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THE ROLE OF NEURONAL CALCIUM SENSOR PROTEIN VILIP-1 IN AB-
INDUCED NEURONAL DEATH IN ALZHEIMER DISEASE

Caitlin Marie Kirkwood, PhD

University of Pittsburgh, 2015

Alzheimer disease (AD) is the most prevalent form of dementia in the United States affecting an
estimated 5.3 million individuals in 2015. Clinically, AD presents with progressive memory loss,
decline in cognitive abilities, and behavioral changes. Neuropathologically, increased synaptic
pathology and neuronal loss correlate with cognitive impairment in AD. While the specific
neurobiological mechanisms underlying AD neuronal loss are not fully understood, a growing
pool of evidence implicates soluble amyloid-p (A) oligomers as a primary neurotoxic agent.
Previous work has demonstrated that Ap disrupts neuronal Ca®* homeostasis, initiating a cascade
of pathological events that ultimately culminate in widespread neuronal death. Recently,
neuronal calcium sensor protein visinin-like protein 1 (Vilip-1) has been identified an AD-
specific peripheral biomarker, however little is known about Vilip-1 in the AD brain. Previous
work has alluded to associations between Vilip-1, AB, and neuronal death. VSNL1, the gene that
encodes Vilip-1, coexpresses with genes related to AD throughout normal aging, notably
amyloid precursor protein (APP), which is cleaved in the pathogenesis of AD to form AP. Vilip-
1 immunoreactivity also associates with neuritic plaques in the neocortex of the human AD
brain. Finally, overexpression of Vilip-1 in a cell line increased death rates following a Ca®*
challenge, suggesting Vilip-1 may play a functional role in neuronal loss. To determine if Vilip-1
plays a causal role in AD, first we investigated Vilip-1 levels in two regions of the human AD
brain. Then we used model systems to evaluate the impact of AB on Vilip-1 expression and
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determined whether manipulation of Vilip-1 expression affected AB-induced neuronal death. We
demonstrated that Vilip-1 is reduced within brain regions characterized by prominent neuronal
loss in both AD and frontotemporal lobar degeneration (FTLD). We reported that Vilip-1
expression is not driven by AB. Finally, we found that AB-initiated neuron death was unaffected
by the extent of Vilip-1 expression. Together, these data suggest that Vilip-1 is a general marker
for neuronal loss in brain tissue rather than participant in an AD-specific neuronal death process.
In addition, Vilip-1 may have value as a novel marker for neuronal integrity and loss in human

brain tissue.
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1.0 INTRODUCTION

1.1  OVERVIEW OF ALZHEIMER DISEASE

1.1.1 Disease Prevalence, Cost, and Projections

Alzheimer disease (AD) is the most prevalent form of dementia, accounting for 60-80% of all
dementia cases (2014). According to the Centers for Disease Control and Prevention, AD ranks
as the sixth leading cause of death in the United States, while some estimates indicate it could be
as high as third, right after heart disease and cancer, resulting in the loss of more than half a
million lives each year (James et al., 2014). Excluding rare genetic mutations that only occur in
one percent of AD cases, advanced age is the strongest risk factor for AD, with most diagnoses
occurring at age 65 or older. One in nine people (11 percent) age 65 or older have AD. This
number jumps to one in three people (32 percent) age 85 and over. As the “baby boomer”
generation continues to age and reach unprecedented life expectancies, the proportion of the
population meeting the advanced age criteria continues to rise and the number of Americans
living with AD is slated to dramatically escalate in coming years. In 2014, an estimated 5.2
million people in the United States were living with AD. Barring medical breakthroughs that
effectively prevent, delay onset, or halt the progression of the disease, this number of existing

AD cases is projected to reach as high as 16 million by some estimates in the year 2050.



As AD numbers are poised to rise and death rates for other major diseases like HIV,
stroke, heart disease, and cancer are in decline, AD remains the only top 10 cause of death
without a cure or even a way to slow disease progression. Lack of effective intervention is
creating an enormous economic burden on society. In 2014, the direct costs to society for
providing AD care were projected to total $214 billion, and are expected to rise to an
astronomical $1.2 trillion in 2050 (not accounting for inflation). These figures only touch on
direct costs and do not account for the estimated 17.7 billion hours of care provided by family
and other unpaid caregivers in 2013 that would account for more than $220.2 billion in economic
value. By some estimates, if the onset of AD could be delayed by 5 years through the
development of a successful intervention, the number of patients affected by AD would be
reduced by 57 percent and the annual Medicare costs could be cut by almost 50 percent (Fagan,

2014).

1.1.2 Clinical Presentation and Neuropathological Hallmarks

In the early 1900s, Auguste D., a woman in her early 50s, was admitted to the hospital after
exhibiting increasingly peculiar behavior; she was experiencing memory impairment, sleep
disturbances, increased aggression, hallucinations, and delusions. German psychiatrist, Alois
Alzheimer, chronicled Auguste’s case. He detailed her symptomatology, progression, and
disease course, which would later be recognized as the first documentation of a patient with AD.
After her death in 1906, Alzheimer was able to study the brain of Auguste D. and describe the

organ both morphologically and histologically, correlating her cognitive and behavioral changes



with neuropathological elements he observed in her cerebral cortex (Alzheimer et al., 1995,
Holtzman et al., 2011).

The clinical expression of AD is defined by declining memory, progressive loss of
cognitive ability, and behavioral impairments that worsen over time. Progression of the disease
tracks from an asymptomatic preclinical stage to the prodromal symptomatic stage known as
mild cognitive impairment (MCI), before reaching the fully expressed symptomatic stage
characterized by dementia. The time course of this continuous decline in mental faculties
averages between 7 to 10 years and ultimately culminates in death (Holtzman et al., 2011). AD is
clinically diagnosed based on the established National Institute of Neurological and
Communicative Disorders and Stroke and the Alzheimer’s Disease and Related Disorders
Association (NINCDS-ADRDA) criteria (McKhann et al., 1984).

AD can only be definitively diagnosed postmortem after histological examination of the
brain through identification of the two characteristic pathological hallmarks originally described
by Alzheimer: extracellular amyloid plaques comprised of aggregations of the amyloid-3 (Ap)
peptide and intracellular neurofibrillary tangles (NFTs) composed of hyperphosphorylated
microtubule-associated tau protein (Selkoe, 2004, Ballatore et al., 2007). Three sets of diagnostic
histological criteria currently exist that describe the quantification and regional distribution of
these classic AD pathological features: Consortium to Establish a Registry for Alzheimer
Disease (CERAD), National Institute on Aging-Reagan (N1A-Reagan), and Khachaturian (Mirra
etal., 1991, Hyman and Trojanowski, 1997).

In the AD brain, NFTs form in a predictable spatiotemporal pattern (Serrano-Pozo et al.,
2011). As described in the clinicopathological study by Braak and Braak, NFTs initially present

in the perirhinal region, followed by the entorhinal cortex and hippocampus before proceeding to



develop in the further limbic structures and finally all neocortical regions (Braak and Braak,
1991). Notably, until very end stage disease the primary sensory, motor, and visual cortices are
largely spared. Distribution of amyloid plaques is less predictable than NFTs and the majority of
accumulation occurs in the neocortex, with entorhinal cortex and hippocampus being effected to

a lesser extent (Serrano-Pozo et al., 2011).

1.1.3 Neuronal Loss in AD

In addition to accumulating protein aggregates, AD also exhibits gross atrophy of the brain and
enlargement of the ventricles that results from prominent neuronal death, synapse loss, and
reactive gliosis (Gomez-Isla et al., 1996, Ingelsson et al., 2004). Atrophy primarily occurs in the
medial temporal and parietal lobes and is limited in the primary motor, sensory, and visual
corticies (Serrano-Pozo et al., 2011). The primary source of cortical atrophy is often attributed to
neuronal loss (Serrano-Pozo et al., 2011). A number of stereological studies have investigated
neuronal loss in varying brain regions in AD.

In particular, the entorhinal cortex is highly vulnerable in AD, being one of the first
regions affected by neurofibrillary tangles (Braak and Braak, 1991). In a study using an unbiased
stereological approach, neuron counts in the ERC were compared between AD subjects with
early and late stage disease (n =10) and cognitively normal control subjects (n =10). Neuron
numbers in normal control subjects remained consistent across aging, with no detectible loss
from age 60 to 90. In contrast, neuron numbers in AD individuals were significantly reduced
compared to normal controls with an observed 48% decrease in total number of ERC neurons
(Gomez-Isla et al., 1996). This reduction was significant even at early stages of AD. All ERC
layers had significantly fewer neurons than normal control subjects, with layer Il displaying the
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greatest deficit. Additionally, in AD subjects, cognitive function correlated with degree of
neuron loss in all ERC layers, with the most impaired individuals exhibiting the most severe
neuron deficits (Gomez-Isla et al., 1996).

Another brain region that is primarily affected by neuronal loss in AD is the
hippocampus. Several studies have documented severe loss of neurons within several
hippocampal areas including CAL, hilus, and subiculum in end stage disease (West et al., 1994,
Simic et al., 1997, Rossler et al., 2002, West et al., 2004).

Unlike the consistently documented dramatic neuron loss in the ERC and hippocampus,
the degree of neuron loss in the neocortex of AD subjects is more widely debated. Regeur and
colleagues used an unbiased, uniform sampling stereological approach to estimate total neuron
population in the neocortex of late stage Alzheimer disease. Brains from 11 severely demented
females from a chronic psychogeriatric ward in Copenhagen, Denmark and 10 age-matched
controls were evaluated. They found that neocortical neuron numbers generated from frontal,
temporal, parietal, and occipital brain regions in AD were decreased by 6% compared to normal
controls, however the reduction was not statistically significant (Regeur et al., 1994). In another
larger stereological study investigating the superior temporal sulcus in 34 individuals with AD
and 17 cognitively normal control subjects saw a significant 53% decrease in neuron number,
with loss increasing to 75% in subjects with more advanced disease (Gomez-Isla et al., 1997).
Importantly, no significant difference in neuron number was observed with increasing age in
normal subjects (Gomez-Isla et al., 1997). An additional study investigated neuron number in
prefrontal cortex deep layer 111 and superficial layer V within 10 AD cases of varying degrees of
cognitive impairment and 9 elderly controls. Neuron counts were dramatically decreased in AD

subjects compared to controls in both layers, with numbers in layer V demonstrating the greatest



reduction. In addition, neuron loss again correlated with severity of disease, with more than 90%
loss at end stages of AD (Bussiere et al., 2003). These differences are likely attributed to
differences in the brain regions investigated, stage of disease, small subject cohort sizes, and
technical variations, however it does appear that ERC is a primarily effected region even at early
stages of AD, while other regions like the prefrontal cortex are more greatly impacted later as the
disease progresses.

Neuronal loss not only positively correlates with the temporal-regional and laminar
distribution of NFT pathology, but it far exceeds the number of NFTs formed within a region,
and thus serves as a better correlate of cognitive impairment than NFTs (Gomez-Isla et al., 1996,
Gomez-Isla et al., 1997). However, synapse loss also follows the same spatiotemporal pattern as
neuronal loss and is widely considered to be the best correlate of cognitive decline in AD
(Serrano-Pozo et al., 2011). This is likely because synapse loss not only precedes neuronal loss
but is also caused by neuronal loss. Neurons with synaptic connections in regions of widespread
neuron death become less well connected leading to cognitive impairments (DeKosky and

Scheff, 1990, Terry et al., 1991, Scheff and Price, 1993, Scheff et al., 2007).

1.1.4 Soluble AP Toxicity

AP peptides aggregate in the extracellular space of the brain and comprise the principle
proteinaceous component in amyloid plaques. Produced from the cleavage of transmembrane
amyloid precursor protein (APP) by B-secretase and y-secretase enzyme complexes, AP peptides
can vary in length, ranging from 36- to 43- amino acids long (Thal et al., 2015). In the human
brain, the APi.40 IS the most abundantly produced peptide isoform (Esbjorner et al., 2014).
Different lengths of AP exhibit varying degrees of toxicity, with AB;.42 widely considered to be
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the most toxic species in humans. Its toxicity may be in part due to the AP.42 iSoform having a
higher propensity for self-aggregation and oligomerization in vivo than other species like AB1-40
(Haass and Selkoe, 2007, Murray et al., 2012). In fact, many of the known familial mutations in
APP and presenilin-1, the enzymatic element of the y-secretase complex, result in increased
production of A4, (Haass and Selkoe, 2007). During the process of self-aggregation AP
peptides form several different transient immediate species between monomers and fibrils
including dimers, trimers, dodecamers, higher molecular weight oligomers and protofibrils
(Mucke and Selkoe, 2012, Thal et al., 2015). Currently, Ap dimers are the most studied
oligomeric species, likely because they are elevated in overexpressing transgenic mouse brains
and following extraction from human AD brain tissue dimers have been shown to impair long
term potentiation (Larson and Lesne, 2012). Additionally, dimers have been shown to induce
dendritic spine loss (Shankar et al., 2007), increase tau phosphorylation, and produce
cytoskeletal abnormalities in culture (Jin et al., 2011). Amyloid plaques may actually serve as
reservoirs of soluble AP oligomers (Koffie et al., 2009), as a halo of nonfibrillar A exists in the
plagque surround (Appendix A).

Recently soluble AP oligomers have emerged as the leading neurotoxic agent in AD,
however the precise mechanism(s) behind the peptide’s actions remain elusive. The amyloid or
AP cascade hypothesis posits that the deposition of AP protein is a central event in AD
pathogenesis initiating numerous damaging pathways involving synaptic dysfunction, oxidative
stress, microglia activation, and disruption of Ca?* homeostasis, which ultimately culminate in
neuron loss and cognitive impairment.

The particular manner by which AB oligomers perturb neuronal Ca®* homeostasis and

increase neurotoxicity is complex and still a matter of debate, however a number of potential



mechanisms have been identified. One theory is that AP oligomers fuse with lipid bilayers
creating annular structures that function as artificial pores or channels in the membrane, allowing
for increased cation flux into the cell (Arispe et al., 1993). Other studies have demonstrated that
AB interacts with endogenous highly Ca?*-permeable channels including voltage-gated calcium
channels, glutamate receptors (N-methyl D-aspartate-receptors (NMDARs) and a-amino-3-
hydroxy-5-methylisoxazole-4-propionic acid receptors (AMPARS)), and nicotinic acetylcholine
receptors (NAChRS), increasing Ca?* influx through these channels (Li et al., 2009, Demuro et
al., 2010). Additional studies have shown that AP can cause the release of Ca®* from internal
stores through altering the sensitivity of inositol triphosphate receptor (IP3R) and ryanodine
receptor (RyR) channels in the endoplasmic reticulum (Stutzmann et al., 2004, Bezprozvanny
and Mattson, 2008).

While a clear sequence of events following Ap-induced Ca?* dysregulation have yet to be
established, both AP and increases in intracellular Ca** have been demonstrated to increase tau
phosphorylation (Busciglio et al., 1995, Hartigan and Johnson, 1999, Zheng et al., 2002, Oliveira
et al., 2015) and initiate neuronal apoptosis cascades (Loo et al., 1993, Mark et al., 1995).
Identifying more of the key players in the AB cascade hypothesis will enhance our understanding
of the disease process and shed light on possible therapeutic targets for intervention prior to

cognitive impairment.



1.2  VILIP-1

1.2.1 Structure and Function

Neuronal calcium sensor (NCS) proteins are a large family of calcium-dependent molecular
switches that modulate many intracellular signaling cascades involving neuronal functions like
neurotransmitter release, receptor trafficking, and apoptosis. Visinin-like protein 1 (Vilip-1, gene
name VSNL1) is an NCS protein that is highly and widely expressed throughout the brain. In the
central and peripheral nervous systems, Vilip-1 expression is neuron specific (Bernstein et al.,
1999). One comprehensive study investigating Vilip-1 mRNA expression in the rat brain found
robust VILIP-1 expression throughout all brain regions except in the caudate and putamen
(Paterlini et al., 2000). Outside of the brain, Vilip-1 is present in the heart, liver, lungs, pancreas,
skin, colon, and testis of the human and rat (Gierke et al., 2004). Vilip-1 expression in the adult
brain is higher compared to embryonic development (Gierke et al., 2004). In mice, knocking out
the VSNL1 gene is embryonic lethal.

Vilip-1 belongs to the Vilip subfamily of NCS proteins. Members of the Vilip NCS
subfamily share between 67 — 94 percent identical amino acids and include: Vilip-1, Vilip-2,
Vilip-3, hippocalcin, and neurocalcin-6 (Braunewell and Klein-Szanto, 2009). The amino acid
sequence for Vilip-1 is evolutionarily highly conserved, sharing 100% homology in mouse, rat,
chicken, bovine, and human. Vilip-1 is 191 amino acids residues long. Like all NCS proteins in
the Vilip subfamily, it contains 4 EF-hand binding domains: EF1 — EF4. Each EF-hand motif
consists of a standard core of amino acids (D-X-D/N-X-D/N-X-Y-X4-E, where X is any amino
acid) (Braunewell and Klein-Szanto, 2009). The first EF-hand contains the sequence CPXG,
which eliminates its ability to bind Ca** (Li et al., 2011). EF-1 is also the most variable part of

9



the sequence in NCS proteins and is thought to be a point of interaction with other target
proteins. At the N-terminus, Vilip-1 has an M-G-X3-S consensus sequence for myristoylation.
Independent of Ca?* and myristoylation, Vilip-1 forms a dimeric structure in solution (Li et al.,
2011). Upon binding two Ca2+ at EF-2 and EF-3, Vilip-1 undergoes a conformational change
that exposes a hydrophobic myristoylated side chain region. The extrusion of the myristoyl group
allows the protein to translocate and interact with cellular membrane compartments or target
proteins (Spilker and Braunewell, 2003, Li et al., 2011). Vilip-1 has a higher binding affinity for
Ca®" than calmodulin (Burgoyne and Weiss, 2001) and myristoylation lowers the binding affinity
of Vilip-1 (Li et al., 2011). In culture after an increase in intracellular Ca?* levels, Vilip-1 has
been shown to reversibly translocate to subcellular membrane compartments, like the trans-Golgi
membranes in hippocampal neurons (Spilker and Braunewell, 2003), and associate with cell
surface membranes, including in dendrites and axons (Lin et al., 2002). This localization of
Vilip-1 to the cell surface membrane is Ca** binding dependent (Spilker et al., 2002).

Consistent with other subfamily members, Vilip-1 appears to modulate membrane
trafficking, surface expression, and function of various ion channels and receptors including
nicotinic acetylcholine receptors (nAChRs) (Lin et al., 2002, Zhao et al., 2009), receptor
guanylyl cyclases (GC-B) (Brackmann et al., 2005), and adenosine triphosphate (ATP) receptor
P2X2 (Chaumont et al., 2008). Vilip-1 interacts with the cytoplasmic loop of the a4-subunit of
the 04p2 nAChR, the most abundant nAChR subtype in the brain (Hogg et al., 2003, Zhao et al.,
2009). Coexpression of Vilip-1 with recombinant 04p2 nAChR in cell lines resulted in
significant increases in receptor surface expression and sensitivity to acetylcholine. Additionally,
mutating Vilip-1 in a way that renders the protein incapable of being myristoylated or binding

Ca®", thus losing its ability to associate with the cell membrane, attenuated Vilip-1’s ability to
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interact and modulate 042 nAChRs (Lin et al., 2002). Overexpression of Vilip-1 in
hippocampal neurons also leads to enhanced surface expression of nAChRs and increased
responsiveness to acetylcholine. In contrast, SIRNA knockdown of Vilip-1 leads to reduced a4p2
nAChR currents (Zhao et al., 2009). Additionally, in at least some cases, such as with GC-B
receptors Vilip-1 receptor modulation has been linked to clathrin-dependent receptor recycling
(Brackmann et al., 2005). However, whether Vilip-1 impacts synaptic plasticity, particularly in
the setting of neurodegenerative disease is not known.

Previous work has also suggested a role for Vilip-1 in cell death. Overexpression of
Vilip-1 in PC12 cells increased death rates following a Ca®* challenge (Schnurra et al., 2001).
Hippocalcin, a highly homologous Vilip subfamily member has been shown to be
neuroprotective against Ca**-mediated death in neural cell lines, further connecting NCS proteins

to neuronal death processes (Mercer et al., 2000).

1.2.2 Vilip-1 and Alzheimer Disease

Originally pioneered as an indicator of neuronal integrity for stroke, several studies have since
identified Vilip-1 as a peripheral early stage AD biomarker. Findings in cerebrospinal fluid
(CSF) and blood plasma showed Vilip-1 levels were elevated in individuals with AD compared
to cognitively normal control subjects (Tarawneh et al., 2011). Additionally, CSF levels of Vilip-
1 were predictive of the progression of cognitive decline, with higher concentrations at time of
collection indicating a more rapid loss in mental faculties over the duration of the illness
(Tarawneh et al., 2012). Some studies suggest that the CSF elevation of Vilip-1 is specific to
AD, as CSF collected from other neurodegenerative disorders, like Lewy Body dementia, show
no change compared to cognitively normal controls (Tarawneh et al., 2011, Luo et al., 2013).
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To date, there is limited information about the status of Vilip-1 in human AD brain tissue.
Data from mRNA and protein studies suggests that Vilp-1 expression is decreased in the
temporal cortex, parts of the limbic system, and the entorhinal cortex (Loring et al., 2001,
Schnurra et al., 2001). In a whole-genome expression profiling study investigating the frontal
cortex of AD subjects with varying degrees of disease severity, expression of Vilip-1 mRNA was
shown to correlate with NFT burden and MMSE scores (Wilmot et al., 2008). In addition to the
frontal cortex data, downregulation of Vilip-1 mRNA in the hippocampus has also been observed
(Miller et al., 2008, Gomez Ravetti et al., 2010). Furthermore, qualitative immunohistochemistry
data has suggested an association of Vilip-1 with neuritic plaques and neurofibrillary tangles in
the neocortex of AD subjects (Schnurra et al., 2001).

Recently, in a microarray study investigating VSNL1 expression in 209 cognitively
normal subjects spanning the adult age range we found that VSNLL1 is present and unaffected
across the adult lifespan. In addition, VSNL is significantly coexpressed with genes related to
AD pathways, including APP (Appendix B).

Finally, genetics studies evaluating putative psychosis risk genes in AD with psychosis
(AD+P), a phenotype of AD characterized by a more severe trajectory of cognitive deterioration
than seen in AD subjects without psychosis (Murray et al., 2014b), have identified an association
of VSNL1, the gene that encodes the protein Vilip-1 (Hollingworth et al., 2012). This data
coincides with findings of reduced expression of VSNL1 mRNA and protein in the brain tissue
of schizophrenia subjects (Martins-de-Souza et al., 2009, Braunewell et al., 2011).

Collectively these findings suggest a role for Vilip-1 in the AD pathogenesis, but it is

unknown to what extent it participates, particularly in regards to Ap-mediated pathways.
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1.3  GOALS AND RELEVANCE OF THIS DISSERTATION

AD is a devastating neurodegenerative disease that is a top leading cause of death in the United
States. Here in the General Introduction (Chapter 1.0), | have presented evidence that increased
synaptic pathology and neuronal loss underlie cognitive decline in AD. Further, while the
specific mechanisms underlying neuronal loss in AD are not fully understood, a growing pool of
evidence implicates soluble amyloid-f3 (AB) oligomers as a primary neurotoxic agent. Previous
work has demonstrated that AB disrupts neuronal Ca®* homeostasis, initiating a cascade of
pathological events that ultimately culminate in widespread neuronal death. Recent human data
has shown an association of neuronal calcium sensing protein Vilip-1 and AD. CSF and plasma
Vilip-1 concentrations are elevated in AD subjects compared to cognitively normal control
subjects. This CSF phenomenon appears to be AD-specific, as other neurodegenerative
disorders, like FTLD, do not exhibit a change. In addition, Vilip-1 mRNA is significantly
coexpressed with genes related to AD across normal aging, notably APP, which is cleaved in the
pathogenesis of AD to form A. Vilip-1 immunoreactivity also associates with neuritic plaques
in the neocortex of the human AD brain. Finally, overexpression of Vilip-1 in PC12 cells
increased death rates following a Ca** challenge suggesting Vilip-1 may play a functional role in
neuronal loss.

