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ABSTRACT

COFILIN-ACTIN RODS: QUANTIFICATION AND COMPARISON TO TAU PATHOLOGY IN A
HUMAN LONGITUDINAL AGING STUDY AND DEVELOPING PROBES TO MEASURE
LOCALIZATION AND ACTIVITY OF NADPH OXIDASE 2, A COMPONENT OF THE PRION-

DEPENDENT ROD INDUCING PATHWAY

The presence of extracellular amyloid plaques composed mainly of fibrils of the B-amyloid peptide
(AB) as well as intracellular neurofibrillary tangles composed mainly of hyperphosphorylated tau
protein, are used for post-mortem confirmation of the diagnosis of Alzheimer's disease
(AD). However, a shift in disease hypothesis has changed over the years. It is now generally
accepted that soluble forms of AR oligomers and not fibrils, which are deposited in plaques, are
most responsible for the synaptic loss and eventual neuronal death that accompanies AD
progression. In cultured mammalian neurons, treatment with this more relevant, soluble form of
AB induces the formation of cofilin-actin rods within neurons. Rods may grow to occlude the
neurite and block transport, leading to loss of microtubules and synapses. Tau is a microtubule
binding protein whose hyperphosphorylation depends upon its release from microtubules. Thus,
rod formation might play a role in the loss of synapses and the development of tau pathology in
AD. To determine if cofilin-actin rods might play a role in AD progression, we obtained samples
of frontal cortex and the hippocampal formation from nearly identical regions of multiple subjects
who were part of a longitudinal study and thus could be grouped as non-cognitively impaired
(NCI), early AD (eAD), or mid to late AD. All samples were obtained with a short postmortem
interval and the average age of subjects in each group was between 86 and 91 years. We
prepared 30 um sections of cortical and hippocampal tissue, and following immunofluorescence
staining for cofilin and phosphorylated tau protein, quantified rod and neuropil thread areas in

brain sections from each subject. Rods in the hippocampal formation were most prevalent in the



entorhinal cortex, the first brain region to show pathology during development of AD. Comparison
of rod and neuropil thread pathology in the frontal cortex revealed a correlation of neuropil thread
pathology with disease transition. However, there was no correlation between rod density and
disease transition, while the cortical sections revealed a surprisingly high deposition of cofilin rod
pathology across all subject cohorts. This may suggest that rods play a different role within brain

cortical regions than what was observed in the hippocampus.

Additionally, recent work has revealed the implication of a prion-dependent rod inducing pathway
dependent on the activation of the reactive oxygen producing NADPH oxidase 2 (NOX). If prion-
protein density is responsible for whether a rod forms, can we investigate the NOX intensity and
duration of activity in relation to where rods form in a neurite? For future study we sought to
develop the sensitive NOX probes, p47-roGFP and NOX-2-redtrack. These probes will give us
new tools to analyze the effects that NOX activity and expression have on rod formation. The
adenoviral constructs for expression of these two probes have been made and characterized
within mammalian cell lines. Evidence presented here provides the basis for the use of these

probes to analyze NOX activity as it relates to the generation of rods within neurites.
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Chapter 1: Introduction

Alzheimer’s Disease

Alzheimer’s disease (AD) is the most common form of dementia, primarily affecting adults over
the age of 65. It is a progressive and debilitating mental illness of cognitive degeneration
manifesting itself in memory lapses, mood swings, and the inability to effectively communicate.
AD is an excruciating illness for the diagnosed and their families. However, as the number of
adults over the age of 65 is expected to increase with the aging baby boomer population, AD
will also stress the health system economically. This year (2015) AD costs are expected to
reach $226 billion (1). With the projection of AD cases continuing to double each year to 2050,
the pressure on the healthcare system will only be intensified (2). In light of this bleak outlook,

the need for advancement in AD research cannot be understated.

Cholinergic Innervation Disruption Hypothesis

AD is marked by the eventual death of neuronal cells leading to significant reductions in brain
cortical thickness and volume (3). The level of deterioration taking place in AD is striking, and
has provided a basis for those attempting to understand the disease through its course of
destructive brain atrophy. In an attempt to explain the neuronal degeneration taking place in AD,
various hypothesis have been proposed over the years. The memory and cognition deficits
associated with the disease point to a disruption of neuronal cell communication or synaptic
transmission. Early on, many observations noted a higher degree of neuronal cell loss in AD
individuals within the cerebral cortex, primarily the frontal and temporal cortices (4). Supporting
evidence showed the specific degeneration of cholinergic neurons in the cortex, neurons that
primarily release the neurotransmitter acetylcholine at their synapses (5). This finding led to the

Cholinergic Innervation Disruption Hypothesis, one of the first attempts to explain the age-



related and sporadic neurodegeneration of Alzheimer’s disease. The relevance of this
hypothesis hinged on three key observations; (a) specific dysfunction in cholinergic markers in
patients suffering from memory loss; (b) disrupting cholinergic function in young people
artificially created similar symptoms found in the elderly with cognitive impairment; and (c)
those suffering from cognitive impairment could be rescued with cholinergic function
enhancement (6). Various observations of these points led to the idea that the disease was
targeting specific acetylcholine-releasing neurons (4). This led to the development of therapies
(acetylcholinesterase inhibitors such as donepezil, known as Aricept®) targeting the cholinergic
neurons, attempting to alleviate what was viewed as acetylcholine disrupted synaptic

transmission.

However, the development of cholinergic targeted treatments has provided some strong
evidence that cholinergic disruption is likely not the causative disease agent, as the therapies
only briefly slow disease progression, and fail to stop continued degeneration and neuronal cell
loss (7). Furthermore, while the loss of cholinergic markers is documented in AD, it does not
appear to be significant in early disease pathology, indicating it may simply be an effect of the
local toxic environment (8). In addition, new evidence has indicated disease pathology begins in
the entorhinal cortex and hippocampal brain regions; before progressing to large neocortical
areas such as the temporal and frontal cortices (9-11, 12). From the beginning of AD research
through the development of the cholinergic innervation hypothesis, other pathological changes
were noted in AD brain that included the presence of neuritic amyloid plaques and neurofibrillary
tangles (4). However, the presence of plaques was reconciled as the result of cholinergic
marker deposition and decreased activity acting as upstream contributors to the propagation of
plague and tangle pathology (4). With evidence emerging contrary to the cholinergic innervation
hypothesis, amyloid plaques again returned as central to the ideas surrounding AD

development.



It has been over a hundred years since Alois Alzheimer first observed fibrillar pathology in the
brain of a female patient in what would become described as amyloid plaques (13). However,
while the presence of amyloid plaques seems synonymous with AD, their origin and role in
disease development have been controversial. The presence of plaques and neurofibrillary
tangles, are still used to confirm the AD diagnosis in post-mortem patients. A probable AD
diagnosis can be made early-on in patients with progressive cognitive, language and executive
function decline (14). When used in conjunction with modern techniques such as positron
emission tomography, functional MRI and disease markers in cerebrospinal fluid, early disease
diagnosis is improving in accuracy and efficiency (3). Due to its near universal association with
AD, many have considered the importance of plaque pathology goes beyond diagnosis and is

central to disease origination, development and progression.

Amyloid Cascade Hypothesis

Following the cholinergic innervation hypothesis, it was proposed that the primary causative
agent in AD was the presence of amyloid plaques in what became known as the Amyloid
Cascade Hypothesis. This hypothesis proposes that Amyloid-beta (AB) deposition into insoluble
amyloid plaques directly causes the development of neurofibrillary tangles, neuronal cell death,

and dementia (15).

The amyloid precursor protein (APP) is commonly recognized as the early role player in AD, as
it generates the basic protein fragment amyloid-beta (AB) in the easily stained extracellular
deposits known as plaques. APP is a single transmembrane protein which can undergo
processing by opposing pathways (Figure 1.1) to generate either pathogenic or non-pathogenic

APP protein fragments (16).
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Figure 1.1: Differential APP Processing Generates Non-Amyloidogenic or
Amyloidogenic AB Fragments. When APP processing initiates with a-secretase cleavage,
the generated fragment is easily degraded within the cell. This generates what is considered
non-amyloidogenic AR fragments. However, when APP undergoes initial p-secretase
cleavage, AR fragments between 39-43 amino acids are generated. These fragments are
considered amyloidogenic due to their propensity to oligomerize and aggregate into plaques.
Adapted from Figure 1a Heppneret al 2015 (17).

When APP is cut by the proteases a-secretase and y-secretase, the fragments that are
generated are soluble, non-pathogenic and get degraded and are cleared from the tissue.
However, when the proteases B-secretase (or cathepsin B (18)) and y-secretase cleave APP,
one of the products is a pathogenic beta-amyloid (AB) peptide (19). Depending on the exact
residue within the membrane spanning domain that is cleaved by y-secretase, the AR peptides
range from 39-43 amino acids with the 40 and 42 length peptides as the major species.
Pathogenic AB is amyloidogenic and can undergo oligomerization in the extracellular space
generating the hallmark insoluble Amyloid Plaques. AB fragments of 42 amino acids, while less
common than the 1-40 species, exhibit increased oligomerization and are considered the more

neurotoxic of AR species (20).



