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Abstract

Axon initial segment (AIS) damage has been implicated in several
neurodegenerative diseases (NDs). Nevertheless, it is unknown whether
systematic damage to the AlS is a unifying feature among Alzheimer’s disease,
amyotrophic lateral sclerosis, frontotemporal dementia, multiple sclerosis, and
Parkinson’s disease. In this dissertation, it was hypothesized that 1) AIS
structural and functional damage occurs in NDs, 2) extracellular tau oligomers
(xcTauO) cause damage to the AIS, and 3) xcTauOs cause AIS protein,
tripartite  motif-containing protein 46 (TRIM46) and lysosomal-associated
membrane protein 1 (LAMP1)+ organelles to co-localize. A systematic literature
review, quantitive western blots, and quantitative immunofluorescence were
performed. The literature review identified 42 studies that quantified 14 AIS
structural and two AIS functional parameters in five NDs. The data chapters
found that xcTauOs work through intracellular tau to cause a reduction in AIS
immunofluorescent intensity as a semi-quantitative measurement of localized
protein abundance and AIS shortening. These same xcTauOs also increase
AIS protein, TRIM46, and LAMP1 co-localization. Overall the work presented
in this dissertation demonstrates that the AlS can be damaged by xcTauOs in

NDs.
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Chapter One: Introduction

The aim of this introductory chapter is to lay the necessary foundations for this
dissertation as a whole. Chapter one introduces the key concept of the axon
initial segment (AIS), which is the main focus of this dissertation and
underscores its growing importance in the field of neurodegenerative diseases
(NDs). It also outlines the structure of the dissertation providing a brief overview
of each of the chapters that follow.

In chapter two, there were five key themes explored. These themes include
AIS damage in Alzheimer’s disease (AD), amyotrophic lateral sclerosis (ALS),
frontotemporal dementia (FTD), multiple sclerosis (MS), and Parkinson’s
disease (PD). Of these, the first AIS damage in ND study was published in 1990
on ALS. Since this early publication, numerous other scholars have followed
extending this initial research. The growing interest on the AIS in the ND field
is evident with the 42 publications. These studies find evidence for several
changes in 14 AIS structural and two AlS functional parameters. Although AIS
damage is a unifying feature among NDs, there is a lack of a consensus on
whether there is no change, decrease, or increase in the AlS parameters. This
is an important gap since understanding AlS damage, could lead to developing
solutions to NDs.

Moreover, the majority of AIS damage in ND research efforts have been
focused on providing evidence of AIS damage in AD. Despite this, there were
no studies to examining extracellular tau oligomers (xcTauOs), which are used

to study AD. This presented a need to explore AIS structural parameters in



mouse and human neurons in chapter three. It was found that xcTauOs cause
a reduction in AIS immunofluorescent intensity as a semi-quantitative
measurement of localized protein abundance and AIS shortening. The
mechanism identified for this AIS damage was intracellular tau.

In chapter four, a different effect of xcTauOs was found on the AIS protein,
tripartite motif-containing protein 46 (TRIM46). The xcTauOs caused an
increase in the co-localization between TRIM46 and LAMP1. The mechanism
suggested was phosphorylation of TRIM46 by the AIS kinase, cyclin-dependent
kinase five.

The academic reasons to explore AIS damage in ND are also supported by
very personal reasons. My maternal grandmother, Dorothy Joyce Sutton and
my first mentor Dr. Waide Robinson both passed of NDs. Also, during the final
year of my PhD, | served as one of the caregivers for my elderly cousin who
was diagnosed with dementia. These personal experiences are shared with
others | know who have a loved one with ND. These academic and personal
experiences have sparked my interest in ND research field and have ultimately
led to my choosing to focus on the AIS as a novel target for future therapeutic
intervention for the current research project.

Consequently, the aim of this dissertation is to examine the extent to which
AIS damage is involved in ND. This study was conducted in multiple research
labs and involved immortalized cell lines, mice brain cells, and human brain
tissue. More specifically, this study aims to first ascertain structural and
functional parameters of AIS damage. Furthermore, the research questions that

are posed in this dissertation also seek to determine a novel mechanism of AlS



damage. The study also hopes to move beyond studying NDs in isolation by
investigating systematic AlS damage as a unifying feature among five NDs.

The current research project expands on the AIS damage in NDs. It
provides possible parameters to quantify AlS structural and functional damage.
It is hoped that this research project might trigger similar studies in other
research contexts to corroborate its findings. Together, these studies might
provide the necessary insights that can help determine whether AIS damage
causes NDs.

In conclusion, this dissertation is organized as five total chapters. This
includes Chapter one structured as an introduction. Chapter two structured as
a systematic literature review. Chapter three and four structured as research

papers. Finally, chapter five structured as a conclusion.
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Abstract

A commonality among neurodegenerative diseases (NDs) is the disruption of
action potential initiation and maintenance of neuronal polarity. The axon initial
segment (AIS) neuronal compartment is essential for those two functions.
Given that aging populations are susceptible to NDs and currently there are no
FDA-approved pharmacological treatments to cure NDs, there exists an urgent
need to explore shared mechanisms of NDs. Therefore, the aim of this study is
to determine whether systematic damage of the AlS is a unifying feature of NDs
and if so, what are mechanisms that cause AIS damage. Using the PubMed
database, 42 articles at the intersection of ND and AIS were analyzed. The NDs
included Alzheimer’s disease, amyotrophic lateral sclerosis, frontotemporal
dementia, multiple sclerosis, and Parkinson’s disease. Our findings generated
14 structural and two functional AIS parameters that were quantitatively
analyzed in NDs. We conclude that AIS damage is a unifying mechanism
among NDs. There was however a lack of consensus in the findings including
the three most commonly assessed AlS parameters 1) AIS immunofluorescent
intensity as a semi-quantitative measurement of localized protein abundance,
hereafter referred to as AlS intensity, 2) AlS length, and 3) AIS position. We
argue that the inconsistency within and across the ND literature can be
attributed to disunity in use of analysis tools. Therefore, future mechanistic
studies should make every effort to identify whether AIS damage causes NDs
or is a consequence of disease onset using open-access quantitative analysis

tools.
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Introduction

Approximately 55 million individuals around the world are diagnosed with a
neurodegenerative disease (ND), many of which are fatal [1]. NDs emerge
when neurons and their connections in the central and peripheral nervous
systems become progressively damaged, lose function, and ultimately die [2—
4]. Although there is a lack of a unifying mechanism on the exact cause of NDs,
one such element shared among them is the AIS [5,6]. An essential part of the
neuron, the AlS functions include action potential initiation and the maintenance
of neuronal polarity [7-9]. Thus, any systematic damage to neuronal structure
might be explained in part by systematic damage to the AlS.

Given that age is the greatest risk factor for NDs [1], as life expectancy
continues to increase, more people may develop NDs. Although, FDA-
approved therapeutics may relieve some of the physical or mental symptoms
associated with ND onset, there is currently no therapy to prevent or delay
neurodegeneration, and there are no known cures [1]. Because these NDs are
debilitating, research into understanding their causes is urgent and important
[1]. The AIS is a strong candidate for further study because it may be damaged
in many NDs as the loss of neuronal structural integrity is a key element of ND
pathogenesis [10]. As a result, there is potential that AIS damage could serve
as a target of therapeutic intervention for NDs. However, no reviews have been
published on AIS damage in NDs.

In this review, we conducted a literature search on the PubMed database
with the search terms (AD, AlS, ALS, Alzheimer’s disease, amyotrophic lateral

sclerosis, axon initial segment, FTD, frontotemporal dementia, MS, multiple



sclerosis, neurodegenerative  disease, neurodegenerative disorder,
Parkinson’s disease, PD). Our search yielded several studies that quantified
the AIS in Alzheimer’'s disease (AD), amyotrophic lateral sclerosis (ALS),
frontotemporal dementia (FTD), multiple sclerosis (MS), and Parkinson’s
disease (PD). To be as comprehensive as possible, unpublished thesis,
dissertations and preprint articles were included. After the 42 sources were
identified, we generated 14 AIS structural parameters and two AIS functional
parameters shared among AD, ALS, FTD, MS, and PD. The three most
common unifying features were AlS intensity, length, and position. Additionally,
several mechanistic connections of how damage to the AIS is involved in NDs
and potential interventions were identified. These findings suggest that AIS

damage is a unifying feature of ND.

Main text

Axon initial segment structure

Most neurons have three major cytoplasmic regions: the dendrites, the soma,
and the axon [11-13]. The AIS occupies 20-60 um of the axon that is most
proximal to the soma [6]. The localization of components at the AIS depends
on ankyrin-G, a protein that functions as a cytoskeletal scaffold and major
regulator of membrane domains [14]. The AIS also structurally includes voltage
gated ion channels, actin filaments, actin-binding proteins, cell adhesion
molecules, microtubules, and microtubule-associated proteins [6]. In this review

the following 16 proteins will be discussed as explicit markers of the AlS: 1) a



disintegrin and metalloproteinase 22 (ADAMZ22), 2) ankyrin-G, 3) BIV spectrin,
4) calcium/calmodulin-dependent protein kinase Il (CAMKII), 5) end-binding
protein 1 (EB1), 6) EB3, 7) fibroblast growth factor 14 (FGF14), 8) glycogen
synthase kinase 3 beta (GSK3pB), 9) voltage-gated potassium channel 7.3
(Kv7.3), 10) voltage-gated sodium channel 1.1 (Nav 1.1), 11) Nav 1.2, 12) Nav
1.6, 13) neurofascin-186 (NF-186), 14) pan Nav, 15) pan neurofascin, and 16)
tripartite motif-containing protein 46 (TRIM46) (Figure 1). In this study the
literature on AIS structure was divided into the following 14 parameters: 1)
branching, 2) density, 3) gene levels, 4) intensity = immunofluorescent intensity
as a semi-quantitative measurement of localized protein abundance, 5) length,
6) localization, 7) lysosomes, 8) mitochondria, 9) neurofilaments, 10) position,
11) protein levels, 12) smooth endoplasmic reticulum, 13) synapse size, and

14) width.
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Somatodendritic I Axon Initial Axonal
Compartment Segment Compartment
. ADAM?22
Neurofascin-186
Nav 1.1/2/6
Plasma membrane Kv7.3

FGF14 (GSK3B

Figure 1. Schematic of a neuron featuring the AlS proteins discussed in this review.

Most healthy neurons are segmented into three distinct compartments the —
somatodendritic compartment (cyan), axon initial segment (magenta), axonal
compartment (yellow). This model of the AIS includes (from left to right)
neurofascin-186 (yellow), Nav 1.1/2/6 (blue), EB1/3 (orange), FGF14 (maroon),
ankyrin-G (gray), GSK3p (purple), CaMKII (red), BIV spectrin (brown), ADAM22
(pink), TRIM46 (magenta), and Kv7.3 (cyan).
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Axon initial segment function

The AIS has two main roles. The first relates to the neuronal function since the
AIS regulates input integration, action potential initiation, propagation, and
modulation [15]. At the AIS, inputs from the somatodendritic compartment are
converted to generate action potentials [16]. The second relates to the neuronal
structure as the AIS is a neuronal barrier that maintains axonal dendritic
polarity, thereby ensuring that proteins are trafficked and restricted in their
proper locations [9,17]. There is a likely interplay between AIS structure and
function because the AIS exhibits signalling- and activity-dependent structural
plasticity [18—22]. In this study the literature examining AIS function was divided
into the following two categories: 1) action potential initiation and 2)
maintenance of neuronal polarity.

Due to the location and structure of the AlS, its disruption has the potential
to be implicated in NDs. In fact, the dysregulation or downregulation of AlS-
enriched components have been implicated in the pathogenesis of many
neurological disorders [23]. Therefore, the aim of this review is to determine
whether AIS damage is a unifying feature in NDs. To address this aim, the
guiding questions for this review are 1) is the AIS examined in ND field’s
literature, and 2) if so, what are the parameters and 3) which parameters are
most common among NDs? To address these questions, the literature that
examines AIS integrity in five NDs: AD, ALS, FTD, MS, and PD will be
discussed. Within each ND, these papers were categorized by AIS structural

and AIS functional parameters.
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Alzheimer’s disease

Sporadic or early-onset AD is the most common neurodegenerative disorder
[24]. It is typically associated with progressive memory deficits and cortical
neurodegeneration in the temporal and parietal lobes [10,25-29]. The
characterization of AD includes formation of extracellular amyloid-B (AB)
plaques and intraneuronal neurofibrillary tangles [25,30-34]. Although the
exact cause of AD is unknown, there are over 20 genetic risk factors associated
with AD [35]. For those diagnosed with AD, there are seven FDA-approved
therapeutics available to treat symptoms [36]. These treatments include three
cholinergic inhibitors (donepezil, galantamine, and rivastigmine), one N-methyl
D-aspartate receptor antagonist (memantine), a combination of donepezil and
memantine, and most recently, two monoclonal anti-AB antibodies
(Aducanunab and Lequembi) [36]. Unfortunately, none of these drugs have
been shown to prevent, delay, or cure AD. Therefore, the AD pharmacological
research field could benefit from investigating novel targets such as the AlS.
In AD, the AIS structure has been examined (Table 1). The most common
structural parameter analyzed was AIS length. With regards to AIS length,
some research suggests that it may not change in AD. These studies used
several proteins as markers of the AlS, such as 1) ankyrin-G [37,38], 2) BIV
spectrin [37], and 3) neurofascin-186 [39]. This may suggest that AD models
fail to modulate AIS length in response to stimuli, an example of the lack of
plasticity [38]. In contrast, several studies provide evidence for AlS shortening
using the following markers 1) ankyrin-G [37,39—-42], 2) BIV spectrin [37,42,43],

3) EB3 [42], 4) Nav 1.2 [39], and 5) TRIM46 [44]. The mechanisms identified
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for decrease in AIS length include 1) internalized acetylated tau-induced
aggregation [42], 2) intracellular tau [44], and 3) loss of serotonin receptor [39].
A handful of other studies conclude that the AIS lengthens using some of the
same AIS markers 1) ankyrin-G [45], 2) BIV spectrin [46], and 3) neurofascin-
186 [47]. The mechanisms identified for increase in AlIS length include 1)
increase in serotonin receptor [47] and 2) soluble B-amyloid [45]. These studies
have even identified potential therapies to restore AD model AIS length to
control including 1) serotonin receptor antagonist [47] and 2) alpha tubulin

deacetylation inhibitor [45].

