UC Riverside
UC Riverside Electronic Theses and Dissertations

Title
Neuropathology, Neurodegeneration and Axon Loss During Alzheimer's Disease

Permalink
https://escholarship.org/uc/item/4r51p6rg

Author
Nishioka, Christopher Arata

Publication Date
2018

Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/4r51p6r6
https://escholarship.org
http://www.cdlib.org/

UNIVERSITY OF CALIFORNIA
RIVERSIDE

Neuropathology, Neurodegeneration and Axon Loss During Alzheimer's Disease

A Dissertation submitted in partial satisfaction
of the requirements for the degree of
Doctor of Philosophy
in
Neuroscience
by
Christopher Arata Nishioka

September 2018

Dissertation Committee:
Dr. Richard Sun, Co-Chairperson
Dr. Iryna Ethell, Co-Chairperson
Dr. Seema Tiwari-Woodruff



Copyright by
Christopher Arata Nishioka
2018



The Dissertation of Christopher Arata Nishioka is approved:

Committee Co-Chairperson

Committee Co-Chairperson

University of California, Riverside



Acknowledgements
The text of this dissertation, in part is a reprint of materials as they appear in the Journal
of Alzheimer's Disease, March 2015; Journal of MRI, February 2017 as well as recently
submitted manuscripts to Multiple Sclerosis and Related Disorders and Neuroimage. The
co-author, Dr. Richard Sun directed and supervised the research which forms the basis

for this dissertation.

Thanks to several UCR undergraduate and LLU medical students including Barsam
Barsamanian, Jennifer Mei, Christina Poh, Andrea Cragoe, Samantha Luna, David

Wooten and Chloe Su.

Advisory support from UCR and LLU faculty, including Richard Sun, Wei-xing Shi

Iryna Ethell, Seema Tiwari Woodruff, and Hyle Park.

A very special thanks to my colleagues Ariel Liang, Stephen Ong and Aiken Chung who

| owe a great deal for helping me during my time in graduate school.



Dedication

For my wife, May Nishioka, whose encouragement, love and support were the most

important part of this journey.



ABSTRACT OF THE DISSERTATION
Neuropathology, Neurodegeneration and Axon Loss during Alzheimer's Disease
by
Christopher Arata Nishioka
Doctor of Philosophy, Graduate Program in Neuroscience
University of California, Riverside, September 2018

Dr. Richard Sun, Co-Chairperson
Dr. Iryna Ethell, Co-Chairperson

This dissertation seeks to clarify links between non-invasive radiological and optical
biomarkers, neuropathology and neurodegeneration within axon tracts during
neurodegenerative disease, with focus on Alzheimer's Disease (AD). Data contained in
these studies were gathered from a variety of different model systems with different
modes of neurodegeneration relevant to human clinical findings. Our studies utilized the
visual system to model the axonal degeneration process and evaluate biomarkers of axon
tract injury. First, a comprehensive analysis of visual system white matter integrity was
performed in AD, MCI and control patients, using diffusion tensor images (DTIs) drawn
from the Alzheimer's Disease Neuroimaging Initiative. Our findings establish the visual
system as a white matter pathway affected during AD. Next, we used a retinal ischemia
model to characterize spatiotemporal patterns of axonal degeneration in the visual system
by DTI in Wallerian Degeneration Slow mice. Our results reveal an ability to identify
propagating anterograde degeneration along the optic nerve and tract. Next, we used a

Experimental Autoimmune Encephalomyelitis model to simulate retrograde axonal

Vi



degeneration in the visual system and characterize the longitudinal relationship between

DTI-measured axon loss and optical coherence tomography measured retinal thinning.
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Our data clarify the relationship between the biomarkers, and establish the correlation
between each and magnitudes of axon loss. Next, we evaluated whether axonal transport
function, a key putative factor in AD-related axonal degeneration could be related to DTI
properties in the p301L tau transgenic model using Manganese-enhanced MRI. Our data
expose a novel connection between restricted diffusion in the ON and compromised
axonal transport function. Lastly, we tested whether retrograde axonal degeneration could
be triggered by Ap-induced tau pathology. Our results reveal a temporal pattern of
damage that appears to emanate from the presyanpse toward cell bodies, and result in loss
of white matter integrity in a manner similar to what is observed in humans during AD.
Additionally, our experiments reveal the critical role of initial Ap-induced tau
phosphorylation, and imply that blocking this step by microtubule-stabilizing compounds
may prevent downstream axon and cell loss. This process may be integral to understand

the widespread white matter damage observed in Alzheimer's Disease.
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Introduction

Alzheimer's Disease (AD) was first characterized clinically and pathologically in
1906 by German neuropathologist Dr. Alois Alzheimer. Over 100 years later, AD is
recognized as the most common neurodegenerative disease, affecting more than five
million Americans in 2017 *. It is the 6™ leading cause of death in the United States, with
no available disease-modifying treatments to alter the disease course. Pathologically, the
disease is identified by the presence of extra-cellular Amyloid-f (AB) plaques,
intracellular neurofibrillary tangles (NFTSs) in the brain and gradual brain atrophy.
Clinically, the disease is characterized by devastating progressive, age-related decline in
learning, memory and executive function. These impairments are substantial and become
debilitating, necessitating round-the clock care for any affected individual. The cognitive
decline during disease is paralleled by dysfunction and degeneration in brain networks,
likely precipitated by disease pathology. These networks are composed of axon tracts,
which integrate and process information in the Central Nervous System. Myelinated
axons in these networks are fragile structures, in some cases stretching up to a meter in
length, necessitating careful homeostatic balance for survival. This includes processes to
regulate axonal transport, protein synthesis and degradation, cytoskeletal maintenance
and energy production. Meeting these requirements are especially challenging in neurons
with long axons, making axons a critical failure point in neurons during disease. Indeed,
axon loss is a defining feature in AD, with projection neurons being disproportionally
impacted 2. Loss of axons is likely an important contributor to the observed deficits to

brain network functional connectivity and coincident cognitive decline *.