In addition to the amyloid plaques, AD postmortem confirmation also requires the presence of
intracellular Neurofibrillary Tangles (NFTs) composed of the protein tau. Neurons rely on an
extensive transport network to supply synapses, the points of communication between neurons
necessary for their function. These transport networks in axons and dendrites are made up
primarily of microtubules. Tau functions as a microtubule stabilizing protein, releasing from
microtubules when phosphorylated in its microtubule binding domain and able to bind
microtubules when dephosphorylated (21, 22). Microtubule stabilization by tau helps maintain
their ability to carry on axonal transport of vesicles over long distances and to modulate their

assembly dynamics (21).

However, tau has amyloidogenic regions and, within the context of AD, tau elicits internal
neuronal toxicity as tau aggregates in Neurofibrillary Tangles (NFTs) and Neuropil Threads
(NTs). Tau aggregation likely begins with an increase in unbound and multi-phosphorylated tau,
leading to initial deposits of NTs which can progress further into NFTs (21). However,

hyperphosphorylated tau can also be released externally and has neurotoxic effects (23, 24).

The strongest evidence in support of the amyloid cascade hypothesis comes from the rare
heritable forms of AD. Generally AD is classified as either familial (genetic based) early-onset
AD (FAD) or sporadic (late onset) AD (SAD). In FAD the heritability is linked to genetic
mutations in APP, in the catalytic y-secretase isoforms presenilin 1 and 2 (3), both of which lead
to excess AP formation, or in the presence of a specific allele (¢4) of a brain produced
apolipoprotein E, which may act by increasing the oligomerization and toxicity of AR fragments
(25) or by decreasing their clearance (26). Furthermore, trisomy 21 (Down syndrome) is also
associated with early-onset AD due to APP gene duplication, as it is located on chromosome 21

(3). Each of these heritable factors not only lowers the age of disease onset, but also increases



the level of toxic AR fragments. This evidence serves as the basis for the Alzheimer’s disease

amyloid cascade hypothesis.

Exactly how the amyloid plaques were supposed to act as the causative agent in AD was never
fully explained. The FAD associated mutations and trisomy 21 contribute to greater production
and deposition of AR while also lowering the age of disease onset, indicating the crucial role of
amyloid in disease development (15, 27). It is thought the presence of plaques may activate
neuronal immune cells initiating an inflammatory response and/or physically blocking neuronal
synaptic connections (28). Yet, support for the amyloid cascade hypothesis has been waning
since many studies have shown that plaque development does not correlate either with
dementia or with neuronal death (29). Plagues sometimes in very high numbers can be present
before any sign of cognitive decline (19). John Hardy a co-author of the original amyloid
cascade hypothesis reconsidered the role of plaques in toxicity, acknowledging that it is likely
the soluble AB oligomers act as the toxic disease agent (30). This has transitioned into a
variation of the amyloid cascade hypothesis of AD, recognizing toxic soluble AB fragments as

central to disease progression.

Soluble AB Hypothesis

A major shift in the AD hypothesis was supported by evidence that an early event in AD
development was dysfunction at neuronal synaptic connections (31). This shift was further
supported by evidence that soluble AB oligomers, not plaques, may be acting at the synapse as
observed in animal models and predicted for human AD (27).

Exactly how the synaptic disruption occurs is not fully understood. It has been demonstrated
that oligomeric AR disrupts long term potentiation (LTP) the major pathway activated in learning

and new memory formation which reflect cognitive ability (32, 33).



Soluble AR may primarily elicit toxicity by stimulating the toxic aggregation of tau, and its effects
on cognitive ability is likely dependent on tau (34). In AD mice expressing toxic A, the
suppression of tau expression was able to rescue lifespan, memory, and seizure deficits (34).
Tau aggregation alone is known to have toxic effects on the brain. In the disease frontotemporal
dementia, a genetic tau mutation contributes to abnormal tau protein aggregation, causing
neurodegeneration without AB pathology (35). This tauopathy lends support to the idea that tau
aggregation alone is sufficient to cause synapse loss and neurodegeneration. Yet, the
mechanism in AD by which AB might induce tau aggregation is still not resolved. A may
mediate tau toxicity through tau mislocalization, early accumulation, hyperphosphorylation, or
neuronal inflammation (34, 36, 37). While each of these events could play a single or
combinatorial role in mediating AR toxicity, there is an additional but less understood pathology
which may connect AB to synaptic loss and alterations in tau aggregation, that of cofilin-actin
rods. Cofilin-actin rods may play a role in synapse loss and neuronal toxicity due to their ability
to disrupt microtubules, occlude neurites, block neuronal transport, and impair synaptic

transmission through sequestering of cofilin (38, 39).

Actin depolymerizing factor (ADF) and cofilin are members of the same (ADF/cofilin) family of
actin-binding proteins, influencing both the polymerization and disassembly of actin networks
(39). Because cofilin is the major isoform found in neurons, present at about 5 to 12 fold greater
amounts than ADF (40, 41), we will subsequently refer only to cofilin. Actin is a cytoskeletal
protein with roles in cell motility, morphology and transport (42). Within neurons, cofilin-
mediated actin dynamics controls most aspects of development including neuritogenesis,
axonogenesis, growth cone pathfinding to find synaptic targets, and the development of
dendritic spines. The structural reorganization of dendritic spines during long-term potentiation
(LTP) and long-term depression (LTD) (43-46) is essential to the network remodeling implicated

in memory formation (47). The ability of actin networks within spines to reorganize efficiently



depends partly on the severing and nucleation events mediated by cofilin. Cofilin is regulated
via the phosphorylation state of serine 3 (S3 in the encoded protein), largely dependent for
inactivation on the activity of LIM kinase and activation by the phosphatase slingshot (39).
Because of the ability of cofilin at high concentrations to bind to F-actin cooperatively and to
stabilize small pieces of cofilin-saturated F-actin, it better serves as a persistent severing protein

at low concentrations relative to F-actin (39, 48).

In neurons, cofilin concentrations are about 20% of that of actin. When cofilin is locally
activated it can bind and sever actin filaments but preserve shorter pieces of actin that become
saturated with cofilin. Alternatively, if cofilin is activated in a region containing high actin
monomer, it can bind to monomer forming a cofilin-actin complex that has its unique critical
concentration for assembly into cofilin-actin (1:1) filaments (49). These filaments can form
bundles (rods) in regions containing levels of reactive oxygen species (ROS) above some
threshold; much of the cofilin within rods isolated from neurons occurs as disulfide linked dimers
showing that its oxidative cross-linking occurs within rods in vivo (50). Within neurons rods may
form in response to oxidative stress (peroxide or NO), excitotoxic levels of glutamate, or ATP-
depletion stresses (51), but also in response to A, proinflammatory cytokines and
overexpressed prion protein (52-54). However, rod formation may be a protective effect gone
awry in cells. Within energetically stressed cells, rods may form to reduce ATP utilization that
occurs during actin turnover (55). Yet, in neurites with limited clearance, rod formation may
prove to be too disruptive. Overexpression of cofilin induces rod formation in cultured rat and
Aplysia neurons which elicits synaptic structural and function deficits (38, 56). Within rat
neurons synaptic disruption occurred specifically within the neurites where rods formed (56).
This evidence indicates rod formation within neurites may contribute to distal synaptic
disruption, alluding to a possible role for rods in the synaptic disruption observed in AD.

Furthermore, rod-shaped cofilin stained structures have been observed in the hippocampus of



brains of AD subjects but not in controls, suggesting rods might be important in cognitive decline
(51).

In addition to rods being observed in brain tissue from AD individuals, rod pathology has also
been extended to animal models. Within drosophila and mouse tauopathy models, which
correlate well with the neurotoxic changes observed in AD, rod density has been associated
with tau mediated neuronal toxicity (57), with rods also being separately observed in an AD
mouse model (53). Additionally, rods have been induced by soluble AB oligomers in cultured rat
and mouse hippocampal neurons (52, 58). Recently, work by Walsh et al has demonstrated two
independent pathways for ROS production during rod formation in neurons, one that is
dependent upon expression of the cellular prion protein (PrPC) and one that it is independent of

PrP° (54).

Role of oxidative stress in neurodegenerative disorders

Due to its high energy need, the brain utilizes a very high percentage of the oxygen we inhale
each day, about 20% of the total for an organ that is only 2% of the body mass. Thus it is not
surprising that ROS levels within the brain are also higher than other tissues. However, the age-
related decline in REDOX regulatory factors (e.g. SOD, catalase, glutathione, etc.) that protect
the brain from the excess ROS contribute to the age-related onset of many neurodegenerative
diseases such as AD and Parkinson’s disease, both of which exhibit neuronal ROS related
damage (59). In addition to oxidative stress being associated with cognitive impairment (60), it
has also been observed that levels of oxidative stress markers increase with AD progression

suggesting oxidative stress may play a role in continuous disease progression (61).