Table 1. Twenty-four Alzheimer’s disease field papers on the axon initial segment

AIS ture Als
Paper Citation Action |Maintenance
number Branching | Density [Gene levels Length |L Ly Position | Protein levels | Synapse size | p of
initation polarity
1|Best 2023 | l 1 - - |
2[Le 2023 1 -
3|Antén 2022 1 1
4|Ma 2022 =1 = -1 1
5|Martinsson 2022 - 1 1
6|Chen 2021 1 1 =l
7|8 b 2021 1
8|Sun 2021 -1 -1 - 1
9|Tiago 2021 - 15t i
10|Wang 2021 1
11|Sos 2020 1
12|Butler 2019 |
13[Hsu 2017 — L1 1
14[Hu 2017 1 1 i
15|Zempel 2017 i |
16| Marin 2016 1 1
17|Sohn 2016 1 1
18|Wang 2016 % 1 A
19|T: 2015 1 1 1
20|Sun 2014, Cell Reports | 1
21|Sun 2014, PNAS i I
Mut 2013 1 1
ione 2013 1 1 1
24|Li 2011 1
Key: — = no change, | = decrease, 1 = increase

In many of these same studies on AIS length, AIS position was also analyzed,
with some research suggesting that AIS position does not change using 1)
ankyrin-G [37,41,42], 2) neurofascin-186 [39], 3) TRIM46 [44]. Others,
however, suggested that AIS position decrease as the start became more
proximal using 1) ankyrin-G [38], 2) BIV spectrin [46], 3) neurofascin-186 [47].
The mechanisms that lead to a decrease in AIS position include 1) loss of

phospholipids [38] and 2) an increase in serotonin receptor [47]. The potential
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therapies identified that could restore AD model AlS position to control include
1) exogenous lipids [38], 2) increase kinase activation [38], 3) serotonin
receptor antagonist [47]. In addition, AIS position is suggested to increase
because the start of the AIS becomes more distal starting further down the axon
using the markers 1) ADAM22 [38], 2) ankyrin-G [37-39,41], 3) BIV spectrin
[37] 4) FGF14 [38], 5) pan Nav [38], 6) Nav 1.2 [39]. The only mechanisms
identified for the increase in AlS position is loss of serotonin receptor [39].

The next largest category of studies focused on AlS intensity. Two studies
suggested that AlS intensity does not change using two markers that were not
previously analyzed for length and position 1) CaMKII [40] and 2) FGF14 [48].
Most studies on AIS intensity suggest a decrease using 1) ankyrin-G [49-51],
2) Nav 1.2 [50]), 3) pan Nav [48], and 4) TRIM46 [44]. The only mechanisms
identified for a decrease in AlS intensity included extracellular tau oligomers
working through intracellular tau [44]. In contrast, other studies suggest that AIS
intensity increases using 1) ankyrin-G [48,52] and 2) Nav 1.6 [50]. The
mechanisms identified for an increase AlS intensity include 1) phosphorylation
of an AIS kinase, which can be attenuated using an FDA-approved treatment
for diabetes [48].

In addition to AIS intensity, AlS protein levels have been examined in the
literature. Several studies have found that AIS protein levels do not change
using 1) ankyrin-G [39], 2) Nav 1.2 [39], 3) TRIM46 [44]. Other studies analyzing
the main two AIS structural proteins 1) ankyrin-G [37,51,53,54], 2) BIV spectrin
[54] find that AIS protein levels decrease. The only mechanisms identified for
decrease in AlS protein levels include micro-RNA induced reduction in ankyrin-

G expression [51]. In contrast, the same AIS proteins and others were found to
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increase in other studies using 1) ankyrin-G [52], 2) BIV spectrin [55], 3) pan
Nav [50], 4) Nav 1.6 [50] — yet no mechanisms have been identified.

A handful of other papers examine other AIS structural parameters. For
example, AlS protein localization has been both suggested to decrease using
1) Nav 1.6 [53] and increase using 1) ankyrin-G [45,52], 2) EB3 [45], and 3)
TRIMA46 [44]. On the other hand, it increases with1) soluble AR [45] and 2) tau
oligomers [44]. The only potential therapeutic identified to restore AD model
AIS protein localization to control is an alpha tubulin deacetylation inhibitor [45].
AIS density has been suggested to either not change using 1) ankyrin-G [37]
and 2) BIV spectrin [37] or decrease using BIV spectrin [37,43].

Only one paper each examined the remaining AlS structural parameters.
One suggests a decrease in AlS gene levels using BIV spectrin [55]. In contrast,
increases were suggested in AIS branching using neurofascin-186 [47]. In this
study expression of serotonin receptor was responsible for this increase and
could be attenuated by a serotonin receptor antagonist [47]. AIS synapse size
[56] and lysosomes [57] were both suggested to increase. While no mechanism
has been identified for the synapse size, genetic variants were demonstrated
to lead to increase in lysosomes [57].

Changes in AIS structure are hypothesized to reflect changes in AlIS
function — namely in action potential initiation and maintenance of neuronal
polarity. Only one paper suggests the contrary that AIS action potential initiation
does not change [41]. Two papers suggest that AlS action potential initiation
decrease but lack a mechanism [38,41]. Many papers suggest that AIS action
potential initiation increase [39,40,45,50] likely due to two mechanisms: 1) loss

of serotonin receptor [39] and 2) soluble AR [45]. The potential therapies
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identified for AIS action potential initiation increase include 1) an alpha tubulin
deacetylation inhibitor [45], 2) inhibitory receptor antagonist [40].

All studies in AD literature as it relates to the AlS suggest that maintenance
of neuronal polarity is decreased [44,45,49,53,54,58,59]. Several mechanisms
have been identified for decrease in AIS maintenance of neuronal polarity 1)
genetic variant [58], 2) loss of AIS protein [49,60], 3) micro-RNA [53], 4) over
activation of AIS kinase [49], 5) tau acetylation [54], 6) tau phosphorylation [59],
and 7) soluble AB oligomer [45,49]. The potential therapies include 1) an alpha
tubulin deacetylation inhibitor [45], 2) exogenous ankyrin-G [53,60], and 3)
microtubule stabilizer [54]. There have even been two reports that these agents
that repair the AIS contribute to recovery of cognitive impairment in AD models
[47,53].

Although there is no full consensus yet about whether AIS structure and
function changes occur before or after AD onset, these results suggest that AlS
disruption could be an early-stage therapeutic target for AD-associated
cognitive impairment. To provide insight into whether the AIS should be a
therapeutic target or not, direct studies are needed to understand how AIS
disruption alters neuronal function in specific AD models. These findings would

move the field from association and establish causality.

Amyotrophic lateral sclerosis

Sporadic or familial-type ALS are NDs with an early age of onset. ALS is
characterized by progressive loss of motor neurons, which leads to numerous

motor deficits [61,62]. ALS can be caused by several risk factors [63], such as
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genetic alterations, including a mutation in the superoxide dismutase 1 (SOD1)
gene [61,64]. There are five FDA-approved ALS drugs: edaravone, riluzole,
riluzole oral suspension, riluzole oral film, and dextromethorphan/ quinidine
[61,65—67]. Unfortunately, none of these five drugs can prevent, delay, or cure
ALS. There is hope for a new experimental drug, NU-9 [68] — yet considering
these limitations, ALS drug discovery efforts could centralize the investigation
of novel targets such as the AlS.

In, ALS, there are several papers that explore AIS structure and function
with the vast majority assess AlS length (Table 2). Two reports using ankyrin-
G as a marker suggest that AIS length does not change [69,70]. This lack of
change may corroborate, on article that suggest an overall reduction in AIS
plasticity [71]. There are however numerous findings of AIS shortening and
lengthening, which suggest a shared mechanism whereby genetic variants in
models of ALS can contribute to different effects on AIS length and action
potential initiation — even within the same manuscript [71,72]. AlS length is
suggested to decrease using 1) ankyrin-G [69,71,72] and 2) Nav 1.6 [73]. In
contrast, AIS length increases using the same markers 1) ankyrin-G [69,71] and

2) Nav 1.6 [64,73].

Table 2. Eleven amyotrophic lateral sclerosis field papers on the axon initial segment

AIS structure AIS function
Smooth Action
dopl; ic| Width potential
reticulum initation
1[Bos 2022 = 1 f
2|Harley 2022 1,1 Lt
3|Kiryu-Seo 2022 1 - 1

4|Jorg 2021 1 = il 1
5|Stroobants 2021 1

6|Bonnevie 2020 3 B - 1 - 1,1 -
14

8

9

0

1

reper Citation
number Gene levels | Intensity | Length | Ly Mitochondria | Neurofilaments | Positi

—
l—
—
|
—

Smerdon 2019 =11 L1
Sasaki 2007 1
Sasaki 2005 1 1

Sasaki 1992 1 i) 1 1
Sasaki 1990 1 T
Key: —=no ch l=d , 1 =i
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Many of the previous papers assessing AlS length connected their findings to
changes in AIS function, namely action potential initiation. In essence AIS
shortening was reflective of hypoexcitability, whereas AIS lengthening was
reflective of hyperexcitability [64,69,71,72]. In some models AlS action potential
initiation does not change [64,72,73]. In other studies, AIS action potential
initiation is suggested to either decrease [69,71,72] or increase [69,71].

There are only two parameters for AIS position and gene levels. In the case
of AIS position, studies suggest no change using 1) ankyrin-G (Harley 2022),
2) Nav 1.6 [64,73] or increase using 1) ankyrin-G [71] or 2) Nav 1.6 [73]. In the
case of AlS gene levels studies suggest both — decrease in 1) Nav 1.1 and 2)
Nav 1.6 [71] and an increase in 1) ankyrin-G, 2) Nav 1.1, and 3) Nav 1.6 [71].
The mechanisms identified for increase in AIS position and either decrease or
increase in AlS gene levels is genetic variants [71].

There are all three parameters for AIS intensity using ankyrin-G — no
change [72], decrease [70], and increase based on the genetic variant
mechanism [71]. AlS width has not been studied in the context of AD, however
in ALS it has been suggested to show all three parameters no change using
Nav 1.6 [73], decrease using the same marker [64,73], and increase using
either 1) electron microscopy [74,75] or 2) Nav 1.6 [73].

A subset of the AIS in ALS literature utilizes electron microscopy
approaches to analyze AIS structure. Only one paper suggest that AIS
mitochondria decrease [70]. However, the others suggest that AIS mitochondria
increase [74,76,77], AIS smooth endoplasmic reticulum increase [74], AIS
neurofilament increase [74,75,77], and AIS lysosomes increase [57]. Similarly,

to the previously identified mechanisms, the mechanisms identified for increase
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in AIS lysosomes is genetic variants discussed previously in the AD section
[57].

Collectively, these studies provide a small but convincing body of evidence
that genetic variants are related to changes in both AIS structure and function.
To build on this foundational work, the ALS field could benefit from additional
studies using both cell and mouse models of ALS to better determine which
mouse models are most reflective of humans with ALS and build the case for

robust analysis of the AlS structure in post-mortem human brain tissue.

Frontotemporal dementia

FTD is a group of NDs in which the behaviour, language, executive and often
motor function regions of the frontal and/or temporal lobes degenerate to a
varying degree [78,79]. These regions often have intraneuronal NFT [78,79].
Although, most cases of FTD are sporadic, there are direct disease-causing
pathogenic mutations in genes, including MAPT and TMEM106B [79,80].
Currently, there are no FDA-approved therapies intended specifically for FTD.
Several emerging potential therapies are still being developed or tested during
clinical trials to prevent intellectual decline, behavioral problems, sleep related
issues, associated medical problems, and abrupt decline [81,82]. Due to the
lack of specific FTD FDA-approved therapeutics, the FTD field could benefit
from exploring the AIS as a novel target.

The FTD literature on the AIS is limited assesses both AIS structure and
function (Table 3). Most of the AIS structure studies examine AIS lysosomes

and suggest no change using 1) ankyrin-G [83] and 2) BIV spectrin [83] or
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increase using 1) ankyrin-G [57,83], 2) BIV spectrin [83], and 3) neurofascin
[84]. The mechanism identified for an increase in AIS lysosomes is consistent
across three studies genetic variants [57,83,84]. Two other parameters AlIS
intensity and position suggest there is no change or an increase. In the same
study using two different markers Sohn (2019) suggests that AlS intensity does
not change using ankyrin-G but increases using EB3 [85]. The mechanisms
identified for an increase in AIS intensity is genetic variants [85]. The potential
therapies are a reduction in protein levels [85]. While Sohn (2019) suggest that
AIS position does not change using 1) ankyrin-G [85], Hatch (2017) suggest
that AIS position increases using 1) ankyrin-G [86], 2) BIV spectrin [86], and 3)
Nav 1.6 [86]. The mechanisms identified for an increase in AIS position is
genetic variants [86]. The same study identified microtubule stabilizers as a
potential therapy that could restore FTD AIS position to the control [86]. In
contrast, the conflicting reports on AlS length both using ankyrin-G suggest no

change [86] or a decrease [85].