While axons are lost during AD, it remains unclear what process underlies this
specific pathology and whether this damage arises as a result of axon-specific insult. In
response to injury, axons may degenerate in response to specific triggers; this is typically
followed by retrograde degeneration resulting in later cell body loss > °. Alternatively,
axons can degenerate as a consequence of initial cell body apoptosis *>”. While
degenerative events in the cell body and axon are typically closely connected, they
represent two distinct processes. Discovery of the spontaneous mutant Wallerian
Degeneration Slow (WIdS) mouse strain, which over-expresses a chimeric protein
consisting of full-length Nicotinamide Mononucleotide Adenylytransferase 1 (NMNAT-
1) and a fragment of the E4 ubiquitination factor (UBEA4b), revealed that mechanisms
governing axonal degeneration are different from those involved in cell body apoptosis ®
° Neurons from these mice maintain functionally viable axons weeks after cell body
apoptosis or axonal transection 2. In contrast to axons, the WIdS genotype appears to have
no effect on the process or timing of cell body apoptosis '* **. Several studies have
narrowed the site of action of the WIdS protein to the axonal compartment, and suggest
that the protective effect of WIdS may stem from substituting for NMNAT-2 depletion
after axonal injury ** 3. Additional studies have identified several other proteins that
appear to influence the process of axonal degeneration selectively ***°. Collectively,
these findings demonstrate that the axon maintains a specialized destruction program that
can initiate axonal degeneration in response to specific triggers. These triggers likely
include several pathways but are thought to include activation of Death Receptor 6 (DR6)

by APP, axonal transport defects and depletion of nicotinamide adenine dinucleotide



(NAD) ***8 These findings raise important questions about the influence of different
pathological triggers in AD on the process of axon loss. Currently, it remains uncertain
whether axon-specific mechanisms may play a role in the observed axonal damage and
loss.

AXxon tract integrity is most commonly assessed in vivo through the use of
noninvasive imaging techniques such as Diffusion Tensor Imaging (DTI). This technique
is in widespread use to measure degeneration that occurs within white matter (axon loss
and / or demyelination) during disease. Several lines of evidence suggest that DTI-
detectable changes in white matter are paralleled by increases in canonical brain
pathology during AD . However, the noninvasive nature of these biomarkers makes
defining causal relationships difficult. It is yet unclear how these radiological biomarkers
reflect disease-associated forms of axon loss or demyelination that can be clearly
attributed to specific brain pathologies. Therefore, modeling these disease-associated
forms of axonal degeneration is imperative for interpreting clinical datasets and testing
new therapeutics to block these disease outcomes.

The study of axon loss during AD has traditionally only been possible though the
use of functional assessments or histology from post-mortem samples. Accurate
assessments of these changes are of utmost importance, given the devastating clinical
effects perpetrated by AD. The advent and widespread adoption of clinical MRI has
facilitated in vivo study of axon tracts within the brain by exploiting grey/white matter
contrast from conventional MRI (T1/T2) sequences. Early volumetric studies comparing

white matter volume between AD and control patients noted differences in corpus



callosum volume as well as prefrontal white matter volume ** %, Studying alterations to
white matter tracts during disease took on new dimension with the rise of diffusion-
weighted imaging. Diffusion-weighted imaging, and its common application model,
Diffusion Tensor Imaging (DTI) employ diffusion-sensitizing gradients, which allow
assessment of the Brownian motion of water molecules in a particular direction within
imaging voxels . As random diffusion of water is shaped by structural elements (cell
membranes, myelin sheaths, organelles) and their geometry within each imaging voxel
the diffusion signal and derived DTI metrics reflect collective underlying tissue
microstructure. These alterations to microstructure are not always detectable using
standard MRI and provide a more sensitive metric to evaluate degeneration in the brain
2224 DTl is especially sensitive to changes that occur in white matter, due to its
intrinsically ordered structure composed of bundles of myelinated axons. The ordered
structure creates diffusional anisotropy (Fractional anisotropy or relative anisotropy, FA /
RA), due to relatively free diffusion along the principal axis of fibers (Axial diffusion,
AxD), and relatively restricted diffusion across fibers and myelin sheaths (Radial
diffusion, RAD). The total magnitude of diffusion (AxD + RAD) is represented as TR, or
the trace of diffusion. Under neurodegenerative conditions, loss of white matter tissue
structure (by losing axons and/or myelin) leads to increases in diffusion across fibers,
which necessarily decreases FA with coincident increases in RAD/TR. These changes are
often referred to as signaling loss of "white matter integrity", which is a pathologically
nonspecific term that may indicate demyelination, axonal degeneration or some

combination of the two. Animal model studies suggest that DT1 measurements may be



useful in acute circumstances to discriminate between axonal degeneration (reductions in
AxD) from demyelination (increases in RAD) ***. Measurements derived from DTI
have been instrumental in defining the temporospatial profile of white matter disruption
during prodromal, early and late stages of AD %,

