with the GraphPad Prism software, version
9.0.2.161. Digitized images obtained on the Leica TCS SP8 confocal microscope were
analyzed via Imagel. Images were focused on cells from 3 randomly chosen fields of view,
setting the black level to the same level obtained in an image of a culture incubated with
secondary antibody alone for each paired condition using a primary and secondary antibody.
Biological replicates were based on independent samples (n). All experiments were repeated
at least twice, with exception of the preliminary PLA and slice culture experiments. Multiple
comparisons were made using one-way ANOVA, or two-way ANOVA using Tukey post hoc
tests, unless otherwise indicated. Paired comparison was made using unpaired two-tailed
Student’s t-tests. The minimum criterion for assessing changes in signals will be values that
fall outside of the nominal variance of any background or baseline. P-values <0.05 were

considered the minimum for significance (as rejection of the null hypothesis).
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CHAPTER 3.
RESULTS & DISCUSSION
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SECTION 3.1
OPTIMIZATION OF VISUALIZING MATURE PRIMARY NEURONAL CULTURES

Many viable approaches exist to visualize the dendrites and dendritic spines of
mature primary neuronal cultures. For this study, the usage of BacMam ActinGFP was
primarily used to label the dendrites and dendritic spines with active actin turnover. In order
to assess the appropriateness of the ActinGFP labeling for labeling dendritic spines, the
ActinGFP was compared to labeling with Map2 and drebrin, the latter being an actin binding
protein used to visualize dendritic spines. Map2 and drebrin staining in mature primary
hippocampal neurons is shown in Figure 42. Initial experiments to compare ActinGFP
labeling to drebrin labeling of spines after 1 day revealed sites of active actin turnover (Fig.
43), similar to previous observations (Koskinen & Hotulainen, 2014). The extent of active
actin labeling was inversely proportional to the spine size reflected by the drebrin labeling,
suggesting that smaller spines have more active actin dynamics (Fig. 43). With longer
transfection (2-3 days), the ActinGFP fully labeled each spine, as seen in Figure 44
comparing dual transfection of ActinGFP and Plasma MembraneRFP, showing that the
ActinGFP closely tracks with the Plasma Membrane RFP in dendritic spines. Benefits for
using the ActinGFP to label spines include: 1) the ActinGFP transfection is ideal for
multiplexing with antibodies; and 2) this method has a very high transfection efficiency of
>60% and minimal toxicity. Taken together, the results from Figures 43 and 44 show that
the ActinGFP labels active actin turnover sites, allowing for assessment of actin dynamics,
and with extended transfection, fully labels the dendrites and spines for assessment of

neuronal complexity, including dendritic arborization and spine dynamics.

Figure 42. Mature Primary Hippocampal Neurons
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Figure Legend: Mature primary hippocampal neurons exhibit complex networks of
branches and are studded with dendritic spines, branch points, and filopodia. Primary
hippocampal neurons were cultured until DIV 14 and then fixed with 4% paraformaldehyde.
Green fluorescence is a goat anti-mouse Alexa 488 secondary antibody, 1:1000 dilution,
matched to primary mouse MAP2, 1:250 dilution. Red fluorescence is an Alexa 633 goat
anti-rabbit secondary antibody matched to primary mouse pan Drebrin 1:250 dilution. Blue
is Dapi nuclear stain. Left: neuronal cell image centered on soma. Right: the distal end of a
dendrite showing branches, filopodia, and Drebrin rich dendritic spines. White arrows
indicate examples of dendritic spines, and black arrows indicate examples of filopodia. The
inset image in the right panel shows an enhanced view of the segment of dendrite labeled

with the arrows.

Figure 43. ActinGFP and Drebrin Labelling Coverage in Dendritic Spines
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Figure Legend: Actin-GFP expressing mature primary hippocampal cultures isolated from

wildtype neonatal mice. Cells were DIV 26 at the time of transfection and DIV 28 at fixation
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with 4% paraformaldehyde. Transfection efficiency was about 60% for BacMam ActinGFP.
ActinGFP is shown in green and Drebrin staining in red. Ten spines were identified, and the
area was quantified using FIJI for both channels, ActinGFP and Drebrin. The proportion of

Drebrin to ActinGFP was then illustrated in the bottom graph.

Figure 44. Plasma MembraneRFP and ActinGFP Cotransfected Cultures
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Figure Legend: Plasma Membrane-RFP and Actin-GFP dual transfected primary
hippocampal neuron cultures. Images of wildtype (C57BI6/]) primary hippocampal cultures,
derived from p0 neonates. Cells were DIV 26 at time of BacMam transfection. At DIV 28,
cells were fixed with 4% PFA prior to mounting with VectaShield mounting medium
containing Dapi. All images acquired with the Leica SP8 microscope with 63x objectives.
Image processing was conducted with Imagel (FIJI). Dual-transfected neuron, enhanced

view of the dendrite to illustrate the labeling at the spines.