Table 3. Six frontotemporal dementia field papers on the axon initial segment

AIS structure AIS function
Paper Citation Action [Maintenance
number Intensity | Length [ Lysosomes | Position | potential | of neuronal
initation polarity
1|Stroobants 2021 1
2|Feng 2020 1
3|Liiningschrér 2020 =1
4|Butler 2019 l
5/Sohn 2019 =1 3 - =11
6|Hatch 2017 - 1 !
Key: — = no change, | = decrease, 1 = increase

Three studies have examined AlS function in FTD. AIS action potential initiation
is suggested to not change [85], decrease [85,86], and increase [85]. The

mechanisms identified for a decrease or increase in AIS action potential
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initiation is genetic variants [85,86]. The potential therapies identified are 1)
microtubule stabilizers [86] and 2) reduction in protein levels [85], respectively.
The other AIS functional parameter AlIS maintenance of neuronal polarity has
been suggested to decrease with a mechanism of genetic variants that was
previously discussed in the AD section [58].

Although both AIS functional parameters have been examined in the FTD
literature, several AIS structural parameters have yet to be examined. A few
FTD studies provide evidence that genetic variants are associated with AIS
damage. Future studies should make every effort to examines the AIS in human
samples as the incorporation of this data would provide the human relevance
needed to strengthen the rationale that the AIS damage is involved in FTD

pathogenesis.

Multiple sclerosis

MS is a neurological disease that attacks central nervous system myelinated
axons, which causes brain lesions that can lead to severe physical or cognitive
disability and neurological defects [87—-89]. The two forms of MS include chronic
autoimmune and inflammatory [88]. Several factors can contribute to the
development of MS, including exposure to infectious viral agents that can lead
to immune system events, neuronal death, nerve demyelination, and neuronal
dysfunction [87,88]. If these risk factors contribute to MS onset, there are eight
anti-inflammatory and immunomodulatory FDA-approved MS therapeutics [87].
These include beta interferons (Avonex, Betaseron, Rebif, Extavia); a

glatiramer acetate (copaxone); mitoxantrone (noanthrone); recombinant
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humanized immunoglobulin monoclonal antibody natalizumab’s (tysabri); and
fingolimod [88]. Because these only treat symptoms, the MS field needs careful
examination of the AIS as a novel target for therapeutic investigation.

There are only four papers that investigate the AIS in the MS field (Table
4). Surprisingly, this small body of literature has used human samples,
transgenic mouse, and computational models of MS to investigate both AIS
structure and function. Most of these studies investigated AIS length and
suggest all three parameters no change, increase, and decrease in AlS length.
The studies that suggest no change in AlS length used 1) ankyrin G [90-92],
2) BIV spectrin [90], and 3) pan Nav [90]. In contrast, AIS length is suggested
to decrease using 1) ankyrin-G [92] and 2) Nav 1.6 [90] or increase using 1)
ankyrin-G [91] and 2) Kv7.3 [90]. As a potential therapy, demyelination has
been suggested in one study to restore models of MS AIS length to control
using 1) BIV spectrin, 2) Kv7.3, and 3) Nav 1.6 [90]. Hamada (2015) connects
changes in AIS length and position to reduction in action potential initiation. This
is the only paper in the MS field to examine an AlS function parameter and

suggest that AIS action potential initiation decrease [90].

Table 4. Four multiple sclerosis field papers on the axon initial segment

AIS structure AIS function
Paper S Action
number Cltation Density | Length | Position | Protein levels| potential
initation
1(Senol 2022 - 1 1
2|Hamanda 2015 =41 ] =i |
3|Mathey 2007 i
4| Thummala 2015 -l - l
Key: — = no change, | =decrease, 1 =increase
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Moreover, AlIS position has been suggested to not change, decrease, and
increase. One study using Kv7.3 suggest that the AIS position does not change
[90]. In that same study using two different markers of the AIS BIV spectrin and
Nav 1.6 AlS position was suggested to decrease [90]. In a different study using
ankyrin-G, AlS position was suggested to increase [91]. The remaining two AIS
structures examined were AIS density and protein levels. AlS density using
ankyrin-G was suggested in the same study to not change in a mouse model
yet decrease in post-mortem human brain tissue [92]. In contrast, the AIS
protein level findings span across two papers and use two different markers of
the AIS. Thummala’s (2015) findings using ankyrin-G suggest AlS protein levels
decrease, while Mathey’s (2007) findings using neurofascin-186 suggest that
AIS protein levels increase [92,93].

Collectively, these studies provide limited evidence of AIS structural and
functional damage in MS. There was, however, one study that presented a
potential therapeutic intervention that warrants further investigation.
Nevertheless, it is still unclear what mechanisms are responsible for this

damage as none of the four studies provided any mechanistic data.

Parkinson’s disease

Parkinson’s disease (PD) is the second most common ND after AD [94]. It is
typically associated with both physiological and cognitive difficulties. PD is
caused by the degeneration of neurons in the substantia nigra (SN), which
causes a deficiency in striatal dopamine [94-96]. The characterization of PD

includes the formation of intracellular alpha synuclein inclusions [96]. There are
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numerous PD risk factors [96]. There are two FDA-approved therapeutics at
hand to treat PD symptoms. These include a dopamine agonist (levodopa) and
a selective adenosine AZ2A receptor antagonist (istradefylline) [94,97].
Currently, these therapeutics are unable to prevent, delay, or cure PD.
Therefore, PD pharmacological research could be advanced by exploring novel
targets such as the AlS.

Only three papers on AlS structure and function in PD were identified (Table
5). In brief, the findings that suggest no change in AlS length, likely due to a
lack of plasticity [38]. There was a suggested decrease in 1) AIS position
because of phospholipid loss that can be restored with exogenous lipids [38],
2) AIS action potential initiation [38], and 3) AIS maintenance of neuronal
polarity due to a genetic variant [58]. In contrast there was an increase in 1) AlS
position — yet the mechanism remains unidentified [38] and 2) AlIS lysosomes

due to genetic variants [57].

Table 5. Three Parkinson’s disease field papers on the axon initial segment

AIS structure AIS function

Paper Citation Action [Maintenance
number Length | Lysosomes | Position | potential | of neuronal
initation polarity

1|Stroobants 2021 1

2|Tiago 2021 - ) l

3|Butler 2019 l
Key: — =no change, | = decrease, 1 =increase

Collectively, these studies provide some mechanistic evidence to suggest that
genetic mutations influence AIS damage in PD and even provide a potential

therapeutic intervention for further study. Considering this body of work



25

currently lacks any data using human samples, more research must be

conducted to determine whether AlS disruption occurs in PD humans.

Concluding section

In this review we found 42 papers that suggest that systematic damage of the
AIS is a unifying feature of five NDs AD, ALS, FTD, MS, and PD (Table 6). The
practical implications of this work include the identification of several shared
AIS structural and functional parameters, mechanisms, and pharmacological
interventions. However, there were several limitations. There was a lack of
consensus in the use of analytical tools to measure the most commonly
assessed parameters. Additionally, not all NDs had studies that explicitly
measured AIS structural or functional parameters.

To build a more cohesive understanding of AIS structure and function
across the NDs discussed in this review, it is recommended that future NDs
studies focus on the parameters of the AIS structure and/or function that have
yet to be analyzed in the literature. In doing so, future AIS studies should
prioritize research questions that uncover mechanism to determine whether

AIS damage causes NDs or is a consequence of disease onset.
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Table 6. Forty-two neurodegenerative disease field papers on the axon initial segment

AIS Structure AIS function
el (Chatios "o Smooth Action
Gene ength [L L Width | potential | of neuronal
reticulum initation | polarity
Bost 2023 AD Il I 1 - - 1
Le 2023 AD | -
Antén 2022 AD 1 1
Bos 2022 ALS - i Il
Harley 2022 ALS Lt T L1 ot L1
Kiryu-Seo 2022 ALS i} - )
Ma 2022 AD 1 -l -t 1l
[ 8| Martinsson 2022 AD - ) 1
Senol 2022 MS =1 1
0 Chen 2021 AD ! -1 =)
1 Jorgensen 2021 ALS 1 - l i
12 Stroobants 2021 ‘F‘T’!:g' t
Sun 2021 AD =1 - 1
Tiago 2021 AD, PD = L1 )
Wang 2021 AD l
Bonnevie 2020 ALS L1 =1 S N
Feng 2020 FTD 1
Liningschrdr 2020 FTD -1
Sos 2020 AD
Butler 2019 'AD, FTD, PD l
Smerdon 2019 ALS — bt L
Sohn 2019 FTD =t 1 - =bt
Hatch 2017 FTD - 1 1
Hsu 2017 AD bt Il
Hu 2017 AD T I
Zempel 2017 AD 1 l
Marin 2016 AD 1 I
Sohn 2016 AD Il i
Wang 2016 AD 1 1 1
Hamanda 2015 MS Y] 1
Thummala 2015 MS =4 4
Tsushima 2015 AD T 1
Sun 2014, Cell Reports| __ AD 1 Il
Sun 2014, PNAS AD 1 f
Sanchez-Mut 2013 AD 1 T
Santuccione 2013 AD 1 1 1
Li2011 AD Il
fathey 2007 MS 1
Sasaki 2007 1
Sasaki 2005 1
Sasaki 1992 T 1 1
Sasaki 1990 1

Key: — =no change, | = decrease, | = incroase
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Abstract

Background: In Alzheimer’s disease (AD) brain, neuronal polarity and synaptic
connectivity are compromised. A key structure for regulating polarity and
functions of neurons is the axon initial segment (AIS), which segregates
somatodendritic from axonal proteins and initiates action potentials. Toxic tau
species, including extracellular oligomers (xcTauOs), spread tau pathology
from neuron to neuron by a prion-like process, but few other cell biological
effects of xcTauOs have been described.

Objective: Test the hypothesis that AIS structure is sensitive to xcTauOs.
Methods: Cultured wild type (WT) and tau knockout (KO) mouse cortical
neurons were exposed to xcTauOs, and quantitative western blotting and
immunofluorescence microscopy with anti-TRIM46 monitored effects on the
AlS. The same methods were used to compare TRIM46 and two other resident
AIS proteins in human hippocampal tissue obtained from AD and age-matched
non-AD donors.

Results: Without affecting total TRIM46 levels, xcTauOs reduce the
concentration of TRIM46 within the AIS and cause AlS shortening in cultured
WT, but not TKO neurons. Lentiviral-driven tau expression in tau KO neurons
rescues AlS length sensitivity to xcTauOs. In human AD hippocampus, the
overall protein levels of multiple resident AIS proteins are unchanged compared
to non-AD brain, but TRIM46 concentration within the AIS and AIS length are
reduced in neurons containing neurofibrillary tangles (NFTs).

Conclusion: xcTauOs cause partial AIS damage in cultured neurons by a

mechanism dependent on intracellular tau, thereby raising the possibility that
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the observed AIS reduction in AD neurons in vivo is caused by xcTauOs

working in concert with endogenous neuronal tau.
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Introduction

A hallmark of Alzheimer's disease (AD) is the accumulation in neurons of
neurofibrillary tangles (NFTs) in neurons, which correspond to tightly packed
filament bundles of tau, a microtubule-associated protein normally enriched in
axons [98-100]. Prior to NFT formation, misfolded forms of tau, including
monomers, oligomers, and short filaments, can escape from diseased neurons,
and then enter nearby neurons provoking toxic misfolding of their endogenous
tau [101-105]. This prion-like mechanism of tau misfolding may explain how
secreted tau propagates intracellular tau pathology from neuron to neuron
[106-111].

While the mechanisms of inter-neuronal tau exchange have been
extensively studied, knowledge of how neuronal structure and behavior are
affected by this process is limited. What is known, however, points to profound
effects on neuronal polarity and neurotransmission. For example, we previously
showed that one conspicuous effect of extracellular tau oligomers (xcTauOs)
on cultured mouse cortical neurons is the accumulation of endogenous tau in
the somatodendritic compartment [112]. Prior studies have demonstrated that
excess somatodendritic tau can cause hyperexcitability of NMDA receptors,
synapse loss and neuron death [113—117], and that xcTauOs can alter action
potential dynamics, disrupt synaptic transmission, and impair neuronal
plasticity [118].

The loss of endogenous tau polarity caused by xcTauOs [112] prompted us
to test the hypothesis that the axon initial segment (AlS) is a target of xcTauOs.

The AIS serves two major functions. It is the site of action potential initiation,
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and it serves as a diffusion barrier that helps to segregate somatodendritic from
axonal molecules and organelles [5,7,59,119,120]. The AIS is located within
the first 20-60 pym of the proximal end of the axon, and its length and distance
from the soma are instrumental for initiating and shaping action potentials
[43,121,122]. The AIS is organized by the sub-membranous cytoskeletal
proteins, ankyrin-G [119,123-129] and BIV-spectrin [130-133]; the
transmembrane cell adhesion protein, neurofascin-186 (NF-186) [120,134—
136]; and the microtubule-associated protein, TRIM46 [134,137—139]; among
other proteins. Notably, depletion of AIS structural proteins results in AD-like
tau accumulation in the somatodendritic compartment [49,137].

Dysregulation or partial loss of the AIS, as evidenced by even small
morphometric changes in AlS structure, has been implicated in various adverse
effects both in wvitro in cultured neurons and in vivo in brain
[43,45,46,49,51,53,54,59,140]. However, evidence regarding AlS integrity in
AD human brain is contradictory. Sohn and colleagues reported that AIS
structure is reduced in AD neurons [54], whereas Anton-Fernandez and
colleagues provided evidence that hyperphosphorylated tau in AD neurons
correlates with a longer AIS [46]. One reason this discrepancy has not been
resolved is that direct effects of tau aggregates, like xcTauOs and filaments, on
AIS protein content and morphology had never been investigated to the best of
our knowledge. Accordingly, we decided to address the following questions: 1)
Is AIS morphology affected by xcTauOs? 2) Are AIS protein levels
downregulated in AD hippocampus? 3) Is AIS length correlated with the

presence of NFTs in the same neuron?
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To address these questions, we quantified AIS protein content and
morphology in primary mouse cortical neuron cultures and post-mortem human
hippocampal  tissue using quantitative  western blotting  and
immunofluorescence microscopy. For cultured neurons, we found that
xcTauOs cause a reduction of the TRIM46 concentration within the AlS and
AIS shortening from its distal end, but no changes in overall TRIM46 protein
levels. Similarly, in human AD hippocampus, we found that the overall levels of
multiple resident AIS proteins are unchanged compared to non-AD brain, but
TRIM46 concentration within the AIS and AIS length are reduced in NFT-
containing neurons. Collectively, these findings prompt the hypothesis that
xcTauOs work in concert with endogenous intraneuronal tau to degrade the AIS

in vivo AD brain.