Since the development and subsequent widespread adoption of DT in clinical
settings beginning around 2000, many studies have examined microstructural white
matter integrity in cognitively healthy patients in comparison to those with AD and its
putative prodromal form Mild cognitive impairment (MCI). These studies often utilize a
non-biased whole brain analysis approach termed Tract-Based Spatial Statistics “TBSS”,
allowing simultaneous, automated analysis of all major white matter tracts in the brain .
From these studies, several common findings have emerged. Among healthy aging
populations, gradual loss of white matter integrity correlates with increasing age *°. While
reductions in white matter integrity seem to be a general feature of aging, patients in AD
have an extreme version of these deficits. Patients with AD (and to a lesser extent MCI)
manifest with significant reductions in FA and increases in RAD / TR in several specific
white matter tracts, relative to age-matched healthy controls. While results from
individual studies vary, regional differences between AD and controls typically include
the forix, uncinate fasciculus, superior longitudinal fasciculus, posterior cingulum, genu
and splenium of the corpus callosum 22332 These regions appear to be selectively
vulnerable in AD, and may show integrity changes at the earliest clinical stage during

MCI. The degree of these alterations in vulnerable regions correlates with cognitive



measures in AD patients, and may be useful to predict clinical conversion between MCI
and AD ¥%,

Despite a wealth of DTI studies characterizing the alterations to white matter
during AD and MCI, the relationships between specific forms of brain pathology and
focal alterations to white matter tracts are not clear. However, biomarker data gathered
during the course of DTI studies can help contextualize the findings and may be useful to
understand the factors involved in changing microstructural integrity. Recent work has
focused on CSF biomarkers of the two most high-profile pathological factors in AD, AB
and tau. Both proteins are thought to play neurotoxic roles in AD, when they accumulate
in neurons (tau) and in extracellular plaques (AP). Levels of AP in the CSF decrease
during AD, likely reflecting enhanced retention in the brain, while levels of tau and its
hyperphosphorylated variant increase, potentially reflecting release from neurons. These
biomarkers give clues about the general levels of these proteins in the brain, but offer no
information about their spatial distribution. Several studies have identified significant
relationships between elevated levels of tau and reductions in white matter integrity
(decreased FA, increased RAD). Stenset et al. found relationships between elevated CSF

I 3 A similar correlation was identified

tau and changes in Cingulum integrity by DT
between total CSF AP and Cingulum FA in AD patients *’. These trends also appear in

cognitively healthy adults with family history of AD. Bendlin et. al found tau and tau/Ap
levels at baseline correlated to changes in white matter integrity 3.5 years later, in regions

adjacent to gray matter structures affected in early stages of the disease *%. In a detailed

clinical study by Kantarci et. al. cognitively healthy and MCI patients were stratified as



AP+/- (assessed using AP tracer 11-C Pittsburgh compound-B PET) and
neurodegeneration +/- (using high resolution structural MRI of the hippocampus and
hypometabolism via FDG PET). This study revealed that FA reductions in the Fornix (the
most vulnerable white matter tract assessed in the study) were not associated with
amyloid load without coincident neurodegeneration *°. However, MCI patients both Ap+
and neurodegeneration+ had more widespread FA decreases than patients classified as
APB- and neurodegeneration+. This study suggests that Ap may play a role in white matter
damage as the disease progresses, though may not be sufficient by itself. A study by the
same research group has recently made the first comparisons between antemortem DTI
and postmortem histopathology in AD patients. This study found significant relationships
between extent of tau neurofibrillary tangle (NFT) pathology (Braak stage) and FA/Trace
Diffusion in several vulnerable white matter tracts, including the Fornix and Cingulum “°.
Collectively, these results suggest that tau and its aggregate form in NFTs may play a
central role, with A playing a supporting role in causing white matter disruption and
axon loss.

Amyloid-beta is thought to play a critical initiation role during AD. Derived from
the Amyloid Precursor Protein (APP), A is released from presynaptic terminals after
APP is sequentially cleaved by [ and y secretase enzymes. Aggregates of AP in brain
tissue of AD patients are a cardinal feature of the disease. Several lines of evidence
suggest that AR may play a central role in disease pathogenesis. Mutations in either APP
or elements of the AP processing pathway are known to cause autosomal dominant, early

onset familial forms of AD **. These genetically linked cases of AD are thought to result



from either an increased level of AP generation or enhanced production of an aggregation
prone form of the peptide **. While the fraction of familial AD cases among overall AD
patients is low (~1-5% of total), they share identical neuropathological features, which
has helped establish the importance of AP to disease onset **. Studies assessing Ap
deposition noninvasively (by Positron Emission Tomography, PET) have established that
among aged adults, worsening cognitive status (In Healthy Control, MCI and AD
patients) is associated with a greater share scored as Ap+ ** . Interestingly, 14% of
healthy control aged adults scored as AB+. These patients perform significantly worse
than AB- patients in tests of verbal and visual episodic memory, and show greater
declines on cognitive tests after 36 months ** . These data and others strongly implicate
AP accumulation in the process of disease initiation. However, several studies have noted
poor correlation between amyloid load assessed by histology and cognitive status in AD
patient brains at autopsy *>*’. Additionally, numerous clinical trials testing drugs which
target AP, either by preventing aggregation, production or direct removal have generally
failed to measurably alter AD progress “°. These findings suggest that AB deposition is
critical to trigger disease, but may not drive disease progress. Altering disease progress
may require targeting processes presumed to occur downstream, such as the onset of tau
NFT pathology. Notably, tau NFT pathology has been shown to correlate with cognition
and neurodegeneration to a greater extent than AP pathology *° *°.