SECTION 3.2
IMPACT OF ABi-22on NEURONAL COMPLEXITY: ESTABLISHING A MODEL OF
NEURODEGENERATION

A hallmark of AD is the loss of synapses with reduced dendritic arbors in the
hippocampal region of the brain (Anderton et al., 1998). In order to assess the timing of
these modulations induced by ABi-42 treatment in mature primary hippocampal neurons, a
timeline will be established examining overall neuronal complexity via sholl analysis,
dendritic arborization by quantifying spine and filopodia number, and finally degeneration of
the spines themselves via quantification of changes in spine length and area. Cells were

matured to 14-21 days, then treated with 500 nm ABi-42, based on previous work in the
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laboratory. Data for changes in neuronal complexity, reflecting a composite of neurite
length and arborization, after 1 and 5 days of treatment with AB1-42 can be seen in Figure
45,

To specify what changes are occurring with regard to complexity along the dendrite,
the protrusions (filopodia and spines) for each dendrite was quantified. ABi-42 did not reduce
the number of filopodia per dendrite (Fig. 46); however, there was a reduction in dendritic
spine number, which may indicate a special vulnerability to elimination possessed by
dendritic spines which are highly reactive and dynamic structures. Data comparing changes
in spine density and size after 1 day and 5 days of ABi-42 treatment are shown in Figure 47.
As seen in Figure 47, the number of dendritic spines per length of the dendrite was
decreased after only 24 hours of AB treatment by ~35% as compared to untreated control
cultures. These data indicate rapid neurodegenerative effects of ABi-42 at glutamatergic

excitatory synapses.

Figure 45. AB1-42 Decreases Hippocampal Neuron Complexity After 24 Hours
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Figure Legend: AB:-42 exposure decreases neuronal complexity in mouse hippocampal
neurons. Primary hippocampal neurons were cultured until DIV 14 prior to treatment.
Transfection with Plasma Membrane RFP (A&B) or Actin-GFP (C&D) via BacMam was
conducted on DIV 16-DIV 18. N = 10 cells per group. Values plotted as means +/- SEM. A.
Representative images showing the process of preparing an image for SimpleNeuriteTracer
algorithm. B. Skeletonized representative cells showing distinct differences of neurite
complexity in the control and treated groups. C. Sholl Analysis shows decreased neurite
complexity after 1 and 5 days of 500 nM ABi-42 treatment. N = 5 cells per group. Values are
means plotted with SEM. Total humber of intersections across Sholl concentric circles. 500
nM AB1-42 treatment significantly decreased number of intersections beyond the soma after
1 day of consecutive treatment (Student’s t-test, ***p = 0031). There was no significant
difference between 1 and 5 days of exposure to 500 nM AB1-42 (Student’s t-test, n.s.
p=0.3747). D. Overall neurite complexity was significantly decreased as shown by

decreasing number of intersections across radial distance.

Figure 46. AB1-42 Treatment Decreases Hippocampal Neuron Dendritic Arborization
After 24 Hours
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Figure Legend: Quantification of protrusions along sampled dendrites shows the decreased

presence of dendritic spines in primary mouse hippocampal neurons exposed to 1 or 5 days
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of 500 nM ApB1-42. For analysis, filopodia were defined as structures greater than 2.75 pm in
length, and spines were defined as structures less than 2.75 uM in length. Additionally, all
spines sampled for length and area were perpendicular to the dendrite. Spines present
along sampled dendrites also exhibited decreased length and area. N = 4, 7, and 4
dendrites sampled per group for untreated, 1 day 500 nM AB1-42, and 5 days 500 nM ABi-42.
respectively. Total dendrite length measured of 429.2 uM, 330.7 puM, and 322.0 uM for
untreated, 1 day and 5 days 500 nM Ai-42 respectively. Values plotted with SEM.
Experiment has been replicated twice for untreated and 5 days 500 nM AB1-42. One-way
ANOVA; Untreated vs. 1 Day 500 nM AB1-42; *p <0.0447, Untreated vs 5 Days 500 nM ABi-42
;¥*p <0.0063) broken out into number of filopodia and spines per 10 uM dendrite. AB1-42 in
(C) and (D). C. Number of spines counted per 10 pM dendrite. (one-way ANOVA; Untreated
vs. 1 Day 500 nM ABi-42; **p <0.0017, Untreated vs 5 Days 500 nM AB1-42;**p <0.0093)
Number of filopodia counted per 10 pM dendrite. (one-way ANOVA; Untreated vs. 1 Day
500 nM AB1-42; n.s., p <0.9740, Untreated vs 5 Days 500 nM AB1-42;n.s., p <0.4424)

Figure 47. AB1-42 Decreases Dendritic Spine Density and Size After 24 Hours
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Figure Legend: Quantification of dendritic spines along sampled dendrites shows the
decreased presence of spines in primary mouse hippocampal neurons exposed to 1 or 5
days of 500 nM AB:-42. For analysis, filopodia were defined as structures greater than 2.75
pm in length, and spines were defined as structures less than 2.75 pM in length.