Due to the depressed antioxidant activity in AD patients (59), oxidative stress may play a

persistent role in the disease in a feed-forward activity by enhancing the toxicity of AD



pathology. Oxidative damage has been shown to play a role in the propagation of protein
aggregation of both tau and AB (62). There is strong evidence indicating AR plays an initial role
in not only eliciting oxidative stress, but also resulting in the release of superoxide ROS species
from microglia (62). Activation of microglia is considered an early disease response as A3
stimulates the release of inflammatory cytokines in addition to production of excess ROS (62). It
has also been suggested that AB alone may act as an oxidizing agent contributing to the
generation of free radicals (63). The induction of microglial activity by AB has been shown to
specifically activate the ROS producing enzyme NADPH oxidase (NOX) and the release of the
cytokine tumor necrosis factor-a (TNF-a) (64, 65). Within the context of AD, NOX activity up

regulation has been associated with early disease initiation and progression (66).

The inflammatory cytokine TNF-a mediates immune responses throughout the body. Within the
brain TNF-a release recruits and activates immune cells localizing inflammation and can have
separate cellular effects dependent upon the activation of the TNF receptors | or Il (65). TNFRI
activation stimulates an apoptotic cellular pathway through nuclear factor-kB (NF-kB), while
TNFRII exhibits cell survival and protective activity (65). However, glial TNF-a release in the

neuronal disease state robustly activates TNFRI over TNFRII (65).

Oxidative stress also plays a significant role in additional neuropathology of traumatic brain
injury (TBI). TBI results from force trauma which elicits downstream cascade events of
inflammation, oxidative stress, excitotoxicity and ionic balance disruption, contributing to
eventual neuronal cell death (67). Following the severity of TBI, neuronal degeneration and
cognitive impairment become progressively worse as the pathology spreads. Within a TBI
mouse model it has been suggested that within the hippocampus NOX activity is elevated
following trauma (68). The degeneration which occurs in TBI through neuronal cell loss with

NOX activation may very well parallel NOX initiation within AD. Activation of the NOX pathway

10



induces rods within neurons (54), and may provide a common link between TBI and AD
degeneration in a converging neuronal degenerative pathway.

Cofilin-actin rod hypothesis

Several changes occurring in AD brain have been identified that when replicated in model
systems cause cofilin-actin rod pathology and thus provide support for the hypothesis that rods
might be the cause of synaptic dysfunction, either through inhibiting transport or through

sequestering of cofilin and inhibiting its function in spines.

In addition to ROS production, formation of cofilin-actin rods requires the activation
(dephosphorylation) of cofilin. The dephospho-form is the only cofilin species found in rods (53)
and rod formation is inhibited by overexpressing an active form of LIMK (52).

LIMK activity declines during AD progression brought about by a decline in its upstream
regulatory kinase PAK1. If PAK1 is downregulated in a model system, cofilin-actin rods and
aggregates (cofilin pathology) occur (69). Chronophin, a cofilin phosphatase different from
slingshot, is regulated by binding to HSP90 in neurons. Release from HSP90 triggers rod
formation, again showing that hyperactivation of cofilin can be rod-inducing (70). Indeed,
oxidative stress (peroxide) which increases in AD brain can directly regulate the activity of the
cofilin phosphatase slingshot; when activated in neurons slingshot causes cofilin-actin rod
formation in neurites (71). MicroRNAs also regulate gene expression and two of these have
been identified that downregulate cofilin expression in neurons. When these microRNAs, both of
which decline in brains of AD subjects, are inhibited in neurons, cofilin overexpression ensues

and this also drives rod formation (72).

As mentioned previously, there is an increase in oxidative stress markers and an increase in

NADPH oxidase (NOX) during the development of mild cognitive impairment and AD. In

11



addition to its ability to directly impact cofilin dephosphorylation and its oxidation to form
disulfide bonds in rods, ROS can have other effects that also enhance rod signaling. Whereas
synthetic AB1.42 has been shown to induce rods when used at 500 nM to 1 uM concentration, a
more natural form of AP that is isolated from the medium of cells that express human APP
carrying the FAD Swedish mutation (33) has a greater than 1000 fold increase in rod-inducing
activity (52). The major AB species in this material are the SDS-stable dimers and trimers.
Oxidation of synthetic human AB1.42 to generate dimer and trimer increased its rod-inducing
activity by 600 fold (52) suggesting that increased oxidative stress may promote both rod-

inducing signaling as well as cofilin oxidation and rod formation.

Although mitochondrial inhibitors, hypoxia/anoxia and excitotoxic levels of glutamate induce
rods, the pathway utilized for ROS production (probably mitochondrial) is different than the
pathway used by AB, TNFa and other proinflammatory cytokines. This later pathway depends
upon both the presence of the cellular prion protein (PrP) and the activity of NOX (54). NOX is
a ROS producing enzyme which plays an important role in the ability of immune cells such as
macrophages and neutrophils to eliminate invading microorganisms (73). NOX exists in 7
isoforms, but the NOX1, NOX2 and NOX4 isoforms are specifically found in neurons (13, 74).
Although the NOX isoform involved in rod formation was not specifically identified, the ability of

2PH9X subunit to block rod formation when neurons were treated with AB

a dominant negative p2
or TNFa suggested that it would be NOX1-3, the isoforms requiring p227"°* (54). Furthermore,
a NOX inhibitor specific for NOX 1-2 also blocks rod formation in neurons, further narrowing the

selection down to these two isoforms.

The NOX enzyme is a multisubunit protein which depends on the association of multiple

1 phox

cytosolic components for activity. The major NOX subunit, also known as gp9 , constitutively

associates in the membrane with the p22°" subunit, creating the flavocytochrome b558 subunit

12



(73). The additional regulatory subunits p40, p47, and p67 exist in the cytosol, translocating to
the membrane along with a Rac GTPase in the GTP form and the membrane associated
Rap1A, when NOX is activated to produce ROS (73, 75). The p47 subunit is considered the
“organizing” subunit of the NOX cytosolic component and when phosphorylated stimulates the
translocation of the p67 and p40 subunits to the membrane (73). p67 activity is largely
dependent on the GTPase activity of Rac. In its GTP bound state, active Rac binds p67 likely
inducing a conformational change enabling p67 binding and activation of NOX (76). How TNF-a
activates NOX is not completely understood, but is believed to occur through phosphorylation of

p47 by protein kinase C-(, a tyrosine kinase, and p38-mitogen activated protein kinase (77).

Focus of this thesis

If rods do indeed play a significant role in the progression of AD, we would expect to find
different levels of rod deposition in human AD brain similar to other pathologies such as tau and
AB. Rod-induced synaptic toxicity may play a critical role in mediating the extracellular A
toxicity to intracellular tau toxicity. With human brain tissue samples from the hippocampus and
frontal cortex we sought to make a correlation with disease transition and rod deposition. The
samples received had short post-mortem intervals to fixation and were obtained from three
different subject cohorts; non-cognitively impaired (NCI), early AD (eAD) and late-stage AD. All
subjects were enrolled in a longitudinal aging study and were annually evaluated using the Mini
Mental State Exam (MMSE). This unique data set offers the chance to analyze rod deposition in
human brain to see if it correlates to disease progression. With this analysis we hope to
determine if rods correlate with the disease transitional phase from non-cognitively impaired to

early AD.
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Secondly, the recent work in our lab has indicated NOX activity as a rod inducer capable of
responding to various extracellular and inflammatory stimuli (AB, TNFa). To expand upon the
initial observations of NOX 2 activity, we sought to develop a specialized NOX probes to
observe and analyze NOX within the neurite. We developed a sensitive NOX subunit probe to
observe NOX activation and changes to ROS generation in vivo. Additionally, we developed a
NOX overexpression probe for future studies to analyze the effect of NOX overexpression on

rod induction.
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Chapter 2: Materials & Methods

Materials

Unless otherwise stated all chemicals are reagent grade and were obtained from Sigma-Aldrich
Co., St. Louis, MO. Cell culture reagents were purchased from Life Technologies Invitrogen,
Carlsbad, CA. The 1439 primary antibody is homemade (78). The 12E8 antibody was a gift from
Elan Pharmaceuticals, Boston, MA. The Alexa secondary antibodies used were all purchased
from Life Technologies, Carlsbad, CA. The NOX2 cybR plasmid and sequence primer were
purchased from Origene, Rockville, MD. The p47-roGFP-pcDNA3.1 plasmid was generously

received from the lab of George Rodney at Baylor College of Medicine.