Neurofibrially tangle pathology in the brain, originally identified by Alois
Alzheimer, is composed of abnormal aggregations of insoluble, hyperphosphorylated tau.

The shift from normal to disease-associated forms of tau is presumed to be a crucial step



that opens the door for neuronal dysfunction and/or death. Under basal conditions, tau is
a primarily a neuronal protein enriched in the axonal compartment . The protein exists
as six main alternatively spliced isoforms, that differ based upon an N-terminal region
and a repeat microtubule binding domain > 3. The protein is subject to numerous post-
translational modifications, including >80 potential phosphorylation sites **. In healthy
neurons, tau is lightly phosphorylated (2-3 moles of phosphate per mole protein) and is
primarily bound to microtubules in the axon >°. Several lines of evidence suggest that this
association may be important to regulate microtubule assembly and stability **2. In
addition to microtubules, tau is also known to bind to an array of different kinases,
cytoskeletal proteins and signaling lipids, hinting that tau may have a wide variety of
potential roles beyond that of a cytoskeletal protein in the axon *°.

During AD, tau is thought to undergo a dramatic shift in role. In contrast to basal
conditions, disease-associated forms of tau are highly phosphorylated (2-3x more
phosphate per mole protein) **. These hyperphosphorylated forms of tau can be induced
in transgenic tau models by incorporation of a mutant tau variant (p301L) initially
identified in Frontotemporal Dementia with Parkinsonism linked to chromosome 17 .
This mutation promotes the hyperphosphorylation and aggregation of tau in a manner
similar to that observed during AD ®*. Incorporation of this mutation is widely used to
study tauopathy, as overexpression of the wild-type human tau transgene does not result
in overt tau pathology ®2. Evidence from p301L tau models suggest that tau
phosphorylation is carried out by several kinases, including Glycogen Synthase Kinase 3

(GSK-3), Cyclin-dependant kinase 5 (CDK-5), Casein Kinase 1 (CK-1) and Protein



Kinase A (PKA) %% These kinase activities are presumed to be driven in part by
upstream activation from AB. Experimental mouse models have demonstrated enhanced
neurofibrillary tangle pathology in P301L tau mice crossed with AB-expressing mice or
injected with exogenous AP °® ®°. Hyperphosphorylated forms of tau have weaker binding
affinity for microtubules, causing them to dissociate and increase the cytosolic
concentration of free tau ". This free, hyperphosphoryated tau has a more compact,
folded conformation and a propensity to aggregate '*. The abnormal forms of tau also
undergo a redistribution throughout the neuron, invading the somatodendritic
compartment >*. These disease-associated forms of tau are also resistant to proteosomal
breakdown or autophagy, preventing clearance from neurons ">"*. However, there is
uncertainty over which form(s) of tau may be the most disease-relevant. Tau exists as a
spectrum in neurons during AD, in various conformations, cell compartments,
phosphorylation states and sizes (monomer, oligomer and insoluble aggregate). These
abnormal forms of tau are hypothesized to take on new roles and mediate toxicity
potentially through a gain-of-function mechanism *°.

Conversion of tau from a primarily microtubule-bound form in the axon to a
hyperphosphorylated form distributed throughout the neuron is hypothesized to have
several negative consequences to neuronal networks. A recently uncovered dimension to
this issue concerns the ability of tau pathology to be transmitted through axons and
spread between neurons in a prion-like manner ™. This idea comports with evidence from
human brain samples, in which a characteristic pattern of tau pathology progression is

evident across the disease, classified by Braak stage '°. Tau pathology is first observed in

10



the locus coeruleus and several additional subcortical nuclei (Subcortical pretangle stages
a-c), and may represent a unique pre-AD pathology. At later stages, pathology becomes
apparent in the transentorhinal region (Stage 1), Entorhinal Cortex (stage I1) then spreads
to the hippocampal formation (Stage I11) and later throughout the neocortex (Stages IV-
V-VI) °. Increasing Braak Stage correlates with likelihood of dementia, with >90% of
patients classified as stage V-VI manifesting with either moderate or severe dementia .
Pathological spread of tau can be modeled in vivo using tau transgenic mice, and
amplified by injections of either AB or misfolded tau seeds "*®*. Early experimental
evidence with these models have linked spreading tau pathology to disruption of
functional connectivity, compromised cognitive performance and loss of neurons in
affected circuits %8283,