Materials and methods

Mice

Wild type (WT; C57/BL6J, https://www.jax.org/strain/000664) and tau knockout
(KO, https://www.jax.org/strain/007251) mice were used for this study. Animals
were maintained, bred, and euthanized in compliance with all policies of the

Animal Care and Use Committee of the University of Virginia.

Cultured neurons

Primary mouse cortical neuron cultures were prepared from WT and tau KO

E16.5 embryonic brains using a standard protocol [141]. Briefly, brain cortices
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were dissected from embryos and minced with a scalpel in Hank’s balanced
salt solution (HBSS, Gibco 14175-095) containing 0.25% trypsin (Gibco 15090-
046) and deoxyribonuclease | (Worthington LK003170). The minced tissue
suspension was incubated at 37°C for 30 minutes, the dissociated tissue was
then pelleted in a clinical centrifuge, re-suspended in HBSS, and triturated
using a plastic P1000 pipette tip or a glass Pasteur pipette. After centrifugation
at 900 RPM for 10 minutes, the cells were suspended in Neurobasal medium
(Gibco 21103-049) supplemented with 5% fetal bovine serum (Optima FBS,
R&D Systems S12450), B-27 (Gibco 17504-044) or B-27+ (Gibco A35828-01),
2 mM L-glutamine (Gibco 25030-081), 50 pg/ml gentamicin (Gibco 15710-064),
and 15 mM D-(+)-glucose monohydrate (Sigma-Aldrich 16301). The cells were
then plated at a density of 1.125 million cells/cm? on #1 thickness, 12 mm round
glass coverslips (Chem Glass CLS-1760-012) in 24-well dishes (Corning
353504), or without coverslips in 12-well (Costar, Cat# 3513) or 6-well
(CELLSTAR 657-160) plates following coating of the cell attachment surfaces
with poly-D-lysine hydrobromide (Sigma-Aldrich P0899). Cultures were placed
in a humidified incubator maintained at 37°C and 5% CO., the following day the
medium was replaced with a fresh medium that lacked serum, and finally the
cells were grown for a total of 7-22 days with 50% medium changes at least
once per week. Primary cortical neurons were treated at 6-21 days in vitro for

24 hours with xcTauOs diluted to 125 nM total tau or with vehicle.
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Tau lentivirus

Lentiviral particles encoding WT human 2N4R tau were prepared using the
TRIPZ Trans-Lentiviral Open Reading Frame kit [142] in conjunction with the
pBOB-NepX or pLKO.1 expression plasmids, and the packaging vectors,
pSPAX2 and pMD2.G (Addgene plasmids 12260 and 12259, respectively;
deposited by Dr. Didier Trono, Ecole Polytechnique Fédérale de Lausanne).
These collective plasmids were transfected using Lipofectamine 3000 (Thermo
Fisher Scientific L3000-015) into HEK293T cells grown in Dulbecco’s Modified
Eagle Medium (Gibco 11965-092) supplemented with Cosmic Calf Serum
(HyClone SH30087.03) to 10% and gentamycin to 50 pg/ml. Lentivirus-
conditioned medium was collected 48 hours and 72 hours after the start of
transfection. The lentiviral particles were pelleted out of medium using a
Beckman Coulter Optima LE-80K Ultracentrifuge and an SW28 rotor spun at
23,000 RPM for 2 hours at 4°C. The final pellet was resuspended in 400 pl
Neurobasal medium, dispensed into 40 ul volumes, and stored at -80°C.
Primary cortical neuron cultures derived from tau KO mice were transduced
with the tau-encoding lentivirus. Experimental manipulations of the cultures

were begun 48 hours after initial exposure to lentivirus.

Purification and oligomerization of recombinant human tau

BL21 E. coli cells were transformed with expression vectors for IN4R or 2N4R
WT human tau, each with a C-terminal his tag (kindly provided by Nicholas

Kanaan of Michigan State University). Tau was purified out of soluble extracts
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of transformed BL21 cells using TALON Metal Affinity Resin (TaKaRa 635502)
and imidazole (Sigma-Aldrich 1-0125) according to the vendors' instructions.
The purified 1N4R and 2N4R solutions were concentrated in Amicon Ultra-4
Centrifugal Filters 10K (Sigma-Aldrich UFC801024) spun in a clinical centrifuge
at 3,000 RPM at 4°C for 15 minute-intervals until the concentrate volume was
~500 pl [143]. Dithiothreitol (DTT, GE Healthcare 17-1318-02) was added to 1
mM, and the tau was then dispensed into 40-50 ul aliquots that were stored at
-80°C. The protein concentration was measured using reducing agent-
compatible BCA Protein Assay Kit (Abcam 207003).

The 1N4R and 2N4R oligomers were made as previously described [143]
and summarized here. First, the buffer in which the purified tau was dissolved
was changed to 0.1 M phosphate at pH 7.4 using Amicon Ultra-4 Centrifugal
Filters 10K (Sigma-Aldrich UFC801024) according to the manufacturer's
instructions. Next, the tau was diluted to 8 uM into a solution of 5 mM DTT, 100
mM NaCl, 10 mM HEPES (Gibco 15630-080) at pH 7.6, 0.1 mM EDTA and 300
MM arachidonic acid (Cayman Chemical Company 90010.1) and was incubated
in the dark at room temperature for 6-18 hours. Vehicle controls were prepared

identically, except that 0.1 M phosphate buffer was used in place of tau.

Protein electrophoresis and western blotting

Primary and secondary antibodies are listed in Table 7, and all blots were
scanned using a LI-COR Odyssey infrared imager.
Tau oligomer aliquots were mixed 3:1 with 4X NuPAGE LDS Sample

Buffer (Thermo Fisher Scientific NP0007) and stored at -20°C. Thawed
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samples were electrophoresed in NUPAGE 4-12% Bis-Tris Gels (Thermo
Fisher Scientific NP0323) using 1X MES running buffer (Thermo Fisher
Scientific NP0002). After electrophoresis, gels were transferred for 1.5 hours at
100 V to 0.2 ym pore size nitrocellulose membranes (Bio-Rad 1620112) at 4°C.
The membranes were then blocked with Intercept Blocking Buffer TBS (TBS
blocking buffer, LI-COR 927-60001) at room temperature for 1 hour and
incubated at 4°C overnight with the pan-tau mouse monoclonal antibody, Tau-
5. Next, blots were washed twice with TBS/Tween 20 (TBST, VWR 0777) for
10 minutes each and incubated at room temperature for 1 hour with secondary
antibody: IRDye 800 CW goat anti-mouse 1gG. Following two more 10-minute
washes in TBST and one rinse with TBS, blots were scanned.

Cultured neurons were collected in NUPAGE LDS Sample Buffer and
25% glycerol (Sigma-Aldrich G7893), and samples were stored at -20°C until
use. Electrophoresis and western blotting were performed as described above
for tau oligomers, except for the primary and secondary antibodies that were
used. Primary antibodies were chicken polyclonal anti-TRIM46 and rabbit
polyclonal anti-Blll-tubulin, and secondary antibodies were Alexa Fluor Plus
680 goat anti-chicken IgY (H+L) and IRDye 800 CW goat anti-rabbit IgG.

Human hippocampus samples were classified as non-AD or AD based
on criteria of the Consortium to Establish a Registry for Alzheimer’s Disease
(CERAD), Braak staging or both. Unfractionated tissue lysates were prepared
as described [123]. Tissue was homogenized manually using a plastic pestle
(VWR 47747-358) in 10 ml/g tissue mass of a solution of 8M urea (Sigma-
Aldrich U5378), 5 mM N-ethylmaleimide (Sigma-Aldrich E3876), 5% SDS, and

1:100 HALT protease inhibitor cocktail (Thermo Fisher Scientific 78430). The
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homogenate was mixed 1:1 with 5X PAGE buffer (5% SDS, 25% sucrose, 50
mM Tris at pH 8.5, 1 mM EDTA, 30 mg/ml DTT and bromophenol blue as a
tracking dye). Ankyrin-G blots were made as described earlier [123] using 3.5-
17.5% gradient gels in 1X Tris buffer, pH 7.4. Gels were transferred overnight
at 4°C at 300 mA to 0.45 um pore size nitrocellulose membranes in 0.5X Tris
buffer with 0.01% SDS. Membranes were blocked in TBS containing 5% BSA
for 1 hour followed by incubation overnight with primary antibody (rabbit anti-
ankyrin-G [144] plus mouse monoclonal anti-a-tubulin), and then for 1 hour with
secondary antibodies (IRDye 800 goat anti-rabbit IgG and IRDye 680 goat anti-
mouse IgG diluted into TBST supplemented with 5% bovine serum albumin -
BSA, Sigma-Aldrich A3803). Blots were washed 3 times in TBST for 15
minutes each after each antibody step, and finally once each in TBS and H>.O
after the secondary antibodies. The Taups202/7205, Tau-5, neurofascin-186,
TRIM46 and mouse monoclonal anti-Blll-tubulin (clone Tuj1) blots were
processed as described above for tau oligomers and cultured neurons.
Secondary antibodies for these blots were IRDye 680RD goat anti-rabbit IgG

and IRDye 800 CW goat anti-mouse IgG.

Immunofluorescence microscopy

Primary and secondary antibodies are listed in Table 7. Primary mouse
neuron cultures grown on 12 mm glass coverslips in 24-well plates were fixed
in PBS containing 4% paraformaldehyde for 15 minutes. The cultures were then
washed sequentially with the following ice-cold solutions: twice in PBS for 2

minutes each, once in PBS containing 0.1 M glycine for 5 minutes and once in
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PBS for 2 minutes. Next, the fixed cells were permeabilized and blocked for 1
hour in PBS containing 1% BSA, 0.05% saponin (Sigma-Aldrich 84510), and
0.1% normal goat serum (Southern Biotech 0060-01). Then, they were
incubated with various combinations of primary antibodies (chicken polyclonal
anti-TRIM46, chicken polyclonal anti-MAP2, rabbit polyclonal anti-TRIM46, and
mouse monoclonal anti-tau clone Tau-5) followed by secondary antibodies
(Alexa Fluor 568 goat anti-chicken IgY, Alexa Fluor 647 goat anti-rabbit 1gG,
Alexa Fluor 488 goat anti-mouse 1gG) for 1 hour. Following each antibody step
the coverslips were washed twice in PBS containing 0.05% saponin for 2
minutes each. Immediately prior to sealing the coverslips to glass slides with
Fluoromount G (Southern Biotech 0100-01), the cells were incubated with 0.2
pMg/ml Hoechst 33342 trihydrochloride trihydrate (Thermo Fisher Scientific

H3570) in PBS for 2 minutes, then with H20 to remove excess dye and salts.
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Table 7. Primary and secondary antibodies used in chapter three

Antigen Host/ Label ‘Application(s) Stock Concentration Dilution(s) Source/ Catalog #
Primary Antibodies
Ankyrin-G Mouse (Monoclonal) ICC 1 mg/mL 1:1000 NeuroMab/ N106/36
Ankyrin-G Rabbit wB 800 ug/ml 1:5000 3 Je"k':ﬁs./ iivonaty:of
ichigan
Tau (pS202/ pT205) Rabbit (Monoclonal) WwB Not Reported 1:1000 Cell Signaling/ 30505
a-tubulin Mouse (Monoclonal) WwB Not Reported 1:1000 Cedarlane/ CLT9002
Blll-tubulin (Clone Tuj1) Mouse wB 0.7 mg/mL 1:5000 T:epane ad . Frenifuctad
University of Virginia
BllI-tubulin Rabbit WB 1 mg/mL 1:2500 Sigma/ T3952
GII:L;Z:"Z?F:;';“C Mouse (Monoclonal) icc 0.2 mg/mL 1:500 Invitrogen/ MA5-12023
Tau Mouse (Monoclonal, | g | e 0.25 mg/mL 1:200, 1:500, 1:2500 | ! Binder/ Northwestern
clone Tau-12) University
Tau Mouse (Monoclonal, icc 1 mg/mL 1:500 N Kanaan/ 'Mich'igan State
clone Tau-5) University
TRIM46 Chicken WB, ICC 1 mg/mL 1:1000, 1:2500 Synaptic Systems/ 377-006
TRIM46 Rabbit WB, ICC, IHC 500 ug/mL 1:400, 1:500, 1:1000 | Proteintech/ 21026-1-AP
MAP2 Chicken ICC, IHC Not Reported 1:2000 Abcam/ Ab92434
Neurofascin-186 Rabbit ICC, WB 0.14 mg/mL 1:250, 1:2000 Invitrogen/ PA5-78668
Secondary Antibodies
Chicken-lgG Alexa Fluor Plus 680 WB 1 mg/mL 1:5000 LiCor/ A32934
Mouse-IgG IRDye 680 WwB 1 mg/mL 1:5000 LiCor/ 926-68070
Mouse-IgG IRDye 800 WB 1 mg/mL 1:5000 LiCor/ 926-32210
Rabbit-IgG IRDye 680 WB 1 mg/mL 1:5000 LiCor/ 926-68071
Rabbit-IgG IRDye 800 WB 1 mg/mL 1:5000 LiCor/ 926-32211
Chicken-IgG Alexa FluorTM 568 ICC, IHC 2 mg/mL 1:1000 Invitrogen/ A-11041
Mouse-IgG Alexa FluorTM 488 ICC, IHC 2 mg/mL 1:1000 Invitrogen/ A-11029
Mouse-lgG2a Alexa FluorTM 488 ICC 2 mg/mL 1:1000 Invitrogen/ A-21131
Rabbit-IgG Alexa FluorTM 647 ICC, IHC 2 mg/mL 1:1000 Invitrogen/ A-21244
WB: Western Blot, ICC: Immunocytochemistry (Cultured Cells), IHC: Inmunohistochemistry (Brain)