Human Brain Samples

Fixed hippocampal and frontal cortex samples were obtained from the University of Kentucky
Sanders-Brown Center on Aging. Postmortem intervals averaged 2.7 hrs and were no greater
than 4 hrs. The subjects were enrolled in a longitudinal aging study and were assessed
annually for mental status. Gross examination of the post-mortem brains was done by a
neuropathologist and cases were excluded if they exhibited non-AD type pathologic conditions
such as brain tumors, large strokes, etc. Individuals were classified as non-cognitively impaired
(NCI), early AD (eAD), or AD based on antemortem cognitive testing and postmortem
histopathology in accordance with parameters set by the National Institute of Neurological and
Communicative Disorders and Stroke and the Alzheimer's Disease and Related Disorders
Association (79). The Mini-Mental Status Examination (MMSE) score ranges for the NCI, eAD,
and AD cohorts were 28-30, 22-24, and 2-19, respectively. Braak staging ranges were 0-V

(NCI), I-VI (eAD), and V-VI (AD).
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Immunostaining

Formaldehyde fixed brain tissue was cryoprotected at 4° C in 10% sucrose in phosphate
buffered saline (PBS) 1-2 days and then in 20% sucrose in PBS overnight. The tissue pieces
were subsequently frozen in O.C.T. Compound (Ted Pella, Inc) and 30 um frozen sections
prepared on a cryostat and adhered to Superfrost Plus slides (VWR). The sections were stored
at -20° C until immunostaining. Sections were thawed for 15 min at room temperature (RT) and
then rehydrated in PBS for 10 min. Sections to be immunostained for both cofilin (1439
antibody) and phosphorylated tau (S262,5356, 12E8 antibody) were permeabilized first with -
20° C 80% methanol/20% PBS for 90 s followed by 0.05% Triton X-100 in PBS for 90 s with
three PBS washes before and after the Triton X-100 treatment. After permeabilization, sections
were blocked in 5% goat serum diluted in 1% BSA in Tris-buffered saline (TBS) (50 mM Tris, 50
mM NaCl, pH 7.5) for 1 hr at RT. Primary antibodies were then applied and incubated overnight
at 4°C. Primary antibodies used were rabbit anti-ADF/Cofilin (1439, 2 ng/ml) and mouse anti-
phosphorylated tau (12E8, 2 ng/ml). Secondary antibodies were Alexa 488 or Alexa 647-
conjugated goat anti-rabbit or mouse IgG (Life Technologies) used at 1:500 with 2 ng/ml DAPI
and incubated for 2 h at RT. To reduce autofluorescence, the sections were treated with 70%
ethanol for 5 min and then 0.1% Sudan Black B in 70% ethanol for 12-15 min. The sections
were rinsed briefly twice with 70% ethanol followed by TBS and 30 sec in water before applying
25 ml Prolong Antifade Gold (Life Technologies) and overlayed with an ethanol-cleaned

coverslip.

Cresyl Violet Staining

To visualize frontal cortex laminar layers, Cresyl violet staining was utilized. Frontal cortex
sections were rehydrated in PBS for 10 min, then dehydrated with 3-5 dips each in water, 70%

ethanol, 95% ethanol, 100% ethanol and Hemo-D, then hydrated again in the opposite direction.
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Sections were placed in Cresyl Violet (0.1% Cresyl Violet Acetate) stain for 10-15 min, and
rinsed in water. Section were again dipped 3-5 times each in 70% ethanol, 95% ethanol, 100%
ethanol, and Hemo-D. The sections were mounted on coverslips with 100 pyL entellen and dried
overnight. Additionally, this staining method was extended to previously immunostained frontal
cortex samples mounted in ProLong Gold Antifade. Frontal cortex sample was placed in a 50
mL conical tube with water at 37 ° C for two hours. After the two hour incubation, the tube was
removed and left at room temperature overnight. The following morning the tube was returned
to the water bath at 37 ° C for a second two hour incubation. After the second incubation it was
possible to remove the mounted cover slips with slight manipulation using a scalpel blade. Once
the coverslips were removed, the sample was placed in TBS until staining. Cresyl Violet staining
of the immunostained samples proceeded similar as above with successive dips in ethanol and
Hemo-D. However, the amount of time the sample was placed in the stain was increased to 30
minutes. Following the stain the sample again underwent ethanol and Hemo-D dips, then

mounted with 100 pL entellen and allowed to dry overnight.

Microscopy

For quantitative microscopy of the frontal cortex sections, the Olympus VS120 system was
used to acquire data from 40X objective image stacks (20 ym) of larger areas (two 1.04 mm?
areas per sample, 2.6 mm x 0.4 mm). Images were acquired with Olympus VS-Desktop
software. Images were then exported as 16-bit tiffs, deconvolved, thresholded, and cofilin
rods/inclusions and striated neuropil threads/neurofibrillary tangles quantified with Metamorph
Software (Molecular Devices). Images of Cresyl Violet-stained sections were acquired on the
Olympus VS120 system using bright field. Whole slide scans were performed with a 10X
objective and cross-section scans were performed with 20X and 40X objectives. Images were

exported as virtual slides (VS) and analyzed with OlyVIA software (Olympus).
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Neuronal Cell Culture

Cultured rat hippocampal neurons were prepared from thawed frozen stocks of Sprague-Dawley
E18 fetal brains. Cells were plated on poly-D-lysine coated coverslips at a density of 18,000-
20,000 cells per coverslip in 35 mm drilled-out dishes (22 mm square coverslip attached to dish
with aquarium sealant) or on 15 mm round coverslips in a 24-well culture dish. Coverslips were
previously rinsed in 100% ethanol, water, 100% ethanol, and then flamed to dry. Neurons were
cultured in neurobasal medium supplemented with B27 (Life Technologies), glutamine (125
pL/50 mL), penicillin/streptomycin (50 units/mL, 250 uL/50mL) and 10% fetal bovine serum
(FBS; Hyclone Laboratories). Two hours after plating medium was removed and replaced with
identical medium without FBS. Medium was replaced every three days. Cultures were

maintained in 5% C0,/95% air at 37° C.

HelLa Cell Culture

HelLa cells were cultured in HGDMEM 10% FBS medium and grown on 100 mm cell culture
grade dishes. Cells were maintained in 5% CO,/95% air at 37° C. For imaging cells were split
with trypsin in PBS and plated on 35 mm glass bottom dishes (22 mm square coverslip attached

to drilled out dish (15 mm diameter) with aquarium sealant).

Adenovirus Preparation

The p47-roGFP and NOX-2-redtrack expressing adenovirus was generated utilizing the AdEasy
system. The p47-roGFP-pcDNA3.1 and NOX-2-pCMV6 plasmids underwent multiple rounds of
specific endonuclease cutting, band purification and splicing, and bacterial transformations to
generate expression constructs in pShuttle CMV plasmids for homologous recombination in

BJ5183 E coli bacteria with the adenoviral backbone. The p47-roGFP-pcDNA3.1 plasmid was

18



received from our collaborator at the Baylor College of Medicine. Plasmid DNA was received on
a piece of filter paper and rehydrated in 50 yL of water. The rehydrated plasmid was
transformed into competent DH5a E coli cells. We received the NOX-2 (gp91phox, CYBB with
terminal FLAG, c-myc tag) pCMV6 plasmid from Origene. The received 10 ug of plasmid was
reconstituted in 100 ul water and stored at -20°C. Then the plasmid was transformed into DH5a
competent cells. Each of the plasmids then underwent specific endonuclease cutting. The p47-
roGFP construct was inserted into the pShuttle-CMV vector, while NOX-2 with the terminal tags
was inserted into the RedTrack-CMV vector. The plasmids were then transformed into
competent DH5a cells and amplified. Following amplification, the p47-roGFP-pShuttle-CMV and
NOX-2-RedTrack-CMV plasmids were cut with Pacl and electroporated into BJ5183 cells in
which recombination with adenovirus core sequence (pAdEasy) occurred. Clones were selected
and screened by restriction endonuclease digestion and those containing proper recombination
were grown for plasmid DNA isolation, linearization and transfection into HEK293 cells utilizing
lipofectamine. Screening for virus production was performed by fluorescence microscopy of the
HEK cells and when significant areas of fluorescence protein expression was observed, cells
were harvested, lysed by freeze-thaw and the released virus amplified through repeated HEK
cell infection and harvesting. The viral titer was determined from the final lysate by serial
dilution onto monolayers of HEK cells in 12 well culture dishes, fixation after 16 hrs and
quantification of cell nuclei that stained for the viral replication factor E2a (80). Western blot
analysis was performed using the fast-growing mouse neuroblastoma (N2a) cell line. Cells were
grown to a density which covered the bottom of the well in a 6-well plate. Once desired density
was reached cells were infected with MOI of 500 and 1000. Infected cells were monitored for
fluorescence, and when majority of cells were fluorescent (greater than 50%), they were
washed in PBS and lysed in an SDS-lysis buffer. Protein fragment was then extracted using
chloroform/methanol extraction. SDS-PAGE gel was homemade (4% stacking and 10%

separating) 10 yL of protein/buffer was loaded into each well. Gel was transferred to a
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nitrocellulose membrane. A GFP antibody for p47-roGFP, FLAG and c-myc antibodies for the

tagged NOX-2, and cofilin as a standard control were used for blotting.