Negative consequences of abnormal tau may also include deficits to normal
axonal transport, which is critical for axonal survival. Deficits in this process are
common to a wide variety of neurodegenerative diseases, including AD 3*®°. Evidence
for the importance of axonal transport was seen in loss of function mutations to molecular
motor proteins, which move axonal cargos along microtubule networks. These mutations
to kinesin or dynein impair fast axonal transport and can cause a characteristic ‘dying-
back' pattern of axonal degeneration *# 8 8’ Deficits to transport in AD have also been
linked to the appearance of abnormal axons observed in post-mortem tissue. These axons
are distinguished by focal swellings with internal accumulations of axonal cargos,
transport proteins and organelles as well as phospho-tau and other microtubule-associated

proteins 2%, Similar pathological changes are observed in AD mouse models that over-
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express AP and tau '* 3. Experiments with tau mouse models have revealed that a
common phenotype is reduction of axonal transport velocity **°. These studies, often
accomplished using Manganese Enhanced MRI (MEMRI) have demonstrated that these
alterations to transport are coincident with the onset of phospho-tau pathology *.
Intriguingly, these alterations in transport also support a role for AB. Using a cell culture
model, Vossel et. al. have demonstrated that reductions in axonal transport can also be
rapidly induced using AP, but blocked by tau ablation * . Experimental evidence for
several possible mechanisms has emerged. These alterations may stem from phospho-tau
binding to kinesin adapter protein JIP1 and interfering with its function in axonal cargo
loading ¥’. Several recent studies also support a pathway involving hyperphosphoylated
tau filaments inhibiting transport via activation of protein phosphatase 1 (PP1) and GSK-
3. Active GSK-3 can phosphorylate kinesin light chain subunits, promoting the release of
cargo from molecular motors ® % | ong term suppression of transport via these
mechanisms is hypothesized to starve presynaptic terminals and distal sites within axons
of vital proteins, nutrients and mitochondria necessary for maintenance, and lead to
dying-back of the axon *. This process my account for the observed pattern of synapse
and axon loss preceding overt cell loss during AD.

In addition to gain-of-function mechanisms, tau may also initiate axonal
dysfunction through parallel loss-of-function mechanisms. Due to disassociation from
microtubules and mislocalization in the somatodendritic compartment, it has been
suggested that tau's native role in the axon may go unfilled. This may include actions as a

microtubule stabilizer under basal conditions. This idea has been bolstered by evidence of
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abnormal microtubule dynamics in neurons in AD and AD mouse models. Several
studies have found shorter and less numerous microtubules in AD brain tissue and
reductions in microtubule density among tau transgenic mouse models 1%, A study
using deuterium labeling of amino acids revealed that two AD tau mice lines had
'hyperdynamic microtubles', with much larger shares of newly synthesized tubulin
incorporated into axonal microtubules, relative to controls ', This suggests that axonal
microtubules are less stable in the presence of pathogenic tau. Evidence from these
studies have been challenged by the relatively mild phenotype of tau knockout mice,
though these deficits may be compensated for by increases in other microtubule-binding
proteins such as MAP1A 1% geveral studies have explored the use of microtubule
stabilizing drugs to correct potential deficits in microtubule stability. This strategy was
first tested in tau transgenic mice using Paclitaxel, though its use is limited by blood-
brain permeability . More recent studies have utilized a derivative compound,
Epothilone D, which shows permeability through the blood brain barrier and retention in
the CNS 7. These early studies have shown evidence that microtubule-stabilizing drugs
correct deficits in learning/memory, axonal transport, microtubule density and dendritic

spine loss in tau models 10 106:108.109 ‘T

in vivo studies have shown that long term
treatment (3 months) using these drugs was sufficient to reverse deficits when
administered before or after existing tau pathology. Surprisingly, these studies also
showed evidence that these compound may reduce the accumulation of tau pathology,

through unclear mechanisms. While several of these studies show beneficial effects of

EpoD treatment, it remains ambiguous what mechanism(s) and site of action account for
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its impact. Additionally, it is unclear whether its effect on reducing tau pathology is
relevant to its effects on neurodegeneration.

In contrast to axon-specific mechanisms, axon loss may follow directly from
synapse elimination and/or cell death driven by hyperphosphorylated tau acting at the
post-synapse. Indeed, synapse loss and NFTs are the best correlates to cognitive
impairment during AD. From post mortem synaptoneurosomal fractions,
hyperphosphorylated forms of tau have been found at both pre and post synaptic
terminals in AD but not control patients **°. Simulation of these conditions has been
explored using cultured hippocampal neurons, which develop somatodendritic tau
inclusions after treatment with AP. This increase in mislocalized tau was associated with
reductions in dendritic spines, local increases in Ca®* and loss of microtubules ***.
Additionally, Ittner et. al. have shown data linking somatodendritic-tau to the targeting of
Src kinase Fyn to the post-synapse **2. This interaction leads to Fyn-mediated
phosphorylation of the NMDA receptor, and stabilization of the Fyn/PSD-95 interaction,
which promotes AB-driven excitotoxicity. These pathways may independently or
synergistically work to promote postsynapse loss and/or neuronal loss during disease. It
is unknown if these mechanisms play a role in triggering axon die-back during AD,
though several examples from developmental biology suggest a close connection between
synapse elimination and axon pruning ***.