Additionally, all spines sampled for length and area were perpendicular to the dendrite.
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Spines present along sampled dendrites also exhibited decreased length and area. N = 4, 7,
and 4 dendrites sampled per group for untreated, 1 day 500 nM AB1-42, and 5 days 500 nM
AB1-42. respectively. Values plotted with SEM. Experiment has been replicated thrice. A.
Images of wildtype (C57BI6/]) primary hippocampal neuron dendrites, derived from p0
neonates. Cells were DIV 26 at time of BacMam transfection. At DIV 28, cells were fixed
with 4% PFA prior to mounting with VectaShield mounting medium containing Dapi. All
images acquired with the Leica SP8 microscope, 63x objective. Image processing was
conducted with Imagel (FIJI) Scale Bar = 8 uM. B. Total number of spines per 10 pm
dendrite for all groups, n = 7-10 dendrites. (one-way ANOVA; Control vs. 1 Day Treatment;
***p < 0.0003, one-way ANOVA; Control vs. 5 Days Treatment ***P < 0.0005) C. Spine
Length, n = 153, 66, and 28 spines for control, 1, and 5 days of treatment respectively.
(one-way ANOVA; Control vs. 1 Day Treatment; ****p < 0.0001, one-way ANOVA; Control
vs. 5 Days Treatment ****P < 0.0001) D. Spine Area, n = n = 153, 66, and 28 spines for
control, 1, and 5 days of treatment respectively. (one-way ANOVA; Control vs. 1 Day
Treatment; ****p < 0.0001, one-way ANOVA; Control vs. 5 Days Treatment ****p <
0.0015).

SECTION 3.3
CHARACTERIZATION OF CHANGES IN NEUROTROPHIN RECEPTOR P75NTR

In view of the rapid impact of AR on dendrite complexity, a potential regulator of
dendritic growth, the neurotrophin receptor p75N'R, was evaluated. Figure 48 shows that
fluorescence intensity of p75N™® was substantially decreased after short-term treatment with
AB1-42. In order to quantify this change, a Sholl analysis was performed on the cells from
this experiment, as seen in Figure 49. These results showed significant decreases in
dendrite complexity following 12 hours of AB:-42 treatment, which tracks with the decrease
in fluorescence also seen at the 12-hour mark for p75NR, A decrease in p75NR at the distal
dendrites could have many consequences for the cells, as the p75"N™Ris a highly pleiotropic
receptor. However, the rapid reduction in p75NR from the outer most dendrites tracks with
reduction in neuronal complexity seen in these mature primary hippocampal cultures, which
may, at the least, indicate a correlative relationship. To follow up on these results obtained
with cultures using an intact ex vivo preparation, the levels of p75N™R after treatment with
AB1-42 in hippocampal slice cultures were checked. This experiment showed a trend toward
slight dampening with treatment overall and more drastic effects in particular regions,

shown in Figure 50. The region of the hippocampus which contains largely dendrite arbors,
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the Stratum Oriens, showed a distinct decrease in fluorescence associated with p75NTR, As
this was a very preliminary look, the experiments in hippocampal slice cultures will need to

be repeated.

Figure 48. ABi-42 Rapidly Reduces p75N'R at Distal Dendrites
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Figure Legend: p75"™R expression in primary hippocampal neurons is decreased after
exposure to ABi-42 treatment. Primary hippocampal neurons isolated from PO wildtype

C57BIl6/] neonates were cultured until DIV 13 prior to treatment. Transfection with Actin-
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GFP via BacMam was conducted on DIV 13, followed by treatment or not (control) with 500
nM AB1-42. At DIV 14, cells were fixed with 4% PFA prior to mounting with VectaShield
mounting medium. All images were acquired with the Leica SP8 microscope with 40x oil-

immersion objectives. Image processing was performed with Image] (FIJI)

Figure 49. AB1-12 Reduces Hippocampal Neuron Complexity Expression after 24

Hours
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Figure Legend: Sholl analysis of images obtained for the experiment visualized in Fig. 48
shows decreased neurite complexity after 12 or 24 hours of 500 nM AB1-42 treatment,
correlating with changes in apparent p75N™R expression. Methods were as described in the
legend to Fig. 48. Image processing was performed with Image] (FIJI) N = 3 cells per
group. Values are means plotted with SD. Left: total intersections across Sholl concentric
circles. 500 nM ABi-42 treatment significantly decreased number of intersections beyond the
soma at 12 and 24 hours of treatment (one-way ANOVA; *p = 0.0275, *p = 0.0338,
respectively). There was no significant difference between 12 and 24 hours of exposure to
500 nM ApB:-42. Right: Overall neurite complexity was significantly decreased as shown by

decreasing number of intersections across radial distance.
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Figure 50. AB1-42 Reduces p75N™R Fluorescence in Slice Cultures After 24 Hours
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Figure Legend: Impact of AB on p75"™ in ex vivo hippocampal slice cultures. The
hippocampal slice cultures were aged until DIV. Slices were then treated with 500 nM AB1-42
or not. Following treatment, slices were fixed with 4% PFA overnight. Then, primary
antibody incubation with either p75N™R rabbit or nothing for a secondary only control. Slices
were imaged with 4x objective on the Leica SP8. Bottom Panel: Images and schematic of
the hippocampus showing layers in CA1 from Donohue et al, 2006. DG= Dentate Gyrus, SO
= Stratum Oriens. Note the extensive, dense distal dendritic arbors in SO. Labels for SO and

DG are provided for the orientation of the slice.
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SECTION 3.4
CHARACTERIZATION OF ALTERATIONS OF THE EXOCYST COMPLEX AND
ASSOCIATED GLUTAMATE RECEPTOR TRAFFICKING BY A