Based on this evidence, we proposed a model (Figure 1.1) where Vilip-1 protein
expression is altered in response to A, increasing vulnerability to AB-induced neuronal death in
AD. Understanding the distinct causal neurobiological factors, like the role of Vilip-1 in AD,
will lead to improved therapeutic strategies and profoundly impact patients, caregivers, and

society as a whole.
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The purpose of this dissertation is to determine how Vilip-1 is altered in the AD brain and
whether it is actively participating in the process of AB-initiated neuronal loss. This dissertation
aims to address this purpose by answering the following questions: 1) Are Vilip-1 levels altered
in the brain tissue of individuals with Alzheimer disease? (Chapter 2.0); 2) Does AP cause
increased Vilip-1 expression in model systems? (Chapter 3.0); 3) Are rates of Ap-induced

neuronal death influenced by neuronal Vilip-1 expression level? (Chapter 4.0).
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Figure 1.1 Proposed model of Vilip-1 interactions in AD. Vilip-1 protein expression is altered in response to Ap,
increasing vulnerability to AB-induced neuronal death in AD and resulting in Vilip-1 release into the CSF. Solid

lines are established in the literature and dashed lines are hypothesized based on supportive preliminary data.
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20  VILIP-1 LEVELS ARE ALTERED IN THE BRAIN TISSUE OF INDIVIDUALS

WITH ALZHEIMER DISEASE

21 ABSTRACT

Recent studies have implicated the neuronal calcium-sensing protein visinin-like 1 protein
(Vilip-1) as a peripheral biomarker in Alzheimer disease (AD), however little is known about
expression of Vilip-1 in the AD brain. We used targeted and quantitative mass spectrometry to
measure Vilip-1 peptide levels in early to moderate stage AD within two brain regions of varying
neuronal loss: the entorhinal cortex (ERC) and the superior frontal gyrus (SF). In an initial cohort
of 12 AD subjects and 12 normal controls, we found Vilip-1 levels were significantly lower in
the ERC, a region with prominent neuronal death even at early stages of the disease. However, in
the SF, a region with lower levels of neuronal loss, Vilip-1 levels did not differ from normal
control subjects. Additionally, in a group of frontotemporal lobar degeneration (FTLD) subjects
(n = 10), Vilip-1 levels in the SF were significantly lower compared to normal controls,

suggesting a potential role for Vilip-1 as a neuronal integrity biomarker, at least within ERC.
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2.2 INTRODUCTION

Alzheimer disease (AD) is the leading cause of dementia in the United States affecting more than
5 million people. Clinically, this progressive neurodegenerative disease is characterized by loss
of memory, decline in cognitive abilities, and behavioral changes that worsen over time.
Neuropathologically, AD is classified by two major hallmarks: extracellular amyloid plaques
comprised of the amyloid-p (AP) peptide and intracellular neurofibrillary tangles composed of
hyperphosphorylated tau protein (Selkoe, 2004, Ballatore et al.,, 2007). In addition to
accumulating protein aggregates, AD also exhibits gross anatomical changes, such as dramatic
shrinkage of the brain tissue that results from prominent neuronal death, synapse loss, and gliosis
(Gomez-Isla et al., 1996, Ingelsson et al., 2004).

Several studies have identified the primarily brain-expressed neuronal calcium sensing
protein, visinin-like protein 1 (Vilip-1), as a peripheral early stage AD biomarker. Findings in
cerebrospinal fluid (CSF) and plasma showed Vilip-1 levels were elevated in individuals with
AD compared to cognitively normal control subjects (Tarawneh et al., 2011). Additionally, CSF
levels of Vilip-1 were predictive of the progression of cognitive decline, with higher
concentrations at time of collection indicating a more rapid loss in mental faculties over the
duration of the illness. Some studies suggest that Vilip-1 CSF elevation phenomenon is specific
to AD, as CSF collected from other neurodegenerative disorders, like Lewy Body dementia,
show no change compared to cognitively normal controls (Tarawneh et al., 2011, Luo et al.,
2013).

Recently we have shown mRNA evidence for VSNL1, the gene that encodes the Vilip-1
protein, is significantly coexpressed with genes related to AD pathways, such as amyloid

precursor protein (APP), throughout normal aging (Appendix B) (Lin et al., 2015). Furthermore,
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qualitative immunohistochemistry data has suggested an association of Vilip-1 with neuritic
plagues and neurofibrillary tangles in the neocortex of AD subjects (Schnurra et al., 2001).
However, to date, relatively little is known about the levels of Vilip-1 in AD brain tissue.

Additionally there is limited data indicating a potential a role for Vilip-1 in cell death.
One previous study found that overexpression of Vilip-1 in PC12 cells increased cell death in
response to a calcium challenge (Schnurra et al., 2001).

Based on these studies, we hypothesized that Vilip-1 would be altered in the brain tissue
of AD and associated with neuronal loss. To test this hypothesis we examined two different brain
regions (ERC and SF) of early to moderate stage AD subjects. We found that Vilip-1 levels were
decreased in the entorhinal cortex (ERC) of AD subjects and unchanged in the superior frontal
gyrus (SF) compared to normal controls. In the SF, the primarily affected area in another
neurodegenerative disease, frontotemporal lobar degeneration (FTLD), subjects had significantly
lower levels of Vilip-1 compared to normal controls, suggesting that decreased Vilip-1 levels

may reflect neuronal loss.

2.3 METHODS

2.3.1 Subjects

2.3.1.1 AD subjects & FTLD subjects. Fifty-eight AD subjects and 10 FTLD subjects (Table 2)
were identified through the brain bank of the Alzheimer Disease Research Center (ADRC) at the
University of Pittsburgh, using protocols approved by the University of Pittsburgh Institutional

Review Board and Committee for Oversight of Research Involving the Dead. Individuals
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underwent neurologic, neuropsychological, and psychiatric diagnostic evaluations at successive
time points as part of the participation in the Clinical Core of the ADRC as previously described
(Sweet et al., 2000, Lopez et al., 2013).

Postmortem interval (PMI) was recorded at the time of brain removal. At autopsy, the
brain was removed intact, examined grossly, and divided in the midsagittal plane. Gray matter
samples from the right entorhinal cortex (ERC) and superior frontal gyrus (SF) were dissected
and frozen at —80°C. The left hemibrain was immersion fixed in 10% buffered formalin for at
least one week, sectioned into 1.0 cm coronal slabs, and sampled according to CERAD protocol
for neuropathological diagnosis of AD. AD pathology was evaluated using modified
Bielschowsky silver stain and immunohistochemical staining for tau and beta-amyloid (4G8.
Neuritic plaque density was assessed according to CERAD criteria (Mirra et al., 1991);
distribution of tau pathology was classified according to Braak stages (Braak et al., 2006). Lewy
body pathology was assessed by alpha-synuclein immunohistochemistry and classified into
brainstem-predominant, limbic and neocortical types following consensus criteria (McKeith et
al., 2005). Immunohistochemical staining for TDP-43 was performed on sections of middle
frontal gyrus and mesial temporal lobe as previously described (Vatsavayi et al., 2014). Sections
were evaluated for the absence or presence of TDP-43 positive neuronal cytoplasmic inclusions,
neuronal intranuclear inclusions and dystrophic neurites.

Neuropathologic diagnoses of Alzheimer disease were made according to CERAD
criteria (Mirra et al., 1991), although all AD subjects also met NIA-Reagan criteria (Hyman and
Trojanowski, 1997) for intermediate to high probability that their dementia was due to AD
lesions. Neuropathologic diagnosis of FTLD-TDP, FTLD-FUS or FTLD-tau was determined

following consensus criteria (Cairns et al., 2007, Mackenzie et al., 2010, Mackenzie et al., 2011).
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When TDP pathology was present in cases that fulfilled diagnostic criteria for another
neurodegenerative disease, no distinct diagnosis of FTLD-TDP was rendered following

consensus recommendations (Mackenzie et al., 2009).

2.3.1.2 Normal control subjects. Two normal control subject brain specimens were obtained
through the ADRC as described above. The remaining 10 normal control subject brain specimens
were obtained through the Allegheny County Medical Examiner’s Office, with consent obtained
from the subjects’ next-of-kin. The protocol used to obtain consent was approved by the
University of Pittsburgh Institutional Review Board and Committee for Oversight of Research
Involving the Dead. An independent committee of experienced clinicians made consensus DSM-
IV diagnoses for each subject, using information obtained from clinical records and structured
interviews with surviving relatives. Samples from subjects without any DSM-IV diagnosis (i.e.
including no diagnosis of a cognitive disorder) were used in this study.

The right hemisphere was blocked coronally at 1-2 cm intervals and the resultant slabs
snap frozen in 2-methyl butane on dry ice, and stored at -80°C. Samples from the frontal pole,
hippocampus, ERC, and cerebellum were collected and an experienced neuropathologist
reviewed sections stained using hematoxylin and eosin, Bielschowsky silver stain, amyloid
immunohistochemistry, and alpha-synuclein immunohistochemistry were determined to be
without evidence of any neurodegenerative disease. Tissue slabs containing either the SF
immediately caudal to the genu of the corpus collosum or the ERC were indentified. From these
slabs, SF and ERC were removed as single blocks. Gray matter was collected by cutting 40 uM

sections and frozen at —80°C.

19



Table 2.1 Descriptive information of subjects in Cohort 1. Mean values + SD or number of subjects with

percentage of group in parentheses. Groups not sharing superscript letters differ significantly on these variables.

Variable AD Control FTLD
N=12 N=12 N=10
Age (years) B454+ 89" TOT+94% 7474+104°
Range 71-101 62 - 80 56 - 89
SexX
Male 5 (42)° 8 (67)° 4 (40)°
Female 7 (58) 4 (33) & (60)
Post mortem interval (hours) 5.14+28° 122+59° 62423
Fange 2-10 4-20 2-8
Age of onset (years) TE0+£90
Range 63 =90
Cwration of lliness (years) T9+£30
Range 4-13
Lewy Body Stage
Megative 12 (1007
Brainsterm/Trangitional 0 {0}
Meocortical 00y
Braak Stage
4 3 (25)
5 9 {73)
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Table 2.2 Descriptive information of subjects in Cohort 2. This expanded cohort contains all subjects from Cohort 1

with an additional 46 AD subjects.

Variable AD
N =58
Age (years) B42+70
Range 68 - 101
Saex
Male 29 (50)
Female 29 (50)
FPost mortem interval (hours) 61134
Range 2-17
Age of onset (years) 759+70
Range 57 -90
Duration of lliness (years) 82+33
Range 2-18
Lewy Body Stage
Negative 30 (52)
Brainstem/Transitional 15 (26)
Meocortical 13 (22)
Braak Stage
3 6 (10)
4 20 (35)
5 32 (55)

It is of note that AD and FTLD subjects had significantly lower postmortem intervals
(PMIs) than normal controls. However, using quantitative Western blot, we have previously
established the stability of Vilip-1 protein across a 48-hour PMI in a mouse model (Figure 2.1),

and therefore did not match subjects groups on PMI.
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Figure 2.1 Postmortem interval (PMI) of Vilip-1 expression from mouse whole brain homogenate. ANOVA

analysis of Vilip-1 protein levels normalized to tubulin showed no significant change over 48 hours (p = 0.952).

2.3.2 Sample Preparation

Tissue homogenates were prepared from fresh frozen human SF and ERC gray matter. Total
protein was extracted using SDS extraction buffer (0.125 M Tris — HCI (pH 7), 2% SDS, and
10% glycerol) at 70°C. Using bicinchoninic acid assay (Micro BCATM Protein Assay, Pierce)
protein concentration was measured. A pooled technical replicate sample composed of

homogenate aliquots from all subjects was also prepared for each experiment (SF and ERC). 20
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ug of total protein from the gray matter homogenate or pooled sample was mixed with Lysine
13C6 Stable Isotope Labeled Neuronal Proteome Standard (13C6 STD; 20 ug) for on gel trypsin
digestion. To evenly distribute AD, FTLD, and normal control subjects throughout preparation,
on-gel digestion, and analysis, samples were organized in a block distribution. For the SF
experiment, each block was composed of 7 subjects and one pooled technical replicate, for a
total of 12 blocks. For the ERC experiment each block was also composed of 7 subjects and one
pooled technical replicate, for a total of 4 blocks. Each block was run on a single 10 well 4-12%
BisTris gel with two SeeBlue® Plus2 Pre-stained Protein Standards. On-gel trypsin digestion
was performed as previously described (MacDonald et al., 2012) with samples being run 4 cm

into the gel and divided into two fractions (above and below 65kd).

2.3.3 LC-SRM/MS

Vilip-1 and MAP2 peptides were selected for analysis based on the presence of a lysine, the
amino acid labeled in the 13C6STD, and 100% homology across mouse and human sequences
(determined by Uniprot BLAST search). Five peptide sequences were identified from the Vilip-1
protein for quantification as indicated as underlined text in the following Vilip-1 amino acid
sequence:

MGKQNSKLAPEVMEDLVKSTEFNEHELKQWYKGFLKDCPSGRLNLEEFQ

QLYVKFFPYGDASKFAQHAFRTFDKNGDGTIDFREFICALSITSRGSFEQK

LNWAFNMYDLDGDGKITRVEMLEINEAIYKMVGTVIMMKMNEDGLTPEQ

RVDKIFSKMDKNKDDQITLDEFKEAAKSDPSIVLLLQCDIQK
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Additionally, four peptide sequences were identified from the microtubule-associated
protein 2 (MAP2) protein for quantification (Figure 2.2) to assess neuronal loss.

LC-SRM/MS analyses were conducted as previously described. (MacDonald et al., 2012)
In brief, peptide peaks were detected using a TSQ Quantiva triple stage quadrupole mass
spectrometer (Thermo Scientific) with an UltiMate 3000 Nano LC Systems (Thermo scientific).
2 pl (~1 pg protein) of sample was loaded/desalted on a PepMap100 Nano-Trap column (Thermo
scientific) at 8 ul/min for 2 min and separated on a Reprosil-pur 3 um PicoChip column (New
Objective) at 400 nl/min over a 20 min gradient from 2-35% mobile phase B (Acetonitrile
containing 0.1% formic acid). SRM transitions were timed using 1.5 min retention windows.
Transitions were monitored, allowing for a cycle time of 1 sec, resulting in a dynamic dwell
time, never falling below 2 msec. The MS instrument parameters were as follows: capillary
temperature 275 °C, spray voltage 1100 V, and a collision gas of 1.4 mTorr (argon). The
resolving power of the instrument was set to 0.7 Da (Full Width Half Maximum) for the first and
third quadrupole. All samples were analyzed in triplicate. Using Skyline, integrated peak areas
for both “light” human peptides and the “heavy” 13C6STD peptides were calculated for each of
the peptide sequences. The light:heavy integrated area ratio was calculated to obtain peptide

measures using multiple transitions per peptide.
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Figure 2.2 Two peptide sequences were identified for LC-SRM/MS quantification as shown in their

respective locations within the MAP2 protein. (Modified from (Shelton et al., 2015))
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2.3.4 Measurement of soluble Ap and phospho-tau by sandwich enzyme-linked

immunosorbent assay

Levels of soluble ABi-40and Api-42 and of tau protein had been previously performed in a subset
of study subjects. (Murray et al., 2012, Koppel et al., 2014) Briefly, AB;-40 and AP1-42 levels were
quantified from SF gray matter brain tissue samples that were homogenized on ice in phosphate-
buffered saline (PBS; 150 mg/mL). Samples were then rehomogenized in tissue homogenization
buffer (250 mM sucrose, 20 mM Tris base, and 10 pL Sigma P8340 protease inhibitor cocktail
[Sigma-Aldrich, St. Louis, Missouri, USA]) and prepared in diethylamine (DEA)-soluble
fractions for APi1.40 and A4 peptide concentration quantification as described previously
(Ikonomovic et al.,, 2008). The DEA-soluble fraction was prepared by centrifuging the
homogenate aliquot at 135,000 x g at 4 °C for 1 hour followed by neutralizing the supernatant
with 0.5 M Tris-Cl. Colorimetric 3,3',5,5'-tetramethylbenzidine (TMB)-based ELISA
(Invitrogen, Carlsbad, California) was used to measure AP concentrations. Capture antibodies
specific for the NH2 terminus of human A (amino acids 1-16) and neoepitopes at either the 40-
or the 42-amino acid COOH-terminus of AP were used to detect peptide levels and
measurements were read at 450 nm. Peptide concentration values were extrapolated using
standard curves generated by synthetic AP peptide (Invitrogen, Carlsbad, California) and
expressed as picomoles per gram wet brain tissue.

Levels of tau were quantified as previously described.(Acker et al., 2013) Briefly, SF
gray matter brain tissue samples were homogenized in a Tris-buffer saline solution (pH 7.4)
containing 10 mM NaF, 1 mM NaVO3 and 2 mM EGTA with a complete Mini protease
inhibitor (Roche). Prior to use, samples were stored at — 80 °C. For analysis, thawed

homogenates, spun at 14,000 g for 10 minutes at 4 °C, were diluted in 20% superblock in 1 x
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Tris-buffered saline (TheroScientific). Sandwich enzyme linked immunosorbent assay (ELISA)
measurements using monoclonal antibodies targeted against different forms of tau and phospho-
tau were performed for gquantification of tau peptide concentrations. Capture antibodies DA31
(amino acids 150-190), PHF1 (pSer396/404), CP13 (pSer202), and RZ3 (pThr231) were used at
a concentration of 6 pg/mL in 4 separate ELISA measurements. DA31 was used to measure
peptide concentrations of total tau. PHF-1 is used to quantify Ser396/404 phospho-tau
(pSer396/404), a form of phosphorylated tau that is present in early and late Braak stages and is
observed in a range of early to mature tau aggregates (Mondragon-Rodriguez et al., 2014). CP13
was used to quantify Ser202 phospho-tau that is detected in early neuritic pathology (Janocko et
al., 2012). RZ3 was used to quantify Thr231 phospho-tau, a conformational epitope often
phosphorylated even in pretangles (Augustinack et al., 2002). Detection antibody DA9-HRP
(amino acids 102-140) was used at a concentration of 0.3 pg/mL for all assays.

ELISAs were performed in 96-well plates coated with capture antibodies at a
concentration of 6 mg/mL in coating buffer for at least 48 hours at 4 °C. To avoid non-specific
binding, plates were washed 3 x in wash buffer and blocked for 1 hour at room temperature using
StartingBlock (Thermoscientific). 50 pL of SF brain tissue sample was combined with 50 pL of
DA9-HRP detection antibody and added to the appropriate well. Plates were incubated overnight
shaking at 4 °C. The following day wells were washed 9 x in wash buffer and 1-Step ULTRA
TMB-ELISA (Thermoscientific) was added for 30 minutes at room temperature before stopping
the reaction with 2 M H2SO4. Plates were read with an Infinite m200 plate reader (Tecan) at 450

nm.
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2.3.5 Statistical Analysis

All light:heavy ratios were log2 transformed for statistical analysis. Replicate peptide values
were averaged prior to analysis. Assessment of demographic, clinical, and pathological
differences between groups was performed using analysis of variance (ANOVA), t-tests, and y2
tests. Initial comparison of Vilip-1 and MAP2 peptide levels between AD subjects and normal
control subjects used independent samples T-tests for both the ERC and SF regions. A repeated
measure ANOVA was employed to evaluate the brain region by diagnosis interaction. In the SF
region, ANCOVA was used to assess whether demographic, clinical, and pathological subgroups

affected individual Vilip-1 and MAP2 peptide levels.

24  RESULTS

2.4.1 Alterations in VILIP-1 levels in brain regions with and without prominent cell death

In an initial comparison of 12 AD subjects and 12 cognitively normal control subjects (Table
2.1), Vilip-1 levels were assessed in two brain regions: ERC and SF. The ERC is a brain region
with prominent cell death in AD, including in earlier disease stages, whereas the SF has
comparatively little neuronal loss in AD. Vilip-1 peptide levels in the ERC were significantly
decreased in AD subjects compared to cognitively normal controls (Figure 2.3; Table 2.3).
However, in the SF, Vilip-1 levels were not significantly different from cognitively normal
controls. Additionally, for three of the five Vilip-1 peptides (STE, LNL, and LNW), there was a

significant region by diagnosis interaction (Figure 2.3; Table 2.3).
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Figure 2.3 Log2-transformed expression ratios of a representative peptide, Vilip-1 (LNW), in the entorhinal cortex

(ERC) and the superior frontal gyrus (SF) comparing AD subjects (n =12) and cognitively normal control subjects

(n=12). * indicates p < 0.05.
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Table 2.3 Summary of Vilip-1 peptide expression in ERC and SF brain regions and the effect of region by diagnosis

from 34-subject Cohort 1 (AD: n = 12; cognitively normal control: n = 12; FTLD: n = 10)

Region by
ERC SF Diagnosis
Peptide | AD:Confrol  f, df p AD:Confrol 1, df p F, df p
2618, -0.858, 5.406,
STE 0.650 22 0.016 1.117 22 0.400 22 0.019
2.322, -0.944, 5.560,
LML 0.666 22 0.030 1.112 22 0.355 22 0.028
2.788, -0.3949, 6.540,
LMW 0.641 22 0.0 1.047 22 0.694 22 0.a18
2621, 0.387, 2.326,
VEM 0619 22 0.016 1.042 22 0.702 22 0.141
2.48 0.366, 4.060,
sDpP 0.667 22 0.021 1.003 22 0.718 22 0.056

Because the restriction of the observed decrease in Vilip-1 levels to the ERC suggested it

resulted from neurodegeneration rather than a specific AD-related pathology, we analyzed Vilip-

1 peptide levels from FTLD subjects (Table 2.1) in the SF, a brain region that in FTLD is

primarily affected by widespread neuronal loss, and found that SF Vilip-1 levels in FTLD were

significantly lower than in cognitively normal controls (Figure 2.3; Table 2.4).

Table 2.4 Summary Vilip-1 peptide expression diagnosis differences from expanded AD subject group (n = 58) in

comparison to FTLD (n = 10) and cognitively normal controls (n = 12).

AD vs Control AD vs FTLD FTLD ws Control
Peptide AD:Control p AD:FTLD p FTLD:Control [¢]
STE 1.024 0161 1.335 0.002 0.7a7 < (.00
LML 0.746 0478 1.300 < 001 0773 < (.00
LMW 0.984 0.592 1.254 0.002 0.784 0003
VEM 0.996 0245 1.376 0.07 0.724 3003
sDP 0.534 0618 1.600 0.002 0.5837 000
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To confirm this interpretation, we assessed levels of MAP2, a marker that is reduced by
neuron loss (Huh et al., 2003) in the ERC and SF of all subjects. MAP2 levels were significantly
decreased in ERC of AD subjects compared to normal controls (all p < 0.001; Table 2.5), and
decreases in the ERC exceeded those in the SF of these subjects. In the SF of the expanded
cohort of subjects, the magnitude of reduction in MAP2 levels was greater in FTLD subjects than

in AD (Table 2.6).

Table 2.5 Summary of MAP2 peptide expression in ERC and SF brain regions and the effect of region by diagnosis

from 34-subject Cohort 1 (AD: n = 12; cognitively normal control: n = 12; FTLD: n = 10)

Region by
ERC SF Diagnosis
Peptide | AD:Control  t, df +] AD:Control t, of [+ F, df P
4. 538, < 2.106, 7.9z,
LIM 0.242 21 0001 0.63 22 0047 22 2071
3,119, < 1.375, 19.993,
DLA 0.299 21 0001 0.805 22 0.183 22 < 0007

Table 2.6 Summary MAP2 peptide expression diagnosis differences from expanded AD subject group (n = 58) in

comparison to FTLD (n = 10) and cognitively normal controls (n = 12)

AD vs Control FTLD vs Control ADwvs FTLD
Peptide AD:Control ] FTLD:Control ] AD:FTLD p
LIM 0.554 g.a70 0 358 < .0Mm 1.429 0.054
DLA 0.729 0.065 0.507 < QLo 1.549 0013

2.4.2 VILIP-1 levels in SF of AD subjects and indicators of disease severity

We examined SF Vilip-1 levels in an expanded group of AD subjects (Table 2.2) to assess
whether indicators of greater disease severity would be associated with reduced SF Vilip-1 in
AD. In this expanded group the comparison of Vilip-1 peptide levels to controls remained non-

significant (all p > 0.1). No association was observed between increasing Braak stage and Vilip-1
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levels in the SF of AD (Figure 2.4). Nor were Vilip-1 levels in the SF correlated with levels of
soluble Ai-42, APi-40, total tau or phosphorylated tau (Figure 2.5). Additionally, history of
psychosis, Lewy body stage, Mini—-Mental State Examination (MMSE) score at death, age at
death, age of disease onset, and duration of illness were not significantly associated with SF

Vilip-1 levels (Figure 2.4).