Antibody-labeled neuron cultures were observed on an inverted Nikon Eclipse
Ti microscope equipped with a Yokogawa CSU-X1 spinning disk confocal head,
a Hamamatsu Flash 4.0 scientific C-MOS camera, a Nikon 40X oil 1.4 NA Plan
Apo objective, and 405 nm, 488 nm, 561 nm, and 640 nm lasers. From each
coverslip, 20 unique fields of cells with at least 20 cells per treatment group
were imaged. All analyses were performed by 4 examiners (MNB, YL, NNF,
and NK) blinded to the treatments using the FIJI version of Imaged. More
specifically, we analyzed: 1) the shortest distance between the nucleus and the
AIS (nucleus-AlS gap) measured using the “straight line tool”; 2) mean TRIM46
immunofluorescence intensity within the AIS measured using an “AlS Analysis”
plugin (https://github.com/ksiller/aisanalyzer) created by KHS; and 3) AIS
ROI outlining the AIS thresholded at 50%

length (region-of-interest;
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fluorescence intensity of a skeletonized line measuring the length of the AIS)
measured using the “AlIS Analysis” plugin. The plugin processes pairs of
fluorescent images and corresponding FlJlI/Imaged ROI files. The output
includes automated nucleus and AlIS ROls that aid in the quantification of AlS

morphometric parameters (Figure 2).
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Figure 2. Semi-automated image analysis with the AIS analyzer plugin

This plugin measures nucleus-AlS gap, immunofluorescence intensity for a
protein of interest (TRIM46) within the AlS, and AIS length. The plugin requires
the following inputs: (A) a list of image files, (B) ROls defining individual cells
and background regions, (C) user input to configure analysis parameters.
Automatic processing includes matching of ROIs and image files, creation of
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binary nuclei masks, (D) segmentation and skeleton creation of the AIS,
definition of proximal axon ends, calculation of AIS path and ROI. The created
analysis output includes (E) an image representation of the straightened AIS,
(F) creation of an intensity plot for the protein of interest along the axon path
with highlighting of the AlS segment, and a CSV formatted table with measured
fluorescence intensity values along the AIS path.

Human brain hippocampus sections were first examined by JWM to assess
quality of fixation. Brains that did not show autolysis by loss of nuclear integrity
were embedded in paraffin and cut into 4 um thick sections from coronal blocks.
The sections were deparaffinized using xylenes (Fischer Chemical X5-4), and
antigen retrieval was accomplished using antigen unmasking solution, citrate-
based (Vector Laboratories H-3300-250), and heat, according to the vendor's
instructions. After cooling, the sections were washed twice in PBS for 5 minutes
each, and then were permeabilized and blocked as described above for
cultured mouse neurons. The primary antibodies included chicken polyclonal
anti-MAP2, rabbit polyclonal anti-TRIM46 and Tau-5, and the secondary
antibodies were as described above for cultured mouse neurons. The sections
were washed twice in PBS for 5 minutes each after the primary and secondary
antibody steps. Immediately prior to sealing the slides to glass coverslips with
fluoromount G, lipofuscin autofluorescence was eliminated using the
autofluorescence eliminator reagent (Sigma-Aldrich 2160) following the
vendor's protocol.

The brain tissue sections were imaged with a Lecia Thunder Microscope
equipped with a 40X dry objective, and 488 nm, 568 nm, and 640 nm lasers.
All images were acquired using the same camera settings and laser intensity

for consistent image analysis. From the CA1 region of each brain, 55 single

plane widefield images were captured and stitched together and accounted for
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an average of 72 neurons per brain. All images were analyzed using FIJI
software. All analyses were done with the investigator blinded to the age, sex,
and neuropathological diagnosis of the case. First, image files were loaded into
FIJI. Second, image files were evaluated according to inclusion criteria:
neuronal somas (MAP2 channel = 568 nm) and connecting AIS (TRIM46
channel =647 nm) in the field of view. If criteria were met, the image was saved
as a TIFF file for further analyses. Third, using the TRIM46 channel,
background fluorescence intensity levels were measured as the average
median gray value of three ROIs in areas void of AIS channel signal using
“‘Measure” option under the drop-down menu labeled “Analyze”. Fourth, on the
same image the freehand line tool was used to generate a manual tracing of
the full AIS. The plot profile of the tracing was displayed using “Plot profile”
option under the drop-down menu labeled “Analyze”. The plot values were
displayed, and the distance (microns) and gray values were copied into a
spreadsheet. Fifth, the Tau-5 antibody, which recognizes all tau isoforms
independently of aggregation state or any post-translational modifications they
may harbor, was used to determine whether each neuronal soma associated
with an AIS contained “no tau accumulation” (absence of Tau-5 signal), “tau
accumulation without NFTs” (diffuse Tau-5 signal) or “NFTs present” (Tau-5
positive, perinuclear flame-shaped structure that does not occupy the entirety
of the cell; Figure 3). The data from all the neurons in an individual brain section
were aggregated into a single spreadsheet that was exported into R for

statistical analysis (as described below: statistics).
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Figure 3. Manual image analysis for processing of AD and non-AD datasets in Figure 11

(A) Image files. (B) Background intensity ROIs. (C) User input: tangle present.
Median gray value. (D) Freehand AIS tracing; AIS path. (E) AlS intensity plot.



47

Plugins for FlJl/imageJ

The “AIS Analysis” (https://github.com/ksiller/aisanalyzer) and statistical

analysis (https://github.com/mariekekjones/Alzheimer_AIS data analysis)

codes are available online at the websites indicated here.

Statistics

Statistical analyses were performed in GraphPad Prism or in R. For cell culture
western blots, data were analyzed across vehicle and xcTauOs groups using
two-tailed independent Student’s t-tests, pooled variance. For cell culture
immunocytochemistry, data were analyzed at the neuron level using linear
mixed effects models that consider the measurement of several neurons within
each coverslip. AIS morphometric parameters were explained by treatment
condition (vehicle and xcTauOs) and the interaction term. Human brain tissue
sample selection was based on tissue availability, and experiments were
completed with 5-9 biologically distinct samples per group. For human brain
western blots, the data were analyzed across non-AD and AD groups using
two-tailed independent Student’s t-tests, unpooled variance. For human brain
immunohistochemistry, data were analyzed at the neuron level using linear
mixed effects models that consider the measurement of several neurons within
each brain. AlIS morphometric parameters were explained by disease state

(non-AD and AD), tau pathology (“no tau accumulation”, “tau accumulation

without NFTs” or “NFTs present”), and the interaction term. Because neurons
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from both non-AD and AD brains had tau accumulation and tangles, it was

critical to analyze our data at the neuron level.

Results

xcTauOs cause partial AlS loss in cultured neurons

Considering the evidence that xcTauOs cause accumulation of endogenous tau
in the somatodendritic compartment [112,117], a likely sign of AIS functional
impairment [45,49,53,54,59], we tested the hypothesis that AIS structure is
compromised by xcTauOs. To do so, we exposed primary mouse cortical
neuron cultures to xcTauOs made from purified recombinant human 1N4R or
2N4R tau (Figure 4) and used immunofluorescence microscopy and western
blotting as quantitative morphometric and biochemical readouts, respectively,
to monitor effects on the AIS. For the experiments described here, we used
xcTauOs made from 1N4R and 2N4R tau interchangeably since both affected
the AIS indistinguishably without any obvious effects on overall neuronal
morphology, the density of axons and dendrites, or cell viability (see, for

example, Figures 5A and 7A).
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Figure 4. Characterization of Tau Oligomers

(A) Diagrams of the recombinant human 1N4R and 2N4R tau that were
expressed in E. coli, purified, and used for making xcTauOs. (B) Western
blotting of xcTauOs with the pan-tau antibody, Tau-5.

Robust immunofluorescence labeling of the AIS in primary neurons was
observed with anti-TRIM46 (Figure 5A). Exposing the cells to xcTauOs at a total
tau concentration of 125 nM for 24 hours resulted in the modest accumulation
of tau and of punctuate TRIM46 in the somatodendritic compartment of
neurons. xcTauOs did not alter the intraneuronal TRIM46 protein levels (Figure
5B), nor the shortest distance between the nucleus and proximal end of the AIS
(Nucleus-AlS gap; Figure 5C). By contrast, xcTauOs induced an ~60%
decrease in the average TRIM46 staining intensity within the AIS (Figure 5D).
Similarly, xcTauOs induced an ~19% decrease in AIS length, from an average
of 17.1 ym to an average of 13.8 ym (Figure 5E). It is possible that this loss of
TRIM46 from the AIS reflects the corresponding appearance of somatodendritic

TRIM46 puncta in xcTauO-treated neurons. It is important to note that only ~1/3
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of the total extracellular tau was in the form of oligomers (see Figure 4B),
predominantly putative dimers and trimers [145], so the true concentration of
tau oligomers was in the range of 10-20 nM. Thus, we conclude that while low
nanomolar concentrations of xcTauOs do not reduce the overall neuronal
protein levels of TRIM46, they cause an ~19% decrease in AlS length and an
~60% reduction of TRIM46 concentration within what remains of the AIS. These
data extend previous findings that AIS intensity and length can be modulated
by external stimuli [18,49,146] and provide the first evidence of AIS sensitivity

to xcTauOs.
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Figure 5. xcTauOs reduce clustering of TRIM46 within the AIS and AIS length

(A) Localization of TRIM46 (white arrows indicate proximal AlS ends), tau (Tau-
5), somatodendritic compartment (MAP2), and nuclei (Hoechst) in primary WT
mouse cortical neuron cultures. (B) Quantitative western blotting of
unfractionated WT cultures probed with anti-TRIM46, and as a loading control,
the neuron-specific anti-lll-tubulin. p-value is based on two-tailed unpaired t-
tests, pooled variance. Bar graph with mean and error bars represent +
standard error of the mean. (C-E) Plots of (C) Nucleus-AlS gap; (D) mean
TRIM46 immunofluorescence intensity within the AIS, a surrogate measure of
TRIM46 concentration; and (E) AlS length. Graph data were measured from 3-
5 biological replicates (independent neuronal culture preparations). Immuno-
fluorescence was performed with 1 technical replicate (independent coverslip)
each, which accounted for a total of ~200 neurons per treatment condition
(vehicle or xcTauOs). p-values from mixed model linear regression are
indicated. Large dot indicates the predicted mean and error bars represent the
95% confidence interval.
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Intriguingly, xcTauOs also induced perinuclear puncta of TRIM46 in the
astrocytes that were present in primary mouse brain cell cultures, even though
TRIM46 was undetectable in astrocytes that had not been exposed to xcTauOs
(Figure 6). We do not know if the TRIM46 in xcTauO-treated astrocytes had

been synthesized by those cells, or originated in neurons before being taken

up by astrocytes.

Wild Type Mouse Cortical Neurons
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Figure 6. xcTauOs cause accumulation of TRIM46 puncta in the somatodendritic

compartment of neurons and in astrocytes

Localization of TRIM46 puncta (white arrows), astrocytes (GFAP), neuronal
somatodendritic compartment (MAP2), and nuclei (Hoechst) in primary WT

mouse cortical neuron cultures.

Tau is necessary for xcTauO-induced AIS damage

One of the most conspicuous targets of extracellular tau aggregates, like short
filaments and xcTauOs, is intracellular tau, which responds by aggregating in

the cytoplasm. We therefore hypothesized that intracellular tau is required for
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the partial AIS breakdown caused by xcTauOs. To test our hypothesis, we
repeated the experiments shown in Figure 5 using primary cortical neurons
derived from tau KO mice [147]. As shown in Figure 7, treatment of tau KO
neurons with xcTauOs at a total tau concentration of 125 nM for 24 hours did
not significantly alter the cellular level of TRIM46, the distance between the
nucleus and the proximal boundary of the AIS, the length of the AIS, or the
concentration of TRIM46 within the AlIS. When WT human 2N4R tau was
expressed in tau KO neurons by lentiviral transduction, however, sensitivity to
xcTauOs was restored for AlIS length, but not for the TRIM46 concentration
within the remainder of the AIS (Figure 8). In such cells, the AIS shortened by
an average of ~24%, from 20 um to 15.3 ym (Figure 8E). Although the average
expression level of lentiviral-encoded human tau in tau KO mouse neurons was
~1.3-fold higher than endogenous tau in WT mouse neurons, that difference
was not statistically significant (Figure 9). Taken together, these results are
consistent with the hypothesis that xcTauOs cause partial disassembly of the

AIS by a mechanism dependent on intracellular tau.
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Figure 7. xcTauOs do not affect the AIS in tau KO neurons

(A) Localization of TRIM46 (white arrows indicate proximal AlS ends), tau (Tau-
5), somatodendritic compartment (MAP2), and nuclei (Hoechst) in primary tau
KO mouse cortical neuron cultures. (B) Quantitative western blotting of
unfractionated tau KO cultures probed with anti-TRIM46, and as a loading
control, the neuron-specific anti-BllI-tubulin. p-value is based on two-tailed
unpaired t-tests, pooled variance. Bar graph with mean and error bars represent
+ standard error of the mean. (C-E) Plots of (C) Nucleus-AlS gap; (D) mean
TRIM46 immunofluorescence intensity within the AIS, a surrogate measure of
TRIM46 concentration; and (E) AlS length. Graph data were measured from 5-
6 Dbiological replicates (independent neuronal culture preparations).
Immunofluorescence was performed with 1 technical replicate (independent
coverslip) each, which accounted for a total of ~184 neurons per treatment
condition (vehicle or xcTauOs). p-values from mixed model linear regression
are indicated. Large dot indicates the predicted mean and error bars represent
the 95% confidence interval.
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Figure 8. Expression of human tau in tau KO neurons restores AlS length sensitivity to

xcTauOs

(A) Localization of TRIM46 (white arrows indicate proximal AlS ends), tau (Tau-
5), somatodendritic compartment (MAP2), and nuclei (Hoechst) in primary tau
KO mouse cortical neuron cultures expressing lentiviral encoded human 2N4R
tau. (B) Quantitative western blotting of unfractionated tau KO cultures with
lentiviral tau expression probed with anti-TRIM46, and as a loading control, the
neuron-specific anti-plll-tubulin. p-value is based on two-tailed unpaired t-tests,
pooled variance. Bar graph with mean and error bars represent £+ standard error
of the mean. (C-E) Plots of (C) Nucleus-AIS gap; (D) mean TRIM46
immunofluorescence intensity within the AlS, a surrogate measure of TRIM46
concentration; and (E) AIS length. Graph data were measured from 3-5
biological replicates (independent neuronal culture preparations).
Immunofluorescence was performed with 1 technical replicate (independent
coverslip) each, which accounted for a total of ~243 neurons per treatment
condition (vehicle or xcTauOs). p-values from mixed model linear regression
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are indicated. Large dot indicates the predicted mean and error bars represent
the 95% confidence interval.
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Figure 9. Lentiviral-encoded tau is expressed within normal levels in tau KO neurons

Shown here are detection of lentiviral-encoded human 2N4R tau in cultured tau
KO neurons by immunofluorescence microscopy (A) and quantitative western
blotting (B). Note that the average human tau expression level was ~30% higher
than the endogenous mouse tau expression level in cultured WT neurons, but
the difference was not statistically different. Data were obtained from the
following number of biological replicates: 3 for Wild Type, 6 for Tau KO and 3
for Tau KO + Tau Lentivirus. p-values are based on two-tailed unpaired t-tests,
pooled variance. Error bars on the graph represent + standard error of the
mean.