Within the window of neurodegeneration established with the previous results, I then
investigated whether the exocyst is affected by AB1-42 and if these modulations occur during
the initial neurodegenerative period. Two key components of the exocyst were probed:
Exocl, which links the exocyst with the target membrane, and Exoc5, which links the
exocyst to the vesicle (see Fig. 34). Immunostaining results show that Exocl increases
fluorescence intensity after 24 hours of ABi-42 treatment, as seen in Figure 51. From the
view of the whole cell seen in Figure 51, it is clear that there is an increase in Exocl at the
soma, dendrite shafts, distal tips of the dendrites, and branch points. This change was
found to be particularly drastic in the dendritic spines, which showed a significant increase,
about 50%, in fluorescence intensity after 24 hours of exposure to ABi-42 treatment,
illustrated in Figure 54. Further, the treatment also increased the presence of Exoc5, shown

in Figures 52 and 53.

To substantiate the increase in exocyst components with AB treatment seen with
immunocytochemistry. the proximity ligation assay (PLA) was used to capture exocyst
subunit association (Fig. 55). Intriguingly, there was also a significant increase, ~75%, in
Exoc5-Exoc7 associations after treatment with AB:-42. These data taken together with the
immunostaining results suggest that there is an increase in exocyst localization to the

dendrites and dendritic spines during acute exposure to AB1-42.

Figure 59 shows the anticipated decrease in AMPAR GluAl after ABi-42 treatment via
decreased fluorescence, which is well established in the literature (Yang et al., 2019). The
decrease in AMPAR GluA1l was seen in both the dendritic spines and the dendrites. This
finding was corroborated in hippocampal slice cultures treated with AB1i-42 shown in Figure
60. In order to assess the relationship between the exocyst complex and AMPAR GluAl, a
PLA was performed, shown in Figure 56. These results show an approximately 50%
decrease in the amount of AMPAR GIuAl and Exoc5 associations after treatment with ABi1-42
for 24 hours. Importantly, these results support the findings by a previous group which
showed AMPAR GIuA1l has been reported to closely associate with an exocyst complex
component, (Gerges et al., 2006) and also the first time this relationship has been shown to

be perturbed by ABi-42, consistent with downregulation of GluA1l with AB pathology.
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Figure 51. AB1-42 Increases Exocl at Distal Dendrites After 24 Hours

Mere Exoc1
= =~ S

Control

Figure Legend: Exocl expression in primary hippocampal neurons is increased after
exposure to 500 nM ABi-42 treatment. Primary hippocampal neurons isolated from PO
wildtype C57BI6/] neonates were cultured until DIV 13 prior to treatment. Transfection with
Actin-GFP via BacMam was conducted on DIV 13. At DIV 14, cells were fixed with 4% PFA
prior to mounting with VectaShield mounting medium. All images were acquired with the
Leica SP8 microscope with 40x oil-immersion objectives. Image processing was performed

with Image] (FIJI)
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Figure 52. AB1-42 Alters Key Exocyst Component Expression at Dendrites and

Spines

Exoc1 Exoc5

-

Figure Legend: DIV 21 mouse primary hippocampal neurons plated on coverslips were

A Merge Actin-GFP

treated for 24 hours with 500 nM AB1-42, or not. Neurons were transfected with BacMam
Actin-GFP at DIV 20 prior to treatment. After treatment, the cultures were fixed with 4%
paraformaldehyde and probed with Exocl and Exoc5 antibody, or not, for a secondary only
control. Coverslips were imaged at 63x magnification on a Leica SP8 confocal microscope.
Dendritic spines were identified via position along a dendrite, morphology, and total length
(<2 um). Representative images showing dendritic spines of neurons transfected with Actin-

GFP and stained for Exocl or Exoc5.
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Figure 53. AB1-42 Treatment Alters AMPAR GluA1l Expression at Dendrites and

Spines

Merge

Control

+12 HR
500 nm AB

+24 HR
500 nm AB

Figure Legend: DIV 21 mouse primary hippocampal neurons plated on coverslips were
treated for 24 hours with 500 nM AB:-42, or not. Neurons were transfected with BacMam
Actin-GFP at DIV 20 prior to treatment. After treatment, the cultures were fixed with 4%
paraformaldehyde and probed with AMPAR GIuA1l and Exoc5 antibody, or not, for a
secondary only control. Coverslips were imaged at 63x magnification on a Leica SP8
confocal microscope. Dendritic spines were identified via position along a dendrite,

morphology, and total length (<2 pm).



Figure 54. AB1-42 Increases Exocl Presence at Dendritic Spines After 24 Hours

Merge Actin-GFP Exoc1

Control

80+

60

Avg. Exoc1 Fluorescence in Entire Spine (a.u.)