31



° 000 8 woo -m
Lo
Qo -
m ° coﬁ@mﬁoo
&
m
o uﬁ%o g
< :ﬁ I
¢ ¢ ¢ & s & & % & 3
dx3 apndad (MN1) L-dITIA 2607 fa) dx3 apndad (MN1) L-dIIA Z601
uoo%@ ° ki o u%u L
v
g
° o n% -1 ...4w.n.. o%*ﬂ co -
2
&
&% e oo o o%&&n .
I R A

dx3 apndad (MN1) L-dIiA Z601

dx3 apndad (MN1) L-dINIA

2607

11-20 21-30

MMSE

1-10

Megative

Transitional

Lewy Body Pathology

w

5 8
S
-]
-]
aQ
e
P
"
S IR T
dxg apndad (MNT) L-dIIAZBOT
o c
@_ E
° Ls
o
-2
. e
g 8 ° 5 s

dx3 apndad (MNT) L-dIIAT6OT

Age of Onset (years)

Age of Death (years)

0.003

V)

1 T 1

g 8 ° 8
dxg apndag (MN) L-dIIA 2607

15

10
Duration of lliness (years)

-2.00

32



Figure 2.4 Log2-transformed expression ratios of a representative peptide, Vilip-1 (LNW), in the superior frontal
gyrus (SF) of AD subjects (n=58,Table 2) looking at (A) Braak stage, (B) Psychasis status in Alzheimer disease, (C)
Lewy body pathologic stage, (D) Mini-Mental State Examination, (E) Age at death, (F) Age of disease Onset, and

(G) Disease duration.
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Figure 2.5 Correlation of log,-transformed expression ratios of a representative peptide, Vilip-1 (LNW), in the

superior frontal gyrus (SF) of AD subjects with (A) ABi.4, (B) AP140, (C) DA3L, (D) CP13, (E) PHF-1, and (F)
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RZ3. For soluble AB;.4, and A4 data was available for 23 AD subjects. For total and phosphotau measures, data

was available for 53 AD subjects.

2.5 DISCUSSION

We evaluated the hypothesis that Vilip-1 is altered in AD and associated with neurodegeneration
by assessing Vilip-1 brain protein levels in two different regions with varying degrees of
neuronal loss. We found Vilip-1 levels were decreased in the ERC of AD subjects, an area of
prominent neuronal loss even at early stages of the disease. However, in the SF, an area with
comparatively less neuronal loss in early to moderate disease stages, Vilip-1 levels did not differ
from normal control subjects. In contrast, FTLD is characterized by profound neuronal loss in
the frontal and temporal lobes of the brain. Vilip-1 levels in the SF were decreased in these
subjects. Additionally, in an expanded group of AD subjects, Vilip-1 levels in the SF did not
associate with other indicators of disease severity including Braak stage, soluble ABi-42, AB1-40,
total and phosphorylated tau levels. These findings provide evidence that Vilip-1 is altered in AD
and may be more closely associated with neuronal loss than with upstream pathologies such as
AP and phosphorylated tau accumulation or synaptic pathology.

Recent studies have identified a potential role for Vilip-1 as a biomarker in AD. CSF and
plasma Vilip-1 levels have been shown to be elevated in mild cognitive impairment and AD
compared to normal control subjects (Lee et al., 2008, Tarawneh et al., 2011, Mroczko et al.,
2015). Additionally, Vilip-1 CSF levels were predictive of progressive cognitive decline, as
higher Vilip-1 levels indicate a more rapid deterioration in cognitive performance (Tarawneh et

al., 2012, Fagan et al., 2014, Mroczko et al., 2015). While CSF Vilip-1 levels are elevated in AD,
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our findings, which are the first reported quantitative levels of Vilip-1 in human brain tissue,
indicate decreased levels of Vilip-1 in the ERC of AD subjects. Many different scenarios may
explain this disparity between elevated CSF and decreased brain levels. The most parsimonious
explanation is that as ERC neurons die, intraneuronal Vilip-1 is released into the interstitium and
reaches the CSF. For example, Vilip-1 has also been shown to be elevated in the CSF of a rat
model of stroke and within the plasma of patients after stroke (Laterza et al., 2006, Stejskal et al.,
2011).

Further CSF findings have suggested a disease-specific association of Vilip-1 by showing
increased Vilip-1 levels in AD compared to other non-AD dementia subjects, including
individuals with FTLD, progressive supranuclear palsy, and Lewy body dementia (Tarawneh et
al., 2011). In contrast to CSF, we have shown that in SF brain tissue, Vilip-1 levels were
unaffected in AD and significantly decreased in FTLD subjects compared to normal control
subjects. Without having measurements from a neuropathologically verified population of FTLD
subjects it is difficult to know for certain whether CSF Vilip-1 levels are unchanged in this
neurodegenerative disorder. Future CSF studies involving larger numbers of FTLD subjects will
be necessary to definitively determine that CSF Vilip-1 is not increased in FTLD. Confirming
this discrepancy between CSF and brain findings in AD and FTLD would support further
evaluation of additional mechanisms including: active secretion of Vilip-1 into the CSF from the
ERC in AD; poor clearance of Vilip-1 from the CSF in AD, or; Vilip-1 released from ERC
neurons has more direct influence on the CSF compartment sampled by lumbar puncture than
when released from SF neurons.

Previous reports have qualitatively described Vilip-1 associating with other AD

pathologies, like neuritic plaques and neurofibrillary tangles in the neocortex (Braunewell et al.,
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2001a) and shown correlations with CSF levels of tau and phosphorylated tau (Tarawneh et al.,
2011). Others have indicated that Vilip-1 may play an active role in tau phosphorylation
(Schnurra et al., 2001). However, we found that Vilip-1 levels in the SF did not correlate with
any indicators of disease severity including Braak stage, soluble APi.s, APi-0, total or
phosphorylated tau levels. The discrepancy between findings may be in part due to the approach
used. We used quantitative LC-SRM/MS of gray matter brain homogenate to measure total
levels of Vilip-1 peptide in brain tissue, an approach that allowed for simultaneous measurement
and quantification of five Vilip-1 peptides with high precision and reproducibility. Peptide
detection was linear and over repeated runs we observed low variability in peptide measures.
Similarly, we used a highly specific ELISA assay to measure total and phosphorylated tau with
multiple antibodies. In contrast, the prior finding indicating an association of Vilip-1 with tau
pathology used qualitative immunohistochemistry (IHC) (Braunewell et al., 2001a), and thus
could not speak to the amount of Vilip-1 present. Additionally, albeit only an indirect indicator
of increased tau pathology, psychosis status in AD was not associated with altered Vilip-1 levels
in our cohort (Murray et al., 2014b).

One potential limitation of this study was the significantly younger normal control group.
We opted to utilize a neuropathologically normal control group, as previous Western blot data
from our laboratory (not shown) has suggested decreased levels of Vilip-1 in controls with some
level of neuropathology, such as mesial temporal sclerosis and cerebrovascular disease, despite
no clinical diagnosis of a cognitive disorder. Additionally, selection of age-matched control
subjects is complicated as many biomarker and neuroimaging studies have demonstrated that the
AD disease process can begin decades prior to the emergence of cognitive symptoms (Resnick et

al., 2010, Tosun et al., 2013). Thus to obtain neuropathologically normal subjects, many subjects
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of advanced ages similar to the AD group did not meet this criteria. Despite these obstacles in
selecting a proper control group, several observations make it unlikely that age is associated with
the alterations we observed in Vilip-1. First, it would be difficult to explain an age effect that led
to differential expression of Vilip-1 only in the ERC, but not SF, of the same subjects. Second,
we have shown using mMRNA microarray analysis of cognitively normal adults that VSNLL1 is
unaffected by age across the adult lifespan (Appendix B) (Lin et al., 2015). Finally, our FTLD
subjects were substantially younger than our AD cohort, yet still had significantly different
Vilip-1 protein levels compared to controls. Another potential confound in human tissue studies
is matching normal control subjects as closely as possible on PMI. Our study included AD with
significantly lower PMlIs than normal controls, however we previously established the stability
of Vilip-1 protein across a 48-hour PMI in a mouse model (Figure 2.1), a much greater range
than in the current study. Moreover, as for age difference, it would be difficult to reconcile a PMI
effect with differential expression of Vilip-1 only in the ERC, but not SF, of the same subject
pairs.

Neuronal loss occurs prominently in the ERC of AD subjects and the SF of FTLD
subjects (Gomez-Isla et al., 1996, Cairns et al., 2003). Conversely, despite reductions in cortical
volume, stereological studies have found no global change in neuron number within the
neocortex of females with severe AD (Regeur et al., 1994). As a confirmatory measure to assess
neuronal loss with the ERC and SF brain regions in our study, we measured MAP2 peptide
levels. MAP2 is a neuron-specific protein that interacts with microtubules and the cell
cytoskeleton (Dehmelt and Halpain, 2005). Being among the most vulnerable cytoskeletal
proteins, MAP2 immunoreactivity is lost in neuronal death (Huh et al., 2003). We found that

MAP2 levels were significantly decreased in the ERC of AD subjects compared to normal
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controls. MAP2 levels were also down in the SF of AD subjects compared to normal controls,
however, in FTLD subjects the magnitude of reduction was greater, suggesting a larger amount
of neuronal loss in FTLD compared to AD. In addition, our lab has previously reported that
MAP?2 peptide levels are unchanged in schizophrenia subjects, a disease without neuronal loss
(Shelton et al., 2015).

Our findings of decreased Vilip-1 expression levels in brain regions with prominent cell
death in both AD and FTLD, but not in the SF of AD where cell death is more limited suggest
that Vilip-1 may serve as a neuronal integrity biomarker, at least within ERC. The role of Vilip-1
in cell death, whether it is an active participant in the process or an innocent bystander, requires
further investigation. For example, prior reports have shown that expression of Vilip-1 in PC12
cells reduced cell survival rate compared to untransfected cells. When transfected cells were
exposed to ionomycin, a known neurotoxic reagent that increases intracellular calcium
concentration, an even higher cell death rate was observed, indicating a role for Vilip-1 in Ca®*-
mediated cell death (Schnurra et al., 2001). Future studies using in vitro techniques and animal

models of AP overproduction will help clarify the role of Vilip-1 in AD-related neuronal death.
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3.0 THE IMPACT OF AB ON VILIP-1 EXPRESSION

3.1 ABSTRACT

Soluble AP oligomers are widely considered to have a central etiological role in Alzheimer
disease, binding synapses and initiating a cascade of neurotoxic events in the cells that culminate
in neuron death. Recently, we have shown that mRNA for VSNL.1, the gene that encodes the
protein Vilip-1, a peripheral early stage biomarker for Alzheimer disease (AD), is coexpressed
with genes associated with AD throughout normal aging. Notably, the gene that encodes the
amyloid precursor protein, which is cleaved to form AP peptide, is correlated with the Vilip-1
MRNA expression. Additionally, Vilip-1 has been shown to associate with neuritic plaques in
AD brain tissue. However, whether AB impacts Vilip-1 expression is unknown. To assess the
effect of AP on Vilip-1 expression we used two model systems: a transgenic mouse model of
AB-overexpression and exogenous A exposure in primary cortical neuronal cultures. We found

that Vilip-1 expression was unchanged in both systems by the presence of A peptide.

3.2 INTRODUCTION

The amyloid-p (AP) peptide chiefly comprises extracellular amyloid plaques, one of the major

neuropathological hallmarks in Alzheimer disease (AD). Soluble AP oligomers have been
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strongly implicated in the pathogenesis of AD and are posited to initiate a cascade of
pathological events that involve neuronal Ca** dysregulation, synaptic impairment and
dysfunction, loss of dendritic spines, tau phosphorylation and aggregation, and ultimately
neuronal death.

Visinin-like protein 1 (VILIP-1) is a primarily brain-expressed neuronal calcium-sensing
protein that has recently been identified by a number of studies as a peripheral early stage
biomarker in AD. Individuals with AD have elevated levels of Vilip-1 in their cerebrospinal fluid
(CSF) that correlate with measures of amyloid load in the brain (Tarawneh et al., 2011).
Recently, in an mRNA microarray study examining expression of VSNL1, the gene that encodes
for the Vilip-1 protein, we showed that VSNL1 is coexpresses with genes associated with AD
across normal aging (Appendix B) (Lin et al., 2015). This included a high degree of correlation
of VSNL1 expression with that of amyloid precursor protein (APP) (Appendix B) (Lin et al.,
2015). Additionally, qualitative immunohistochemistry data from AD subjects has suggested an
association between Vilip-1 and neuritic plaques in several neocortical brain regions (Braunewell
et al., 2001a). However, whether amyloid overexpression and exposure to soluble AP can induce
elevations in Vilip-1 is not known.

In the present study, we hypothesized that Vilip-1 expression would be increased in the
presence of AP peptides. Using two model systems to evaluate this relationship, a mouse model
of AB-overexpression and primary cortical neuronal cultures treated with AP peptide, we found

that Vilip-1 expression is unchanged by the presence of AP peptide.
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3.3 METHODS

3.3.1 Experimental Animals

3.3.1.1 B6.Cg-Tg(APPswe,PSEN1dE9)85Dbo/Mmjax mouse model. Six-month-old double
transgenic B6.Cg-Tg(APPswe,PSEN1dE9)85Dbo/Mmjax (PSAPP; n = 5) and wild-type (n = 5)
male mice were studied. Double transgenic PSAPP (The Jackson Laboratory, Bar Harbor,
Maine; Catalog #: 005864) and wild-type mice for study were generated by mating male PSAPP
mice with female kalirin heterozygous mice that were generated as previously described by
inserting the neomycin resistance cassette in place of exons 27-28 (Cahill et al., 2009) and
subsequently maintained on a C57BL/6NJ background. PSAPP mice express chimeric
mouse/human amyloid precursor protein carrying a mutation linked to familial AD
(Mo/HuAPP695swe) and a mutant human presenilin 1 (PSEN1dE9), which is also linked to
familial AD (Hardy, 1997). The double transgenic increases the ratio of APi42:APi-40 aS
compared to mice carrying the APPswe mutation alone (Jankowsky et al., 2004). Both mutations
are under the control of the mouse prion protein promoter, which directs transgene expression
largely to central nervous system neurons. PSAPP mice show detectable AP deposits by 4
months of age and an overall increase in levels of soluble and insoluble levels of two AP
isoforms (APi40 and AP;42) by twelve months of age, with AP, being the predominantly
expressed AP species (Garcia-Alloza et al., 2006). In Figure 3.1, we demonstrate an increase in
6E10 antibody immunoreactivity (directed against the N-terminus of human AP peptide;
biotinylated, SIG-39340; Covance, Emeryville, CA) in the PSAPP genotype in comparison to

wild type. Behaviorally, by 6 months mutant mice have learning and memory deficits compared
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to wild-type littermates (Gimbel et al., 2010, Phillips et al., 2011). All studies were approved by

the University of Pittsburgh Institutional Animal Care and Use Committee.

3.3.1.2 C57BL/6NJ. Primary neuronal culture experiments were performed on newborn (P0)

C57BL/6NJ mice (The Jackson Laboratory, Bar Harbor, Maine).

MW WT  PSAPP

6E10

Y S Tuouin

Figure 3.1 Representative 6E10 Western blot of 6-month-old wild type brain tissue versus PSAPP. A marked

increase in APP expression is observed within the PSAPP animals.

3.3.2 LC-SRM/MS

3.3.2.1 Sample preparation. Tissue homogenates were prepared from fresh frozen PSAPP and
wild-type mouse cortex. Total protein was extracted using SDS extraction buffer (0.125 M Tris —
HCI (pH 7), 2% SDS, and 10% glycerol) at 70°C. Using bicinchoninic acid assay (Micro
BCATM Protein Assay, Pierce) protein concentration was measured. 20 ug of total protein from
the whole brain homogenate was mixed with Lysine 13C6 Stable Isotope Labeled Neuronal
Proteome Standard (13C6 STD; 20 ug) for on gel trypsin digestion. Samples were run on a single
10 well 4-12% BisTris gel with two SeeBlue® Plus2 Pre-stained Protein Standards. On-gel

trypsin digestion was performed as previously described (MacDonald et al., 2012) with samples
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being run 4 cm into the gel and divided into two fractions (above and below 65kd). The samples
were randomly distributed in a block design across three 10-well gels with each gel containing

seven samples, one pooled internal control, and two lane markers.

3.3.2.2 LC-SRM/MS. VILIP-1 peptides were selected for analysis based on the presence of a
lysine, the amino acid labeled in the 13C6STD. Five peptide sequences were identified from the
VILIP-1 protein for quantification as indicated as underlined text in the following VILIP-1

amino acid sequence:

MGKQNSKLAPEVMEDLVKSTEFNEHELKQWYKGFLKDCPSGRLN

LEEFQOQLYVKFFPYGDASKFAQHAFRTFDKNGDGTIDFREFICALSITSRG

SFEQKLNWAFNMYDLDGDGKITRVEMLEHNEAIYKMVGTVIMMKMNEDG

LTPEQRVDKIFSKMDKNKDDQITLDEFKEAAKSDPSIVLLLQCDIQK

LC-SRM/MS analyses were conducted as previously described. (MacDonald et al., 2012) In
brief, SRMs were monitored using a TSQ Quantiva triple stage quadrupole mass spectrometer
(Thermo Scientific) with an UltiMate 3000 Nano LC Systems (Thermo scientific). 2 pl (~1 pg
protein) of sample was loaded/desalted on a PepMap100 Nano-Trap column (Thermo scientific)
at 8 ul/min for 2 min and separated on a Reprosil-pur 3 um PicoChip column (New Objective) at
400 nl/min over a 20 min gradient from 2-35% mobile phase B (Acetonitrile containing 0.1%
formic acid). SRM transitions were timed using 1.5 min retention windows. Transitions were
monitored, allowing for a cycle time of 1 sec, resulting in a dynamic dwell time, never falling
below 2 msec. The MS instrument parameters were as follows: capillary temperature 275 °C,

spray voltage 1100 V, and a collision gas of 1.4 mTorr (argon). The resolving power of the
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instrument was set to 0.7 Da (Full Width Half Maximum) for the first and third quadrupole.
Using Skyline, integrated peak areas for both “light” PSAPP peptides and the “heavy” 13C6STD
peptides were calculated for each of the five VILIP-1 peptide sequences. The light:heavy
integrated area ratio was calculated to obtain peptide measures using multiple transitions per

peptide. A sample chromatogram is shown in Figure 3.2.
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Figure 3.2 Representative mass chromatogram of Vilip-1 LNLEEFQQLYVK product ions for the light (A) and

heavy (B) peptide SRM measures.

3.3.3 Cell Culture

3.3.3.1 Primary neuronal culture generation. Primary neuronal cultures were generated as

previously described (Beaudoin et al., 2012) with modifications. Mouse cortical neurons were
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prepared from newborn (PO) mice. Pups were euthanized by decapitation and heads were placed
in dissection medium (1X Hank’s Balanced Salt Solution (Ca®* and Mg?* free; Gibco; Catalog #:
14185), 100X sodium pyruvate (Sigma-Aldrich; Catalog #: P-2256), 20% glucose (Sigma-
Aldrich; Catalog #: G-6152), 1 M HEPES (Sigma-Aldrich; Catalog #: H0887)). Skin on top of
the head was gently dissected to expose the skull and using fine scissors, the skull was opened by
making an incision at the base of the brain. The two halves of the skull were separated and
removed exposing the brain. The brain was pinched off from the base in a scooping motion and
transferred to a fresh dish of dissection media kept on ice. Under the dissecting scope, a sagittal
cut was made down the midline of the brain, separating the two halves. The midbrain and
thalamic tissues were then removed leaving the intact hemisphere containing the cortex and the
hippocampus. Meninges were removed from each hemisphere by gently peeling them off.
Forceps were then used to dissect out the hippocampus from the neighboring cortical tissue.
Using a pipette, cortical tissue was collected and placed in an Eppendorf tube with 500 pL of
dissection media. Following the competition of dissection of all brains, the tissue was
resuspended in 500 pL of fresh dissection media and 50 pL of 2.5% trypsin solution (Gibco;
Catalog #: 15090046) and incubated at 37°C in a water bath for 20 minutes. After 20 minutes, 20
uL of DNase (Thermo Scientific; Catalog #: EN0525) was added and tissue was incubated at
room temperature for 5 minutes. Following incubation, the media was aspirated and washed
twice with 1 mL of dissection medium followed by two washes with temperature-equilibrated
(37°C) plating medium (Minimum Essential Medium with Earle’s salts, Gibco, Catalog #:
41090-036), 100 mM pyruvic acid (Sigma-Aldrich; Catalog #: P-2256), 20% glucose, 10%
Horse serum (Gibco; Catalog #: 26050-070)). Tissue was then carefully triturated between ten to

fifteen times to dissociate cells. Cell numbers were estimated using exclusion of trypan blue
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(Sigma-Aldrich; Catalog #: T8154) staining and a hemocytometer. In 60 mm dishes with five
poly-d-lysine (PDL) coated glass coverslips (neuVitro; Catalog #: GG-18-pdl), neurons were
plated at 100,000 cells/dish. Cortical neurons were maintained in Neurobasal Medium (Gibco;
Catalog #: 21103-049), supplemented with 2% B27 Supplement (Gibco; Catalog #: 17504-44),
penicillin/streptomycin (100 U/mL and 100 mg/mL, respectively; Gibco; Catalog #: 15145-014),
and 2 mM glutamine (Sigma-Aldrich; Catalog #: G3126) with replacement of one half of the

media in each well every 3 days. Neurons were incubated at 37 °C, with 5% CO2.

3.3.3.2 Ap Exposure. Human amyloid -peptide (1-42) (Tocris, Bristol, UK; Catalog #: 1428) is
considered to be the predominant and most toxic AP-peptide species in Alzheimer disease
patients. The APi-a2 amino acid sequence IS:
DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA. 100 pg of AP was
solubilized at 1 mg/mL in 50 mM Tris buffer (PH 7.0) creating a 221.5 uM A;.42 Stock solution
and vortexed vigorously for 1 minute. Next, 225.7 uL of solublized stock AP1.42 was added to 1
mL of B27 maintenance media and vortexed again for 1 minute before adding the solution to the
4 mL of conditioned media present in the dish with the coverslips, bringing the final
concentration tol0 uM Afi4. Our APi4, stock solution preparation was determined to be
largely dimeric with some higher molecular weight oligomeric species (Figure 3.3). Primary
mouse cortical cultures (DIV 8 or 10) were incubated in AB;.4, or media only for 24 hours.
Directly following APi-4, exposure, primary cortical neurons were immersion-fixed in cold 4%

paraformaldehyde for 20 minutes, and stored in HBSS at 4°C until immunohistochemistry.
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Figure 3.3 AB;.4, preparation was largely dimeric with some higher molecular weight oligomeric species.

3.3.3.3 Immunohistochemistry. Monoclonal Vilip-1 antibody, 3A8.1 (kind gift of Jack
Ladenson, Washington University, St. Louis, MO), was raised against Vilip-1 protein with a
combination of DNA and protein injections (Laterza et al., 2006). Polyclonal rabbit anti-MAP2
(antiserum 266 raised against MAP2; kind gift of Shelley Halpain, UCSD, San Diego, CA)
primarily recognizes the high molecular weight MAP2 doublet (MAP2a and MAP2b) and is
unaffected by phosphorylation state of the protein (Halpain and Greengard, 1990). Fixed cells
were permeabilized with 0.2% Triton for 10 minutes and rinsed three times for 3 minutes each in

Hank’s Balanced Salt Solution (HBSS). Cells were then incubated for 20 minutes in HBSS
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containing 2% normal goat serum, followed by a 45 minute incubation at room temperature in
HBSS containing 1% normal goat serum, a 1:500 dilution of Vilip-1 antibody, and a 1:500
dilution of 266 antibody. Next cells were incubated for 45 minutes at room temperature in the
dark in HBSS containing 1% normal goat serum, 1:500 dilution of goat anti-rabbit secondary
antibody conjugated to Alexa Fluor 405 (Invitrogen), and a 1:500 dilution of goat anti-mouse
secondary antibody conjugated to Alexa Fluor 568 (Invitrogen). Coverslips were mounted onto

glass slides with Vectashield hardset (Vector Laboratories, Burlingame, CA).

3.3.3.4 Microscopy. Data acquisition was performed on an Olympus (Center Valley, PA) BX51
WI upright microscope equipped with an Olympus spinning disk confocal (SDCM) using an
Olympus PlanAPO N 60X 1.40 NA super corrected oil immersion objective. The SDCM was
equipped with an ORCA-R2 camera (Hamamatsu, Bridgewater, NJ), MBF CX9000 front-
mounted digital camera (MicroBrightField, Inc., Natick, MA), BioPrecision2 XYZ motorized
stage with linear XYZ encoders (Ludl Electronic Products Ltd., Hawthorne, NY), excitation and
emission filterwheels (Ludl Electronic Products Ltd.), and equipped with a Sedat Quad 89000
filter set (Chroma Technology Corp., Bellows Falls, VT). The microscope was controlled by
Stereo Investigator (MicroBrightField, Inc.) and SlideBook (Intelligent Imaging Innovations)
software and samples were illuminated using a Lumen 220 metal halide lamp (Prior Scientific,
Rockland, MA).