Fluorescence Microscopy and Imaging of Cultured Neurons

Live cell imaging was performed on a Olympus 1X81 inverted microscope equipped with a
Yokagawa spinning disk head and a Cascade Il EMCCD camera integrated by Intelligent
Imaging Systems (31) and operated by Slidebook software. To view RFP expression from NOX-
2-RedTrack, Hela cells were infected with an MOI of 100. Cells were imaged using a 60X
objective, with 561 nm excitation and bright-field (DIC) images. Cells were first focused under
bright light, and then excited with the 561 nm laser. Cells which fluoresced red were deemed
infected and positive for RFP expression. If the cell emitted no light it was determined to be

uninfected, and therefore not expressing RFP.

20



Chapter 3: Rod Analysis in Human Brain Frontal Cortex

If rods do play a role in the development of AD, they likely would be found in post-mortem brain
tissue alongside the classical AD hallmarks. Evidence of rod correlation with disease
progression could provide necessary clues to bridge the gaps in AB and tau pathology. Recent
work by Rahman et al suggests the tau pathology correlates with density of cofilin pathology in
AD brain (81). While this is exciting preliminary data, the work done lacked samples from the
critical early-AD stage important in analyzing disease progression and included both rods and
cofilin aggregates in the total quantified cofilin pathology. Furthermore, the study surveyed
many different brain regions without much detail from those regions most important in AD, the
hippocampus and frontal cortex. Additionally, the study consisted of brain tissue with post-
mortem harvesting time intervals averaging 22112 hours for the controls and 27116 hours for
AD samples. Postmortem times over 6 hrs compromises the integrity of the tissue, which
presents challenges in correlating the changes with disease progression, as well as the loss of
significant pathology due to extended post-mortem intervals (82, 83). It is our goal to build upon
these preliminary studies and quantify rod and tau pathology with AD progression in human
short interval post-mortem tissue samples from the hippocampus and frontal cortex. We were
fortunate to receive samples from three different cohorts of subjects: non-cognitively impaired
(NCI), early-AD (eAD) and mid-advanced-stage AD. Furthermore, our samples were harvested
with an average post-mortem interval of 2.7 hours with no samples exceeding 4 hours
(Additional detailed patient information contained within Addendum 1). Samples from within the
hippocampus and frontal cortex are significant for the roles these regions play in both memory
and disease progression. The hippocampus has been widely studied because of its role in
learning and memory. Additionally, it is also implicated in the initiation of AD pathology,
specifically within the entorhinal cortex region of the hippocampal formation (84). As mentioned

previously, cortical areas of the brain are often associated with late stage disease development.
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However, frontal cortex activity has been implicated with emotional processing and response,
executive control, and memory formation (85-87). Therefore, it can be assumed these brain

regions may exhibit pathological changes in AD progression.

Receipt and Preparation of Human Brain Tissue

Human hippocampal and frontal cortex tissue samples were received from the University of
Kentucky Sanders-Brown Center on Aging. Subjects are enrolled in a longitudinal aging study
and agree to be annually assessed for mental status. NCI subjects are enrolled on volunteer
basis within the University of Kentucky Alzheimer’s Disease Center (UKADC) agreeing to
annual mental status exams with additional semiannual physical and neurological exams within
the UKADC volunteer aging program (88). Upon death subjects are processed at the UKADC
Rapid Autopsy program, and samples are fixed in formaldehyde for 2 days, then transferred to
PBS and shipped to us in casettes in PBS. Samples were refrigerated until they were
embedded in OCT, frozen and cut into 30 um sections with a cryostat. To prepare samples for
immunostaining of cofilin and tau pathology, they were first thawed, permeabilized and then
immunostained for cofilin and tau. Samples were obtained from 12 NCI, 5 eAD and 9 AD
subjects. The average age for all cohorts was between 86 and 91, with the average age for NCI

86, eAD 91, and AD 87.

Hippocampal Tissue Analysis

Hippocampal tissue analysis is being completed by Laurie Minamide. Each sample was
immunostained for cofilin and for phosphorylated tau using the 12E8 antibody (Elan
Pharmaceuticals) directed against the peptide from a microtubule binding repeat domain
(recognizes sequence containing phospho-serines 262 and 356 (89)). Two other phospho tau

antibodies (pSer214 and pThr 217, both from Genescript) were used to verify similar staining
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patterns. The slices were then examined by fluorescence microscopy for the presence of
cofilin-actin rods (rods) and phosphorylated tau in the form of neuropil threads (NT) or

neurofibrillary tangles (NFT). Images of the structures being examined are shown in Figure 3.1.

Figure 3.1 Cofilin-Actin Rod and Tau Pathology in the Human Frontal Cortex. (A)
Shown in green are cofilin actin rods, rods were defined as having an area between 4-50
pixels or 2-24 ym. White arrows indicate rods quantified. The red arrow indicates a rod
aggregate outside of the pixel boundary, and therefore not quantified. (B) Tau pathology is
stained in red. The very large stained structures are neurofibrillary tangles and the neuropil
threads are the smaller stained thread-like filaments. Bar = 15 um.

For quantification purposes, background immunostaining was subtracted utilizing the
Metamorph software. Initially we obtained high levels of background fluorescence that we found
could be quenched by the application of 0.1% Sudan Black B in 70% ethanol for 10-15 min after
immunostaining and then rinsing in 70% ethanol followed by TBS and water before applying

Prolong Antifade Gold and a coverslip.

To distinguish between rods and cofilin aggregates, rods were defined as an area between 4-50

pixels an area covering 2-24 um. A separate pathology of larger and amorphous cofilin-stained
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aggregates, cofilin-actin inclusions, were quantified separately if they had pixel areas over 75.
There were very few cofilin-positive stained structures that fell between these two categories.
Three different antibodies were compared for cofilin immunostaining: a commercial rabbit
antibody from Cytoskeleton, Inc (ACFL-02), a mouse monoclonal antibody (MAb22; 90), and a

lab produced rabbit polyclonal antibody that was affinity purified (rabbit 1439; 78) (Figure 3.2).
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Figure 3.2 Specificity of antibody staining and rod composition. (A and C)
Rods stained with a commercial cofilin antibody (ACFL-02) or rabbit 1439 antibody
co-stain for actin, but not all actin staining structures co-stain for cofilin. (B) Co-
staining of identical structures in the brain sections using the cofilin mouse
monoclonalantibody MAb22 and rabbit antibody 1439 (top panels) and ACFL-02 and
MADb22, lower panels. Bar =5 uym. Image courtesy of Laurie Minamide.

All antibodies stained similar structures in different sections but staining intensity was quite
dependent on the antibody and permeabilization protocol. For double labeling
immunofluorescence the best permeabilization protocol utilized 80% methanol + 20% 1X PBS

for 90 sec followed by 0.05% Triton-X 100 in 1x PBS for 90 sec. Two of the cofilin antibodies
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were used to stain rods along with the actin monoclonal antibody, C4. Virtually all cofilin positive

structures stained at variable intensities for actin but not all actin structures stained for cofilin.

Hippocampal analysis focused on five specific areas: the outer edge of the external plexiform
layer (EPL), the pyramidal layer from CA1 to CA2 (CA Pyr), CA3, the subiculum (SUB), and

layer 1 of the entorhinal cortex (ERC) (Figure 3.3).

Figure 3.3 Regions of Interest in the
Hippocampus. Montage of the hippocampal
formation stained with 1439 (cofilin), scans
taken with a 10X objective. Total scan area of
hippocampal formation is equivalent of over
60,000 fields taken with a 60X objective. Rod
and NT quantification was performed on 10
image stacks within each of the labeled
regions. Image courtesy of Laurie Minamide.