Figure Legend: DIV 21 mouse primary hippocampal neurons plated on coverslips were
treated for 24 hours with 500 nM AB:-42, or not. Neurons were transfected with BacMam
Actin-GFP at DIV 20 prior to treatment. After treatment, the cultures were fixed with 4%
paraformaldehyde and probed with Exocl antibody, or not, for a secondary only control.
Coverslips were imaged at 63x magnification on a Leica SP8 confocal microscope. Dendritic
spines were identified via position along a dendrite, morphology, and total length (<2 pm).
Representative images showing dendritic spines of neurons transfected with Actin-GFP and
stained for Exocl. Graphical representation of significantly increased Exocl fluorescence in
dendritic spines after treatment. Total dendritic spines sampled = 21, from 3 distinct
neurons per treatment group. Analysis of fluorescence intensity was conducted using FIJI
(Imagel Version 2.1.0/1.53c), and statistical calculations were completed in Prism GraphPad

software. Unpaired t-test with Welsch’s correction, **p = 0.0061.
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Figure 55. AB1-42 Treatment Enhances Exoc5 and Exoc7 Associations in Mature

Primary Hippocampal Neurons
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Figure Legend: PLA experiment showing effect of 24 hours 500 nM ABi-42 treatment on
Exoc5-Exoc?7 associations. Cultures were transfected with BacMam Actin GFP on DIV 12 and
treated on DIV 13. Neurons were DIV 14 at time of fixation. A. Representative PLA images
of Exoc5-Exoc7, shown as red puncta, and ActinGFP. Inset rectangles show zoomed in views
of associated dendrites. B. Quantification of the Exoc5-7 associations per 10 um of dendrite.
Total dendrite measured = 130 um and 140 um for control and treatment group,

respectively. Statistical significance was calculated with Welsch’s t Test, ****p<0.0001.
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Figure 56. AB1-12 Treatment Decreases Exoc5 and AMPAR GluA1l Associations in

Mature Primary Hippocampal Neurons
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Figure Legend: PLA experiment showing effect of 24 hours 500 nM AB1-42 treatment on
Exoc5-AMPAR GluA1l associations. Cultures were transfected with BacMam Actin GFP on DIV
12 and treated on DIV 13. Neurons were DIV 14 at time of fixation. A. Representative PLA
images of Exoc5-AMPAR GluA1l, shown as red puncta, and ActinGFP. Inset rectangles show
zoomed in views of associated dendrites. B. Quantification of the Exoc5-AMPAR GluA1l
associations per 10 um of dendrite. Total dendrite measured = 170 um and 190 pm for
control and treatment group, respectively. Statistical significance was calculated with
Welch’s t Test, ****p<0.0001.

SECTION 3.5
ASSESSING THE IMPACT OF KNOCKDOWN USING THE EXOC5F/FL TDTOMATO
SYSTEM

In order to further characterize the modulation of the exocyst complex by ABi-42, and
how it relates to neurodegeneration and postsynaptic receptor trafficking, a floxed Exoc5
mouse line with a TdTomato reporter gene was used. The basic schematic is seen in Figure

57, with representative images from the initial trial with BacMam Cre transfection. The
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original idea was to compare successfully transfected neurons with TdTomato reporter to
the ActinGFP only neurons on the same coverslip. However, the transfection efficiencies for
both constructs were so high that few cells were presenting only ActinGFP or TdTomato (Fig.
58). (Limited transfection may be necessary in order to assess the impact of Exoc5 deletion

on spines morphology.)

To build on previous results in hippocampal slice cultures, ex vivo hippocampal slice
cultures from the Exoc5FI/Fl were prepared. The slice cultures were maintained for 5 days
prior to transfection with the BacMam Cre recombinase. The transfection was successful, as
seen in Figure 59. Next, this transfection was combined with immunostaining to detect
changes in AMPAR GIluA1l following removal of Exoc5 in the hippocampal slice cultures. The

results from this preliminary experiment are shown in Figure 60.

Figure 57. Exoc5F/F TdTomato Cre Recombinase Workflow
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Figure Legend: Schematic of Cre recombinase transfection workflow. Brains from wildtype
Exoc5/F TdTomato neonatal pups are dissected to remove the hippocampus, which is
dissociated into neuronal cultures. The cultures are aged until DIV 14-21, and then BacMam
Cre Recombinase is used. Live images of primary hippocampal neurons depicting a

successful transfection are shown on the bottom.
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Figure 58. Exoc5"/F TdTomato Cre Recombinase and ActinGFP Dual Transfection

Control

24 Hours
+500 nm

AB1 -42

Figure Legend: Brains from wildtype Exoc57/F TdTomato neonatal pups were dissected to
remove the hippocampus, which was dissociated into neuronal cultures. At DIV 12, the
cultures were transfected with BacMam Cre Recombinase, and following confirmation of
successful transfection via live imaging, BacMam ActinGFP was used. Cells were then
treated with AB1-42 or not for 24 hours. After which, the cells were fixed with 4% PFA and

imaged on the Leica SP8 at 63x objective.
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Figure 59. Exoc57/F TdTomato Cre Recombinase Transfection in Slice Cultures

Bright Field TdTomato Overlay

+BacMam Cre

Sham

Figure Legend: Cre recombinase transfection successful in slice cultures. Brains from
Exoc5/F TdTomato 7-day old pups were sliced 250 uym thick, and the hippocampus was
excised. The cultures were aged until DIV 5, and then BacMam Cre Recombinase was
transfected. Live images of hippocampal slice cultures depicting a successful transfection

are shown on the top, and sham-treated slice cultures are on the bottom.
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Figure 60. AMPAR GluA1l Immunostaining in Hippocampal Slice Cultures