Using Stereo Investigator software, the glass coverslip was first outlined and a systematic
random sampling grid was then randomly rotated and applied. 3-dimensional image stacks,
consisting of image planes of 512 X 512 pixels (~3,058 um2) that were separated by 0.1 um,
were acquired throughout the thickness of the cell starting at the slide. At each plane, data were

collected using the following filters: 488 nm channel- excitation 490 + 10 nm/emission 528 +19
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nm, and 568 nm channel-excitation 555 = 14 nm/emission 617 nm + 37 nm. Exposure times
were set at 1,000 milliseconds for Vilip-1 (568 nm channel) for all sites and optimized at each
site for the MAP2 (488 nm channel) for both experiments. Vilip-1 exposure times were
standardized in order to compare intensity values across image stacks, whereas MAP2 intensity
was optimized to ensure best visualization of the cell for the masking procedure described below.
There were no instances of pixel saturation in any stack. In two independent experiments,
between ten and twelve sites were imaged per coverslip (2 coverslips per condition: AP and

media).
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3.3.3.5 Image processing. In SlideBook, two-dimensional sum-projection images were made of
each three-dimensional image stack. Next, a binary mask of the MAP2 channel was created by
manual threshold segmentation and used to assess Vilip-1 fluorescence intensity values (Figure

3.4).
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Figure 3.4 Multichannel view of neuron labeled with MAP2 (A), Vilip-1 (B), the merged image (C), and the MAP2
threshold mask (D). Representative Vilip-1 immunofluorescence in an AP treated cell (E) versus a control media

only cell (F). Scale bars represent 10 pm.
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3.3.4 Statistical analysis

All light:heavy ratios were log2 transformed for statistical analysis. Comparison of Vilip-1
peptide levels between Vilip-1 heterozygous animals and wild-type animals used independent
samples T-tests.

Comparison of sum VILIP-1 fluorescence intensity levels between 10 uM Afi.42 and
media conditions for two independent culture experiments used independent samples T-tests. All
Vilip-1 intensity measurements used in the analyses were normalized to the mean sum Vilip-1

intensity control condition (media only) within an experiment to account for assay variability.

3.4 RESULTS

3.4.1 VILIP-1 levels in a mouse model of AP overexpression

In a comparison of 5 PSAPP and 5 wild-type 6 month old mice, Vilip-1 levels were not

significantly different between groups for any of the peptides (Figure 3.5; Table 3.1).

Table 3.1 Summary of Vilip-1 peptide expression in PSAPP and WT cortical brain tissue (PSAPP: n=5; WT n=5)

Peptide | PSAPP:WT t, df p
LAP 0.973 0.183, 8 0.859
STE 1.079 0.456, 8 0.660
LNL 1.066 0.328 8 0.751
VEM 0.756 1.522, 8 0.167
SDP 1.019 0.107, 8 0.918
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Figure 3.5 Log2-transformed expression ratios of VILIP-1 peptides in whole brain homogenate comparing PSAPP

(n =5) and wild-type (n=5) mice. No peptide levels differed significantly between groups.
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3.4.2 VILIP-1 levels following Ap exposure in culture

We examined Vilip-1 levels in neurons in following a 24 hour 10 uM AP;.42 exposure. Vilip-1
levels in the AP1.42 exposed group (n = 40) did not differ significantly from the control neurons

in media only (n = 42) (Figure 3.6).
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Figure 3.6 Vilip-1 immunoreactivity (sum Vilip-1 fluorescence intensity) in C57BL/6NJ primary cortical neuronal
cultures normalized to the average control Vilip-1 sum fluorescence intensity in each experiment. A and media

conditions are not significantly different (p = 0.219). Two independent experiments are represented.
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3.5 DISCUSSION

Here we provide evidence that Vilip-1 expression is unaltered in the presence of AP in two
model systems: an animal model of AB overexpression and primary cortical neuronal cultures
treated with AP peptide. These congruent findings from different experimental modalities
suggest that AP is unlikely to lead to elevated neuronal Vilip-1 in AD.

Several lines of evidence have suggested an association between Vilip-1 and AP in the
pathogenesis of AD. First, studies looking at cerebrospinal fluid (CSF) Vilip-1 levels and
amyloid load using positron emission tomography imaging with Pittsburgh Compound-B, an
histological dye that easily crosses the blood-brain barrier and binds amyloid, have demonstrated
a positive correlation between these markers in preclinical AD (Tarawneh et al., 2012).
Additionally, combining CSF Vilip-1 levels with CSF AB1.42 (Vilip-1/AP1.42) levels has also been
shown to predict the rate of cognitive decline in AD (Tarawneh et al., 2012). Second, an
immunohistochemistry study looking at Vilip-1 in AD brain tissue also found a qualitative
association of Vilip-1 with neuritic plaques in the neocortex (Braunewell et al., 2001a). Third,
we have shown using mMRNA microarray analysis that VSNL1, the gene that encodes Vilip-1
protein, is co-expressed with amyloid precursor protein (APP) throughout normal aging
(Appendix B) (Lin et al., 2015).

While collectively the above data is suggestive of a link between AP and Vilip-1, in this
study we provide the first functional evaluation of this relationship, finding that A does not
drive Vilip-1 expression using two model systems. Our findings are consistent with our
observation in Chapter 1.0 that VILIP-1 levels did not correlate with soluble ABi-42 or ABi-40
levels within human brain tissue in the superior frontal gyrus. Unlike studies using human

subjects, the current use of both in vivo and in vitro models has the advantage of focusing on the
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impact of AP in isolation. For example, neither model is characterized by the other predominant
AD neuropathology, neurofibrillary tangles (Kurt et al., 2003). Nor is the PSAPP mouse model
characterized by prominent neuronal loss (Irizarry et al., 1997, Takeuchi et al., 2000). Finally
neither model has been associated with any of the other frequent comorbid neuropathologies
found in AD subjects, such as vascular lesions, Lewy bodies, and TAR DNA-binding protein 43
(TDP-43) aggregates.

One limitation of this study is that primary cortical cultures were only exposed to one 10
uM concentration of AP;-4. We used this relatively high concentration of peptide to ensure that
we would have robust biological effects (as confirmed in our evaluation of neuronal death, see
Chapter 3.0). While the AP;.42 isoform is widely considered the most toxic AP species (Klein et
al., 1999, Sanchez et al., 2011, Pauwels et al., 2012) and we used a primarily dimeric preparation
with some higher molecular weight species that are known to induce pathological changes in
culture (Shankar et al., 2008, O'Nuallain et al., 2010), it is unknown whether lower
concentrations of AP;.42 would elicit a different response in Vilip-1 expression.

Another potential study limitation is the age at which PSAPP and wild-type mice were
examined using LC-SRM/MS. While we have demonstrated that these animals have a clear
elevation in APP expression at 6 months (Figure 3.1), it is possible that Vilip-1 levels could be
altered at a later time point (e.g. 12 months) due to greater amyloid load. However, this seems an
unlikely scenario given that neuronal cultures exposed to high levels of AP did not differ
significantly from untreated neurons.

While AP does not appear to drive increased Vilip-1 expression, this does not exclude
Vilip-1 from being engaged by Ap-induced molecular alterations that ultimately result in

neuronal death. As shown in Chapter 1.0 in human brain tissue, decreases in Vilip-1 are present
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in regions with prominent neuronal loss. Further investigation into whether Vilip-1 actively

participates in the process of AB-induced neuronal death will be addressed in Chapter 3.0.
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4.0 THE EFFECT OF VILIP-1 EXPRESSION ON AB-INDUCED NEURONAL

DEATH

41  ABSTRACT

Through mechanisms that are not yet entirely clear, AP oligomers perturb neuronal Ca®*
homeostasis and initiate a cascade of pathological events in the cell that ultimately results in
neuronal death. In Chapter 1.0, we observed significantly reduced Vilip-1 levels in brain regions
associated with significant neuronal loss. In this study, we investigated the effect of manipulating
Vilip-1 levels on Ap-induced neuronal death in primary cortical neuronal cultures using
fluorescence microscopy. We found that the extent of Vilip-1 expression did not influence

neuronal death, indicating that Vilip-1 unlikely mediates AB-induced neuronal loss.

4.2 INTRODUCTION

A substantial body of evidence exists supporting the theory that AP oligomers disrupt neuronal
Ca®" homeostasis. Several studies have demonstrated that exogenous exposure of cultured
neurons to synthetic AP oligomers results in a sustained elevation in intracellular Ca®" levels

(Mattson et al., 1992, Guo et al., 1999, Demuro et al., 2005). Similarly, multiphoton imaging in
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mouse models of AP overexpression has shown Ca”* overload in neurites and dendritic spines as
a function of amyloid plague proximity (Kuchibhotla et al., 2008).

Importantly, dendritic spine loss, neuron death, and subsequent cognitive impairments in
AD may arise from pathologic disruption of Ca’* homeostasis by soluble AB. Previous in vivo
and in vitro work has shown that AB-induced activation of Ca**-dependent phosphatase
calcineurin is sufficient to induce dendritic spine loss and neurite dystrophy (Kuchibhotla et al.,
2008, Wu et al., 2010). Additionally, application of exogenous AP to primary neuronal cultures
has been shown to trigger Ca?*-influx-induced apoptosis through generation of reactive oxygen
species (EKinci et al., 2000).

Neuronal Ca**-sensing (NCS) protein, visinin like protein 1 (Vilip-1) has previously been
implicated as a potential mediator in neuronal death. As described in Chapter 1.0, in AD, we
observed significantly diminished levels of the protein within the entorhinal cortex, a brain
region characterized by prominent neuronal loss. However, in a brain region with comparatively
little neuronal loss, the superior frontal gyrus (SF), Vilip-1 levels were unaltered in the same
subjects. Further evidence supporting an association of Vilip-1 and neuronal loss is that we saw
similar reductions as observed in the ERC of AD subjects within the SF of frontotemporal lobar
degeneration (FTLD) individuals, which is a region primarily effected by widespread neuronal
loss.

In vitro studies have also provided evidence for a role of Vilip-1 in neuronal death. One
previous report found that Vilip-1 overexpression in pheochromocytoma cells (PC12) lead to
increased Ca?*-mediated cell death (Schnurra et al., 2001). Additionally, overexpression of the

highly homologous NCS family member hippocalcin has been shown to facilitate cell survival in
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the face of a Ca®* challenge, suggesting this family of NCS proteins could hold different

functional roles in modulating cell death (Mercer et al., 2000).

In this study we used fluorescence microscopy to evaluate AB-induced neuronal death in primary
cortical neuronal cultures that differ by extent of Vilip-1 expression. We found that Vilip-1
levels did not impact neuronal death, indicating that Vilip-1 is unlikely to play a role in Ap-

mediated neuronal death.

4.3 METHODS

431 VSNL1™MKOMPVIed mause model

Primary cortical culture experiments were carried out using heterozygous and wild-type newborn
(PO) mice. Transgenic VSNL1tm1(KOMP)VIcg were generated by the Knockout Mouse
Program (KOMP) using embryonic stem cells provided by the International Knockout Mouse
Consortium by inserting the ZEN-UBL1 Velocigene cassette (beta-galactosidase coding sequence
from E. coli LacZ gene) into the VSNL1 gene, deleting exon 2 spanning Chromosome
12:11,393,779-11,393,606. The construct was introduced into C57BL/6N-derived VGB6
embryonic stem cells and correctly targeted embryonic stem cells were injected into B6(Cg)-
TyrC-2J/J blastocysts. The resulting chimeric males were bred to C57BI/6NJ females.
Homozygous knockout of the VSNL1 gene is embryonic lethal. Vilip-1 is expressed in the
neocortex, among other brain regions, at postnatal day zero (http://www.informatics.jax.org).

Heterozygous VSNL1tm1(KOMP)VIcg are viable and fertile, demonstrating approximately
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50% reduction in Vilip-1 protein levels (Figure 4.1). Heterozygous and wildtype PO mice were
generated by crossing heterozygous VSNL1tm1(KOMP)Vicg male mice with C57BL/6NJ
females. All studies were approved by the University of Pittsburgh Institutional Animal Care and

Use Committee.
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Figure 4.1 Vilip-1 levels in heterozygous and wild-type mice. (A). An example blot from the comparison of
subjects with wild-type (+/+) and Vilip-1 heterozygous (+/-) mice (B) Quantification of wild-type (WT) and

heterozygous (Het) Vilip-1 levels.

4.3.2 Cell culture

Primary neuronal cultures were generated as previously described (Beaudoin et al., 2012) with
modifications. Mouse cortical neurons were prepared from newborn (P0) mice. Importantly,
throughout the entire preparation, individual mouse brains were kept, processed, and plated

separately to ensure that genotypes were not mixed. Tail samples for genotyping were collected
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at the time of decapitation. Pups were euthanized by decapitation and heads were placed in
dissection medium (1X Hank’s Balanced Salt Solution (Ca?* and Mg?* free; Gibco; Catalog #:
14185), 100X sodium pyruvate (Sigma-Aldrich; Catalog #: P-2256), 20% glucose (Sigma-
Aldrich; Catalog #: G-6152), 1 M HEPES (Sigma-Aldrich; Catalog #: H0887)). Skin on top of
the head was gently dissected to expose the skull and using fine scissors, the skull was opened by
making at incision at the base of the brain. The two halves of the skull were separated and
removed exposing the brain. The brain was pinched off from the base in a scooping motion and
transferred to a fresh dish of dissection media kept on ice. Under the dissecting scope, a sagittal
cut was made down the midline of the brain, separating the two halves. The midbrain and
thalamic tissues were then removed leaving the intact hemisphere containing the cortex and the
hippocampus. Meninges were removed from each hemisphere by gently peeling them off and the
hippocampus was dissected out from the neighboring cortical tissue with forceps. Using a
pipette, cortical tissue was collected and placed in an Eppendorf tube with 500 pL of dissection
media on ice. Following the competition of dissection of all brains, the tissue was resuspended in
500 pL of fresh dissection media and 50 pL of 2.5% trypsin solution (Gibco; Catalog #:
15090046) and incubated at 37°C in a water bath for 20 minutes. After 20 minutes, 20 pL of
DNase was added and tissue was incubated at room temperature for 5 minutes. Following
incubation, the media was aspirated and washed twice with 1 mL of dissection medium followed
by two washes with temperature-equilibrated (37°C) plating medium (Minimum Essential
Medium with Earle’s salts (Gibco, Catalog #: 41090-036), 100 mM pyruvic acid (Sigma-
Aldrich; Catalog #: P-2256), 20% glucose, 10% horse serum (Gibco; Catalog #: 26050-070)).
Tissue was then carefully triturated between ten to fifteen times to dissociate cells. Cell numbers

were estimated using exclusion of trypan blue (Sigma-Aldrich; Catalog #: T8154) staining and a
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hemocytometer. In 60 mm dishes with five poly-d-lysine (PDL) coated glass coverslips
(neuVitro; Catalog #: GG-18-pdl), neurons were plated at 100,000 cells/dish. Cortical neurons
were maintained in Neurobasal Medium (Gibco; Catalog #: 21103-049), supplemented with 2%
B27 Supplement (Gibco; Catalog #: 17504-44), penicillin/streptomycin (100 U/mL and 100
mg/mL, respectively; Gibco; Catalog #: 15145-014), and 2 mM glutamine (Sigma-Aldrich;
Catalog #: G3126) with replacement of one half of the media in each dish every 3 days. Neurons

were incubated at 37 °C, with 5% CO2.

4.3.3 AP Exposure

Human amyloid B-peptide (1-42) (1428; Tocris, Bristol, UK) is considered to be the predominant
and most toxic AP-peptide species in Alzheimer disease patients. The APi42 amino acid
sequence is: DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA. 100 pg of
AP1-42 was solubilized at 1 mg/mL in 50 mM Tris buffer (PH 7.0) creating a 221.5 uM APi.42
stock solution and vortexed vigorously for 1 minute. Next, 225.7 uL of solublized stock APi.42
was added to 1 mL of B27 maintenance media and vortexed again for 1 minute before adding the
solution to the 4 mL of conditioned media present in the dish with the coverslips, bringing the
final concentration to10 uM Ai.42. Our APi.42 Stock solution preparation was determined to be
largely dimeric with some higher molecular weight oligomeric species (Chapter 3.0, Figure
3.3). Primary mouse cortical cultures (DIV 8 or 10) were incubated in AB;-4, or media only for
24 hours. Directly following A;-4, €xposure, primary cortical neurons were immersion-fixed in
cold 4% paraformaldehyde for 20 minutes, and stored in HBSS at 4°C until

immunohistochemistry.
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4.3.4 Immunohistochemistry

Histochemical detection of apoptotic cell death in primary cortical neurons was accomplished
with the In Situ Cell Death Detection Kit, Fluorescein (11684795910; Roche, Indianapolis, IN).
This kit features the TUNEL reaction, which predominantly labels apoptotic-generated DNA
strand breakage through the use of terminal deoxynucleotidyl transferase (TdT) that catalyzes the
polymerization of labeled modified nucleotides to free DNA 3’-OH termini in a template-
independent fashion. Cortical neurons were labeled with Guinea pig polyclonal anti-NeuN
antibody (ABN90; Millipore, Temecula, CA), which recognizes the N-terminus of the DNA-
binding, neuron-specific nuclear protein (NeuN).

Fixed cells were incubated in the In Situ Cell Death Detection Kit TUNEL reaction
mixture for 60 minutes at 37 °C in the dark. Next cells were rinsed in Hank’s Balanced Salt
Solution (HBSS) and permeabilized with 0.2% Triton for 10 minutes. Cells were then incubated
for 20 minutes in HBSS containing 2% normal goat serum, followed by a 45-minute incubation
at room temperature in the dark in HBSS containing 1% normal goat serum and a 1:500 dilution
of NeuN antibody. Cells were then incubated for 45 minutes at room temperature in the dark in
HBSS containing 1% normal goat serum and a 1:500 dilution of goat anti-guinea pig secondary
antibody conjugated to Alexa Fluor 568 (Invitrogen). Coverslips were mounted onto glass slides

with Vectashield hardset (Vector Laboratories, Burlingame, CA).

4.3.5 Microscopy

Data acquisition was performed on an Olympus (Center Valley, PA) BX51 WI upright

microscope equipped with an Olympus spinning disk confocal (SDCM) using an Olympus

66



PlanAPO N 10X 0.40 NA air objective. The SDCM was equipped with an ORCA-R2 camera
(Hamamatsu, Bridgewater, NJ), MBF CX9000 front-mounted digital camera (MicroBrightField,
Inc., Natick, MA), BioPrecision2 XYZ motorized stage with linear XYZ encoders (Ludl
Electronic Products Ltd., Hawthorne, NY), excitation and emission filterwheels (Ludl Electronic
Products Ltd.), and equipped with a Sedat Quad 89000 filter set (Chroma Technology Corp.,
Bellows Falls, VT). The microscope was controlled by Stereo Investigator (MicroBrightField,
Inc) and SlideBook (Intelligent Imaging Innovations) software (MicroBrightField, Inc.) and
samples were illuminated using a Lumen 220 metal halide lamp (Prior Scientific, Rockland,
MA).

Using Stereo Investigator software, the glass coverslip was first outlined and a systematic
random sampling grid was then randomly rotated and applied. Each two-dimensional image
consisted of an image plane that was 512 X 512 pixels (~3,058 um2). At each plane, data were
collected using the following filters: excitation 490 £ 10 nm/emission 528 £19 nm and excitation
555 + 14 nm/emission 617 nm + 37 nm. Exposure times were set at 1,000 milliseconds for both

the TUNEL (488 nm), and NeuN (568 nm) channels.

4.3.6 Image processing

Intensity histograms for each channel were manually adjusted to the mode of the histogram for
the low setting and a standard value for the high setting for each channel that was optimized for
visualization. TUNEL-positive, NeuN-positive and objects positive for both TUNEL and NeuN

(Tunel-NeuN-positive) were manually counted at each site (Figure 4.2).
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Figure 4.2 Primary cortical cultures labeled for TUNEL (A) and NeuN (B). Channels are merged in Panel C.
Arrows represent TUNEL-NeuN-positive objects. Arrowheads represent NeuN cells that are TUNEL-negative.

Scale bars represent 10 um.

4.3.7 Statistical analysis

Apoptotic neuronal counts were normalized by taking the number of Tunel-NeuN-positive
objects per site and dividing by the average number of NeuN objects per site within condition
and experiment. Normalization helped account for varying total cell numbers across coverslips.
Comparisons of normalized cell death counts between experimental conditions, genotypes, and

the interaction between genotype and condition were made using two-way ANOVA.
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4.4 RESULTS

4.4.1 Alterations in Vilip-1 heterozygous neuron death following Ap exposure

In a comparison of Vilip-1 heterozygous neurons to wild-type neurons following APi.42
exposure, genotype did not significantly affect neuronal death (p = 0.977). AB;-42 exposure in the
wild-type group resulted in a 48% increase in cell death over the media control condition (p =
0.005). Heterozygous cells had a 60% increase in cell death after AB1.42 exposure (p = 0.001)

(Figure 2). There was no significant interaction of genotype x condition (p = 0.700).
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Figure 4.3 Normalized cell death counts across two independent experiments ([# of TUNEL-NeuN + objects per

site/average # NeuN objects per site within condition and experiment]/average # of NeuN objects in the WT media
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condition). WT AP and Vilip-1 Het AP conditions were not significantly different (p = 0.819). * p < 0.05. Bars

indicate SEM.

45  DISCUSSION

In primary cortical cultures of Vilip-1 heterozygous and wild type mice, we found that
reductions in Vilip-1 did not alter the amount of Ap-induced neuronal death. This finding
provides evidence that Vilip-1 is unlikely a mediator of AB-induced neuronal loss. Additionally,
it suggests that lower levels of Vilip-1 may not be neuroprotective.

Previous work has revealed a potential role for Vilip-1 in cell death. As described in
Chapter 1.0, we observed reductions in Vilip-1 protein levels in disease within brains regions
characterized by prominent neuronal loss: the entorhinal cortex (ERC) of AD subjects and in the
superior frontal gyrus (SF) of frontotemporal lobar degeneration (FTLD). However, in a region
with comparatively less neuronal death — the SF of AD subjects — Vilip-1 expression was
unaltered, suggesting a potential link between the NCS protein and neuronal loss. In addition, a
previous study has further suggested a more functional role for Vilip-1 in cell death showing that
expression of Vilip-1 in PC12 increased sensitivity to Ca**-mediated cell death (Schnurra et al.,
2001). Despite these potential connections to neuronal loss, our findings in primary cortical
neuronal cultures that differ by extent of Vilip-1 expression show unaltered neuronal death
levels, indicating that Vilip-1 unlikely plays a role in AB-mediated neuronal death.

A major factor contributing to discrepancy between our finding and the previous study is
the use of different cell types. We used primary cortical neurons that naturally express Vilip-1

(Figure 4.1), whereas PC12 cells (a cell line derived from the rat adrenal gland) do not express
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Vilip-1 and were transfected for analysis (Braunewell et al., 2001b). Thus, in our study we
compared naturally occurring Vilip-1 levels to a reduction in heterozygous animals and the
previous report by Schnurra and colleagues assessed overexpression of the protein in PC12 cells.

Additionally, in our study we directly tested AB-induced neuronal death and the prior
PC12 cell report investigated cell death following Ca®* challenge via the Ca*" ionophore
ionomycin. The extent of mechanistic overlap between these two cytotoxic challenges is
currently unclear. While the particular manner by which Ap oligomers perturb neuronal Ca®*
homeostasis and increase neurotoxicity is complex and still a matter of debate, there are a
number of theories. AP oligomers have been shown to fuse with lipid bilayers creating annular
structures that function as artificial pores or channels in the membrane, allowing for increased
cation flux into the cell (Arispe et al., 1993). They also have been shown to induce membrane-
associated oxidative stress leading to Ca®* influx (Butterfield, 2002). Others have postulated that
AP can stimulate the release of Ca*" from internal stores through altering the sensitivity of
inositol triphosphate receptor (IP3R) and ryanodine receptor (RyR) channels in the endoplasmic
reticulum (Stutzmann et al., 2004, Bezprozvanny and Mattson, 2008). As for ionomycin, it is
thought to act primarily through the release from internal calcium stores (Himmel et al., 1990,
Morgan and Jacob, 1994). While it is widely accepted that AB does perturb Ca** homeostasis in
neurons, a potential caveat is that we did not measure changes in Ca’* following AP exposure.
Different amounts of calcium may have impacted the apoptotic-pathway in the condition of
reduced Vilip-1 levels.

As previously described in Chapter 2.0, a limitation of this study is the single 10 uM
concentration exposure of neurons to APi.42. At lower concentrations of AP, neuronal death

levels in the heterozygous cultures may be altered due to reduced Vilip-1 and therefore we may
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not be seeing an effect due to the high levels of toxicity in the cultures. In addition to AP
concentration, the AP exposure time length could impact the neuronal death response. We
selected a 24-hour AP exposure to ensure that we observed neuronal death but shorter or longer
time frames may also impact the apoptotic process in the presence of reduced levels of Vilip-1.