Within each region, ten fields were captured for analysis with the 60X objective. Image stacks
were obtained on the spinning disk confocal microscope that included at least one plane above
and below the 30 um thick slice to ensure the entire slice was imaged. A projection image was

obtained for each image stack and this image was deconvolved using Metamorph software.
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Rods were more prevalent within the ERC than in the other hippocampal areas. Rod
quantification within the ERC showed a significant correlation with AD progression (Figure 3.4).
Both rods and NT pathology increased significantly between NCI and eAD groups. Importantly,
the median percent area of rod and NT pathology deposition was almost equivalent between the
NCI and eAD groups. NT pathology in the ERC increased more in the mid to late AD subjects
than did rods, but for two AD subjects rod pathology was equal to or greater than NT pathology.
Thus rods may be an earlier indicator of AD progression than NT and possibly be equally
important in disease progression in some subjects. Following the analysis within the
Hippocampal formation, we then sought to conduct a similar study on frontal cortex tissue

samples from nearly identical subject cohorts.
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Figure 3.4 Rod and Tau Pathology Quantification within the Hippocampus. (Figure Regions: A.
ERC, B. EPL, C. CA pyr, D. CA3, and E. Sub.) A direct comparison of cofilin-actin rod areas versus
striated neuropil thread areas. Each individual is represented by a different colored dot, and the
color represents the same individual on each graph. Each dot is an average of the 10 image stack
% area deposition within each region. Rods remained low in the majority of regions (B-E), but
appear to undergo significant disease transitional changes within the entorhinal cortex (A). Tau
pathology in the NCI brain overall remained low (A-E), but was more variable than rod pathology.
However, tau pathology did exhibit increasing median area deposition from NCI to AD across all
areas. Importantly, the median percent area of rod and tau deposition in the entorhinal cortex (A)
was nearly identical in NCI and eAD subjects. Image courtesy of Laurie Minamide
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Frontal Cortex Tissue Analysis

Frontal cortex samples were received from the same subjects with the exception of 4 NCI
subjects, giving us 8 NCI, 5 eAD and 9 AD subject groups for analysis. Initially, we used the
same imaging strategy as we applied above for the hippocampal formation using 30 um frozen
sections. However, we quickly found that the frontal cortex samples lacked a defining physical
morphology to allow identification of similar structural regions, so five imaging regions were

chosen at random (Figure 3.5).

Figure 3.5 |Initial Frontal Cortex
Imaging Strategy. The lack of
morphological landmarks within the
sections of frontal cortex made it
impossible to align regions between
different samples. Thus, our initial
imaging was performed by choosing 5
random fields across the section. Bar = 2
mm.

Within each of these regions, as within the hippocampus, 10 image stacks were taken and

analyzed. Random densities of both rod and tau pathology were found across all individual
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sample groupings and within each subject each of the 5 regions gave high variability. Thus it
was clear that a new methodology was necessary to allow us to determine in what cortical layer

we were imaging.

The standard method used to visualize cortical cell layers is Cresyl Violet staining (91, 92). We
applied this staining to one frontal cortex slide and could readily visualize the 6 different layers

(lamina) which define the morphology of the frontal cortex (Figure 3.6).

These layers are: the most external molecular layer (layer 1), external granular layer (layer 2),
external pyramidal layer (layer 3), internal granular layer (layer 4), internal pyramidal layer (layer
5) and the most internal multiform layer (layer 6). Thus, we decided to image samples using the

defined cortical layers for comparison across groups.

30



o y )
ﬁ L &:r (R o, ?s.o? sh._ -b‘.~ l‘ﬁ‘.
\.3‘».\ s

v ‘ wi ) d
.%.L}n«».:_ \u\f .a_..._.. %;).wnc?. ..3..?%.?.. :
.. ..;.._x -i‘.%z .ﬁ.w ek :

“»_ T L rmt- )
a| _ﬂ& ...._..-. 3 ¢
iy :ses.b.r..&.t.: e .H..m. .)K

..
o5
l-

| |
< m O (] w (TR

-cell

Figure 3.6 Lamina of the Frontal Cortex. A Cresyl Violet whole

stain of the frontal cortex tissue enabled us to differentiate the various
cell layers (lamina) which were relatively uniform in their width around

the cortical sections provided we could identify the external layer.

A)

(

The external cortex begins with lamina 1 the (molecular layer), then

)

(E) lamina 5
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We initially started image acquisition using the spinning disk confocal microscope to obtain
image stacks as with the hippocampus, attempting to obtain 5 image stacks starting in layer 1

and progressing inward (Figure 3.7).

Figure 3.7 Imaging the Frontal
Cortex following Cresyl Violet
Staining. Knowing the location and
relative thickness of the different
cortical layers from the cresyl violet
staining, different sections that were
immunostained could be imaged
with a new strategy. Within each
cortical section we imaged 10
regions that covered all of the
various layers as shown by the
colored boxes. Bar=2 mm.

However, in fluorescence imaging it was very difficult to know precisely in what region we were
imaging, making the task extremely difficult and very slow. During this period CSU acquired an
Olympus VS120 rapid scanning fluorescence microscope, housed at the Diagnostic Medical

Center in the CSU Veterinary Teaching Hospital. This microscope is specifically designed for
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semi-automated imaging large regions utilizes a 40x air objective and allowed us to image
regions that were more than 67 times the areas quantified using the spinning disk microscope.
We obtained full scans of the slice under low magnification and then imaged a 2.6 mm x 0.4 mm
rectangle encompassing 1.04 mm? area which encompassed a region from the external cortex
through to the internal cortex (Figure 3.8 A). Two of these rectangular images, generally at right
angles to each other, were acquired for each sample (Figure 3.8 A-C). Images were processed

and analyzed utilizing the same Metamorph software as was used for the hippocampal slices.
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Product Version: VS-ASW FL 27 (Bald 11043)

Figure 3.8 Imaging Frontal Cortex Sample with Olympus V8120 Scanning Microscope.
Following the revised strategy for frontal cortex imaging, it was decided imaging was best
conducted with the Olympus scanning microscope. (A) An initial scan of the whole tissue
sample shown in DAPI, size bar 2mm. Within the whole-image scan, two rectangular scans of
2.6 mm x 0.4 mm are made as shown in A, with enlargement of each rectangle scan in (B) and
(C). To process each image, they are cropped at 1.3mm (in half) and analyzed separately. (D
and E) Cropped top-half images of B and C, respectively. D size bar 200 pm and E size bar 100
pum. (F) Enlarged image of region shown within yellow box in the outer cortex (Layer 3) at the
magnification required for rod analysis, size bar 20 pm.

To verify the areas imaged within each sample represented the various cortical layers, we

sought to Cresyl Violet stain and image previously immunostained sections (Figure 3.9).
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Figure 3.9 Cresyl Violet re-stain of previously immunostained samples. Upon
observing the morphology of the lamina with the Cresyl Violet staining technique, we
sought to extend the technique to previously immunostained and imaged samples.
Cresyl Violet staining of imaged samples would allow us to verify all lamina were
included within set 2.6 mm x 0.4 mm imaged areas. (A) An overview image of a re-
stained Cresyl Violet sample with a 4X air objective, size bar 2 mm. The red box
outlines the enlarged image shown in (B). (B) Image taken with 40X air objective of
re-stained Cresyl Violet sample, size bar 200 pm.

To stain samples, the coverslips needed to be removed from ProLong Antifade Gold mounting
medium. This was achieved by soaking the slides in 37° C water bath for two hours, letting them
sit overnight and soaking again for another two hours. Following the incubations, the coverslips
could be removed with slight mechanical manipulation. Once the coverslips were removed, the
sections were able to be stained with Cresyl Violet using an extended incubation in the Cresyl
Violet stain. The re-staining of previously imaged samples revealed greater variability in the
thickness of the cortical lamina than we had previously appreciated. Thus, the 2.6 mm imaging

depth did not adequately cover all 6 cortical lamina, but that layers 1-5 were covered for every
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sample. We proceeded with our analysis since layer 6 is known to have a highly variable cell
structure. Furthermore, significant disease pathology was previously shown to occur within

layers 1-5, specifically layers 3 and 5 (84).

Cofilin staining appeared to vary throughout the cortical layers and we did not observe any
significant differences in what we have identified as cofilin-stained “rod-like” puncta within any of
the subject cohorts (Figure 3.10). On average, rod-like cofilin staining appeared in the frontal
cortex, to a greater extent than what was observed in most areas of the hippocampal formation,
with the exception of the ERC. Rod areas varied between 0.18-1.07% in NCI, 0.36-1.4% in eAD,

and 0.04-1.2% in AD.
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Figure 3.10 Rod Density within Frontal Cortex NCI, eAD and AD Subjects. The
above box and whisker diagram represents the overall rod quantification data from
NCI, eAD and AD subjects. The two 2.6 mm x 0.4 mm rectangle areas are averaged
together for each sample. The median value of % rod area for each subject cohort is
represented by the middle line through the box. The top and lower lines of each box
represent the upper and lower quartiles of each cohort data set, respectively. The
whiskers (lines) extending from each box represent the data range, maximum and
minimum values within each data set. On average rods appear highly prevalent within
the frontal cortex. Rod area ranged from 0.18 - 1.07% for NCI, 0.36 — 1.4% in eAD and
0.04 - 1.2% within the AD cohort. However, disease transition did not significantly
correlate with rod density with p-values of 0.062 for NCI to eAD, 0.18 for NCI to AD,
and 0.18 for eAD to AD.
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Even when the rod quantification was separated between the inner 3 and outer 3 cortical layers,

there was no correlation with disease progression (Figure 3.11).
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Figure 3.11 Frontal Cortex Rod Quantification in Outer and Inner Cortical Regions. Rod
quantification was performed on the cortical outer layers (1-3) and inner layers (4-6),
separately, but as with the total area, no significant differences existed between the NCI,
eAD and AD subjects.