AMPAR GluA1 Td Tomato Merge
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Figure Legend: Brains from Exoc5/F TdTomato 7-day old pups were sliced to 250 um
thickness. The hippocampus was excised. The slice cultures were aged until DIV 7, BacMam
Cre Recombinase was transfected for 24 hours. Slices were then treated with 500 nM AB1-
42 or not. Following treatment, slices were fixed with 4% PFA overnight, followed by
primary antibody incubation with either rabbit AMPAR GIluAl or nothing for a secondary only

control. Slices were imaged with 4x objective on the Leica SP8.
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CHAPTER 4.
CONCLUSIONS, LIMITATIONS, & FUTURE DIRECTIONS
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SECTION 4.1
AB TREATMENT RAPIDLY INDUCED NEURODEGENERATION IN PRIMARY
HIPPOCAMPAL NEURONS

A hallmark of AD is the loss of synapses with reduced dendritic arbors in the
hippocampal region of the brain (Anderton et al., 1998). In order to assess the modulations
induced by ABi-42 treatment in mature primary hippocampal neurons, a timeline was
established examining overall dendrite arborization and complexity and dendritic spine size
and number. The data captured in this thesis relating to neurodegeneration of primary
hippocampal neurons after treatment with ABi-42is consistent with data from other groups.
Hsieh et al. found that neurons overexpressing human APP have decreased dendritic spine
density compared with control neurons. Loss of dendritic spines occurs in patients with AD
(Shim & Lubec, 2002) and in transgenic mice expressing mutant human APP (Crowe, et al.,
2014). The results achieved in this thesis are intriguing because they show acute changes in
dendrite complexity and dendritic spine loss occurring within 24 hours, which adds context

to the previous findings by other groups relating to dendritic spine loss.

In AD, there is a significant loss in the total dendritic length of the apical and basal
trees of the CA1 region of the hippocampus. The apical and basal trees of CAlc are most
severely affected and show the most significant reduction in the number and length of
segments than those of CAla and b (Flood, 1991). Reduced dendrite length and complexity
are likely due to neuronal degradation and loss. Pyramidal neurons in the CA1 region of the
hippocampus are particularly affected, with loss of total dendrite length from their apical
and basal arbors. These results confirm findings from other groups showing that the ABi-42
treatment significantly decreased overall neurite complexity, dendrite arborization, and
dendritic spine humber, length, and area. The novel discovery from these data shows that

these changes can occur as quickly as within 24 hours of sustained exposure to AB1-42.

SECTION 4.2
ABi1i-22 TREATMENT MODULATED KEY RECEPTOR EXPRESSION AT DENDRITES AND
DENDRITIC SPINES

p75NTR fluorescence intensity was found to be decreased after treatment with AB1-42.

The characterization of p75N™R in AD pathology is, however, still undefined. As p75" ™R is a

critical player in the regulation of neuronal growth, the rapid impact of AB on neuronal
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complexity correlates with these findings. Notably, p75N™ null embryos have deficits in the
outgrowth of thoracic intercostal nerves and display delayed development of axonal limb
and ophthalmic branches (Lee et al., 1992). Furthermore, p75N™® null adult mice have
deficits in sensory and sympathetic target innervation (Yamashita et al., 1999). Thus, it is

intriguing to see such strong modulation of p75N™ within 24 hours of treatment with ABi-42.

After AB treatment, the decrease in p75N™® seems to occur with the greatest severity
at the farthest distal dendrites from the soma. The observed decrease in p75NR
fluorescence from the dendrites is supported by the presence of ActinGFP, indicating that
there is an intact distal dendrite with less p75NR fluorescence intensity than the distal
dendrites of the untreated control groups. This change is further supported by the decrease
in p75N™R expression found via preliminary western blot analysis of similarly aged primary

neuronal hippocampal lysates.

p75N™R null mice display impairments in several learning and memory tasks.
Cognitive dysfunction of p75N™R null mice is likely the result of multiple effects (see Meier et
al., 2019), including neuronal complexity and synapse impairment. Consistent with these
findings, there was an apparent dampening of p75N® fluorescence with AB1-42 treatment in
the hippocampal slice cultures. These data correlate with the emerging view of p75NR as a
contributor to dendrite impairment in AD. Notably, the rapid decrease in p75NR expression
shown via western blot and immunostaining in mature primary hippocampal cultures and
hippocampal slice cultures treated with ABi-42is a novel finding with implications for

modulation of p75NR localization as a contributor to AD pathogenesis.

AMPARSs are the primary mediators of synaptic transmission and are critical for
synaptic plasticity. A downregulation of AMPAR expression has been indicated as one of the
early pathological molecular alterations in Alzheimer’s disease (AD). This downregulation is
thought to occur somehow via AB. However, the exact molecular mechanisms which
underlie this loss of AMPARs are unclear. Figure 59 shows the expected decrease in AMPAR
GluA1l after ABi-42 treatment. What is remarkable about this figure is the timescale of these
changes, a visible decrease in AMPAR GluA1l fluorescence is seen after only 24 hours of AB:i-

42 treatment.