AIS protein levels are unchanged in human AD

hippocampus

A prior study claimed that the levels of two major structural proteins of the AlS,
ankyrin-G and BIV-spectrin, are reduced in human AD frontal cortex [54]. To
determine if AlS protein loss also occurs elsewhere in human AD brain, we
performed western blotting of unfractionated human hippocampal tissue

derived from post-mortem AD and age matched non-AD donors (Figure 10). As
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expected, most AD samples (8 of 9), but not non-AD samples (1 of 5), were
positive for the NFT marker, tau(ps202/pt205) (Figure 10B-C). In contrast, none of
the three AIS proteins that we examined - ankyrin-G, neurofascin-186, or
TRIM46 - were reduced in AD versus non-AD brain. In the case of ankyrin-G,
there are three major splice isoforms - 190 kDa, 270 kDa and 480 kDa — and
only the latter two are highly enriched in the AlS. As shown in Figure 10B and
10D, there were no differences detected in levels of any ankyrin-G isoform

between AD and non-AD hippocampus.
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Figure 10. Resident AIS proteins levels are not reduced in AD hippocampus

(A) Clinical characterization of human hippocampus samples used for
quantitative western blotting. (B) Western blotting of unfractionated human
hippocampus probed with antibodies to taups202p1205) and the resident AlIS
proteins, ankyrin-G, neurofascin-186, and TRIM46. Loading controls, [llI-
tubulin or a-tubulin, are shown for each of the aforementioned proteins. (C-F)
Quantitation of western blots. Graphs were generated from 5-9 biological
replicates (independent tissue samples) per blot. p-values are based on two-
tailed unpaired t-tests, unpooled variance. Bar graph with mean and error bars
represent + standard error of the mean.
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AlIS damage in human AD neurons with NFTs

The western blotting results for ankyrin-G, neurofascin-186, and TRIM46
(Figure 10) in human hippocampus resemble the cultured neuron results for
TRIM46 (Figures 5 and 8) in the sense that total protein levels were not reduced
in AD versus non-AD by xcTauOs in vitro. Because xcTauO treatment of
cultured neurons caused AIS shortening and reduced the concentration of
TRIM46 by ~60% within the remainder of the AIS (Figure 5), we searched for
AIS structural changes in human AD brain. To that end, we performed
immunohistochemistry of paraffin-embedded human hippocampal tissue using
anti-TRIM46 as an AIS marker and Tau-5 (Figure 11). Eight tissue sections
from both AD and age-matched non-AD controls were examined, and individual
neurons were classified as “no tau accumulation”, “tau accumulation without
NFTs” (see asterisk), or “NFTs present” (see arrowhead). Matching the analysis
of cultured neurons shown in Figures 5-8, we measured the nucleus-AlS gap
length, mean TRIM46 intensity within the AIS, and AIS length for both AD and
non-AD samples. Note that these human brain sections were 4 um thick, but
the AIS typically ranges in length from 20-60 pm, so most length measurements

did not account for the entire span of an AlS.
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Figure 11. In AD brain, NFTs are associated with reduced clustering of TRIM46 within the AIS

and AIS shortening

(A) Clinical characterization of human hippocampus samples used for
quantitative immunofluorescence microscopy. (B) Localization of TRIM46
(white arrows indicate proximal AIS ends) and tau (Tau-5, tau accumulation
without NFTs = asterisk, NFTs present = white arrowhead) in non-AD and AD
hippocampus. (C-E) Plots of (C) Nucleus-AlS gap, (D) mean TRIM46
immunofluorescence intensity within the AlS, a surrogate measure of TRIM46
clustering, and (E) AIS length. Graphs were generated from 8 biological
replicates (independent tissue samples), which accounted for a total of ~580
neurons per group (non-AD or AD). p-values from mixed model linear
regression are indicated. Large dot indicates the predicted mean and error bars
represent the 95% confidence interval.
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Interestingly, as shown in Figure 11C, the nucleus-AlS gap in non-AD
hippocampus was slightly, but statistically significantly shorter in neurons with
"no tau accumulation" compared to neurons with "tau accumulation without
NFTs". AIS length and mean TRIM46 intensity within the AIS were not affected
by tau aggregation status in non-AD hippocampus, with the caveat that the
number of neurons with NFTs that we observed in the non-AD group is small.
In the AD samples, however, both mean TRIM46 concentration within the AIS
(Figure 11D) and AIS length (Figure 11E) were statistically significantly greater
in neurons with "no tau accumulation" compared to neurons with "tau
accumulation without NFTs" or with "NFTs present".

Finally, we also analyzed the raw data for nucleus-AlS gap length, mean
TRIM46 intensity within the AlS, and AlS length in the context of disease stage
without regard for tau aggregation status. As shown in Figure 12, by doing so
we could not discriminate early Braak, late Braak and age-matched non-AD
from each other by this set of criteria. In other words, decreases in AIS length
and TRIM46 concentration within the AIS are correlated with tau aggregation

state on a neuron-by-neuron basis, but not with disease stage.
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Figure 12. Braak stages do not correlate with changes in the AIS on a tissue wide basis

(A) Schematic of non-AD, early Braak (B1), and late Braak (B2-B3) stages. (B-
D) Plots of (B) Nucleus-AlS gap, (C) mean TRIM46 immunofluorescence
intensity within the AIS, a surrogate measure of TRIM46 concentration, and (D)
AIS length. Graphs were generated from 8 biological replicates (independent
tissue samples), which accounted for a total of ~387 neurons per group (non-
AD, early Braak, or late Braak). p-values from mixed model linear regression
are indicated. Large dot indicates the predicted mean and error bars represent
the 95% confidence interval.

Discussion

Neurons are arguably one of the most structurally polarized animal cell types,
and the AIS, which is found only in neurons, is essential for organizing neuronal
cytoarchitecture. For example, the AIS encompasses a diffusion barrier that
helps to segregate axonal from somatodendritic molecules, and it houses tightly
packed voltage-gated ion channels that generate action potentials. Given the
important functionality of the AlS, it follows naturally that damage of the AIS
could have profound negative effects on the structural polarity of neurons, and

by extension, on neuronal function.
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Several prior studies have revealed AIS damage in neurodegenerative
disorders, including AD [43,46,49,51,53,54,59,64,73,74,77,83,85,86,148-150],
and there is evidence for possible involvement of amyloid-f3 oligomers [49] and
plaques [43] in triggering that damage. Here we identify xcTauOs, which are
hallmarks of AD and other tauopathies, as a potent inducer of AIS damage.
Using TRIM46 as an AIS marker, we show that exposure of primary mouse
cortical neurons to xcTauOs causes AIS shortening and reduces the
concentration of TRIM46 within the remainder of the AIS by more than half
(Figure 5A, D, E). The total neuronal protein levels of TRIM46 were not altered
by xcTauOs, however, indicating that TRIM46 is redistributed from the AIS to
presumably the cytoplasm in response to xcTauO exposure (Figure 5B). Effects
of xcTauOs on the AIS were not observed in cultured tau KO neurons (Figure
7) unless human tau was expressed in the cells by lentiviral transduction
(Figure 8). xcTauOs thus work in concert with intracellular tau to damage the
AIS in cultured neurons.

The in vivo relevance of these cultured neuron findings was established by
showing that reduced AIS length and clustering of TRIM46 within the AIS is
associated with the presence of NFTs in hippocampal neurons (Figure 11), but
that the overall hippocampal levels of TRIM46 and two other AIS proteins,
ankyrin-G, and neurofascin-186, are not significantly different in AD versus age-
matched tissue without AD (Figure 10). Altogether, these new results establish
the AIS as a previously unknown target of xcTauOs, identify intracellular tau as
an essential co-factor for the AIS damage induced by xcTauOs, and identify

xcTauOs as likely causes of AlS damage in vivo.
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Expression of human 2N4R tau in tau KO neurons caused AlS length to be
even more sensitive to xcTauOs than in WT neurons that expressed only
endogenous mouse tau (Figures 5 and 8). Average AIS shortening after a 24-
hour exposure to xcTauOs was statistically significant: 19% in WT neurons and
24% in human tau-expressing tau KO neurons. In contrast, while the intensity
of the TRIM46 immunofluorescence signal, a quantitative indicator of TRIM46
concentration, dropped ~60% after xcTauO exposure for WT neurons, it
dropped only 10% for tau KO neurons that expressed human tau and that figure
did not reach statistical significance.

One possible explanation for the differential AlS sensitivities to xcTauOs in
WT versus tau KO neurons expressing human tau concerns intracellular tau
isoforms. The WT neurons we used expressed approximately equal levels of
ON3R and ON4R mouse tau (unpublished observations), whereas the human
tau expressed in tau KO neurons was 2N4R, and like all human tau isoforms
contains an 11 amino acid sequence, residues 19-29, that is not present in
mouse tau. Perhaps species-specific or isoform-specific structural features of
intracellular tau influence how the AlS responds to xcTauOs, and to the isoform
composition of the xcTauOs as well. Regardless, the AIS shortening we
observed in xcTauO-treated tau KO neurons that expressed human tau was
slightly greater than that of WT neurons, while the TRIM46 concentration in the
remainder of the WT AIS trended lower. While it is clear that AIS sensitivity to
xcTauOs requires intracellular tau, the mechanistic basis for this requirement
remains to be determined.

We chose to focus on TRIM46 as an indicator of AIS structure for two main

reasons. The first was simply practical. Although TRIM46 co-localized in our



65

experiments with the well-known AIS structural proteins, ankyrin-G, BIV-
spectrin and neurofascin-186 (Figure 13), the TRIM46 immunofluorescence
signal was observed to be brighter and more confined to the AIS than the
signals for the other two proteins. Secondly, TRIM46, which bundles
microtubules in the AlIS [137,138], has not been extensively studied so we were
inspired to investigate it in the context of AD and other tauopathies. That said,
it would be interesting to extend the characterization of AIS protein responses

to xcTauOs to additional resident AlS proteins.

Wild Type Mouse Cortical Neurons

TRIM46 Ankyrin-G Neurofascin-186 Hoechst

Vehicle

xcTauOs

Figure 13. Co-localization of multiple AIS proteins and their sensitivity to xcTauOs

Localization of TRIM46 (arrows), ankyrin-G (asterisks), neurofascin-186
(arrowhead), and nuclei (Hoechst) in primary WT mouse cortical neuron
cultures.

A prior report of AlS protein content in human brain by Sohn and colleagues
included evidence of a dramatic reduction of ankyrin-G and BIV-spectrin in AD
compared to non-AD brain [54], which seems to contradict what we report here

for ankyrin-G (no change; see Figure 10). Several factors might account for this

discrepancy. Whereas Sohn and colleagues examined RIPA buffer-soluble
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extracts of frontal cortex clarified by ultracentrifugation for western blotting and
quantified only the 270 kDa isoform of ankyrin-G, for western blotting we used
uncentrifuged, SDS-soluble extracts of hippocampus and quantification of the
190 kDa, 270 kDa, and 480 kDa isoforms of ankyrin-G, the latter two of which
are highly enriched in the AIS. It is possible that differences in tissue source
(frontal cortex versus hippocampus), sample extraction methods and ankyrin-
G isoform quantification, alone or in combination, explain why an AD-
associated drop in ankyrin-G levels were found by Sohn and colleagues, but
not in our study.

Similarly, our data for AIS shortening in human AD hippocampus (Figure
11) are inconsistent with a report by Anton-Fernandez and colleagues that the
AIS is longer in AD compared to non-AD brain [46]. A few factors might account
for this discrepancy. Whereas Anton-Fernandez and colleagues examined BIV-
spectrin in 50 pm thick frontal cortex, we used TRIM46 as an AlS marker in 4
pum thick sections of hippocampus. It is thus possible that differences in AIS
marker (BIV-spectrin versus TRIM46), tissue thickness (50 ym versus 4 um),
and brain region (frontal cortex versus hippocampus), alone or in combination,
explain why we observed AIS shortening, and Anton-Fernandez and
colleagues observed AlS lengthening in AD neurons in vivo.