Understanding how axon tract damage is related to human clinical data requires a
model that can be analyzed using translational (noninvasive) biomarkers. Several mouse

models of AD have been examined using DTI to discern if they can serve as reliable
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models in this regard. To date, these studies have utilized APP-overexpressing strains, tau
overexpressing strains and mixed APP/tau strains. Among APP-expressing lines, data
have been mixed. Studies by Song and Sun et. al. found broad reductions in AxD, FA and
increases in RAD in several white matter tracts in aged APP mice (12-18month APPsw
and PDAPPs) compared with age-matched controls > ™. However, two studies using
another APP over-expressing strain (12-14 month and 16-18 month APP/PS1s) by Shu et.
al. and Wiesmann et. al. found strikingly different patterns of white matter alterations by
DTI. Shu et. al. reported increases in AxD, FA and reductions in RAD in white matter,
while Wiesmann found no major differences within white matter tracts between
transgenic mice and controls *** >, Among transgenic lines carrying P301L mutant tau,
two experiments have independently shown evidence of reduced FA within the corpus
callosum of aged (8-8.5 month) rTg4510 mice, compared with age-matched WTs ¢ 117,
DTI alterations have also been explored in triple-transgenic mice (3xTg), overexpressing
APP and P301L tau. Surprisingly, in a study by Kastyak-Ibrahim et. al. no differences
were found in any DTI metric (FA, AxD, TR or RAD) in white matter regions assessed
(Fornix, Corpus Callosum, External Capsule) between aged 3xTg mice (11-17 months)
and age-matched WTs 8. Another transgenic model exhibiting amyloid and tau
pathology (APPSwDI**ImNos2™) was reported to show reductions in FA and AxD, with
increases in RAD in white matter pathways linked to hippocampal structures **°. From
these available studies, pure tauopathy models have shown the most reliable changes in
DTI metrics, although it is unclear why such large degrees of variability exist between

models. Several of these mouse studies have shown general associations between the

15



onset of brain pathology (A or tau) and onset of DTI alterations in vulnerable white
matter regions 2 ™+ 116119120 Hawever, from these studies it remains ambiguous how
brain pathology is contributing to the observed DTI changes. In principle, these changes
may stem from direct perturbation of water diffusion or by directly or indirectly
precipitating loss of structural elements in white matter (axons, microtubules, myelin
sheaths, etc). A more structured analysis is required to discern causality, in order to link
defined, localized pathologies with subsequent alterations in DTI properties and measures
of neurodegeneration (loss of axons, cells).

The visual system may serve as a tractable model to unravel the complex
underlying relationships between AD pathology, neurodegeneration and noninvasive
biomarkers. This system, composed of the Optic nerve (ON) and Optic Tract (OT) have
several unique anatomical advantages for studying neurodegeneration in vivo. Composed
of Retinal Ganglion cells (RGC) axons, the ON and OT form a homogeneous fiber
bundle uninterrupted by interneurons spanning ~5mm in the mouse. Its length allows
visualization of separate axonal subdomains proximal (ON) and distal (OT) to the cell
body. The tract is partially separate from the brain (in the ON) and is relatively large
diameter (~225um), makes identification, segmentation and DTI measurements
straightforward. The ON and OT are also amenable to quantitative histology, allowing for
counts of individual axons and myelin sheaths. Additionally, the somatodendritic
compartment of RGCs exist in the most superficial layers of the retina (Retinal Nerve
Fiber Layer, RNFL / Ganglion Cell Layer, GCL and Inner Plexiform Layer, IPL),

permitting direct visualization through Optical Coherence Tomography (OCT). This
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optical technique allows depth imaging of retinal layers, with resolution down to ~2um,
which can discern small changes in cell layer thickness ***. Neurodegenerative diseases
with prominent ON damage (as in Glaucoma and Multiple Sclerosis) show reductions in
these layers' thickness, presumed to reflect RGC atrophy and loss %1%, Several studies
have also found reductions in these layers' thickness among AD patients ***%, The
unique ability to simultaneously visualize axon and cell body compartments in the visual
system may help disentangle the phenomena of axonal degeneration from cell body loss.
This distinction is critical for understanding whether mechanisms governing
neurodegeneration operate at the cell body or axon level. This tract has been used as a
testbed to simulate various controlled modes of axonal degeneration. This includes as a
model to experimentally induce Wallerian Degeneration (as in retinal ischemia models)
and dying-back degeneration (in Experimental Autoimmune Encephalomyelitis, EAE) 2"
127,128 Thjs flexibility allows patterns of biomarkers, including DTI and OCT measures
to be linked back to definitive axonal pathologies.

Work is yet required to understand the full scope of pathological changes that
accompany and precipitate axonal degeneration during AD. A more full understanding of
how imaging biomarkers relate to changes at a cellular level will help bridge the divide

between clinical datasets and basic science.
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Chapter I:

Diffusion Tensor Imaging Reveals Visual Pathway Damage in Patients with Mild

Cognitive Impairment and Alzheimer's Disease.