Furthermore, while nM AB has been demonstrated to disrupt LTP, much of the data

related to AMPAR downregulation has been done with quite high ABi-42 treatment
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concentrations (21 yM) (Zhang et al., 2018). Importantly, AMPAR removal is sufficient for
dendritic spine loss (Hsieh et al., 2006); thus, these changes in AMPAR presence at the
postsynaptic membrane have impactful consequences on the fate of the dendritic spine. The
rapid action of the AB1-42 shown in this study to undermine AMPAR GIuA1l postsynaptic
expression combined with dendritic spine shrinkage and elimination underscores the

potency of ABi-42 at sub-uM concentrations.

SECTION 4.3
THE EXOCYST COMPLEX EXPRESSION IS MODULATED IN THE PRESENCE OF ABi-a2

Now that the window of neurodegeneration has been confirmed by reduced dendrite
complexity, dendrite arborization, and spine number and size, and this period also includes
modulations to critical receptors in hippocampal neuronal function, the next step was to
assess modulations in the exocyst complex occurring in tandem to neurodegeneration in our
model. Current research regarding the exocyst concerning AD is very sparse. Of the few
studies available, most are regarding the exocyst's role in insulin signaling, disrupted in AD.
However, none of the studies characterize the exocyst complex in the presence of AB, which
is a considerable gap in our knowledge. AP is a potent modulator of a broad spectrum of
proteins, and it was hypothesized that the exocyst complex would be no different. On the
other side of the literature, there is little to show for the exocyst's contribution to neuronal
protein exocytosis, which is another hole in our understanding of neuronal protein
trafficking. Thus, exploring exocyst modulation in the presence of AB bridges two fields that

need to grow together to understand the environment facing neurons in AD.

Exocl was shown to increase fluorescence intensity after 24 hours of AB1-42
treatment at the soma, dendrite shafts, distal tips of the dendrites, and branch points, most
prominent in the dendrites and dendritic spines, illustrated in Figure 60. These changes are
unprecedented. Due to the decrease in postsynaptic receptor AMPAR and distal dendrite
expression of P75NTR, it was anticipated that there would be a decrease in the apparent
presence of exocyst components after treatment. However, the opposite was the case:
treatment with ABi-42 increased the immunostaining for Exocl. These results corroborate the
increase in exocyst components by significantly showing ABi-42 treatment spiking the
number of associations between Exoc5 and Exoc7 along the dendrites of primary

hippocampal neurons. At present, it is not clear whether the apparent increases are due to
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increased expression or increased proportion of un-complexed exocyst subunits, the latter

indicating reduced exocyst function.

However, some interesting insights were gathered from preliminary observations of
neurons without the Exoc5 subunit, which displayed unique structures along the dendrite,
including very long and cilia-like protrusions, much more plentiful than dendrites from
previous experiments from wildtype neurons. Furthermore, the AB1-42 -treated group showed
dendrites that visually appeared to have far more dendritic spines than observed after the
AB1-42 treatment. Due to the lack of proper controls for this experiment stemming from the
cotransfection method, there is no associated analysis of the structures to tease out
whether these impressions are statistically significant. However, the impressions are worth
noting when characterizing such a novel system. Next, the Exoc57/F TdTomato model was
used in slice cultures. Figure 66 shows that the Cre recombinase transfection was
successful. In Figure 67, AMPAR GluAl fluorescence increases with the Cre recombinase
transfection. This increase after the removal of Exoc5 was also unprecedented but aligned

with the unexpected results seen in the primary neuronal culture system.

These data represent the first time the BacMam Cre recombinase has been shown to
work in mature primary neuronal cultures to induce the excision of a floxed gene. Other
work has been done to use BacMam to overexpress genes and introduce fluorescent tags in
neurons. BacMam Cre recombinase has been used in other mammalian cell types such as
HEK293 cells. However, this study represents the first time BacMam Cre could be used for
induction in mature primary neuron cultures and slice cultures. Thus, these methods provide

an essential step in establishing the usefulness of BacMam Cre in neuroscience.

SECTION 4.4
LIMITATIONS & CRITICAL EVALUATION OF THIS STUDY

This thesis uncovered new ground in the understanding of AB induced dysregulation
of the exocyst complex by assessing the obstruction of major postsynaptic neurotransmitter
receptor trafficking and, consequently, contributing to neurodegeneration through dendrite
atrophy and loss of dendritic spine density in AD. Primarily through immunocytochemistry,
novel insights were gained into the modulation that occurs in the exocyst in the presence of
AB. However, there are many distinct limitations to many of the techniques used. First,

many of the assays had low power and would benefit significantly from higher sample
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numbers to enhance the robustness of the study. Second, changes observed for individual
exocyst subunits following AB treatment or knockout were used to denote impact on the
holoexocyst; however, as noted, the changes shown in these data could reflect free or
uncomplexed subunits. An assessment of changes in the holoexocyst would require direct
approaches to measure the association of holoexocyst on transport vesicles tagged by a
specific Rab (e.g., Rab 11). Third, the mechanism for changes in exocyst subunit expression
in the dendrites and spines following AB treatment remains to be determined, specifically
whether expression was the result of altered gene regulation or distribution of the exocyst

subunit in the neuron.