Another possible caveat is the stage of neuronal death that we assessed. In this study we
used the Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) reaction that
detects DNA fragmentation by labeling free DNA 3’-OH termini of nucleic acids to assess
apoptosis. This assay measures late stages of apoptosis after extensive DNA degradation has
occurred to the cell. However, use of an earlier apoptotic marker, such as caspase-3 would have
provided more information about cells at risk for progression to apoptotic cell death. Previous
work in culture has demonstrated that the caspase-3 apoptotic-pathway is activated by Ap
(Takuma et al., 2004). We attempted to label neurons with caspase-3, however the antibody
failed to label cells even at high concentrations. Future work could focus on a different early
apoptotic marker, such as YO-PRO-1 lodide, a DNA marker for cells with a compromised
plasma membrane.

A technical factor to keep in consideration is that our methodology of exogenously
exposing rodent neuronal cultures to AP does not recapitulate all of the pathological aspects of
AD. Mouse models of AP overexpression have demonstrated hyperphosphorylation of mouse tau
but not aggregation into neurofibrillary tangles as human tau does in disease. Additionally, these
mice do not exhibit neuronal loss (Games et al., 1995, Stancu et al., 2014). Also, other
pathologies in addition to tau aggregation, such as Lewy bodies, are not present in these AB
models. Thus, it is possible that AB-induced neuronal death in human brain engages additional

pathways not assessed in this mouse neuronal culture system.
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Accepting the caveats associated with the A1.4» exposure parameters and cell culture
model discussed above, our findings suggest, in combination with evidence presented in
Chapters 1.0 and 2.0, that Vilip-1 is not an active participant in AD-related cell death, but rather
a passive bystander that decreases in the brain as a consequence of neuronal loss. Furthermore,
when considering the findings of increased CSF Vilip-1 in AD patients, that Vilip-1 is likely

released upon neuronal death, accumulating in the CSF.
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5.0 GENERAL DISCUSSION

5.1 5.1SUMMARY OF FINDINGS

Alzheimer disease (AD) is a prevalent, progressive neurodegenerative disorder that is
characterized clinically by declining memory, progressive loss of cognitive ability, and
behavioral impairments that result from pathogenic protein accumulation, synapse impairment,
and widespread neuronal loss that culminates in end-organ (brain) failure. The fundamental
neurobiological mechanisms underlying neuron death in AD are not yet fully understood,
however amassing evidence implicates soluble AP oligomers as a primary neurotoxic agent in
AD. Ap oligomers are thought to exact their detrimental effects on the brain by initiating a
cascade of neurotoxic events involving neuronal Ca** dysregulation, synaptic impairment and
dysfunction, loss of dendritic spines, tau phosphorylation and aggregation, and ultimately
neuronal death. In addition to understanding the neurobiology behind AD, a research priority has
been working on identifying AD biomarkers in order to accurately detect early pathologic
processes in hopes of early intervention. Recently, Vilip-1 protein has been identified as a
peripheral biomarker of AD and is predictive of the rate of cognitive decline. It is unknown to
what extent Vilip-1 contributes to AD pathogenesis, particularly through AB-mediated pathways.
The goal of this dissertation was to determine how Vilip-1 is altered in the AD brain and using in

vivo and in vitro model systems, determine whether it is an active participant in AB-mediated
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neuronal death or merely an innocent bystander in the process that ends up being discarded into
the CSF. We demonstrated that Vilip-1 is reduced within brain regions characterized by
prominent neuronal loss in both AD and frontotemporal lobar degeneration (FTLD) (Chapter
2.0). We reported that Vilip-1 expression is not driven by AB (Chapter 3.0). Finally, we
examined Ap-initiated neuron death in neurons with differing levels of Vilip-1 protein and found
that neuron death was unaffected by the extent of Vilip-1 expression (Chapter 4.0). In the
following sections, we will review the findings of the experimental chapters and discuss the
broader implications for these Vilip-1 findings in AD. We will also address the caveats
associated with model systems of AD and the experimental challenges associated with neuronal

culture systems.

5.2 UTILITY OF VILIP-1 AS A PERIPHERAL AD BIOMARKER: DIFFERENTIAL

ACCESS FOR MEDIAL TEMPORAL LOBE STRUCTURES

5.2.1 CSF regional proximity

As discussed in the General Introduction (Chapter 1.0), Vilip-1 has recently been identified as an
AD-specific, prognostic, peripheral biomarker of cognitive decline and disease severity. CSF and
plasma Vilip-1 levels are elevated in mild cognitive impairment and AD compared to normal
control subjects (Lee et al., 2008, Tarawneh et al., 2011, Mroczko et al., 2015). In addition,
higher CSF Vilip-1 concentrations correlate with reduced Mini Mental State Examination
(MMSE) scores and are predictive of a more rapid deterioration in cognitive performance

(Tarawneh et al., 2012, Fagan et al., 2014, Mroczko et al., 2015). Notably, a number of studies
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indicates that Vilip-1 CSF concentrations are elevated as part of an AD-specific phenomenon, as
other non-AD neurodegenerative disorders like Lewy Body dementia, progressive supranuclear
palsy, and FTLD do not exhibit changes in CSF Vilip-1 compared to normal controls (Tarawneh
etal., 2011, Luo et al., 2013). While AD demonstrates elevated CSF Vilip-1 concentrations, our
findings indicate that Vilip-1 levels are reduced only in brain regions associated with prominent
neuronal loss: the entorhinal cortex (ERC), but not the superior frontal gyrus (SF), in AD and the
SF in FTLD. The disparity between CSF and postmortem brain tissue findings suggest that
Vilip-1 released from ERC neurons upon neuronal death may have a more direct influence on the
CSF compartment sampled by lumbar puncture compared to SF neurons.

While alterations in CSF fluid dynamics in AD are not fully understood, there are likely a
number of contributing factors. First, proximity of the affected brain region to the ventricular
system could impact protein diffusion and penetration into the CSF. In a dual neuroimaging-CSF
study investigating how brain AP deposition is reflected in the CSF, researchers correlated tracer
carbon-11-labeled Pittsburgh Compound B (PiB), which binds cerebral plague and non-plagque
amyloid deposits in the brain, with CSF Ai.42 concentrations in 30 patients with probable AD.
Grimmer and colleagues found that the relationship between CSF A concentrations and amyloid
load in the brain were strongest within brain regions surrounding the ventricles, suggesting that
CSF protein levels may chiefly reflect pathology localized to brain regions in the vicinity of the
ventricular system (Grimmer et al., 2009). Additional support of this idea comes from a study
investigating region-specific uptake of CSF-administered radiocarbon labeled glutamate (**C-
glutamate) in rats. Results showed that the cerebral cortex had the lowest uptake of *‘C-
glutamate as it is farthest from the CSF ventricular system (Al-Sarraf and Philip, 2003).

Notably, this idea of access via proximity of the affected brain region to the ventricle is
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consistent with the anatomy of our observed Vilip-1 reductions in brain regions with significant
neuronal loss. The hippocampus, which is anatomically juxtaposed to the ERC, is located in the
temporal cortex, medial to the inferior horn of the lateral ventricle. The hippocampal-CSF
interface runs the entire length of lateral ventricle in each hemisphere of the brain, while the
frontal cortex is located relatively far from the ventricular system (Johanson et al., 2005). In
addition to proximity, MRI studies have demonstrated the breakdown of the ventricular lining in
AD, rendering it more accessible to proteins in the local interstitium (Scheltens et al., 1995),
which could include Vilip-1 released upon neuronal death in the ERC. The possibility of
additional AD-specific mechanisms for ERC Vilip-1 penetration exists, however, based on the
currently available data, both proximity and thinning of the ventricular lining provide the most
parsimonious explanations for this phenomenon. Altogether, these data suggest that Vilip-1 may
be a good marker of neuronal integrity for neurodegeneration in affected brain regions within

close proximity to the ventricles, like the ERC in AD but not the SF in FTLD.

5.2.2 Plasma and blood brain barrier permeability

Vilip-1 levels are also increased in the plasma of AD patients compared to normal control
subjects, which could be impacted by regional blood-brain barrier (BBB) vulnerability
(Tarawneh et al., 2011). A number of factors have the ability to influence BBB integrity
including aging and early stages of neurodegenerative disease. A recent MRI study looking at
regional BBB breakdown during normal aging and mild cognitive impairment (MCI) found that
BBB deterioration begins with the hippocampus in normal aging and worsens with MCI
(Montagne et al., 2015). Additionally, integrity in cortical regions remains intact throughout
both normal aging and MCI aging, demonstrating a regional disparity that is exacerbated with
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cognitive decline (Montagne et al., 2015). This regional pattern for BBB integrity is consistent
with the observed regional discrepancies between reduced Vilip-1 levels in regions associated
with prominent neuronal loss (ERC in AD; SF in FTLD), but not other cortical regions in AD
(SF), and AD Vilip-1 biomarker positivity in plasma. While the specific mechanisms underlying
BBB vulnerability in AD are not fully understood, these studies demonstrate that regional
differences exist within the capacity of the tissue to mediate BBB permeability changes, and

present a possible mechanism for Vilip-1 plasma elevations observed in AD patients.

5.3  VILIP-1: POTENTIAL AS A NOVEL BIOLOGICAL INDICATOR OF

NEURONAL INTEGRITY AND LOSS IN BRAIN TISSUE

At autopsy, AD patients show gross cortical atrophy, predominantly affecting the medial
temporal lobes, while the primary motor, sensory, and visual cortices are left relatively intact
(Serrano-Pozo et al., 2011). However, stereological studies have demonstrated that while there is
significant neuronal loss at early to moderate stages of disease in medial temporal structures, like
the hippocampus and entorhinal cortex, the extent of neuron loss in the neocortex is
comparatively less robust (Regeur et al., 1994, Gomez-Isla et al., 1996).

In the ERC, we observed decreased levels of Vilip-1 in AD subjects compared to normal
controls (Chapter 2.0). Consistent with this observation, microtubule-associated protein 2
(MAP2) levels were severely decreased in AD subjects compared to normal controls in this
region. In the brain, MAP2 is a neuron-specific protein like Vilip-1 (Bernstein et al., 1999).
MAP?2 functions in microtubule stability and plasticity and is vulnerable to cytotoxic insults on

the cell. Loss of MAP2 immunoreacitvity is considered an early indicator of neuronal damage
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and has been shown to occur following neuronal insults such as ischemia, brain injury, and
notably, AP exposure (Fifre et al., 2006). In the SF of AD subjects, Vilip-1 levels were
unchanged compared to normal controls. MAP2 levels in the SF were decreased compared to
normal controls, however the magnitude of reduction was considerably less than the measured
loss in the ERC, consistent with stereological reports of limited neuron loss in the SF even at
moderate stages of disease (Regeur et al., 1994).

Interestingly, Vilip-1 levels in FTLD subjects were significantly decreased compared to
both AD and normal control subjects in the SF. In contrast to AD, FTLD is characterized by
severe cerebral atrophy that is relatively selective for the frontal and anterior temporal lobes and
that is accompanied by neuronal loss in these regions (Mackenzie et al., 2009, Rabinovici and
Miller, 2010). In our study, FTLD subjects also showed substantially decreased MAP2 levels in
the SF compared to normal controls. The magnitude of the reduction was similar to the level of
reduction observed in the ERC of AD subjects and consistent with extensive neuronal loss in the
SF in FTLD. Importantly, in the SF, FTLD subjects had significantly decreased Vilip-1 levels
compared to AD subjects. Taken together, our data suggest that Vilip-1 levels coincide well with
established patterns of neuronal loss in both AD and FTLD cases, making its potential as a
biologic indicator of neuronal loss promising.

In addition to observed Vilip-1 elevation in the CSF of AD, Vilip-1 has also been shown
to be elevated in the CSF of a rat model of stroke (Laterza et al., 2006, Stejskal et al., 2011). The
rat model of stroke involves occluding the middle cerebral artery either temporarily or
permanently, which results in massive neuronal injury (Longa et al., 1989). While CSF
alterations in stroke patients have yet to be demonstrated, if ischemic damage is widespread

enough, including areas located within the medial temporal lobe, it is unsurprising that Vilip-1
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concentrations would increase in the CSF as observed in the rat model. Stroke findings further
indicate a role for Vilip-1 in determining degree of neuronal integrity, both in CSF and brain
tissue.

While the current gold standard for determination of unbiased estimates of neuron counts
is design-based stereology, use of Vilip-1 as a biological indicator of neuronal integrity and loss
in brain tissue may prove beneficial for several reasons. Stereology employs mathematical
principles and systematic random sampling to provide estimates of the number of objects within
a three-dimensional region of interest from two-dimensional information (Geuna and Herrera-
Rincon, 2015). While the stereological approach provides highly accurate cell counts, there are
limitations to this technique. Chiefly, the process of counting cells in human tissue sections is
highly time consuming. Often immunohistochemical stains must be performed prior to the study
to identify characteristic chemical profiles or cytoarchitectural features of the region of interest.
In addition, if multiple brain regions are being considered, independent counting procedures
must be performed for each individual region (Geuna and Herrera-Rincon, 2015, Herculano-
Houzel et al., 2015). Other challenges such as tissue shrinkage, distinguishing between neurons
and glia, appropriate sample size to ensure representative counts, and human error also factor
into this technique. Identifying a novel, less labor-intensive marker, like Vilip-1 or perhaps an
approach incorporating Vilip-1 and MAP2, for accurately measuring neuronal integrity and
determining relative amounts of neuronal loss in brain tissue would be beneficial in human brain
tissue studies, particularly in scenarios where constraints on tissue availability and equipment

exist.
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5.4 IMPLICATIONS FOR THE RELATIONSHIP OF VILIP-1 WITH AD

PATHOLOGY AND PSYCHOSIS PHENOTYPE

In AD, soluble A oligomers play a central etiological role in the pathogenesis of the disease.
Widely considered the most toxic form of AP, soluble oligomers are hypothesized to initiate a
pathological cascade of neurotoxic events involving Ca** dysregulation, synaptic disruption, and
tau hyperphosphorylation and aggregation that culminate in neuron death. As described in
Appendix B, VSNL1 coexpresses with genes associated with AD throughout normal aging, in
particular the amyloid APP gene, which encodes the transmembrane protein that is cleaved to
form AP peptide (Lin et al., 2015). In addition to the association with APP, Vilip-1 has been
shown to abnormally localize with neuritic plaques in AD brain tissue (Braunewell et al., 2001a).
Given these associations, we hypothesized that AB-induced pathology drives Vilip-1 expression.
In Chapter 2.0 we investigated this hypothesis in two model systems: a transgenic mouse model
of AB-overexpression and exogenous A exposure in primary cortical neuronal cultures. Vilip-1
expression levels were unaltered in both systems by the presence of AP peptide. While these
results suggest that Vilip-1 expression is not driven by AP, it does not exclude Vilip-1 from
potentially having a role in other major AD pathophysiological processes, such as tau
hyperphosphorylation and aggregation in a manner that could contribute in various ways to
disease phenotype.

Notably, increased hyperphosphorylation of tau is a characteristic of a prevalent,
heritable, and more severely progressive phenotype of AD, AD with psychosis (AD+P).
Distinguished by the presence of hallucinations and delusions, AD+P occurs frequently, in
upwards of 40% of AD cases. Familial aggregation is observed in AD+P with an estimated

heritability of any occurrence of psychotic symptoms in AD of 30%, which increases to 61% for
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multiple/recurrent symptoms (Bacanu et al., 2005). A substantial body of evidence indicates that
the presence of psychotic symptoms in AD is linked to both greater cognitive impairment and
more rapid cognitive decline (Ropacki and Jeste, 2005).

Although data on the link between AP pathology burden and AD+P are conflicting,
studies have indicated a consistent connection between psychosis and increased indices of tau
pathology in the neocortex (Murray et al., 2014b). For example, we recently reported on
phosphorylated tau in the prefrontal cortex of 45 AD cases with and without psychosis using
immunohistochemistry. Intraneuronal tau concentration was higher in AD+P subjects, while the
extent of phosphorylated tau spread throughout the DLPFC was unchanged. In addition,
phosphorylated tau concentrations correlated inversely with scores on the MMSE and the Digit
Span Backwards test that evaluates executive function and depends in part on the DLPFC
(Murray et al., 2014a). These findings suggest that tau phosphorylation may be accelerated in
AD+P.

In conjunction with increased levels of hyperphosphorylated tau and decreased neuronal
integrity attributed to AD+P, genetic studies evaluating putative psychosis risk genes in AD have
identified an association of VILIP-1 with AD+P (Hollingworth et al.,, 2012). Qualitative
immunohistochemistry data from human AD brain has also shown Vilip-1 immunoreactivity
associates with extracellular tangles in the cortex (Braunewell et al., 2001a). Finally, Vilip-1-
transfected PC12 cells exposed to an ionomycin Ca®* challenge demonstrated an increase in tau
phosphorylation, suggesting that Vilip-1 may enhance this process (Schnurra et al., 2001). As
described in Chapter 2.0, our data indicates that neither total tau levels nor phosphorylated tau
levels were correlated with Vilip-1 in the SF of AD subjects. Additionally, history of psychosis

was not significantly associated with SF Vilip-1 levels.
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While our data suggest that it is unlikely that Vilip-1 is a critical component in further
propagating disease related processes in either AD with or without psychosis, the possibility of
an interaction between Vilip-1 and tau pathology needs to be further evaluated in alternative
model systems. Neither the in vitro or B6.Cg-Tg(APPswe,PSEN1dE9)85Dbo/Mmjax (PSAPP)
in vivo models used in this dissertation are ideal for the evaluation of tau pathology as they do
not recapitulate all of the neurofibrillary tangle pathology observed in AD (detailed in Chapter
5.6 Methodological Considerations). Thus examining a model with more complete tau
pathology and manipulating Vilip-1 levels in an AB environment would provide additional
insight into a potential role for Vilip-1 in the pathogenesis of AD. One example might involve
knocking down Vilip-1 expression in neurons from transgenic mutant tau mice and exposing the
cultures to soluble AP to determine if reducing the protein expression is protective against
neuron death in a model involving both major neuropathological components associated with

AD.

55 AROLE FOR VILIP-1IN AB-MEDIATED DISEASE PATHOLOGY?

5.5.1 Neuron death

Several lines of evidence support the amyloid cascade hypothesis in which AP oligomers initiate
a set of events that perturb neuronal Ca** homeostasis and ultimately kill neurons. However, the
full extent of neuropathological mechanisms engaged in the AB-mediated apoptotic process are
not yet fully understood and remain a matter of investigation. Vilip-1, a neuronal calcium

sensing protein, has previously been implicated as a potential mediator in neuronal death. Vilip-1
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overexpression in PC12 cells has been shown to increase cell vulnerability to Ca**-mediated cell
death (Schnurra et al., 2001). In contrast, another NCS family member, hippocalcin, which is
highly homologous to Vilip-1, is neuroprotective against Ca?*-mediated death in neural cell lines
(Mercer et al., 2000). Together these data suggest that Vilip-1 may play a functional role in
mediating Ap-initiated neuronal death, specifically we hypothesized that downregulation of
Vilip-1 expression would be neuroprotective against AB-mediated neuron death. Using primary
cortical cultures of Vilip-1 heterozygous and wild type mice, we found that the extent of Vilip-1
expression did not influence neuronal death, indicating that Vilip-1 unlikely mediates Ap-
induced neuronal loss.

Further clarification of the complex cascade of events involving AB-induced apoptosis
will provide additional insight into whether differential pathways of activation exist and if Vilip-
1 potentially participates in a disease mechanism our experiment did not fully recapitulate.
Currently, AP induction of apoptosis can occur through a number of hypothesized calcium
dyshomeostasis mechanisms including artificial membrane pore formation (Arispe et al., 1993),
oxidative stress buildup at the cell membrane (Butterfield, 2002), and altering internal calcium
stores through endoplasmic reticulum channels (Stutzmann et al., 2004, Bezprozvanny and
Mattson, 2008). This Ca** dysregulation is thought to lead to caspase activation, which can
initiate an apoptosis cascade (Sharma and Rohrer, 2004, Tantral et al., 2004). However, the
extent to which AB-induced caspase activation definitely leads to neuronal death, as opposed to
primarily remodeling dendrites and spines, is currently debated (Hyman, 2011). While we were
unsuccessful in our attempt to measure caspase-3 expression following AB treatment as

described in Chapter 4.0, understanding the response of more specific aspects involved in this
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complex cascade of apoptotic events would identify additional pathways affected by altering

Vilip-1 levels, albeit to an extent that does not result in a change in neuron death.

5.5.2 Synaptic Plasticity

While our current data suggest that Vilip-1 does not participate in the AB-mediated neuronal
death cascade, this NCS protein may have a role in AB-synaptic plasticity changes. Vilip-1, like
other NCS subfamily members, seems to be involved in modifying receptor recycling
(Braunewell and Klein-Szanto, 2009). With a higher affinity for Ca’* than calmodulin, Vilip-1
binds Ca*" inducing a conformational change that exposes a hydrophobic myristoyl group
allowing Vilip-1 to translocate and interact with cellular membranes and target proteins
(Burgoyne and Weiss, 2001, Spilker and Braunewell, 2003). Specifically, Vilip-1 has been
shown to interact with a4, nicotinic acetylcholine receptors and several types of receptors
involved in cyclic guanosine monophosphate (cGMP) signaling, modulating surface expression
and function (Braunewell et al., 2001b, Lin et al., 2002, Braunewell and Klein-Szanto, 2009).
Another NCS protein family member, hippocalcin, appears to modify receptor trafficking via
GIuR endocytosis and promote NMDAR-dependent LTD (LTDnmpar). Expression of a
dominant negative hippocalcin that cannot detect Ca?* occludes LTD (Palmer et al., 2005).
Although the effects of VILIP-1 on GIuR, NMDAR, and LTP/LTD are largely unknown, Vilip-
1’s highly homologous structure to hippocalcin suggests a role in a similar LTDnmpar
mechanism. LTD mechanisms (in conjunction with LTP) are widely thought to mediate dendritic
spine size and stability (Yang et al., 2008), and thus cognitive function (Kasai et al., 2010).
However, quantitative Western blot data from our lab suggests that Vilip-1 may not play a
prominent role in LTDnwpar Mechanisms as reducing expression levels does not change
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expression of key synaptic proteins. In particular, no significant alteration in the expression of
synaptophysin, spinophilin, postsynaptic density protein 95(PSD-95), glutamate receptor 1 and 2
(GluR1, GluR2), N-methyl D-aspartate receptor subtypes 1 and 2B (NR1, NR2b), or glutamate
decarboxylase 65 (GADG65) was observed between Vilip-1 heterozygous and wild-type mice
(data not shown). Future studies examining spine loss in Vilip-1 heterozygous/PSAPP mice, or
in primary neuronal culture derived from Vilip-1 heterozygous and wild type mice exposed to
AP, would provide further insight into a potential role for Vilip-1 in pathologic synapse

alterations.

5.6 METHODOLOGICAL CONSIDERATIONS

5.6.1 Mouse models of Ap deposition

Many transgenic mouse lines model aspects of AD, but as with other complex psychiatric
diseases, there is no one model that accurately recapitulates the neuropathology of the human
disease in its entirety (Chin, 2011). However, the most widely used genetically engineered
mouse models generate major neuropathological hallmarks of AD, like amyloid plaques and
neurofibrillary tangles, and provide insight into mechanisms underlying the disease.

As described in Chapter 3.0, we selected the PSAPP mouse model for our study
investigating whether AP drives Vilip-1 expression. This double transgenic model expresses
chimeric mouse/human amyloid precursor protein carrying two mutations linked to familial AD:
the Swedish mutation (Mo/HUAPP695swe) and mutant human presenilin 1 (PSEN1dE9) (Hardy,

1997). The double transgenic increases the ratio of ABi-42:APi1-40 @S compared to mice carrying
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the APPswe mutation alone (Jankowsky et al., 2004). Both mutations are under the control of the
mouse prion protein promoter, which results in primarily central nervous system transgene
expression. At 4 months of age, the PSAPP mouse model presents with detectable A deposits.
By 12 months of age there is a global increase in levels of soluble and insoluble levels of two AB
isoforms (APi-40 and APi.42), with AP;.42 being the predominantly expressed A species (Garcia-
Alloza et al., 2006).

Ap-based mouse models, like PSAPP, recapitulate many of the key features of AD
including production of neurotoxic AP species and subsequent amyloid plaque deposition,
synapse loss, tau phosphorylation, dystrophic neurites, reactive gliosis, and cognitive deficits.
However, neurofibrillary tangles and neuron loss are notably absent (Kurt et al., 2003, Chin,
2011). While familial AD mutations involving APP and/or presenilin always develop into
typical AD with amyloid plaques and neurofibrillary tangles, it is unknown why these same
mutations expressed within mouse models fail to display a more complete set of
neuropathological disease attributes, such as the presentation of detectable tangles.