Abstract

Visual deficits are commonly seen in patients with Alzheimer's disease (AD), but
postmortem histology has not found substantial damage in visual cortex regions, leading
to the hypothesis that the visual pathway, from eye to the brain, may be damaged in AD.
Diffusion tensor imaging (DTI) has been used to characterize white matter abnormalities.
However, there is a lack of data examining the optic nerves and tracts in patients with
AD. In this study, we used DTI to analyze the visual pathway in healthy controls, patients
with mild cognitive impairment (MCI) and AD using scans provided by the Alzheimer's
Disease Neuroimaging Initiative (ADNI). We found significant increases in the total
diffusivity (TR) and radial diffusivity (RAD) and reductions in fractional anisotropy (FA)
in optic nerves among AD patients. Similar but less extensive changes in these metrics
were seen in MCI patients as compared to controls. The differences in DTI metrics
between groups mirrored changes in the splenium of the corpus callosum, which has
commonly been shown to exhibit white matter damage during AD and MCI. Our findings
indicate that white matter damage extends to the visual system, and may help explain the

visual deficits experienced by AD patients.
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Introduction

Alzheimer’s Disease (AD) is a progressive neurodegenerative disease characterized
clinically by memory loss and cognitive impairment and pathologically by amyloid
plaques, neurofibrillary tangles and brain volume shrinkage '#°. In vivo neuroimaging
using Positron emission tomography (PET) and Magnetic Resonance Imaging (MRI) are
able to reveal amyloid plaques and brain atrophy, which both occur mostly within gray
matter regions of AD patients **°. In white matter though, abnormal MRI signals have

been found in patients with AD 2 13132

as well as patients with mild cognitive
impairment (MCI) *¥¥1%_Evidence now indicates that white matter damage coincides
with early pathophysiological events in gray matter. This damage may play a critical role

in the neurofunctional declines seen in patients with AD.

Among white matter tracts in the brain, the visual pathway is unique in structure.
Neurons that compose the optic nerve and tract have their cell bodies (retinal ganglion
cells, RGCs) outside the brain within the retina **®. Despite the relatively isolated RGC
location, the visual system like other sensory systems, declines during AD **'. Many AD
patients suffer from complex visual disturbances and have worse color vision and
contrast sensitivity when compared to similarly aged controls *8. Additionally, the
severity of these visual deficits is associated with lower clinical dementia rating **'.
Despite impaired visual ability, the visual cortex is relatively protected from atrophy and
disease pathology in AD 3" 13914 'leading to the hypothesis that the visual pathway,

from eye to the brain, may be damaged in AD.
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While abnormal white matter has been found in various brain regions in AD, there is a
lack of imaging data for the visual pathway. Direct evaluation of the visual pathway
white matter can be accomplished through the use of diffusion tensor imaging (DTI) 2%
%2 This novel MRI modality measures the diffusion of water molecules and is sensitive
to microstructural changes in live tissue. When applied to the brain, DTI shows white
matter as areas with high diffusion anisotropy, due to the organized parallel fiber bundles,
in contrast to low anisotropy within the gray matter and ventricles. Disruptions in white
matter structure usually lead to a reduction in diffusion anisotropy, as quantified by
Fractional Anisotropy (FA) and Relative Anisotropy (RA) **%*2 In addition, DTI-
derived axial diffusivity (AxD) and radial diffusivity (RAD) quantify water diffusion
parallel and perpendicular to fiber tracts, respectively. Specific white matter pathologies,
such as demyelination and axonal degeneration, have been shown to change RAD and

AXxD, respectively 227 143145

DTI studies have previously demonstrated that white matter damage occurs in distinct
regions during AD and MCI %1336 However, to the best of our knowledge, there is no
published study using DTI to examine the visual pathway in AD. In this study we worked
on image data provided by the Alzheimer's Disease Neuroimaging Initiative (ADNI).
DTI parameters were measured in the optic nerves and tracts of ADNI participants. We
also measured DTI changes within the splenium of the corpus callosum, in order to
reference our findings against a site commonly seen to exhibit white matter damage

during MCI and AD % ¥ The findings of this study are of potential relevance to early
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diagnostic criteria and to gain a greater understanding of the underlying visual problems

in AD.

Methods

Data used in the preparation of this article were obtained from the Alzheimer’s Disease
Neuroimaging Initiative (ADNI) database (adni.loni.usc.edu). The ADNI was launched in
2003 by the National Institute on Aging (NIA), the National Institute of Biomedical
Imaging and Bioengineering (NIBIB), the Food and Drug Administration (FDA), private
pharmaceutical companies and non-profit organizations, as a $60 million, 5-year public-
private partnership. The primary goal of ADNI has been to test whether serial magnetic
resonance imaging (MRI), positron emission tomography (PET), other biological
markers, and clinical and neuropsychological assessment can be combined to measure the
progression of mild cognitive impairment (MCI) and early Alzheimer’s disease (AD).
Determination of sensitive and specific markers of very early AD progression is intended
to aid researchers and clinicians to develop new treatments and monitor their

effectiveness, as well as lessen the time and cost of clinical trials.

The Principal Investigator of this initiative is Michael W. Weiner, MD, VA Medical
Center and University of California—San Francisco. ADNI is the result of efforts of many
co-investigators from a broad range of academic institutions and private corporations, and
subjects have been recruited from over 50 sites across the U.S. and Canada. The initial

goal of ADNI was to recruit 800 subjects but ADNI has been followed by ADNI-GO and
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ADNI-2. To date these three protocols have recruited over 1500 adults, ages 55 to 90, to
participate in the research, consisting of cognitively normal older individuals, people with
early or late MCI, and people with early AD. The follow up duration of each group is
specified in the protocols for ADNI-1,ADNI-2 and ADNI-GO. Subjects originally
recruited for ADNI-1 and ADNI-GO had the option to be followed in ADNI-2. For up-to-

date information, see www.adni-info.org.