My results showing significant increases in somal expression of the exocyst subunits
following AB treatment would be consistent with a change in gene expression. This could be
assessed through an in situ transcription assay. Fourth, assessment of the reduction in
association of AMPARs with Exoc5 following AB via PLA was limited to the dendrites;
however, such changes potentially provide relevant information about the exocyst and
AMPAR trafficking in the spines. Lastly, the ABi-42 was applied as a synthetic peptide, which
differs from the approach of using APP mutations to induce endogenous pathological levels
of AB oligomers. The benefit of the synthetic approach is tight control of the treatment

concentration.

SECTION 4.5
CONCLUSIONS

A widely reported phenomenon in AD is the disruption of postsynaptic and dendrite
receptor expression by AR oligomers. However, the exact mechanism which precedes these
alterations in receptor trafficking is unclear. Neuronal expression of the exocyst complex
and the impact of AB on dysregulation of exocyst-dependent trafficking to the postsynaptic
membrane have not been fully explored. While this thesis does not capture the exact role of
the exocyst in AB-induced changes in receptor presence at the membrane, the findings
detailed here show clear modulations. These results corroborate other groups' findings that
show that ABi-42 oligomers significantly decrease overall neurite complexity, dendrite
arborization, and dendritic spine number, length, and area. These data provide a novel twist
to this story of neurodegeneration by showing that neurodegeneration occurs rapidly, with
noticeable degeneration within 24 hours. Next, the data shows a rapid decrease in p75N™R

expression via western blot and immunostaining in mature primary hippocampal cultures
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and hippocampal slice cultures treated with AB1-42. This constitutes another novel finding
with implications for the role of p75N™R localization modulations in AD pathogenesis. The

specific role of p75N™R in the regulation of neuronal complexity remains to be elucidated.

AMPAR downregulation in AD is a well-studied topic. The rapid action of the ABi-42
shown in this study to undermine AMPAR GIluA1l postsynaptic expression combined with
dendritic spine shrinkage and elimination underscores the potency of AB1-42 at sub-uM
concentrations. Importantly, AMPAR removal is sufficient for dendritic spine loss (Hsieh et
al., 2006). Thus, these changes in AMPAR presence at the postsynaptic membrane have
impactful consequences on the fate of the dendritic spine. The results of this thesis
demonstrate the usefulness of BacMam Cre in neuroscience. Using the BacMam Cre
recombinase system, it was shown that the amount of AMPAR GIuA1l fluorescence seems to
increase with the Cre recombinase transfection in Exoc5™/F TdTomato hippocampal slice
cultures. The direction of this change was unprecedented but aligned with the unexpected
results seen in the primary neuronal culture system. Modulation of the Exocyst complex
modulation in response to AB oligomers was significant. There was a demonstrated increase
in Exocl at the soma, dendrite shafts, distal tips of the dendrites, and branch points. AB:-42
treatment significantly increased the number of associations between Exoc5 and Exoc7

along the dendrites of primary hippocampal neurons.

SECTION 4.6
FUTURE DIRECTIONS

The observed changes in neuronal complexity and exocyst subunit expression,
association, and distribution with AB treatment are novel findings and spark a litany of new
questions to explore. To better characterize the modulations shown in these data of the
p75NTR, inducible knockouts or overexpression of p75N™R in primary neuronal cultures
derived from the hippocampus could be used. A dendrite-specific knockdown of p75N™R could
be used to assess the consequences of p75N™ downregulation at distal dendrites on overall
neuronal complexity measured via Sholl analysis of primary neurons isolated with an
inducible knockdown in culture. This technique could also be paired with a complementary
overexpression rescue assay following AB -induced downregulation of p75N'R to see if
protecting against p75N™R loss in the dendrites would prevent loss of neuronal complexity in
primary neurons treated with ABi-42. To best understand the overall consequences of the

Exoc5 knockout, a Sholl analysis showing the changes occurring in transfected compared to
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non-transfected controls could be conducted. Additionally, this setup would enable
comparing dendritic spine size and number and overall dendrite arborization. Using surface
biotinylation, one could also assess internal versus external receptor concentrations in
lysates made from transfected or non-transfected cultures from the Exoc5 knockout model.
Chemical LTP induction could also be used to assess if the Exoc5 knockout model disrupts
glutamate receptor delivery to postsynaptic membranes in slices or primary hippocampal
cultures. The chemical LTP protocol could also be combined with live imaging techniques to

see these changes in real-time.

The exocyst complex is expressed in mature neurons but has never been directly
implicated in AD pathology. Preliminary data in our labs indicate that exocyst holocomplex
assembly is involved in APP processing. This study will build upon those findings by further
investigating the exocyst's role in disrupting postsynaptic receptor homeostasis in AD
pathogenesis via innovative in vitro and ex vivo imaging techniques. This study
fundamentally improved the understanding of exocyst complex response to neurotoxic
soluble AB oligomers. The exocyst complex represents a potential drug discovery target for
AD. Evident through the failure of many recent drugs developed to treat AD is the need to
explore these novel proteins involved in neurodegeneration. While the exact role of the
exocyst and the meaning of the response of the exocyst to AB is still yet unknown, the new
knowledge that the exocyst does respond to AB in primary neurons provides a step towards
providing novel therapies for patients with devastating neurodegenerative conditions like
AD.
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