Notably, our human brain tissue observations were performed only on
Caucasian (Figure 11) and indeterminate race (Figure 10) donors. As
demonstrated in previous studies, the inclusion of non-Caucasian donors [151—
155], particularly non-Hispanic Black groups [155], may increase experimental
validity as this group has a higher incidence of AD [156]. Future studies should

therefore strive to include individuals from ethnically and racially diverse
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populations. This increase in sample size may help untangle the correlation of

NFTs with AIS changes statistically.
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Abstract

Background: Tripartite motif-containing protein 46 (TRIM46) is a microtubule-
associated protein enriched in the proximal axon and axon initial segment (AlS).
TRIM46 has also been described as an E3 ubiquitin ligase that possibly drives
neurodegeneration by hindering the degradation, clearance, and removal of
misfolded or damaged AlS-enriched proteins. Numerous lysosomal
degradation pathways operate in degradation, but few mechanistic pathways
involving TRIM46 have been described.

Objective: Test the hypothesis that xcTauOs increase TRIM46 localization
near LAMP1* late endosomes/early lysosomes.

Methods: Cultured 1) NIH/3T3 mouse fibroblast cells, 2) ReNcell VM human
neural progenitor cells, 3) human induced pluripotent stem cell-derived
neuronal progenitor cells, 4) wild type (WT) mouse neurons, 5) insulin-like
growth factor 1 receptor mouse astrocytes and 6) tau knockout (KO) mouse
neurons were exposed to xcTauOs and quantitative immunofluorescence
microscopy with anti-TRIM46 to monitor protein localization near LAMP1*
organelles. The same method was used to compare TRIM46 and LAMP1 in
human hippocampal tissue obtained from AD and age-matched non-AD
donors. Additional experiments were performed using a GFP-tagged TRIM46
lentivirus to monitor TRIM46.

Results: xcTauOs increase TRIM46 localization near LAMP1* organelles that
can be attenuated by preincubating with pharmacological inhibition of calpain
and Cdk5. Lentivirus TRIM46 expression using GFP-TRIM46, GFP-S106A -

phosphorylation null, or GFP-S106D - phosphorylation mimetic constructs drive
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a similar localization pattern in the absence and presence of xcTauOs. This
localization pattern is also similar in the human AD hippocampus.
Conclusion: xcTauOs may activate Cdk5-phosphorylation of TRIM46 at S106,

which likely drives TRIM46 accumulation in late endosomes/early lysosomes.
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Introduction

Alzheimer’s disease, Parkinson’s disease, and Frontal temporal dementia with
parkinsonism-17, along with 20 other tauopathies, affect over 30 million people
[157]. One commonality is the involvement of the microtubule-associated
protein, tau [158]. Specifically, these neurological conditions are characterized
by tau modifications that alter tau structure and result in the production of tau
oligomers and paired helical filaments that assemble into neurofibrillary tangles
commonly found in tauopathy post-mortem brain tissue [159]. Synthetic tau
oligomers are commonly used in in vitro experiments to better understand tau
aggregation and toxicity [44,104,112,145,160-164]. In a previous study on the
effect of extracellular tau oligomers (xcTauOs) on the axon initial segment
(AIS), xcTauOs were found to reduce AIS intensity and shorten the length.
Under vehicle treated conditions, TRIM46 — the AIS protein examined in the
study is enriched in the AIS [44]. In contrast, xcTauOs cause a robust
accumulation of TRIM46 in the somatodendritic compartment of neurons and
in the cell body of astrocytes [44]. The purpose of this study was to explore this
result by exploring a potential mechanism.

Cyclin-dependent kinase 5 (Cdk5), another AlS-enriched protein, has been
implicated in the transport of TRIM46 [165]. Cdk5 is a proline-directed
serine/threonine-protein that, among other roles, phosphorylates TRIM46 [138].
CdkS5 is activated by the calcium-dependent protease, calpain [166,167]. Cdk5
also maintains lysosomal homeostasis by regulating lysosome biogenesis
[168]. Accordingly, we decided to address the following questions: 1) Do

xcTauOs increase TRIM46 localization in other cultured cells? 2) Does TRIM46
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co-localize with LAMP1* organelles? 3) Can pharmacological inhibitors
attenuate xcTauO-mediated TRIM46 localization? 4) Does lentiviral driven
TRIM46 expression increase TRIM46 and LAMP1 co-localization? 5) Does
TRIM46 and LAMP1 co-localization have human relevance?

To address these questions, we observed antibody-based TRIM46
localization in NIH/3T3 fibroblast cells, ReNcell® VM human neural progenitor
cells, human induced pluripotent stem cell-derived neural progenitor cells, wild
type (WT) and tau knockout (KO) mouse neurons, and insulin-like growth factor
1 receptor (IGF-1R) mouse astrocyte cultures, and human hippocampus brain
tissue using immunofluorescence microscopy. We also observed lentivirus-
driven expression of GFP-TRIM46 in WT and tau KO mouse neurons. For
NIH/3T3 fibroblast cells, ReNcell® VM human neural progenitor cells, human
induced pluripotent stem cell-derived neural progenitor cells we found that
xcTauOs cause an increase of TRIM46 localization near LAMP1* late
endosomes and early lysosomes. For xcTauO treated wild type neurons and
IGF-1R mouse astrocytes, we found an increase in TRIM46 and LAMP1 co-
localization that could be attenuated by calpain or Cdk5 pharmacological
inhibitors. GFP-TRIM46 also cause TRIM46 and LAMP1 co-localization.
Similarly, in human AD hippocampus brain tissue TRIM46 and LAMP1 co-
localized. Collectively, these findings prompt the hypothesis that xcTauOs
activate calpain-mediated Cdk5 phosphorylation of TRIM46 that leads to its

degradation in the lysosomal pathway.
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Materials and methods

Purification and oligomerization of recombinant human tau

1N4R and 2N4R tau were purified and oligomerized as previously described

[44].

Cultured NIH-3T3 fibroblasts cells

NIH3T3 fibroblast cells were cultured as previously described [169,170].

Cultured ReNcell VM

ReNcell VM were cultured as previously described [171].

Cultured neural progenitor cells

Human induced pluripotent stem cell-derived neural progenitor cells were

cultured as previously described [172].

Mice

WT and TKO mice were used as previously described [44]. In this study, IGF-

1R mice were also used.
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Cultured neurons

WT and TKO mouse neurons were cultured as previously described [44].

Cultured astrocytes

IGF-1R mouse astrocytes was cultured as previously described [173,174].

Pharmacology

Primary cortical neurons and astrocytes were preincubated at 9-15 days in vitro
with the indicated pharmacological inhibitor or vehicle equivalent at a final
concentration of 10 nM - 100 uM total MDL28170 Calpain Inhibitor IIl (Cayman,
#14283) or E-64 (Cayman, #10007963) or Roscovitine (Cayman, #10009569)

for 1 hour.

GFP-TRIM46 lentivirus

In collaboration with SynBio Technologies, GFP-TRIM46 was inserted into a
neuron-specific promoter. We also collaborated with SynBio Technologies to
conduct mutagenesis of the site serine 106 (S106). To test the necessity of
phosphorylation of TRIM46 at S106, we created a phosphorylation null
construct, by mutating the serine to an alanine to inhibit the ability of Cdk5 to
phosphorylate TRIM46 at that site. To test the sufficiency of phosphorylation of
TRIM46 at S106, we created a phosphorylation mimetic construct, by mutating

the serine to an aspartic acid to constitutively activate Cdk5 phosphorylation of
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TRIM46 at that site. Using these constructs lentiviruses were created using

previously published protocols [44].

Immunofluorescence microscopy

Immunofluorescence was performed as previously described [44].

Table 8. Primary and secondary antibodies used in chapter four

Antigen | Host/ Label | Application(s) | Stock Concentration | Dilution(s) |  Source/Catalog #
Primary Antibodies Used For This Study
Lysosomal-Associated
Membrane Protein
(LAMP1) Mouse (Monoclonal) IHC 0.2 mg/mL 1-400 Santa Cruz/sc-20011
LAMP1 Rat ICC 0.1 mg/mL 1-400 abcam/ Ab25245
TRIM46 Rabbit ICC, IHC 500 ug/mL 1-500 Proteintech/ 21026-1-AP
MAP2 Chicken ICC, IHC Not Reported 1-2000 Abcam/ Ab92434
Secondary Antibodies Used For This Study (Made in Goats)
Mouse-lgG Alexa FluorTM 488 IHC 2 mg/mL 1-1000 Invitrogen/ A-11029
Rabbit-IlgG Alexa FluorTM 647 ICC, IHC 2 mg/mL 1-1000 Invitrogen/ A-21244
Rat-IlgG Alexa FluorTM 488 ICC 2 mg/mL 1-1000 Invitrogen/ A-11006
Rat-IlgG Alexa FluorTM 647 ICC 2 mg/mL 1-1000 Invitrogen/ A-21247
Chicken-lgG Alexa FluorTM 568 ICC, IHC 2 mg/mL 1-1000 Invitrogen/ A-11041
ICC: Immunocytochemistry (Cultured Cells), IHC: Imnmunohistochemistry (Brain)

Pearson correlation coefficient

Co-localization of TRIM46 with LAMP1 was quantified by the Pearson’s

correlation coefficient plugin for ImageJ.

Statistics

T-test were performed as previously described [44].
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Results

xcTauOs cause increased TRIM46 localization in cultured

cells

xcTauOs cause partial loss of TRIM46 from the AIS and a corresponding
appearance of somatodendritic puncta in neurons and perinuclear puncta of
TRIM46 in the astrocytes [44]. We tested the hypothesis that xcTauOs alter
TRIM46 localization in other cultured cells. We exposed NIH/3T3 fibroblast cells
to xcTauOs made from recombinant human 1N4R or 2N4R tau and used
immunofluorescence microscopy as quantitative morphometric readouts to
monitor the effects on TRIM46 localization. With vehicle treatment, there was
no immunofluorescence labelling of NIH/3T3 fibroblast cells with anti-TRIM46
(Figure 14). Exposing NIH/3T3 fibroblast cells to xcTauOs at a total tau
concentration of 125 nM for 24 hours resulted in robust accumulation of
punctuate structures recognized by the TRIM46 antibody in the cytoplasm.
Thus, we conclude that xcTauOs cause increased TRIM46 localization in

NIH/3T3 fibroblast cells.
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Figure 14. xcTauOs increase TRIM46 localization in NIH/3T3 fibroblast cells

Localization of TRIM46 puncta (white arrows), fibroblast cell body (MAP2), and
nuclei (Hoechst) in NIH/3T3 fibroblast cells.

We performed additional experiments with two human neuron cell lines
ReNcell® VM human neural progenitor cells, which have the ability to
differentiate into neurons and glia (Figure 15). Importantly, extracellular tau
monomers (xcTauMs) did not cause this effect, emphasizing that this process
is driven by xcTauOs (Figure 16). Similar results occurred with human induced
pluripotent stem cell-derived neuronal progenitor cells (Figure 17). These data
are the first report of a similar accumulation of punctuate TRIM46 in NIH/3T3

fibroblast cells and the somatodendritic compartment of these human neurons
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ReNcell® VM human neural progenitor cells and human induced pluripotent

stem cell-derived neuronal progenitor cells.

ReNcell VM Human Neural Progenitor Cells

Hoechst

TRIM46

Figure 15. xcTauOs increase TRIM46 localization in ReNcell VM human NPCs

Localization of TRIM46 puncta (white arrows), neuronal somatodendritic
compartment (MAP2), and nuclei (Hoechst) in ReNcell® VM human neural
progenitor cells.
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ReNcell VM Human Neural Progenitor Cells

TRIM46 MAP2 Hoechst

Figure 16. xcTauMs have no effect on TRIM46 localization in ReNcell VM human NPCs

xcTauMs

Absence of TRIM46, neuronal somatodendritic compartment (MAP2), and
nuclei (Hoechst) in ReNcell® VM human neural progenitor cells.

Human Induced Pluripotent Stem Cell-Derived Neuronal Progenitor Cells

TRIM46

Vehicle

xcTauOs

Figure 17. xcTauOs increase TRIM46 localization in human iPSC-derived NPCs

Localization of TRIM46 puncta (white arrows), neuronal somatodendritic
compartment (MAP2), and nuclei (Hoechst) in human induced pluripotent stem

cell-derived neural progenitor cells.
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xcTauOs cause TRIM46 and LAMP1 co-localization in

cultured neurons and astrocytes

The localization pattern of TRIM46 is reminiscent of lysosomes [175]. We
therefore hypothesized that xcTauOs cause TRIM46 to accumulate in late
endosomes/early lysosomes. To test our hypothesis, we performed
experiments using primary cortical neurons derived from WT mice. As shown
in Figure 18, treatment of WT neurons with xcTauOs significantly increased
TRIM46 and LAMP1 co-localization in the somatodendritic compartment. We
observed similar co-localization in the astrocytes co-cultured alongside the

neurons (Figure 18).
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Figure 18. xcTauOs increase TRIM46 and LAMP1 co-localization in WT mouse neurons

Localization of TRIM46 puncta (white arrows), late endosomes/early lysosomes
(LAMP1), neuronal somatodendritic compartment (MAP2), and nuclei
(Hoechst) in primary WT mouse cortical neuron cultures. (B) Quantification of
the Pearson’s correlation coefficient between TRIM46 and LAMP1. Graph was
generated from 5 biological replicates. p-values are based on two-tailed
unpaired t-tests, pooled variance. Error bars on the graph represent + standard
error of the mean.

To determine whether this TRIM46 originates in neurons, we performed
experiments using primary astrocytes derived from IGF-1R mice (Figure 19). In
the absence of neurons, we observed TRIM46 and LAMP1 co-localization in

mouse astrocytes exposed to xcTauOs (Figure 19). This effect is specific to
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xcTauOs and does not occur in xcTauM treated mouse astrocytes (Figure 20).