Tau appears to be a critical component of the AB-initiated neurodegeneration cascade, as
demonstrated by knockout studies. Complete removal of tau in neuronal cultures exposed to
exogenous AP prevented characteristic neurite degeneration (Rapoport et al., 2002) and Ap-
induced impairment of long-term potentiation (LTP) (Shipton et al., 2011). In addition, reducing
endogenous levels of tau in APP overexpressing transgenic mice prevented cognitive deficits
(Roberson et al., 2007). However the extents to which neurofibrillary tangles and subsequent
neuron loss play a role are not fully realized in models in which only mutant APP and/or
presenilin are overexpressed. A few mouse models contain both amyloid and tau-related

mutations, which can be useful for investigating the interaction between AP and tau. However,
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since there are no known AD-specific tau mutations, these mice express familial tau mutations
associated with FTLD (Gotz et al., 2007). Understanding the underlying mechanisms between
Ap-cascade initiation and tau aggregation through other model systems, like primary neuronal
culture from transgenic mutant tau mice exposed to AP, may lead to new insights into how
transgenic mouse models can more completely recapitulate the more complex nuances of AD

neuropathology.

5.2.1 Challenges and strategies for neuronal culture and AP treatment

Over the past century, neuronal culture has advanced our fundamental understanding of
nervous system function. Evolving from the hanging drop culture technique, which first
demonstrated that cells could be maintained outside of the body, to better mimicking the brain
and gaining precise spatiotemporal fluidic control by pioneering neuron growth in three-
dimensional microenvironments, in vitro studies are pushing boundaries and providing new
insight across all fields in neuroscience (Millet and Gillette, 2012). A variety of neuronal culture
techniques are in use today, each with their own benefits and challenges. Disparities observed
between different approaches can present certain challenges in reproducing results and reviewing
data across laboratories and experiments. This section will discuss some of the strengths and
limitations associated with the primary cortical neuronal culture methodology employed in this

dissertation and the strategies used to overcome encountered challenges.

5.6.1.1 Variability associated with primary cortical neuronal cultures. The first major
consideration in culture system selection is the type of cells being cultured. A number of options

exist including neuronal cell line models, primary hippocampal and cortical neuronal cultures,
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and hippocampal organotypic slice cultures, among others. We selected primary cortical cultures,
a well-established system for investigating AB-induced neuronal toxicity. In addition, in AD with
psychosis neuroimaging and postmortem studies have shown impairments associated with
psychotic symptoms in neocortical regions (particularly in DLPFC), but not in hippocampus.
Primary cortical cultures have several advantages over available immortalized neuronal cell
lines. These include the natural production of Vilip-1, our protein of interest, and that they are
not tumor derived, more accurately recapitulating in vivo neuronal properties. Additionally, they
more accurately recapitulate the in vivo environment of the brain by providing a population of
neurons that extend axons and dendrites, and create functional synapses between the cells.
However, the lack of immortality limits the number of neurons obtained from each animal
cortex.

Initially we employed the use of a bilaminar co-culture system consisting of primary
cortical neurons and glia. This approach involves late embryonic stage neurons being plated on a
glass coverslip, which are then inverted over a glial feeder cell layer (Shimizu et al., 2011).
While this technique is ideal for examining cell morphology as it can sustain extremely low-
density cultures, it is technically challenging. Individual paraffin feet must be crafted onto the
coverslip and be of equal size to ensure even diffusion of glial survival factors across all cells on
the coverslip and prevent coverslips from sliding on top of each other. Additionally, an issue
arose with glial adherence to the tissue culture dish following inversion of neuronal coverslips,
which was caused by switching the cells from glial maintenance media to neuronal media.
Ultimately, we switched our approach to a more widely employed technique yielding more

consistent results, that of primary cortical culture supplementation with B27 reagent.
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B27 is a serum-free supplement that is designed to promote the growth and maintenance
of low or high density mixed cortical neuronal cultures. While sufficient for the originally
intended purpose of maintaining neurons, its proprietary formulation later presented unforeseen
problems in attempts to measure protein release into the media. B27 inhibited the lactate
dehydrogenase (LDH) cell death reaction that is used to measure the cytosolic enzyme upon
release into the medium following cell membrane breakdown following apoptosis. LDH levels
would have served as another neuronal integrity measure in conjunction with our neuron-specific
nuclear protein (NeuN)/TUNEL cell counts. Additionally, future work investigating Vilip-1
protein release upon neuronal death via western blot or LC-SRM/MS is complicated as an
unknown component of the B27 supplement reacts with the bicinchoninic acid assay used to
measure protein concentration in a sample. To further pursue these avenues, new serum-free
media supplements may need to be investigated.

While neuron-glia interactions in the central nervous system are important for normal
function, presence of both cell-types in mixed cortical cultures presents some additional
limitations in terms of cell discrimination. To circumvent this issue and ensure our neuronal
death counts did not include glia, we developed an assay using NeuN antibody paired with
TUNEL staining. NeuN has been vetted as a neuron-specific nuclear protein in vertebrates and is
widely expressed across neuronal types with a few exceptions including cerebellar Purkinje cells,
olfactory bulb mitral cells, and retinal photoreceptor cells (Mullen et al., 1992). However, these
exceptions did not present an issue with the use of primary cortical cultures in our experiments.

Other methodological modifications we made to limit assay variability and improve
neuronal survival included plating higher neuron densities, switching the cell attachment and

adhesion substrate from poly-L-lysine, which can be digested by cells, to coverslips coated with
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poly-D-lysine, and replacing L-glutamine with GlutaMAX, a reagent that is a stabilized form of

L-glutamine that better withstands degradation and better supports the energy demands of cells.

5.6.1.2 AB. In addition to the variability associated with culture systems, a number of factors
influence the design of an AP-treatment experiment. First, amyloid peptide application can either
be exogenously applied or endogenously produced from overexpression of mutant APP. For
exogenous application, synthetic AR forms are most commonly utilized, however naturally
secreted peptides from human AD brains can be extracted. AR peptides exist in a number of
conformations that produce varying levels of toxicity including: monomers, dimers, oligomers,
or fibrils. Additionally AP exists in variety of lengths, with AB1-40, 1-42, 1-43, and 25-35 being
the most commonly studied. Finally, A fibrils may aggregate into plaques. In vivo, plaques may
actually serve as reservoirs for AP oligomers in which there is a constant interconversion
between nonfibrillar and fibrillar forms of AP in the plaque surround (Koffie et al., 20009,
Kirkwood et al., 2013). The kinetics and structure of AP in culture can be difficult to discern,
particularly after the peptide preparation goes into culture as these self-aggregating peptides are
influenced by factors such as pH and temperature (Valerio et al., 2008, Zhang et al., 2013). ApB
concentration and exposure time length also factor into study design because exposing neurons
to lower concentrations and/or shorter exposure times can exact more subtle effects on dendritic
spines than higher concentrations and/or longer exposure times, which can result in neuron
death.

We used a commercially available synthetic form of human Ap;.4,, which is the
predominant form of the peptide found in the human AD brain (Mann et al., 1996). As described
in Chapter 3.0, we demonstrated that we applied primarily dimeric and some higher molecular

weight AP species to our culture system, which have shown to have significant toxic effects on
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cells (Ono et al., 2009). Cultures were exposed for 24 hours to ensure induction of neuronal
death.

Many factors impact the design of an Ap-exposure culture experiment with the list
including but not limited to: cell type, cell density, culture supplementation, AP type, AP
concentration, and A exposure duration. However despite the number of factors that can impact
an experiment, as research continues to uncover more about how A induces toxicity in AD,

these variables can be honed into a more precise model.

5.7  CONCLUSIONS AND FUTURE DIRECTIONS

In summary, this dissertation begins to address the critical gap in knowledge associated with the
role of Vilip-1 in AD. ldentified as an AD-specific peripheral biomarker and further implicated
in the disease process by genetic and immunohistochemical studies, to date evidence for a
functional role of Vilip-1 in the pathogenesis of AD is limited. Studies conducted in this
dissertation highlight two important points about the potential utility of Vilip-1 protein as a
marker of neuronal integrity. First, Vilip-1 appears to be a general marker for neuronal loss in
brain tissue instead of part of an AD-specific pathological process, however due to differential
access to the CSF and plasma for structures in the medial temporal lobe, which are particularly
affected in AD, it is a reliable biomarker for the disease in comparison to other
neurodegenerative disorders that impact different brain regions. Second, Vilip-1 may have value
as a marker for relative amounts of neuronal loss in human brain tissue, which would save

resources and time in studies that require a general evaluation of the measure.
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Future mechanistic in vivo and in vitro studies investigating the potential roles of Vilip-1
in other AD-associated neuropathologies such as tau hyperphosphorylation or its impact on other
aspects of neurodegeneration, like synaptic plasticity and spine loss, will aid in the development
of a more comprehensive picture of whether Vilip-1 plays a functional role in AD. Based on the
findings in this dissertation Vilip-1 does not present as a promising therapeutic target for
intervening in Ap-mediated neuronal loss, however, it cannot be fully ruled out in the
neuropathogenesis of AD until more extensive work evaluating multiple aspects of the disease is

completed.
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Al ABSTRACT

Dendritic spines are the site of the majority of excitatory synapses, the loss of which correlates
with cognitive impairment in patients with Alzheimer disease. Substantial evidence indicates that
amyloid-p (AP) peptide, either insoluble fibrillar AR deposited into plaques or soluble non-
fibrillar AP species, can cause spine loss but the concurrent contributions of fibrillar A and non-
fibrillar AP to spine loss has not been previously assessed. We used multiple-label
immunohistochemistry to measure spine density, size, and f-actin content surrounding plaques in
the cerebral cortex in the PSAPP mouse model of AP deposition. Our approach allowed us to
measure fibrillar AP plaque content and an index of non-fibrillar AP species concurrently. We
found that spine density was reduced within 6 um of the plaque perimeter, remaining spines were
more compact, and f-actin content per spine was increased. Measures of fibrillar Ap plaque
content were associated with reduced spine density near plaques, whereas measures of non-
fibrillar AP species were associated with reduced spine density and size, but not altered f-actin
content. These findings suggest that strategies to preserve dendritic spines in AD patients may
need to address both non-fibrillar and fibrillar forms of AP and that non-fibrillar Ap may exert

spine toxicity through pathways not mediated by depolymerization of f-actin.
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A2 INTRODUCTION

Alzheimer disease (AD) is the most common form of dementia and is characterized clinically by
progressive loss of memory and cognitive function and progressive impairments in behavior. A
number of neurodegenerative changes underlie these clinical manifestations. Two
neuropathologic hallmarks of AD are extracellular amyloid plaques composed of amyloid-f (AB)
peptide and intracellular neurofibrillary tangles, consisting of hyperphosphorylated microtubule-
associated protein tau (Selkoe, 2004, Ballatore et al., 2007). Other pathologic changes include
widespread cortical synapse loss, neuronal loss, and reactive gliosis (Ingelsson et al., 2004). Of
these pathologic alterations, loss of synapses is the best structural correlate of cognitive
impairments in AD (DeKosky and Scheff, 1990, Scheff et al., 2007). Genetic, in vitro, and in
vivo studies have implicated soluble AP as a primary cause of the synapse loss in AD (Walsh
and Selkoe, 2007).

In cerebral cortex, dendritic spines are the site of the majority of excitatory synapses.
Substantial evidence indicates that progressive loss of dendritic spines in AD is due to effects of
AP, either insoluble fibrillar AP deposited into amyloid plaques, or non-fibrillar AP species
lacking amyloid structure, the latter including soluble oligomers and protofibrils (Walsh et al.,
2005). In organotypic slice culture, both exogenous exposure to soluble AB and overexpression
of endogenous AP by neurons dramatically reduce dendritic spine density (Hsieh et al., 2006,
Shankar et al., 2007). Transcranial multiphoton imaging studies in transgenic mouse models of
AD have shown that dendrites passing through or near fibrillar Ap plaques undergo spine loss
(Tsai et al., 2004, Spires et al., 2005). Transgenic mouse model studies have also revealed that
fibrillar AP plaques are surrounded by a halo of oligomeric AB and have reported a loss of

excitatory synapses within this halo region (Koffie et al., 2009). Confocal microscopy in the
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PSAPP mouse model and in AD autopsy brain tissue has confirmed reduced densities of
dendritic spines in proximity to fibrillar AP plaques (Grutzendler et al., 2007). While
informative, these studies did not address the relative contributions to dendritic spine loss of
fibrillar AP in plaques and concurrently measured non-fibrillar (soluble) A species.

Current understanding of dendritic spine maintenance and elimination has focused mainly
on the regulation of the spine f-actin network. Long-term potentiation (LTP) is a form of
activity-dependent synaptic plasticity that is widely believed to be the cellular basis for learning
and memory. Enlargement of single spines has been shown to be associated with LTP
(Matsuzaki et al., 2004), and requires polymerization of g-actin into f-actin (Okamoto et al.,
2004). Conversely, long-term depression (LTD), another form of activity-dependent plasticity,
has been shown to induce dendritic spine shrinkage and elimination via f-actin depolymerization
(Nagerl et al., 2004, Okamoto et al., 2004, Zhou et al., 2004). Studies conducted in rodent
hippocampus have demonstrated that soluble AP oligomers can enhance LTD and inhibit LTP,
suggesting that AB-induced spine loss engages mechanisms that reduce f-actin content in spines.
(Wang et al., 2002, Shankar et al., 2008).

In the present study, we used a novel multiple-label immunohistochemical approach in
the PSAPP transgenic mouse model of AP deposition to measure spine density, size, and f-actin
content surrounding plaques in the cerebral cortex. In addition, our approach allowed us to
concurrently measure fibrillar AR plaque content and an index of non-fibrillar AP species,
examining their relationship to spine parameters. We found that dendritic spine density was
reduced and remaining spines were more compact within 6 um of the plaque perimeter, with a
concomitant increase in f-actin content per spine. Measures of fibrillar A plaque content were

associated with reduced spine density near plaques, while measures of non-fibrillar AB species
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were associated with reduced spine density, size, and shape complexity, but not with altered f-

actin content.

A3 MATERIALS AND METHODS

A.3.1 Transgenic Animals

Double transgenic PSAPP mice were generated by mating male APP Tg2576 (K670N/M671L)
mice (Hsiao et al., 1996) (Taconic Farms, Germantown, NY) with female M146L PS1 mice
(mutant PS1, line 6.2, University of South Florida) (Duff et al., 1996). The Tg 2576 mice were
derived from a C57B6/SJL x C57B6 background; the M146L PS1 animals were derived from a
Swiss-Webster/B6D2F1 x B6D2F1 background (Holcomb et al., 1998). Food and water were
available ad libitum and a 12/12-hour light/dark cycle was maintained. All studies were approved
by the University of Pittsburgh Institutional Animal Care and Use Committee. All mice were

male to circumvent concerns about estrous cycling.

A.3.2 Tissue Preparation and Immunohistochemistry

PSAPP mice were anesthetized with isoflurane and perfused transcardially with phosphate buffer
followed by cold 4% paraformaldehyde. Brains were removed, immersion-fixed in cold 4%
paraformaldehyde for 24 hours and cryoprotected in a series of 15% and 30% sucrose solutions.
Sections were cut coronally at 40 um on a freezing sledge microtome and stored at —20°C in

cryoprotectant solution (Watson et al., 1986). A single section was selected for analysis from
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each of 4 12-week-old, 3 15-week-old, and 4 18-week-old mice, matched for rostral-caudal level
using cytoarchitectonic features (~bregma —2.30 mm [(Paxinos G, 2004)]).

Histochemical staining of fibrillar AR plaques was performed using X-34, a highly
fluorescent Congo red derivative, which binds peptides and proteins in fibrillar B-pleated sheet
conformations (“amyloid”) with a high affinity (Ilkonomovic et al., 2006). Because
immunoreactivity of fibrillar Ap plaques to anti-Af antibodies is weak unless a formic acid pre-
treatment is used to break up the fibrillar B-pleated sheet structure (Ikonomovic et al., 2006), we
used 3 different antibodies, each in the absence of formic acid pre-treatment, to visualize non-
fibrillar AB. The 6E10 antibody (biotinylated, SIG-39340; Covance, Emeryville, CA) is directed
against the N-terminus of human AP peptide. The 4G8 antibody (biotinylated, S1G-39240,
Covance) is directed against AP amino acids 17-24. Western blot analyses provide clear
evidence that 6E10 and 4G8 are reactive with soluble monomeric and oligomeric species of AP

(Kayed et al., 2010, Zempel et al., 2010). Because both of these antibodies may cross-react with

the AP precursor protein (APP), we also used the anti-ABy.49 antibody (AB5074P; Millipore,

Temecula, CA), which is directed against the neo-epitope at amino acid 40 of the A peptide and
has human and mouse species reactivity. This antibody predominantly labels AP 1-40, and does
not label longer AP forms (e.g. 1-42) or full-length APP (Kamal et al., 2001). Histochemical
staining of dendritic spines was accomplished with the f-actin binding mushroom toxin
phalloidin, conjugated to Alexa Fluor 568 (A12380; Invitrogen, Eugene, OR) (Capani et al.,
2001). Although a direct, linear relationship specifically between phalloidin fluorescence
intensity and f-actin concentration has not been firmly established, we have previously shown

that detected fluorescence intensity is directly related to the intensity of fluorescent microspheres
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embedded in thick sections, and can be used to measure protein concentration accurately
(Sugiyama et al., 2005, Fish et al., 2008).

Free-floating tissue sections were incubated in 1% NaBH4 for 30 minutes followed by a
3-hour incubation at room temperature in phosphate buffered saline (PBS) containing 5% normal
human serum, 5% goat serum, and 0.3% Triton X-100, and then incubated with PBS containing

5% normal human serum, 5% goat serum, and a 1:1000-dilution of biotinylated 6E10 antibody, a

1:1000 dilution of biotinylated 4G8 antibody, or a 1:100 dilution of anti-Apx.40 antibody for 24

hours at 4°C. Next tissue sections were incubated for 24 hours at 4°C in PBS containing 5%
normal human serum, 5% goat serum, phalloidin conjugated to Alexa Fluor 568 at a
concentration of 1.5 uL/mL and either a 1:500 dilution of streptavidin conjugated to Alexa Fluor
488 (Invitrogen) or 1:500 goat anti-rabbit secondary antibody conjugated to Alexa Fluor 488
(Invitrogen). All tissue sections were then mounted on slides and after drying for 1 hour the
sections were rehydrated for 5 minutes in PBS. Sections were incubated for 10 minutes in 100
uM stock solution of X-34, and then dipped in distilled water and incubated in 0.2% sodium
hydroxide made in 80% unbuffered ethanol for 2 minutes; they were then soaked in distilled
water for 10 minutes. Sections were coverslipped with Vectashield hard set (\Vector Laboratories,
Burlingame, CA). Final mean section thickness was 10.45 + 4.409 um (SD). Sections were

processed and analyzed in 2 separate immunohistochemistry runs.

A.3.3 Microscopy

Data acquisition was performed on an Olympus (Center Valley, PA) BX51 WI upright

microscope equipped with an Olympus spinning disk confocal (SDCM) using an Olympus
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PlanAPO N 60X 1.42 N.A. oil immersion objective. The SDCM was equipped with an ORCA-
R2 camera (Hamamatsu, Bridgewater, NJ), MBF CX9000 front mounted digital camera
(MicroBrightField, Inc., Natick, MA), BioPrecision2 XYZ motorized stage with linear XYZ
encoders (Ludl Electronic Products Ltd., Hawthorne, NY), excitation and emission filter wheels
(Ludl Electronic Products Ltd), and equipped with a Sedat Quad 89000 filter set (Chroma
Technology Corp., Bellows Falls, VT). The microscope was controlled by Stereo Investigator
software (MicroBrightField, Inc.) and illuminated using a Lumen 220 metal halide lamp (Prior
Scientific, Rockland, MA).

Using Stereo Investigator software, the cerebral cortex of each tissue section was first
outlined and a systematic random sampling grid was then randomly rotated and applied to each
tissue section (Figure, Supplemental Digital Content 1, http:/links.lww.com/NEN/A474). At
each site, defined by the intersection of the grid with the cortical gray matter, the investigator
determined if a visible single plaque (defined by the presence of X-34-positive staining) was
present within the 512 x 512 field of view at high power. When a single plaque was present it
was then recentered in the field of view and, if it fit within the 512 x 512 pixels window of
uniform fluorescence illumination, it was used for quantification, that is, an image stack was
collected.

Each 3-dimensional image stack consisted of image planes of 512 x 512 pixels (~ 3058
umz) that were separated by 0.25 um and acquired throughout the tissue section starting at the
slide. At each plane, data were collected using the following filters: excitation 403 * 6
nm/emission 457 = 25 nm, excitation 490 + 10) nm/emission 528 + 19 nm, and excitation 555 +

14 nm/emission 617 nm + 37 nm. Exposure times (150 seconds, 1000 seconds, and 1100
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seconds, respectively) were maintained for all experiments and there were no instances of pixel

saturation in any stack.

A.3.4 Image Processing

To control for differences in background fluorescence intensity across animals, sections, and
image stacks, the mode of the histogram was identified and subtracted. The choice of this
approach reflected several considerations. First, because labeled objects of interest (i.e. dendritic
spines) represent a minority of the voxels, the modal value is reflective of the background.
Second, this approach is without the potential for operator bias. Third, non-specific background
fluorescence is variable between sites and across samples (Luther et al., 2004), particularly in
tissue sections.