However, phosphorylated tau pathology showed a clear correlation with disease progression
comparing both NCI to eAD and NCI to AD (Figure 3.12), with a median % total area phospho-
tau deposition of 0.020% for NCI, 0.086% for eAD and 0.10% for AD. However, there was no
significant increase in tau NT pathology between eAD and AD, but this may be a reflection of
the small sample numbers of eAD brain that were available. Furthermore, when sections were
separated into outer and inner cortex regions they continued to show a significant increase with
disease transition between NCI to eAD and NCI to AD groupings, but again failed to show any
significant increase with transition between eAD and AD (Figure 3.13). To confirm that the

imaging data obtained on the Olympus microscope was consistent with data obtained by the
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spinning disc confocal microscope, we compared similar sample areas between images
obtained on the two systems. A similar rod density measured as % total area was found

between images obtained from either microscope system (data not shown).
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Figure 3.12 Neurofibrillary and Neuropil Tau Pathology Quantification within
the Frontal Cortex. Within the frontal cortex, tau pathology does significantly
correlate with disease progression in subjects from NCI to eAD (** p-value = 0.046)
and NCI to AD (* p-value = 0.0040), but not eAD to AD (p-value = 0.21). Median %
area of tau deposition was 0.020% in NCI, 0.086% in eAD, and 0.10% in AD.
However, even at its highest point in AD, average tau pathology within the entire
sampled region (0.1%) was farless than rod pathology (over 0.5%).
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Figure 3.13 Neuropil Thread and Tangle Pathology Quantification in External and

Internal Cortical Regions of the Frontal Cortex. When the quantification of tau
pathology within the frontal cortex is separated into outer (layers 1-3) and inner (layers 4-
©6) cortical regions, they exhibit the similar significant disease correlations between NCI to
eAD and NCI to AD subjects( * p-value = 0.0031, ** p-value = 0.046, *** p-value = 0.0054,
**** p-value = 0.034).
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Addendum 1

Age at Post-mortem MMSE Braak CERAD
NCI Gender | Death interval (hrs)
1187 F 84 2.5 28 0 0
1179 F 87 23 30 \' DEF
1200 F 92 3.2 30 1l PROB
1217 M 78 1.4 28 1l 0
1216 F 79 1.8 29 | 0
1184 F 82 3 29 1l 0
1190 F 101 3 26 v PROB
1203 F 85 2.8 30 1] POSS
eAD
1201 M 94 2 22 \' PROB
1174 M 96 3.3 22 \' DEF
1172 F 85 2.75 23 v 0
1202 F 80 3.3 22 Vi DEF
1195 M 98 2.5 24 | PROB
AD
1194 F 929 2 16 \' DEF
1185 F 79 29 10 Vi DEF
1169 F 93 2 5 DEF
1215 F 91 ? 13 DEF
1204 F 72 2 2 Vi DEF
1168 F 80 4 16 Vi DEF
1199 M 88 2.7 1 Vi DEF
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Chapter 4: Adenoviral NADPH Oxidase Probes

Introduction

Due to its high metabolic rate, the brain utilizes about 20% of the body’s oxygen consumption at
rest. To deal with the high production of reactive oxygen species (ROS) the brain has many
REDOX mechanisms available but these systems decline with age. Evidence of oxidative stress
has been correlated with neurodegenerative disease. Recent evidence indicates Ap and
proinflammatory cytokines, such as TNF-a, use a prion protein (PrPC) dependent pathway to
activate NADPH oxidase and induce rods (54). If PrP® density is responsible for whether a rod
forms, it would be beneficial to investigate the NOX intensity and duration of activity in relation
to where rods form in a neurite. To accomplish this goal we developed the NOX probes p47-
roGFP and NOX-2-RedTrack. Our observations indicate the p47-roGFP successfully localizes
to the membrane with NOX activation and efficiently serves as a ROS biosensor. The NOX-2
RedTrack construct successfully expresses NOX-2 and mRFP fluorescence within mammalian

cells.

P47-roGFP and NOX-2-RedTrack Construct Generation

The p47-roGFP and NOX-2-RedTrack probes were generated with the AdEasy adenoviral
system for transgene expression within primary cultured neurons. To begin building our p47-
roGFP construct, we received a p47-roGFP-pcDNA3.1 plasmid, which had previously been
characterized for its ROS biosensing activity (93). For the NOX2-RedTrack construct we began
with a NOX-2-pCMV6 plasmid with terminal FLAG and c-myc tags from Origene. To generate
the constructs we performed multiple rounds of specific endonuclease cutting, band purification

and splicing, and bacterial transformation to express the constructs in pShuttle vectors.
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Specifically, for the RedTrack mRFP expression, the NOX-2-pCMV6 plasmid was subcloned
into a RedTrack pShuttle, while still maintaining the NOX-2 FLAG and c-myc terminal tags. We
then performed recombination of each construct with the pAdEasy backbone in E Coli BJ5183
cells, isolated and identified clones containing the recombined adenovirus constructs. We then
transfected HEK293 cells separately with these clones, produced and amplified the virus. A viral
titer assay was performed, the p47-roGFP stock contained 2.5 x 10° infectious particles, while

the NOX-2-RedTrack stock contained 1.6 x 10" infectious particles.

P47-roGFP and NOX-2-RedTrack Construct Characterization

To confirm the expression of the p47-roGFP and NOX-2-RedTrack constructs we performed
western blot analysis (Figure 4.1). N2a cells, a fast-growing mouse neuroblastoma cell line
were infected with the adenovirus constructs. When the majority (greater than 50%) of cells
exhibited fluorescence (about 48 hr postinfection), they were washed and lysed utilizing as
SDS-lysis buffer. The western blot was performed against the GFP protein (Figure 4.1 A),
FLAG and c-myc tags (Figure 4.1 B) and cofilin as a standard control (Figure 4.1 A and B). In
Figure 4.1 A the appearance of the positive p47-roGFP band at 70 kDa in p47-roGFP infected
cells but not NOX-2-RedTrack infected or uninfected cells confirmed expression of p47-roGFP.
In Figure 4.1 B, a positive NOX-2 band at 65 kDa in NOX-2-RedTrack infected cells, but not
p47-roGFP infected or uninfected cells confirmed successful NOX-2 expression from the NOX-

2-RedTrack construct.

To confirm RFP expression of NOX-2-RedTrack, human Hela cells were infected with the NOX-
2-RedTrack adenovirus and imaged with a 60X objective on a spinning-disk confocal

microscope. RFP expression was positively identified with infected cells emitting bright red light
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when excited with a 561 nm laser (Figure 4.2), while uninfected cells emitted no light when

excited with the 561 nm laser.

Figure 4.1 Western Blot Analysis. Western blot analysis of p47-roGFP and NOX-2-
redtrack adenoviral constructs. Western blot performed using cell extracts from
infected and uninfected mouse neuroblastoma (N2a) cells. Lane 1 is a cell extract
from p47-roGFP infected cells, lane 2 is cell extract from NOX-2-redtrack infected
cells, and lane 3 is cell extract from uninfected cells. (A) Blot against GFP and cofilin
as a standard control. There is a positive p47-roGFP band in infected cells only at 70
kDa indicated with the red arrow. The standard control cofilin band is present in all cell
extracts at 17 kDa indicated with the purple arrow. (B) Blot against FLAG, c-myc and
cofilin as the standard control. There is a positive NOX-2 band in NOX-2-redtrack
infected cells only at 65 kDa indicated by the green arrow. The standard control cofilin
band is present in all cell extracts at 17 kDa indicated by the purple arrow.
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Figure 4.2 Redtrack RFP Expression in Hela Cells. Hela cells infected with NOX-2-redtrack
adenovirus. Images taken with 60X objective of spinning-disk confocal microscope. Images are
the same cell, but are rotated with respect to one another. (A) Hela cell excited with 561 nm
light indicating positive RFP expression from NOX-2-redtrack infected cell. (B) Bright-field (DIC)
image of infected cell in A. Infected cell appears healthy. Bar =10 mm.

The localization and activity of adenoviral expressed p47-roGFP was characterized in by Keifer
Walsh. Characterization was performed in primary rat hippocampal neurons infected with the
p47-roGFP adenovirus. Neurons were imaged on a Nikon Eclipse 2000 inverted TIRF
microscope with the 60X objective using 405 nm and 488 nm lasers. To measure the ROS by
roGFP, a ratio of 405 nm to 488 nm (405/488) normalized fluorescence intensity is taken. When
ROS species are generated, a decrease of 488 nm fluorescence intensity is observed,
contributing to an increase in normalized fluorescence of the 405/488 ratio. When neurons are
treated with hydrogen peroxide (H,0,) a form of ROS, an increase in the ratio of normalized

fluorescence intensity is observed throughout the cell (Figure 4.3).
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Conversely, when the neurons are treated with N-Acetyl-Cysteine (NAC) an antioxidant, a
decrease in the ratio of normalized fluorescence intensity is observed. The observations
indicate the p47-roGFP construct is properly sensing changes of ROS levels in vivo. To
determine the localization and activation of p47-roGFP, primary rat hippocampal neurons were

treated with the NOX-2 activating proinflammatory cytokine TNF-a (Figure 4.4).