Insulin-Like Growth Factor 1 Receptor Mouse Astrocytes

TRIM46 Hoechst

Vehicle

xcTauOs

Figure 19. xcTauOs increase TRIM46 and LAMP1 co-localization in IGF-1R mouse astrocytes

Localization of TRIM46 puncta (white arrow), late endosomes/early lysosomes
(LAMP1), astrocyte cell body (MAP2), and nuclei (Hoechst) in primary insulin-
like growth factor 1 receptor mouse astrocyte cultures.
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Insulin-Like Growth Factor 1 Receptor Mouse Astrocytes

TRIM46 Hoechst

xcTauMs

Figure 20. xcTauMs have no effect on TRIM46 and LAMP1 co-localization in IGF-1R mouse

astrocytes

Absence of TRIM46 puncta (white arrow), late endosomes/early lysosomes
(LAMP1), astrocyte cell body (MAP2), and nuclei (Hoechst) in primary insulin-
like growth factor 1 receptor mouse astrocyte cultures.

Calpain and CdkS5 inhibitors may attenuate TRIM46 and

LAMP1 co-localization

Next, we set out to test whether the pathway of TRIM46 accumulation in
lysosome was phosphorylation of TRIM46 at S106 through calpain activation
of Cdk5. We used two inhibitors of calpain that were cell permeable — E-64 and
MDL-28170 (Figure 21). While preincubation attenuated TRIM46 and LAMP1
co-localization, the MAP2 also appeared to be reduced (Figure 21). We also
used Roscovitine - the cell permeable inhibitor of Cdk5 is. At 100 uM 1-hour
preincubation before 24-hour xcTauO treatment attenuated TRIM46 and
LAMP1 co-localization. Importantly DMSO had no effect on TRIM46 and
LAMP1 co-localization in the somatodendritic compartment of neurons. These

findings were similar in mouse astrocytes (Figure 22).
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Wild Type Mouse Neurons + Pharmacological Inhibitors + Tau Oligomers

TRIM46 | Hoechst |
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xcTauOs
E-64

MDL-28170

Roscovitine

Figure 21. Pharmacological inhibition of calpain or Cdk5 attenuate TRIM46 and LAMP1 co-

localization in WT mouse neurons

Localization of TRIM46 puncta (white arrows), late endosomes/early lysosomes
(LAMP1), neuronal somatodendritic compartment (MAP2), and nuclei
(Hoechst) in primary WT mouse cortical neuron cultures preincubated for 1 hour
with pharmacological inhibitors of calpain (E-64 and MDL-28170) and Cdk5
(Roscovitine).
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Insulin-Like Growth Factor 1 Receptor Mouse Astrocytes + Pharmacological Inhibitors
+ Tau Oligomers

TRIM46 LAMP1 MAP2 | Hoechst |

DMSO

xcTauOs

| MDL-28170 | E-64

Roscovitine

Figure 22. Pharmacological inhibition of calpain or Cdk5 attenuate TRIM46 and LAMP1 co-

localization in IGF-1R mouse neurons

Localization of TRIM46 puncta (white arrows), late endosomes/early lysosomes
(LAMP1), neuronal somatodendritic compartment (MAP2), and nuclei
(Hoechst) in primary insulin-like growth factor 1 receptor mouse cortical
astrocyte cultures preincubated for 1 hour with pharmacological inhibitors of
calpain (E-64 and MDL-28170) and Cdk5 (Roscovitine).

Expression of GFP-TRIM46 from a lentiviral vector induces
TRIM46 and LAMP1 co-localization in cultured

neurons

Reliance on antibody reagents presents the concern that the fluorescence
observed may not represent TRIM46 protein. Therefore, we collaborated with

SynBio Technologies to develop the GFP-TRIM46 lentivirus (Figure 23A). We
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confirmed that GFP-TRIM46 is present in the AIS of WT mouse neurons and

serves as a label of the AIS (Figure 23B).
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A Wild Type Lentivirus

Synapsin GFP TRIM46 WT

Wild Type Mouse Neurons

TRIM46 GFP-TRIM46
10 Hm

Figure 23. GFP-TRIM46 labels the AIS

(A) Schematic of wild type GFP-tagged TRIM46 lentivirus. (B) Localization of
TRIM46 (white arrows) and GFP-TRIM46 (white asterisks) in primary WT
mouse cortical neuron cultures.
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We also performed mutagenesis to create two lentiviruses with single-site point
mutants that inactivate or activate TRIM46 phosphorylation. The first GFP-
S106A, where the ability of Cdk5 is prevented from phosphorylating TRIM46 at
S106 (Figure 24A). The other was GFP-S106D, where TRIM46
phosphorylation by Cdk5 at S106 is mimic (Figure 24A). GFP-TRIM46
lentiviruses expressed in the AIS of WT neurons vehicle and xcTauO treated
cells, while GFP-S106A and GFP-S106D only expressed in the AIS of WT
neurons treated with vehicle (Figure 24B). All lentivirus increased TRIM46 and
LAMP1 co-localization, irrespective of treatment (Figure 24B). In tau KO
neurons, all except GFP-S106D vehicle expressed TRIM46 in the AIS (Figure
24C). Similar to the WT neurons, the TRIM46 and LAMP1 co-localization was

consistent in the vehicle and xcTauO treated neurons.
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Figure 24. GFP-TRIM46 increase TRIM46 and LAMP1 co-localization in cultured neurons

(A) Schematic of wild type GFP- TRIM46 lentivirus and two mutations, a
phosphorylation null mutation (GFP-S106A) and a phosphorylation mimetic
mutation (GFP-S106D). (B) Localization of TRIM46 puncta (white arrows), late
endosomes/early lysosomes (LAMP1) and neuronal somatodendritic
compartment (MAP2) in primary wild type mouse cortical neuron cultures. (C)
Localization of TRIM46 puncta (white arrows), late endosomes/early lysosomes
(LAMP1) and neuronal somatodendritic compartment (MAP2) in primary Tau
knockout mouse cortical neuron cultures.
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TRIM46 and LAMP1 co-localize in human AD neurons

Finally, we set out to determine human relevance of the findings in cultured
cells. Therefore, we tested the hypothesis that TRIM46 and LAMP1 co-localize
in the AD human brain. While TRIM46 labels the AIS in non-AD brain tissue,
the only TRIM46 labelling in AD brain tissue was punctuated staining in the
somatodendritic compartment. These findings raise the possibility that TRIM46
association with late endosomes/early lysosomes occurs in AD following

disruption of the AIS.

Human Hippocampus Brain Tissue

TRIM46

Non-Alzheimer’s disease

Alzheimer’s disease

Figure 25. TRIM46 and LAMP1 co-localize in post-mortem human AD brain

Localization of TRIM46 puncta (white arrow), late endosomes/early lysosomes
(LAMP1), and neuronal somatodendritic compartment (MAP2) in human
hippocampus brain tissue.



93

Discussion

Here we identify that a hallmark of AD and other tauopathies, xcTauOs, induce
re-distribution of TRIM46, which is normally in the AIS into the somatodendritic
compartment of neurons. This localization pattern was similar to previous
published reports of lysosomes in the pre-axonal region [175]. Our studies with
LAMP1 staining confirm that the TRIM46 localization is near LAMP1*
organelles, likely late endosomes/early lysosomes. Most xcTauO-driven
processes work through intracellular tau, so it was surprising that xcTauO
increases TRIM46 localization with LAMP1* organelles in WT, tau KO, and tau
lentivirus + tau KO neurons.

This study underscores the involvement of calpain/Cdk5 cascade in
xcTauO-mediated induction of TRIM46 in astrocytes. In this study, calpain
antagonist (MDL2870) blocked the activation of calpain and inhibited xcTauO-
induced astrocyte cytoplasmic TRIM46 activation. Similarly, the Cdk5
antagonist (Roscovitine) blocked the activation of Cdk5 and inhibited xcTauO-
induced astrocyte cytoplasmic TRIM46 activation. These data lend credence to
the previous reports that the administration of MDL2870 significantly decreased
(Schafer et al.,2009). Also, there was a previous report that administration of
Roscovitine significantly decreased AlS length [22]. This effect of Roscovitine
contradicts our hypothesis that this mechanism is in alignment with the effect
of xcTauOs on AIS length. We can conclude that suppressing Cdk5 or its
activator calpain can lead to a reduction of cytoplasmic TRIM46. We also

develop three novel GFP-TRIM46 constructs that drive TRIM46 and LAMP1 co-
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localization and thereby provide us with further mechanistic insight towards
understanding the effect of xcTauOs on TRIM46 localization.

The in vivo relevance of these cultured cell findings was established by
sowing that increased TRIM46 and LAMP1 co-localization that differed
between non-AD and AD. Altogether, these new results establish TRIM46
phosphorylation as a relevant mechanism. However, the biological relevance
of these findings has yet to be determined as it is unknown whether TRIM46
and LAMP1 co-localization drives neurodegeneration by hindering the
degradation, clearance, and removal of misfolded or damaged AlS-enriched
proteins. is featured by the landing of the kinesin-1 motor on stable MTs, where
it is required for lysosome and ER tubule translocation into the axon
[8,129,137,176]. This is similar to previous reports that xcTauOs disrupt axonal
transport [112].

TRIMA46 is the first AlS-enriched protein that has been implicated as an E3
ubiquitin ligase. E3 ubiquitin ligases are known for their ability to recognize a
target protein and degrade it through the ubiquitin pathway [177]. While other
TRIM family members have E3 ubiquitin ligase activity it is yet to be widely
accepted that the same holds true for TRIM46 [137,178]. TRIM46 may be an
unusual C-I TRIM subfamily member that not necessarily exhibits E3 ubiquitin
ligase activity [137].

Together, our findings implicate xcTauO-induced phosphorylation of
TRIM46 by Cdk5 at S106 as a novel driver of the appearance of cytoplasmic
TRIM46, independent of intracellular tau. More broadly, our results suggest that
xcTauOs may be functionally connected with Cdk5 dysregulation in AD. This

work emphasizes the utility of TRIM46 as a molecular target. By using multiple
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cell lines, we were able to uncover the robust effect of xcTauOs. Taken
together, our results confirmed the significance of TRIM46 in xcTauO-induced
activation of TRIM46 expression in astrocytes and revealed that TRIM46 may
serve as a potential target to develop new therapeutic agents for
neurodegenerative disorders.

Most of the findings presented here are preliminary and will require the
performance of additional experiments to perform robust statistical analysis.
Therefore, the future directions of this research include determining whether
the exploratory findings are reproducible. If so, additional mechanistic studies
could be performed to determine whether xcTauOs activate Cdk5. The next
step would be determining whether this pathway leads to Cdk5 phosphorylation
of tau, TRIM46, or both. Finally, whether this phosphorylation event is required
for the appearance of TRIM46 puncta would conclude this project. Given the
validation that the tools developed to express fluorescently tagged TRIM46 and
its phosphorylation null and constituently active forms in both neurons and non-

neuronal cells work— the completion of these experiments should be feasible.
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Chapter Five: Conclusion

The main topic of this dissertation was axon initial segment (AIS) damage in
neurodegenerative diseases (NDs). As the number of individuals with NDs
increase, we must design effective therapeutics to treat the aging populations.
One method is through studying commonalities among ND, like AIS damage.
Before this dissertation there were no 1) literature reviews on AIS damage in
NDs, 2) research studies on the effect of extracellular tau oligomers (xcTauOs)
on the AlS. Forty-two papers quantified the AIS structure and function in NDs.
The studies that do this find contradictory results creating a lack of
understanding on whether systematic damage to the AIS is a unifying feature
of NDs.

To address the first gap, a systematic literature review was performed using
the 42 papers. We identified 14 AIS structural parameters and two AIS
functional parameters. Although, there was no consensus of whether the AIS
parameters do not change, decrease, or increase, we conclude that AlIS
damage is a unifying feature among Alzheimer’s disease (AD), amyotrophic
lateral sclerosis, frontotemporal dementia, multiple sclerosis, and Parkinson’s
disease. To address the second gap, two research papers identified that
xcTauOs cause a decrease in AlIS immunofluorescent intensity as a semi-
quantitative measurement of localized protein abundance and a reduction in
AIS length. We also found that xcTauOs increase AIS protein, tripartite motif-
containing protein 46 (TRIM46) and late endosome/early lysosome LAMP1 co-
localization. These results find that xcTauOs are a novel mechanism of AIS

damage in AD.
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The organizational structure of chapter one was an introduction. Chapter
two was a systematic literature review with five themes. The third and fourth
chapters are research papers. Finally, chapter five was a conclusion.

The practical implications of the findings will benefit other scientist studying
cellular structures that are linear like the AIS. Our AIS analyzer open access
quantitative image analysis tool can be used to help standardize measurements
of AIS structural parameters in the field. Also, our GFP-TRIM46 tools can be
used in other research fields to study TRIM46 localization in real-time.

To acknowledge the limitations in this study, first in chapter two we identified
14 AIS structural and two AlS functional parameters, but there are several other
parameters that could also be interrogated. A limitation in chapter three is that
we only analyzed three AIS structural parameters. In chapter four, we only
analyze one additional AlS structural parameter. In chapter three, while access
to human brain tissue was a limitation, this study was able to identify a
correlation between neurofibrillary tangles and AlS damage in AD. Finally, in
chapter four, the use of immunofluorescence-based Pearson’s correlation
coefficient is not the most robust analysis. The results of this chapter remain
unclear as to why TRIM46 and LAMP1 co-localize and its biological relevance.

These limitations lead directly to the suggestions for future research.
Considering this dissertation in its entirety, future studies should make every
effort to address the following research questions. First, does structural damage
to the AIS correlate with functional damage? Second, does AlS damage cause
neurodegeneration? Third, is AIS damage found in Black Americans with AD?

Fourth, is TRIIM46 and LAMP1 co-localization reflective of AIS damage? And
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if so, is the mechanism xcTauO-induced activation of calpain-mediated cyclin-

dependent kinase five phosphorylation of TRIM46 at serine 1067
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