Following background subtraction, the phalloidin channel was transformed to enhance
automated detection of dendritic spines. Specifically, the final output was a subtraction of
Gaussian filter channels of 2 different standard deviations of the Gaussian distribution s(c) ([c =
0.7] — [c = 2.0]). Figure Supplemental Digital Content 2, http://links.lww.com/NEN/A475,
demonstrates this concept with a 500-nm fluorescent bead. Data segmentation of the Gaussian
filter transformation of the phalloidin channel to create binary mask objects was performed as
previously described (Fish et al., 2008) except that threshold settings were evenly spaced (50
grey levels; Figure A.1.A). This approach provides for quantification of large numbers of
phalloidin-labeled objects, with little contribution of non-specific fluorescent signal (Figure,
Supplemental Digital Content 3, http://links.lww.com/NEN/A476). Image channels for non-
fibrillar A, fibrillar AP plaques and phalloidin, but not the Gaussian filter transformation
channel, were deconvolved using the constrained iterative algorithm included in SlideBook 5.13.
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After deconvolution, a region of interest containing the entire fibrillar Ap plaque was manually
defined and a threshold segmentation set at 50 grayscale units above background was applied to
the X-34 channel intensity to generate a binary mask object of the plaque. Twelve contiguous 3-
dimensional concentric shells were constructed around the outer edge of the fibrillar Ap plaque
(Figure A.1.B). Each shell was created using the mask dilation command in SlideBook, which
allowed each shell mask, starting with the mask of the plaque, to be increased in radial size by
exactly 2 pm from the prior mask. The prior mask was then subtracted from this larger mask to
create each shell. The coordinates of the centroid for each phalloidin channel mask object were
used to assign each mask object to a single shell, allowing for the analysis of dendritic spine
density, morphology, and relative fluorescence intensity at known distances from the fibrillar A

plaque.
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5 um

Figure A.1 Approach to image processing. (A.1-A.3) Image processing. Raw single plane image of dendritic
spines labeled with phalloidin (red), amyloid-f (AB)-Immunoreactivity (green), and fibrillar AB plaque (blue) (A.1).
The raw image was processed using the constrained iterative (CI) algorithm deconvolution for the Ap-
Immunoreactivity (green) and fibrillar A plaque (blue) and the Gaussian filter transformation for dendritic spines
(red). Dendritic spines are now clearly defined punctate structures and the amyloid and AP-Immunoreactive
structures are refined (A.2). Generation of a binary mask (blue) using Iterative threshold segmentation of the
Gaussian filter transformation (red) from the image seen in (A.2) shows the precision of dendritic spine coverage
achieved using this processing technique. For extraction of relative fluorescence intensity within spines, the mask
shown is overlayed on the CI deconvolved phalloidin channel (A.3). (B.1-B.3) Three-dimensional shells
surrounding a plaque. A single plane from a CI deconvolved image with dendritic spines (red), AP-
Immunoreactivity (green), and fibrillar Ap plaque (blue) (B.1). Outline of the first 4 (of 12) shells used in the
analysis; each is expanded by 2 um from the edge of the fibrillar A plaque overlayed on (A) (B.2). Three-
dimensional surface rendering of lower half of the same image stack with a representative shell shown in dark blue

(B.3).
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A.3.5 Statistical Methods

Initial comparison of spine parameters as a function of distance (0 to 6 um and greater than 6
um) from the fibrillar AP plaque for the 134 measured plaques used linear mixed models with a
first order autoregressive covariance structure. Subject level effects were animal, with repeated
measures of plaque and shell. Fixed effects were fibrillar AB plaque volume, mean X-34
fluorescence intensity within the plaque, total non-fibrillar AP intensity within the shell,
immunohistochemistry run, and (to control for any possible effects of the small difference in
ages between mice) age group. For analysis of the impact of plaque and non-fibrillar Ap effects
on dendritic spine density, linear mixed models with a first order autoregressive covariance
structure were used to analyze each concentric shell. Plaque was a repeated measure within
animal, with fixed effects of fibrillar A plaque volume, mean X-34 fluorescence intensity
within the plague, total non-fibrillar A intensity within the shell, immunohistochemistry run,
and age group. Spine density in each shell, i.e. at each distance from the plaque, was the
dependent variable. Based on the results of the preceding linear mixed models, further analyses
of spine density, morphology and total f-actin content per spine were conducted for shells within
0 to 6 um of the plaque perimeter. These analyses used mixed models, with repeated measures
within animals of plaque and shell, and fixed effects of fibrillar AP plaque volume, mean X-34
fluorescence intensity within the plaque, total non-fibrillar AP intensity within each shell,
immunohistochemistry run, and age group. Additional models in which final section thickness
was entered to evaluate whether section shrinkage during processing might have influenced the
associations did not alter the results except where indicated. All intensity measurements used in

the analyses were normalized across immunohistochemistry run to account for assay variability.
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A4  RESULTS

A.4.1 Detection of Ap-Immunoreactivity Surrounding Fibrillar Ap Plaques

Anti-Af antibodies 6E10, 4GS, and anti-AB,. revealed a similar pattern of label

concentrated in the immediate surrounding area of the X-34-positive fibrillar AP plaque (Figure

A.2.A). Three-dimensional surface renderings also demonstrated accumulation of Ap-

immunoreactivity around X-34-positive fibrillar AP plaques (Figure A.2.B). Figure A.3

graphically depicts the distribution of 6E10 antibody label as a function of distance from the

plaque with the highest AB-immunoreactivity located adjacent to the plaque.
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Figure A.2 Plaques dual-labeled with X-34 and anti- amyloid-B (ApB) antibodies. (A) X-34 positive fibrillar Af
plaques (red) and AB-Immunoreactivity detected with anti-Ap antibodies (green). The antibodies, 6E10, 4G8, and
anti-Apy.40 label the N-terminus, amino acids 17-24, and the C-terminus neo-epitope of AP, respectively. Several
examples shown for each antibody reveal a similar pattern of label external to the outside edge of the fibrillar AB
plaque, and in the immediate surrounding areas. (B) Three-dimensional surface rendering of a plaque dual-labeled
with X-34 and 6E10. The 3 rotated views illustrate the accumulation of AB-Immunoreactivity labeled with 6E10

(green) adjacent to and in the area surrounding an X-34-labeled fibrillar Af plaque (red).
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Figure A.3 Amyloid-B (AB) immunoreactivity (total 6E10 fluorescence intensity) within each 3-dimensional shell
as a function of distance from the plaque. The means of 134 plaques analyzed are shown. The majority of the Af-

Immunoreactivity is concentrated within the first few um of the fibrillar AP plaque. Bars indicate SEM.

A.4.2 Spine Density, Spine Morphology, and Mean Phalloidin Fluorescence Intensity Per

Spine Vary as a Function of Distance from Fibrillar Ap Plaques

Decreased dendritic spine density around fibrillar Ap plaques was qualitatively observed with
near complete spine ablation in the area occupied by the X-34-positive fibrillar AR plaque
(Figure, Supplemental Digital Content 4, http://links.lww.com/NEN/A477), with reduced spine
densities apparent out to a distance of 6 um from the perimeter of the plaque (Figure A.4).
Quantitative analyses of a total of 830,634 spines in the PSAPP mouse cortex confirmed that
spine density was lower within this 6-um perimeter of the Ap plaque (Figure A.4; Table A.1). In

contrast, we analyzed spine densities in 16-week-old male C57BL6/J mice (Figure Supplemental
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Digital Content 5, http://links.lww.com/NEN/A478). A phantom plaque was created in the

middle of each image stack and 12 concentric shells were constructed as in the PSAPP mice and

spine densities were calculated. There was no significant difference of spine density between any

of the shells in the C57BL6/J mice.
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Figure A.4 Mean spine density as a function of distance from the plaque. (A, B) AB-Immunoreactivity fluorescence

intensity (A) and fibrillar AP plaque mean X-34 fluorescence intensity (B) are shown separated into low (e),

medium (O), and high (m) tertiles to demonstrate graphically the effects evaluated in Table 2.]
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Table A.1 Summary of Dendritic Spine Characteristics as a Function of Distance from the Plaque (n = 134)

Distance From Plague

0—6 pm 6-24 pm
Spine Parameter n = 110119 Spines n = 720515 spines F (df) p
Density, pm ™
Mean (SD) 0.161 (0.12) 0.2556 (0.10) 629.63 <0.001
Range <0.01-0.52 <0.01-0.53 (1,1720)
Volume, p.m"
Mean (SD) 0.076 (0.03) 0.079 (0.03) 13.80 <0.001
Range 0.01-0.19 0.02-0.20 (1,1492)
Surface area, pm?
Mean (SD) 1.41 (0.44) 1.47 (0.44) 23.47 <0.001
Range 027-3.18 0.61-3.04 (1,1492)
Shape complexity, sphericity "
Mean (SD) 1.64 (0.09) 1.66 (0.08) 57.04 <0.001
Range 1.37-2.02 1.46-1.89 (1,1508)
Normalized total phalloidin intensity per spine, gray level
Mean (SD) 29,443 (26,249) 24 287 (18,620) 25.08 <0.001
Range 68-279.,006 1,832-223278 (1,1558)

In addition to reductions in spine density within the 6-um perimeter of the AP plaque, spine
volume was lower in this region and spine surface area was reduced, resulting in a reduction in
spine shape complexity (Table 1). Despite these changes in spine morphology, there was no
decrease in mean phalloidin intensity per spine. In fact there was a significant increase in these
values within the 6-um perimeter, indicating an increased concentration of f-actin within these

spines.

A.4.3 Relationships of Spine Density, Spine Morphology, and Mean Phalloidin
Fluorescence Intensity Per Spine with Fibrillar Ap Plaque Volume, AP Plaque Mean X-34

Fluorescence Intensity, and Non-Fibrillar A 6E10 Fluorescence Intensity

Linear mixed models showed that a decrease in spine density was independently associated with
greater fibrillar AP plaque mean X-34 fluorescence intensity the first 6 pm from the plaque and

with greater total AB-immunoreactivity (6E10 fluorescence intensity) within the first 2 um of the
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plaque edge (Table A.2; Figure A.4). No significant effect was seen due to fibrillar Ap plaque

volume.
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Table A.2 Stepwise linear regressions of spine densities starting within the fibrillar Ap plaque and extending to a

distance of 24 um from the plaque perimeter
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Decreases in spine volume and surface area were significantly associated with non-
fibrillar AP 6E10 fluorescence intensity within 6 um of the fibrillar AP plaque edge (Table A.3).
Interestingly, the relative amount of f-actin as indexed by phalloidin fluorescence intensity
measured per spine did not change as a function of AB-immunoreactivity (Table A.3). There
were no significant associations of fibrillar Ap plaque mean X-34 fluorescence intensity with

spine morphology or relative amount of f-actin.
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Table A.3 Association of Spine Morphologic Measures with B-Amyloid and Plaque Features

Dependent Measure Predictor Variable F (df) p
Spine volume, |.|.m3 AB-immunoreactivity (normalized total 6E 10 fluorescence mtensity) 9313 (1,393) 0.002
Fibnllar AR plague volume 0.008 (1,363) 0929
Fibrillar AR plaque mean X-34 fluorescence intensity 1.527 (1,351) 0.217
Spine surface arca, |.|.1'1'|1 A p-immunoreactivity (normalized total 6E 10 fluorescence mtensity) 8.643 (1,393) 0.003
Fibrillar AR plaque volume 0.060 (1,356) 0.807
Fibnllar AP plaque mean X-34 fluorescence mtensity 1.284 (1,343) 0.258
Spine shape complexity, .t:phcricir.}'_' AB-immunoreactivity (normalized total 6E 10 fluorescence mtensity) 8760 (1,378) 0.003
Fibnllar AR plague volume 1.895 (1,297) 0.170
Fibrillar AR plaque mean X-34 fluorescence intensity 0.013 (1,273) 0911
Total phalloidin/spine, gray level A p-immunoreactivity (normalized total 6E10 fluorescence mtensity) 0.340 (1,390) 0.560
Fibrillar AR plague volume 0.144 (1,373) 0.705
Fibnllar AR plaque mean X-34 fluorescence mtensity 0.648 (1,364) 0421

AR, B-amyloid.

A5 DISCUSSION

A.5.1 Spine Density and Morphology Alterations are Present Surrounding Fibrillar Ap

Plaques

We observed significant decreases in spine density within the first 6 um beyond the perimeter of

fibrillar AP plaque due to independent contributions of fibrillar Ap plaque content and content of

AB-immunoreactivity. A study by Spires et al utilizing 21- to 25-month-old Tg2576 mice

similarly reported that distance from plaque perimeter correlates with deficits in spine density

(Spires et al., 2005). In that study, plague area (similar to plague volume in the current report)

was also not correlated with spine loss (Spires et al., 2005); however, the investigators found that

the correlation between distance from the plaque and reduced spine density extended up to 20

um. This discrepancy likely reflects the differences in mouse strain, in the ages and degree of

plaque pathology of these animals, and/or differences in imaging methodologies between that

and the current study.
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In addition to reductions in spine density, we found decreases in surface area and shape
complexity, and a trend towards decreased spine volume surrounding plaques. These findings
suggest that spine physiology could be altered even before their disappearance. Soluble AP
species have been shown to engage LTD and inhibit LTP pathways (Wang et al., 2002, Shankar
et al., 2008), processes that typically leads to spine loss via spine f-actin depolymerization
(Okamoto et al., 2004). It was therefore somewhat surprising that when investigating the relative
amount of f-actin, as indexed by total phalloidin fluorescence measured per spine, we did not
observe net reductions in spines close to plaques. In fact, we saw an increase in phalloidin total
intensity within smaller, more spherical spines. Thus, the mechanism of spine morphology
changes, at least initially, and does not appear to be through net depletion of f-actin, but through
restructuring of the cytoarchitecture. Actin filaments in the spine head are very dynamic and
there are several mechanisms by which actin polymerization and depolymerization are regulated
to influence the spatial arrangement of f-actin in spines. For example Arp2/3 binds to existing
actin filaments to nucleate new filaments and facilitate branching (Wilson et al., 2007). Another
actin-regulating molecule, myosin Il, binds and contracts actin filaments and is required for
proper spine morphology (Korobova and Svitkina, 2010). Drebrin is an actin-binding protein
localized in spines that is thought to inhibit the actin-myosin interaction and subsequently alter
spine morphology (Hayashi et al., 1996). Still other proteins, such as cofilin, are responsible for
proper spine head morphology, play an active role in actin dynamics (Bamburg and Bloom,
2009), and result in pathologic changes in actin in response to soluble Ap (Davis et al., 2011).
Thus, one or more of these molecular mechanisms may be acting to alter spine morphology in a

manner independent of f-actin loss.
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A.5.2 Relative Contributions of Fibrillar and Non-Fibrillar Ap Species to Spine

Alterations Surrounding Fibrillar AP Plaques

Previous in vitro studies with synthetic AP have reported that fibrillar AR forms, such as those
found in A plaques, are neurotoxic (Lorenzo and Yankner, 1994, lversen et al., 1995). Other
studies have implicated soluble AP as the primary contributor to synaptotoxicity (Lue et al.,
1999, Walsh et al., 2002). Because both forms can exist in equilibrium there is some controversy
regarding which is primarily responsible for pathologic effects (Zempel et al., 2010). We
observed a halo of Ap immunoreactivity in the immediate surround of the X-34 positive fibrillar
AP plaque. We interpret this AB-immunoreactivity as an index enriched for the content of non-
fibrillar soluble AP species in the plaque surround. This interpretation is based on several aspects
of our approach and findings. Although the 3 antibodies used in the present study target different
portions of the AP peptide (i.e. the N-terminus, mid portion, and C-terminus), they produced
comparable patterns of A} immunoreactivity around the X-34 positive fibrillar Ap plaque, which
suggests that we are in fact labeling AP forms rather than full-length APP (which is not detected

by anti-ABy.40) or another related metabolic fragment. Second, there is clear evidence that at

least antibodies 6E10 and 4G8 label non-fibrillar soluble species of Ap (Kayed et al., 2010,
Zempel et al., 2010). Third, soluble AP binds locally to synaptic structures (Koffie et al., 2009)
and to various components of the extracellular matrix (Valle-Delgado et al., 2010), either of
which would facilitate in situ fixation, although some non-fibrillar soluble AR would likely be
lost by diffusion. Fourth, in the absence of formic acid pre-treatment, we saw little evidence of
colocalization of anti-Ap labeling with X-34 staining, the latter of which is highly selective for

fibrillar, B-pleated sheet conformations (Ikonomovic et al., 2006). While some anti-Ap binding
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to fibrillar AP in plaques may still occur, our approach would have enriched the relative
contribution of non-fibrillar A species to the total measured AB-immunoreactivity. Fifth, we
observed effects likely to reflect the toxicity of AP at distances up to 6 um beyond the edge of
the fibrillar AP plaque, consistent with diffusion of soluble species.

The interpretation that AB-immunoreactivity indexes non-fibrillar AP species is also
consistent with the observed dissociation of AB-immunoreactivity and fibrillar Ap plaque content
with measures of spine morphology, in contrast to the finding that each is associated with spine
loss. This dissociation suggests that fibrillar and non-fibrillar AR may lead to spine loss via
distinct pathways. For example, dendrites passing through or in close proximity to fibrillar A
plaques demonstrate a number of abnormalities, including atrophy, tortuosity, varicosities, and
local loss of spines in the affected segments (Spires et al., 2005, Grutzendler et al., 2007). Thus,
fibrillar AP plaques may lead to spine loss via toxic effects on dendrites, perhaps via effects on
tau, which accumulates in dendrites and can interfere with microtubule functions necessary for
spine growth and maintenance (Gu and Zheng, 2009, Ittner and Gotz, 2011). In contrast, soluble
AP species have been shown to bind directly to synaptic structures and may induce spine loss by

altering post-synaptic signal transduction pathways (Shankar et al., 2008, Koffie et al., 2009).

A.5.3 Potential Limitations of this Study

Because fibrillar and non-fibrillar AP exist in equilibrium, there may be no in vivo (or in vitro)
approach that can conclusively determine their independent effects when both are concurrently
present. However, our data are consistent with a model in which A fibrils in plaques are
themselves toxic to spines, and serve as a reservoir for toxic soluble forms of non-fibrillar AP,
with a concentration gradient that falls with distance from the plague edge. Transgenic mouse

116



models aspire to capture some or all aspects of often uniquely human diseases, such as AD. The
PSAPP mouse model demonstrates robust amyloid plaque deposition, well-characterized
synaptic loss, and cognitive deficits that correlate with presence of oligomeric AP species
(Urbanc et al., 2002), making it an excellent model to examine effects resulting from AP
accumulation, a process that appears to correspond to the earliest stages of AD (Jack et al.,
2011). However, the PSAPP model lacks the neurofibrillary tangle formation and neuronal loss
that are seen as AD progresses (Urbanc et al., 2002). This discrepancy between the PSAPP
model and human neuropathology enhance confidence in the interpretation that our findings are
secondary to AP, but render uncertain whether the associations identified in the current study are
ultimately present in humans. This could be addressed by extending our multiple wavelength
imaging and quantification approach to human postmortem tissue but this application is not
straightforward due to tissue autofluorescence and high plaque densities in AD tissue.

Another potential limitation to this study derives from our approach to spine imaging. We
utilized phalloidin labeling to estimate spine volume, surface area and shape. Electron
microscopy studies have shown that actin is the major cytoskeleton component in spines and
plays a pivotal role in spine size and shape (Landis and Reese, 1983). Thus, phalloidin labeling
presents a good overall estimate of spine shape and size; however, dendritic spines also contain
other components, such as postsynaptic machinery and membrane bound organelles, that
contribute to their shape and volume to some degree (Sheng and Hoogenraad, 2007). We imaged
our sections via spinning disk confocal microscopy. This approach has several advantages
relative to other fluorescent imaging methodologies for quantification in synaptic structures
(Sweet et al., 2010). Nevertheless, our approach shares with other confocal techniques

limitations in the z-axis resolution. While this limitation is mitigated by the Gaussian filter
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transformation we applied during image processing, it may still have caused us to underestimate
spine density by failing to discriminate spines closely apposed in the z-axis. Because we found
reduced density of spines in the same region where spines were more compact, any such
potential limitation would have biased against our detected effect rather than having contributed
to it. Moreover, whereas alternate techniques such as array tomography may enhance z-axis
resolution, they suffer from the same disadvantages for fluorescence intensity quantification
(relative to spinning disk) as we have described for other laser scanning confocal techniques
(Sweet et al., 2010).

Finally, our working assumption was that amyloid plaques are embedded randomly
throughout all parenchymal structures, and thus sampled a large number of plaques. However,
reduced spine density could be due to cell bodies around plaques if plaques preferentially form in

areas of high cell body density.

A.5.4 Implications for AD

Accepting the caveats associated with the PSAPP model discussed above, our findings have
significance for therapeutic strategies in AD. We found that dendritic spine degeneration and loss
in cerebral cortex were independently associated with both fibrillar AP plaque content and with
an index of non-fibrillar, presumptively soluble, AP species. These findings argue strongly that
therapeutic strategies should consider targeting both forms of AP concurrently. Additionally, the
novel findings that spine morphology was altered in relation to an index of non-fibrillar AB
content, but not associated with reduced relative f-actin content per spine, suggests an effect of

non-fibrillar AR on pathways that signal to actin-regulating molecules outside canonical LTD

118



pathways. The specific pathways remain to be elucidated and may represent novel targets for

therapy of AD.
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B.1 ABSTRACT

The visinin-like 1 (VSNL1) gene encodes visinin-like protein 1, a peripheral biomarker for
Alzheimer disease (AD). Little is known, however, about normal VSNL1 expression in brain and
the biologic networks in which it participates. Frontal cortex gray matter obtained from 209
subjects without neurodegenerative or psychiatric illness, ranging in age from 16 to 91, was
processed on Affymetrix GeneChip 1.1 ST and Human SNP Array 6.0. VSNL1 expression was
unaffected by age and sex, and not significantly associated with SNPs in cis or trans. VSNL1
was significantly co-expressed with genes in pathways for calcium signaling, AD, long-term
potentiation, long-term depression, and trafficking of AMPA receptors. The association with AD
was driven, in part, by correlation with amyloid precursor protein (APP) expression. These
findings provide an unbiased link between VSNL1 and molecular mechanisms of AD, including
pathways implicated in synaptic pathology in AD. Whether APP may drive increased VSNL1
expression, VSNL1 drives increased APP expression, or both are downstream of common

pathogenic regulators will need to be evaluated in model systems.

121



B.2 INTRODUCTION

Alzheimer disease (AD) is the most prevalent form of dementia in the United States. It is
characterized clinically by declining memory, progressive loss of cognitive ability, and
behavioral changes. The incidence of AD increases rapidly with increasing age (Mayeux and
Stern, 2012). This suggests a role of brain aging in risk for AD, although the basis of this age-
dependence is not established. Neuropathologically, the hallmarks of AD are deposition of
extracellular amyloid plaques that are predominantly composed of amyloid-B (AB) peptide and
intracellular neurofibrillary tangles (NFTs) comprised of hyperphosphorylated microtubule-
associated protein tau (Selkoe, 2004, Ballatore et al., 2007). Other pathologic changes include
synapse and neuron loss, and reactive gliosis (Ingelsson et al., 2004).

Among these pathologies, the strongest correlate of cognitive impairment in individuals
with AD is loss of synapses across neocortical regions (Terry et al., 1991, Scheff and Price,
2003), with excitatory synapses onto dendritic spines particularly affected (Baloyannis et al.,
2007, Grutzendler et al., 2007). Substantial evidence now indicates that aggregation of AP into
soluble oligomers is a primary source of synaptotoxicity in AD (Lue et al., 1999, Naslund et al.,
2000, Selkoe, 2002, Walsh and Selkoe, 2007, Selkoe, 2008, Koffie et al., 2011). Although
studies continue to elucidate how AP acts to eliminate dendritic spines, there is evidence that
soluble AP inhibits mechanisms of long-term potentiation and/or engages mechanisms of long-
term depression, including reducing NMDA receptor dependent Ca" influx, mGlutamate
receptor (mGIuR) activation, and low level caspase-3 activation (Selkoe, 2008, Koffie et al.,
2011). The final common mechanism for these pathways converge on altered endocytotic
recycling of GIuR, resulting in reduced synaptic expression of GIuR1 and GIuR2 containing

AMPA receptors and synaptic NMDA receptor (Hsieh et al., 2006).
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Recently, several studies have identified visinin-like protein 1 (Vilipl), a protein encoded
by the visinin-like 1 (VSNL1) gene, as a biomarker of AD. Vilipl concentrations in
cerebrospinal fluid and plasma are elevated in AD subjects relative to normal controls (Lee et al.,
2008, Tarawneh et al., 2011) and to non-AD dementia subjects (Tarawneh et al., 2011). Higher
levels of cerebrospinal fluid Vilipl also predicted a faster rate of cognitive decline (Tarawneh et
al., 2012). Other biomarkers for AD, such as cerebrospinal fluid measures of AP, tau, and
phospho-tau (Jack et al., 2010), are strongly implicated in the pathogenesis of AD by genetic,
post-mortem, animal model, and in vitro studies. To date, the evidence for Vilipl is much more
limited. We reported that genetic variations in VSNL1 were associated with risk for psychosis in
AD (Hollingworth et al., 2012), a phenotype characterized by more rapid cognitive deterioration
than seen in AD subjects without psychosis (Ropacki and Jeste, 2005, Murray et al., 2014b).
Qualitative studies have reported that Vilipl can be detected in association with neuritic plaques
and NFTs in neocortex of AD subjects (Braunewell et al., 2001a), and may contribute to
phosphorylation of tau and Ca**-mediated cell death (Schnurra et al., 2001).

Vilipl is a highly brain expressed member of the visinin-like protein subfamily of
neuronal calcium sensors (Burgoyne and Weiss, 2001). Vilipl, like other subfamily members
appears to modify receptor recycling (Braunewell and Klein-Szanto, 2009). For example, the
closely related subfamily member, hippocalcin, is necessary for NMDA receptor dependent
long-term depression via GIuR endocytosis (Palmer et al., 2005, Amici et al., 2009). Whether
Vilipl has effects on synaptic plasticity processes implicated in synapse loss in AD, such as
GIuR recycling, long-term potentiation, and long-term depression, is not known. However,
Vilipl has a higher affinity for Ca** than calmodulin, suggesting it may respond to the lower

Ca®" levels, which induce long-term depression (Burgoyne and Weiss, 2001).
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The above findings are consistent with the hypothesis that VSNL1/Vilipl may contribute
to the risk for AD, possibly via age-dependent alterations in expression or by affecting processes
that contribute to synapse or neuronal loss. To date, however, very little is known about normal
VSNL1 expression in brain, whether it is modulated by genetic variation, and the brain-related
biologic co-expression networks in which VSNL1 participates. To begin to address these
questions, we assessed VSNL1 expression in two regions of frontal cortex obtained from 209
subjects spanning the adult age range, and without evidence of psychiatric or neurodegenerative
iliness. We found that VSNL1 expression was present throughout the adult life span and was
unaffected by age, sex, and common genetic variants in cis and trans. VSNL1 co-expression
networks included KEGG pathways for calcium signaling, AD, and pathways implicated in

synaptic pathology in AD.

B.3 METHODS AND MATERIALS

B.3.1 Subjects

All of the brain specimens were collected during autopsies conducted at the Allegheny County
Office of the Medical Examiner with permission obtained from the subjects’ next-of-kin. The
protocol used to obtain consent was approved by the University of Pittsburgh Institutional
Review Board (IRB) and Committee for Oversight of Research Involving the Dead. An
independent committee of experienced clinicians made consensus DSM-1V diagnoses for each
subject, using information obtained from clinical records and structured interviews with

surviving relatives. These procedures were IRB approved. Samples from a total of 212 subjects
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without any DSM-IV diagnosis (i.e., including no diagnosis of a cognitive disorder) were

obtained for use in this study.