As mentioned previously, the p47 NOX-2 subunit exists in the cytosol when not phosphorylated,
but when activated p47 is phosphorylated and translocates to the membrane to associate with
NOX-2. The proinflammatory cytokine TNF-a activates NOX-2, causing p47 membrane
translocation. Initially, before TNF-a treatment, p47roGFP is diffuse within the cell (Figure 4.3
A) but 15 and 30 minutes after TNF-a treatment the p47roGFP fluorescence is concentrated at
the membrane. In addition to exhibiting ROS sensitivity, the p47-roGFP adenovirus exhibits

proper membrane translocation in vivo.
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Figure 4.3 ROS Sensing Activity of p47-roGFP. When ROS is
generated a increase in the ratio of 405/488 normalized fluorescence is
observed. (A) Primary rat hippocampal neurons infected with p47-roGFP
imaged with a 60X objective. When cells are treated with hydrogen
peroxide (H,0,) an increase in the ratio 405/488 normalized fluorescence
is observed. Conversely, when treated with the antioxidant N-Acetyl-
Cysteine (NAC), there is a loss in ratio 405/488 normalized fluorescence.
The decrease in fluorescence makes previously visible neurites (white and
red arrows) all but invisible after NAC treatment. (B) Normalized
fluorescence response to treatment of positively infected neurons (red
line) and uninfected neurons (black line). Quantitative analysis of the ratio
405/488 of normalized fluorescence reveals increased fluorescent
intensity following H,O, treatment (purple arrow) and decreased intensity
following NAC antioxidant treatment (green arrow). Keifer Walsh, 2014.
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Figure 4.4 p47-roGFP Infected Cells Exhibit Membrane Translocation When Activated.
Primary rat hippocampal neurons infected with p47-roGFP and imaged with a 60X objective.
Cells are excited with both 405 nm and 488 nm light. Images are a ratio of 405/488 normalized
fluorescence intensity. Before treatment t0, p47-roGFP is inactive in the cytosol. When treated
with TNF-a, p47-roGFP becomes active and translocates to the membrane. Following 15 and
30 minutes of treatment, an increase in the membrane fluorescence intensity is observed,
indicating p47-roGFP translocation to the membrane. Keifer Walsh, 2014.
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Chapter 5: Discussion and Future Directions

Cofilin-actin rods are an easily induced pathological change in neurons. Rods have been
characterized to form within the neurites, sequestering the majority of cofilin and growing to
completely occlude the neurite. They are also induced in organotypic slice cultures of
hippocampus and are not present prior to their induction by agents that are thought to induce
synaptic deficits or neurodegenerative disorders. Rods have a distinct composition and have
been made in vitro from just actin and cofilin. When isolated from neurons, rods contain 1:1
cofilin:actin and thus are probably cofilin-saturated filaments that bundle when subjected to
oxidative cross-linking. They show the parallel array of filaments when examined by
transmission electron microscopy, and they are composed of variable filament lengths when
qguantified by EM tomography. Rod formation in cultured neurons is easily followed with
fluorescent probes and these rods immunostain for cofilin and actin. However, defining exactly
what constitutes a rod or an aggregate by cofilin immunostaining within fixed brain tissue is
much harder to establish. Cofilin is an essential component of dendritic spines, so all punctate

cofilin immunostaining observed in the brain may not arise from rods.

Thus, our initial efforts aimed to establish what we defined as a rod based upon cofilin and actin
immunostaining. We were guided by certain characteristic features of rods that have been
observed. From previous work we knew rods had a specific size range of 2-10 ym in length,
while they also did not exhibit any curvature. Additionally, rods should co-stain for actin.
Following these parameters, we decided to utilize a pixel size of 4-50 for rods. Although some
images showed a higher background staining (autofluorescence) than others, we utilized a

constant background intensity for all of the sections, knowingly excluding some stained
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structures that were probably rods from some of the analysis rather than incorporating some

autofluorescent material.

Immunostainings for rods or aggregates in the hippocampus of short postmortem interval brain
samples from subjects in a longitudinal study showed very little cofilin pathology in the
entorhinal cortex (ERC) of non-cognitively impaired subjects, increasing slightly in early AD and
increasing more dramatically in AD, especially within a subcohort of subjects. It is not
unexpected to see subjects with advanced AD that show no cofilin pathology in the limited brain
areas explored, since even tau pathology, which is highly correlated with cognitive loss in AD, is
not found in 10 fields of some of the subjects examined here. Other regions of the
hippocampus that were examined in detail show less cofilin pathology than the ERC, which is
the first brain region to exhibit AD pathology scored by traditional staining for plaques and
tangles. Cofilin rod pathology and tau pathology do not overlap, a finding that supports the
observations of Rahman et al (66) which were done across more brain regions but not in as
great a detail as performed here. Rahman et al suggested cofilin pathology as being
downstream of tau pathology, but our observations of increased rod pathology in the ERC of

eAD subjects may implicate rods as an earlier pathology during AD development.

The human frontal cortex serves many roles which are susceptible to disruption within the
context of AD. Indeed it is the preservation of function within a cholinergic pathway in the frontal
cortex that is the target of the AD drug Aricept, an acetylcholinersterase inhibitor. Thus, we were
surprised to find that the area of rods within the frontal cortex of NCI subjects was relatively high
compared to most hippocampal brain regions and that it did not change significantly during

disease progression. While these findings may suggest that rods do not play a significant role in
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disease pathology within this brain region, the issue of rods in the frontal cortex may not yet be
fully resolved. The greatest concern with rod quantification in the frontal cortex may be inclusion
of non-rod structures in the quantification. Because we observe high levels of rod pathology
within the frontal cortex across all NCI, eAD and AD classifications, it may be possible that
some cofilin-immunostained structure, such as dendritic spines, may be contributing to the rod
area. Thus we should perform at least some TEM cofilin-immunolabeling to identify
ultrastructurally whether these structures have the typical rod bundle organization. Alternatively,
the application of some newer imaging methods may be of help. Currently, one of these
methods is CLARITY (94) which offers the unique advantage of multiple rounds of staining and
imaging on a single sample. This could be quite advantageous within the frontal cortex where
analysis of various structural markers could help to further differentiate the morphology of the
frontal cortex, identification of spines, and improve the accuracy of rod quantification. However,
this method is not without its own challenges which need to be overcome to successfully and

consistently stain and image human postmortem brain tissue samples.

If the cofilin-immunostained structures in frontal cortex do turn out to be rods, we have already
ruled out some of the sample-related variabilities that might account for them. We analyzed the
samples for rods comparing postmortem time intervals, or subject age but neither of these
showed any correlation with differences in rod areas. With our observation of the high rod
density in the frontal cortex, future study will help determine if our results are immunostaining
other cofilin structures or the possible indication rods may function in the frontal cortex in a

previously unknown manner.
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The influence of oxidative stress within the AD brain is significant, and may be important to
better understanding of the disease process. Rods are highly susceptible to this oxidative
stress, and there is early evidence indicating a possible rod inducing pathway which is
dependent on the ROS generating NADPH oxidase. Here, we focused on establishing the
foundation for future NOX study. We successfully developed the p47-roGFP and NOX-2-
RedTrack probes, while confirming the activity and localization of p47-roGFP and the

expression of NOX-2 and mRFP in cells infected with the RedTrack virus.

The successful generation of p47-roGFP acting as expected in neuronal cells will enable its use
as a future tool to explore both oxidative conditions and NOX activity as they relate to rod
formation. However, the need to ratio images with 405 nm light may limit the use p47-roGFP as
a neuronal cell probe. Successive 405 nm exposure to neurons will induce additional toxic cell
responses which will be difficult to account for using the p47-roGFP probe. However, the
successful generation of the NOX-2-RedTrack probe will enable NOX overexpression studies to
be done and determine the resulting rod response. With evidence that rods are induced via a
NOX dependent pathway, we would not expect overexpression of NOX alone to induce rods.
This is due to the lack of NOX activating factors such as AR or TNF-a. However, if NOX
overexpression with AR or TNF-a treatment induces a greater rod response there is additional
evidence of a NOX-dependent rod induction pathway which may correlate more directly with

both NOX activity and expression.

The incidence of AD cases will only increase in the future. The sporadic nature of AD makes it
difficult to track and analyze the underlying initiators of disease pathology. The effect of AR in

early disease initiation may be widely accepted, but understanding its pathological action is
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more controversial. It may elicit toxicity in a multi-factorial effect through oxidative stress,
activation of neuronal immune cells, and tau pathology. Rods continue to show an evidence of
induction in each of these pathways possibly providing a link to downstream AR induced
toxicities. Further study is needed to understand how rods may be implicated AD, and if they

warrant status as a therapeutic target.
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