B.3.2 Tissue Processing

Upon brain collection, ~2 cm coronal blocks from the right hemisphere were cut through the
rostro-caudal extent of the brain and stored at —80°C. The RNA integrity (RIN) of each brain
was assessed by chromatography (Agilent Bioanalyzer, Santa Clara, CA, USA). Samples were
obtained from two prefrontal cortex (PFC) regions: Brodmann areas (BA) 11 and 47. These areas
were selected based on prior findings showing robust age-related changes in gene expression that
were highly correlated with other PFC regions (e.g., BA9) (Erraji-Benchekroun et al., 2005).
Gray matter samples containing all six layers and excluding white matter were harvested from

three to four consecutive 20 um sections and stored in Trizol reagent.

B.3.3 RNA Arrays

Total RNA was extracted from frozen BA11 and BA47 samples stored in TRIZOL and
were processed for microarray analysis using GeneChip Human Gene 1.1 ST from Affymetrix
according to manufacturer’s protocol (http://www.affymetrix.com). Gene expression data were
extracted using Expression Console build 1.2.1.20. The normalization method is based on
quantile normalization to eliminate batch effects. Data from arrays were processed by RMA
method. Gene expression probes were processed at gene-level and taken in log2 scale for further

analysis. After normalization, 33,297 gene-level probes remained. Three samples were removed
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from study, one due to poor array quality, one due to outlier effect, and one due to XXY

genotype, resulting in a final sample size of 209 subjects (Table B.1).

Table B.1 Demographic and technical characteristics of human subjects.

Variable N (%) or mean (SD)
Age (years) 50.5 (14.6)
Hange 16-91

Sex
Male 166 (79)
Female 43 (21)
Hace
Caucasian 178 (85)
Afnican-Amencan 31 {15)
PMI 172 (5.9)
Hange 4.8-375
pH 6.7 (0.3}
Hange 5.8-786
RIN 8.0 (0.73)
Hange 5996

PMI post-morterm interval: BIN, ANA integnity number.

B.3.4 Genotyping

DNA samples for 204 of the subjects were available, and processed on Affymetrix SNP 6.0
arrays, assessing genotype at 906,600 SNPs. Genotype calls were generated using Affymetrix

Genotyping Console version 4.1.3. For intensity quality control (QC), we used Contrast QC,
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which is the per sample QC test in the Affymetrix SNP 6.0 intensity array; two samples were
removed after QC, leaving a final sample of 202 subjects for genotype measures. Birdseed v2
algorithm was used for genotyping, using the EM algorithm to drive a maximum likelihood fit of

a two dimensional Gaussian mixture model.

B.3.5 Statistical Analysis

Age-dependent expression

Linear regression models were fitted to assess the association between VSNL1 expression level
and demographic factors (age, sex, race). These models included as covariates the technical
factors brain pH and RIN, as both were significantly associated with VSNL1
expression: p=7.21e-09 (BA1l) and 1.94e-04 (BA47) for pH association and p=3.66e-12
(BA1l) and 1.16e-08 (BA47) for RIN association. There was no significant association of
VSNL1 expression with post-mortem interval (PMI, p=0.26 and 0.36 in BA11 and BA47,

respectively) and thus PMI was not included in the models.

eQTL mapping

eQTL analysis was performed in the 169 Caucasian subjects for whom genotype data were
available. PCA analysis did not indicate population substructure within this cohort. All subjects
had call rates >98%. SNPs were filtered out using the following criteria: (i) sample missing rate
>10%, (ii) Minor allele frequency (MAF) <5%, and (iii) p value of Hardy—Weinberg equilibrium
(HWE) test <10—3. SNPs were defined as in cis if they were located within 50 kbp of VSNLI.

All other SNPs were defined as in trans.
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The eQTL model adjusted for age, pH, and RIN values (each was significantly associated
with gene expression in both BA1l and BAA47) since the effects of those covariates may

confound eQTL findings. The eQTL model with three covariates for a given genotype was:
3
Gij = o + viXj + Zk_l BikSix + €

in which: Gij: gene expression of gene i of subject j; ai: intercept term of gene i; yi: effect of the
selected genotype to gene i based on additive model; Xj: genotype of subject i, 0 (homozygous
major alleles), 1 (heterozygous calls), and 2 (homozygous minor alleles); Pik: the effect of
covariates k; k=1 (age), 2 (pH), and 3 (RIN) in genei; Sjk: the value of covariate k of

subject j; k=1 (age), 2 (pH), and 3 (RIN);
&i~N (0,1)

We used the “Matrix eQTL” R package, a recent computationally efficient package for eQTL
analysis (Shabalin, 2012), to detect the desired trans-eQTLs. We applied the adaptive weighted
(AW) Fisher’s method (Li and Tseng, 2011) for meta-analysis to combine eQTL p-values from
two brain regions (BA11 and BA47). The AW Fisher’s method has the advantage to distinguish
study homogeneity and heterogeneity by assigning 0 or 1 study (brain region) weights for each
eQTL. Detected eQTLs from the meta-analysis can have three possible resulting weights: (1,1)
meaning detected eQTL in both brain regions; (1,0) showing detected eQTL in BA11 but not in
BA47 and vice versa for (0,1) weight. In order to avoid heterogeneity of eQTL findings across
brain regions, we selected only eQTLs that were identified in both brain regions with (1,1)

weights in the AW Fisher’s method.
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B.3.6 Co-expression pathway analyses

To reveal the co-expression structure of VSNL1, we selected the top 400 positively and

negatively correlated genes in both brain regions. The minimum observed correlation among the

selected genes was 0.64, and the associated P-values suggest the corresponding false discovery

rate (FDR) is <le-04. Pathway analysis was performed via over representation analysis based on

Fisher’s exact test using pathway information retrieved from KEGG, BIOCARTA, and

REACTOME databases. The Benjamini Hochberg procedure was used to control FDR for

pathways (Benjamini and Hochberg, 1995).

B.4 RESULTS

B.4.1 VSNL1 expression

There were no significant associations of VSNL1 expression in either BA11 or BA47 with age,

race, or gender (Figure B.1).
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Figure B.1 VSNL1 expression as a function of age, race, and sex. The correlation of VSNL1 expression levels with

age are shown in the first panels for each area. The second and third panels show the density of expression levels as

a function of race and sex. No associations were significant. BA, Brodmann area.

B.4.2 VSNL1eQTL analysis

There was no significant association of VSNL1 expression with 40 genotyped SNPs located in

the cis-regulatory region (Table S1 in Supplementary Material). Examination of the association

of VSNL1 expression with SNPs in trans revealed 27 SNPs with suggestive evidence of

association (p<10—6, Figure B.2; Table S2 in Supplementary Material). However, no SNPs

reached the threshold for genome wide significance (p < 10°%).

130



BA 11

-log10(P)

T T T T T T T T T T T T T T T T T T TT T T T°°7T
1 2 3 4 5 [ 7 & 9 ] n 1z 7 " 1B 18 17 18 19 il X ¥

-log10(P)

T T — T T T T T T
& 9 10 n 12 7" " 15 16 17 18 19 Fal X v

-log10(P)

T T T T T T T T T T T T T 1 7 1 1 1 rrrr 171
1 2 3 £ 5 L} T 8 El 10 1" - 13O 15 16 17 18w N X v

Chromosome
Figure B.2 Manhattan plot of SNP associations with VSNL1 expression. Associations are shown for each region,

and for the weighted average of the two regions in the meta-analysis. BA, Brodmann area.

B.4.3 VSNL1 co-expression networks

We next evaluated VSNL1 co-expression. Although VSNL1 expression was itself not age
dependent, many of its potential co-expression partners show age-dependent alterations in
expression, including genes related to neurodegeneration (Erraji-Benchekroun et al., 2005,

Glorioso et al., 2011). Therefore, we separately evaluated co-expression in subjects under and
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over 50 years of age. The 400 genes with the greatest positive and negative correlations with
VSNL1 expression in each age group are shown in Table S3 in Supplementary Material.

The KEGG, BIOCARTA, and REACTOME pathways showing the most significant
loading for genes positively and negatively correlated with VSNL1 expression are shown in
Tables B.2 and B.3, respectively (all pathways are shown in Table S4 in Supplementary
Material). In subjects under 50, VSNL1 was positively correlated with genes in the KEGG
pathway for AD and the BIOCARTA pathway for P35 signaling in AD (P35Alzheimers). The
association with the KEGG pathway was driven by correlations with amyloid precursor protein
(APP), ATP2A2, CALM1, CDK5, CHP, GSK3B, ITPR1, NDUFAB1, NDUFV2, PPP3CA,
PPP3CB, and UQCRH. The association with the P35Alzheimers pathway was driven by three of
the same genes (APP, CDKS5, and GSK3B) as well as PPP2CA. In subjects over 50, the co-
expression of VSNL1 with these AD pathways was weakened, with CDK5, CHP, and

NDUFABL no longer among the top co-expressed genes.
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Table B.2 Top pathways identified by genes showing positive correlations with VSNL1 expression.

Pathway Age under 50 Age over 50
BA 4T BAM AVG BA 47 BAN AVG
Aldostercne regulated sodium reabsorption 5 B3E-D3 5.00E—-03 147E-0B 9.00E-03 TA4E-03 196E-05
Alzheimers disaase 120E-04 143E-03 1.47E-05 5.20E-03 6.55E-02 352E-04
Calcium signaling pathway 4 B3E-04 1.08E-04 1.47E-05 110E-04 5.21E-03 1.96E-0&
Cardiac muscla contraction 9 35E-04 6.19E-04 147E-05 8O4FE-D4 1.34E-03 196E-05
Epithelial cell signaling in Halicobacter pyior infection 1.96E-03 1.78E-0& 1.47E-05 3.60E-04 2.02E-04 1896E-05
Longterm potentiztion 1.35E-03 1.04E-03 1.47E-05 202E-04 6.36E-03 1.96E-0&
Oocyta meiosis 273E-04 0 GEE—08 147E-05 2 76E-03 1.17E-03 196E-05
Owidative phosphorylation 2.50E-04 159E-04 147E-05 TME-03 TEIE-03 1896E-05
Proximal tubule bicarbonate reclamation 4 52E-03 3.60E-03 1.47E-05 5.72E-03 6.82E-03 196E-05
Vibrio cholerae infaction 1.20E—04 2. 10E-06 1.47E-05 8 76E-0& 3.23E-06 1.96E-0&
WNT signaling pathway 261E-03 170E-04 147E-05 288E-04 9.06E-03 196E-05
AKAP controsome pathway 1.19E-02 1.30E-02 258E-04 187E-03 1.67E-02 1.96E-0&
CDCAZRAC pathway 370E-03 2 5BE-02 T80E-05 4 RAE-M 1.48E-01 113E-01
CHREBPZ pathvay 1.17E-03 4.42E-03 147E-05 1.10E-03 1.64E-03 196E-05
CK1 pathway E35E-04 3.60E-03 1.47E-05 4 B4E-04 A.06E-02 1.096E-0&
CREE pathway 4 A5E-03 4.35E-03 1.47E-05 5 62E-03 6.82E-03 1.96E-0&
FCER1 pathway THE-03 B12E-03 2 TME-05 10ME-02 127E-02 1.03E-04
GPCR pathway 120E-04 167E-03 147E-05 344E-04 1.27E-02 196E-05
HOAC pathway 3.18E-03 3.16E-03 1.47E-05 5.00E-04 419E-03 1.96E-0&
MEF2D pathway 5 3RE-04 2 5BE-02 147E-05 3.20E-02 3.06E-02 B30E-04
MOKDYNAMIN pathay 4 52E-03 EA3E-04 1.47E-05 3.73E-02 1.17E-03 196E-05
MFAT pathway E02E-04 1. ME-03 1.47E-05 18BE-05 267E-03 1.96E-0&
MOS1 pathway 3092E-05 1.04E-03 1.47E-05 130E-04 1.80E—03 1.96E-0&
Fa5Alzheimers pathmvay 5.30E-03 5ABE-03 1.47E-05 5.71E-02 5.43E-02 3.92E-03
PGC1A pathway 1.94E-03 1. T4E-03 1.47E-05 4.36E-05 267E-03 196E-05
VIP pathwway 404E-04 144E-02 1.47E-05 3.15E-03 1.72E-02 1.96E-0&
REACTOME
Acetylcholine neurctransmitter release cycle 267E-03 154E-04 1.47E-05 193E-04 413E-04 106E-05
DARPP32 events 3852E-05 T66E-05 1.47E-05 102E-04 1.17E-03 196E-05
Dopamina naurctransmitter relesse cycle T12E-03 391E-08 1.47E-05 8 76E-0& 4 97E-06 106E-05
Formation of tubulin folding intermediates by CCTTRIC 1.94E-03 BETE-03 1.47E-05 107E-02 1.18E-02 1.03E-04
Glucosa regulation of insulin secration 113E-03 6.15E-03 1.47E-05 9. B8E-02 3.19E-M 4.45E-02
Glutarmate neurotransmitter release cycle 2.31E-03 184E-04 147E-05 2 60E-D4 4.37E-D4 196E-05
Integration of enargy matabolism 133E-04 3.60E-03 1.47E-05 234E-02 167E-01 4.65E-03
MNeurotransmitter recaptor binding and downstream 1.94E-03 2.33E-05 147E-05 5.00E-D4 2.67E-03 196E-05
transmission in the postsynaptic cell
Meurotransmitter relaasa cycle 5 40E-03 9 62E-06 147E-05 102E-04 1.16E-05 196E-05
Morepinephrine neurotransmitter release cycle 3BOE-03 2 60E-04 1.47E-05 344E-04 5.25E-04 196E-05
Opioid signaling 113E-04 144E-04 147E-05 3 37E-06 1.30E-03 196E-05
PLC baeta-mediated events 2 1E-03 4.30E-02 B8.76E-05 344E-04 5.43E-02 196E-05
Continued)
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Pathway Age under 50 Age over 50
BA 47 BAT1 BAVG BA 47 BA T BVG

PLC gamma1 signaling 4.39E-04 Q935E-03 1.47E-05 3AAE-04 127E-02 196E—-05
Regulation of insulin sacreticn 2 ME-04 332E-03 1.47E-05 472E-03 9.62E-02 4.34E-04
Regulation of inswlin sacration by acatylcholing EADE-03 5 EEE-03 1.47E-05 1.02E—-04 1.00E-02 196E—05
Regulation of insulin sacretion by free fatty acids 3.70E-03 289E-03 1.47E-05 TT3E-05 6.E2E-03 1.96E-05
Regulation of insulin sacration by glucagon like paptide 1 194E-03 6.02E-03 1.47E-05 0.99E-05 267E-03 1.96E—-0&
Regulation of omithine decarboxylase T81E-04 1.38E-M T89E-05 151E-01 150E-02 2.ME-03
Sarotonin neurctransmitter ralease cycla T12E-03 391E-06 1.47E-05 8. 76E-05 4.97E-06 1.96E-0&
Signaling by WHNT B24E-04 1.00E-02 1.47E-05 4 Z5E-0Z 4.45E-03 1.03E-04
Signaling by NGF 225E-03 981E-04 1.47E-0& B.17E-03 141E-03 1.96E—-0&
Trafficking of AMPA receptors 327E-02 182E-04 1.47E-05 4 20E-02 2 30E-03 196E—05
Trafficking of GLURZ2 containing AMPA receptors 1.07E-01 270E-04 2. ME-05 1.31E-01 4 BEE-03 4.62E-04
Transmission 2cross chamical synapses EOQAE-06 220E-M 1.47E-05 1.66E-08 153E-08 1.96E—-05

0 vavss are shown for sach region, and for the weighted averags (AVG] of the two regions in the meta-analysia.
BA, Brodmann arsa.

Table B.3 Top pathways identified by genes showing negative correlations with VSNL1 expression.

Pathway Age under 50 Age over 50
BA 47 BA M AVG BA 4T BAT AVG

Allograft rejaction 1.00E+00 1.00E+00 100E+00 1.38E-01 5 ADE-DN 337E-02
Autoimmune thyroid disease 1.00E+00 1.00E+00 1.00E+00 1.38E-O1 540E-OM 3.37E-02
Call adhesion molaculas CAMS 223E-01 B.RIE-01 B.73E-02 4.19e-02 4 75E-01 27BE-03
Cytokine—cytokine recaptor intaraction 223E-01 BOME-O1 4.17E-02 4.19e-02 1.68E-01 1.20E-03
Focal adhesicn 6.69E-02 1.00E+00 3.85E-02 250E-0 100E+00 1.88E-01
Graft versus host disaasa 1.00E400 1.00E+400 100e+00 1.38E-O1 BADE-ON 33I7E-02
MOTCH signaling pathway 292E-01 1.00E+400 3.27E-M 1.38E-O1 7ROE—O1 4 BO9E-02
Pathways in cancer 8.23E-01 1.00E400 4. 25— 9.59E-02 6.10E-1 1.92E-02
Propanocate metabolism 36AE-O1 1.00E+00 4 30E-M 148E-O 4 75E-1 337E-02
Proximal tubule bicarbonate reclamation 183E-01 BA1E-01 3.85E-02 1.49E—-01 2 A3E-M 0.36E-03
Regulation of actin cytoskeleton 6.05E-02 8.29E-01 167E-02 3.32E-M 100E+00 2 25E-01

MCALPAIN pathway 9.06E-02 1.00E+00 4 83E-02 191E-01 100E+00 1E1E-01

Ethanol cxidation 1.00E+00 1.00E+00 100E+00 2.79E-M 4.19E- 4 B9E-02
GAP junction trafficking 1.60E-01 529E-01 1.67E-02 g81E-M B 35E-01 285E-01
Immunoragulatory interactions between a lymphoid and a 3R1E-O 1.00E+400 2.02e-0 TABE-02 4. 67E-D B.83E-03
non-ymiphoid call

Integrin call surface interactions 0.06E-02 5 29E-01 1.00E-02 1.73E-01 0 45E-O1 8.26E-02
MOTCH HLH transcription pathway 9.06E-02 1.00E+00 B.RI1E-02 2.78E-M 411E-D 4 ABE-02

0 valuess are shown for sach region, and for the weighted average (AVG) of the two regions in the meta-analysis.
B84, Brodmann area.
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Other neuronal calcium sensor family members have been shown to mediate processes
dependent on glutamate receptor trafficking, such as long-term potentiation and long-term
depression (Palmer et al., 2005, Amici et al., 2009, Saab et al., 2009). Although the protein
product of VSNL1, Vilipl, is known to alter availability of a4,p2-nicotinic acetylcholine
receptors at the cell membrane via affects on endocytic trafficking (Lin et al., 2002), a similar
effect on glutamate receptors has not been shown. It is of some interest, therefore, that among the
top pathways identified by genes positively correlated with VSNL1 expression are the KEGG
pathway for long-term potentiation and REACTOME pathways for trafficking of AMPA
receptors. These associations include positive correlations with several AMPA receptor subunits:
GRIAL, GRIA2, and GRIA3. Although not among the top pathways identified, there was also a
significant positive correlation of VSNL1 expression with the KEGG pathway for long-term

depression in both age groups (Table S4 in Supplementary Material).

B.5 DISCUSSION

We evaluated the hypothesis that VSNL1 may contribute to the development of AD by
assessing whether VSNL1 demonstrated age-dependent expression and by determining the brain-
related biologic co-expression networks in which VSNL1 participates. VSNL1 expression was
present throughout the adult life span, but was not correlated with subject age. VSNL1 co-
expression networks included AD pathways and pathways implicated in synaptic pathology in
AD, including long-term potentiation, long-term depression, and trafficking of AMPA receptors.
These latter findings provide an unbiased link in support of the hypothesis that VSNL1/Vilipl

may participate in molecular mechanisms of AD.
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We found that VSNLL is expressed throughout the adult lifespan in human frontal cortex
and is independent of subject age. We, and others, have previously reported that there is a
substantial overlap between genes demonstrating age-related changes in expression and genes
involved in the pathogenesis of neurodegenerative illnesses, including AD (Glorioso and Sibille,
2011). The lack of changes in VSNL1 expression with age in our subjects suggests that any
contribution of VSNLL1 to the development of AD is not via this age-dependent mechanism.
However, this does not preclude that VSNL1 expression could vary with age in other brain
regions relevant to AD pathogenesis, such as the hippocampus. Also, it remains possible that
post-transcriptional processing of VSNLL1 into Vilipl protein may vary with age. Evaluating that
alternative will require future study of brain Vilip1 levels in an aging cohort.

We had previously identified an association between genetic variation in VSNLL1 and the
psychotic phenotype of AD (Hollingworth et al., 2012). Because one important mechanism by
which genetic variants may affect risk for neurodegenerative disease is to alter the transcription
of their gene products in brain (Zou et al., 2012), we evaluated whether VSNL1 expression in
frontal cortex is associated within or nearby the VSNL1 locus. We did not detect an association
of VSNLL1 expression with any of the tested SNPs. However, the possibility that nearby SNPs,
other than the ones tested, affect VSNL1 expression cannot be excluded. To assess this
likelihood, we used data from the 1000 Genomes project to estimate what proportion of all
common variants (minor allele frequency >5%) in VSNL1 were correlated with the SNPs tested
in our analysis. Only 70% of the common variants were tagged by one or more of our SNPs with
an r’>0.8. The 30% of poorly tagged common variants includes the most strongly-associated
SNP in our GWAS, rs4038131. It is also possible that genetic variants, including those evaluated

in the current study, may alter VSNL1 expression only in the presence of neurodegenerative
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pathology. However, it should be noted that recent tests of SNPs in the AD risk genes ABCA7,
BIN1, CD2AP, CD33, CLU, CR1, EPHAL, MS4A6A, MS4A6E, and PICALM for associations
with the expression of their respective genes in brain tissue from AD and healthy control subjects
have been largely negative (Allen et al., 2012, Karch et al., 2012).

Although the focus of our study was on risk for AD, genetic variants in VSNL1, altered
brain VSNL1 mRNA expression, and altered brain levels of Vilipl protein have been reported in
schizophrenia (Beveridge et al., 2008, Martins-de-Souza et al., 2009, Braunewell et al., 2011). Of
particular relevance to the current report was the finding that microRNA miR-181b, which is
elevated in schizophrenia, can downregulate VSNL1 expression in model systems and correlates
with reduced VSNL1 expression in the superior temporal gyrus in subjects with schizophrenia
(Beveridge et al., 2008). We were able to replicate the negative correlation between VSNL1
expression and expression of pre-miR-181b genes in our normal aging cohort in both BA11 and
BA47 (Figure S1 in Supplementary Material). However, how this normative regulation of
VSNL1 by miR-181b might be changed in the presence of AD pathology and/or genetic
variation in VSNLL1, and in particular whether they may interact to underlie the association of
VSNL1 genetic variation with psychosis in AD, is not known.

VSNL1 was co-expressed with genes in several distinct pathways. This included co-
expression with genes identified with AD pathways and genes involved in mediating synaptic
plasticity mechanisms such as long-term potentiation, long-term depression, and trafficking of
AMPA receptors. These findings support a role for Vilipl in these processes, as co-expressed
genes tend to be related functionally (Oldham et al., 2008). However, the specific nature of any
functional relationship cannot be readily inferred, as co-expression can arise from many sources

(Gaiteri et al., 2014). For example, gray matter homogenates are a mixture of many cell types.
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Multiple genes that are specifically enriched in a single cell type, e.g. microglia, may be
identified as co-expressed (Oldham et al., 2008, Hawrylycz et al., 2012). Alternatively, genes
may share a mechanism regulating their transcription such as a transcription factor in common
(Allocco et al., 2004), proximity within the linear sequence of DNA leading to synchronous
transcription (Ebisuya et al., 2008), or colocalization within the spatial configuration of
chromosomes (Homouz and Kudlicki, 2013). Similarly, epigenetic control of transcription via
histone acetylation and methylation can lead to co-expression of neighboring genes (Horvath et
al., 2012). Finally, mMRNA degradation via microRNA binding may also lead multiple targets of a
given microRNA to demonstrate correlated expression (Gennarino et al., 2012).

In summary, VSNLL1 is co-expressed with functional groups and gene transcripts in AD
pathways, including APP itself and pathways implicated in synaptic pathology in AD. These
findings provide an unbiased link between VSNL1 and molecular mechanisms of AD. However,
whether increased expression of APP may drive increased VSNL1 expression, increased VSNL1
expression drives increased APP expression, or both are concurrently altered downstream of
another factor will need to be evaluated in model systems. For example, evaluation of VSNL1
expression in transgenic mouse models of AD, or evaluation of APP expression after knockdown
of VSNL1 would be indicated. Similarly, whether altering VSNL1 expression modifies synaptic

pathology in AD would benefit from testing within in vitro and/or genetic mouse models.
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