Thirty subjects were selected in each cohort made of healthy control, MCI and AD-
classified patients. Within each cohort, subjects were evenly split by gender and were
selected based upon similar characteristics between groups (Table 1.3). Subjects were
excluded from selection if they had been diagnosed with any variant of glaucoma,
macular degeneration, or complained of blurry vision. Thirty patients per group
maximized the use of the ADNI DTI data, while maintaining neutral gender balance.
Selection of greater numbers would have necessarily resulted in skewed male/female
ratio. Each patient underwent MRI scans on a 3-Tesla GE Medical Systems scanner. For
our analysis, we used two sets of scans collected, an anatomical T1-weighted spoiled
gradient echo (256x256 matrix; 1.2 x 1 x 1mm?® voxel size; TI=400ms; TR=6.984ms;
TE= 2.848ms; flip angle= 11°) along with a DTI scan. The DTI includes a group of
diffusion-weighted images (256x256 matrix; 1.367x1.367x2.7 mm® voxel size; 35 mm
field of view) comprised of 5 BO images and 41 diffusion-sensitized images (B=1000

s/mm?).
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Image Processing

MRI scans were downloaded from the ADNI database. Diffusion-weighted scans were
processed within DTIPrep to eliminate artifacts from head motion, eddy currents, and
gradient distortions *. Processed diffusion-weighted images passing DTIPrep quality
control were then loaded into 3D slicer (www.slicer.org). The BO images from the
diffusion-weighted scan were registered to a stationary T1 scan for anatomical reference.
The registration protocol utilized the Brainsfit Module and relied upon rigid, affline and
Bspline transforms. A deformation field from these transforms was then used to register
DTI maps. All images were carefully checked to ensure tight correspondence between the
T1 and the resulting DTI. Maps for five DTI indices, including fractional anisotropy
(FA), trace diffusion (TR), axial (AxD), radial (RAD) diffusivity and eigen3 (A3) were

generated using 3D slicer 2%,

Analysis Methods

Regions of interest were selected from optic nerves (Figure 1.3), optic tracts (Figure 1.4
and 1.5), and the splenium of corpus callosum (Figure 1.6). The optic nerve
approximately 3 mm rostral to the optic chiasm was identified and selected manually
using the T1 reference scan in conjunction with the FA and Minimum Eigen (A3) map
(Figures 1.3 and 1.5). This section could be precisely identified in each subject by
following the optic chiasm (caudal to rostral) until it split into two optic nerves (Figure
1.3). The optic nerve ROI was selected in the first section showing two separate optic

nerves, rostral to the optic chaism. To minimize partial volume effects, ROIs were
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selected in one coronal slice which showed the transected optic nerve clearly as two
round regions (Figure 1.3). Using a similar method, the optic tract approximately 14 mm
caudal to the optic chiasm was identified as two round areas in coronal section and
selected using the T1 scan in combination with the registered FA map (Figures 1.4 and
1.5). These ROIs were chosen based upon their ability to be selected easily and
unambiguously. All ROIs for each section are included in the supplemental figures. The
splenium was selected using the DT1 within 5 mid-sagittal sections and identified using
morphology as the most caudal, enlarged portion of the corpus callosum (Figure 1.6).
Any scan showing distortion of the optic nerve or tract around the ROI was excluded
from analysis. Among the 89 subjects, six optic nerves were excluded from analysis (2
control, 2 MCI, 2 AD), and one optic tract (AD). No corpus callosum scans were

excluded.

Statistical Analysis

Group comparisons of personal characteristics (age, education, body mass index) and
neuropsychological data (MMSE scores) were made by non-parametric Kruskal-Wallis
analysis of variance (ANOVA), with post-hoc Mann-Whitney U test. Within each group,
collected DTI data was tested for normality using the D’ Agostino-Pearson omnibus
normality test. The test did not show any significant deviations from normality within the
groups. Comparisons of DTl measures (TR, FA, RAD, AxD) within each ROl were made

using a one-way ANOVA followed by Tukey’s post-hoc test to examine differences
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between the three patient groups. For each analysis, p<0.05 was considered significant.

Statistics were performed using Prism Graphpad (San Diego, CA).

Results

The MCI, AD and control groups did not significantly differ in terms of their age, gender
bias, years of education or body mass index (BMI). They did significantly differ in terms
of their MMSE score, reflecting reduced cognitive ability of the MCI and AD groups
compared with controls, as well as a significant difference between MCI and AD patients

(Table 1.1),

DTI in Optic Nerves

Analysis of sections from the optic nerves of AD, MCI and control patients revealed key
differences in several DTI indices. The AD and MCI patient cohorts showed significant
(p<0.05) increases in TR and RAD when compared with the control group. The AD
group mean TR value was 24.4% higher, while MCI patients’ rose 16.6%. Relative to
controls, AD cohort RAD increased by 29.5%, while it rose by 19% among the MCI
cohort. FA values among cognitively impaired patients were significantly reduced, 11.6%
among MCI patients and 18.6% in the AD cohort. Measures of AxD increased among
MCI (8.6%) and AD (13.9%) patients relative to controls, but only met statistical

significance in the AD patient group.

25



DTI in Optic Tracts

Within the optic tract, DTI changes among AD and MCI patients (relative to controls)
followed similar patterns to that of the optic nerve. MCI and AD patient cohorts showed
consistent reductions in FA, and increases in TR, AXD and RAD. Among AD patients,
mean TR, AxD and RAD were increased by 12.3%, 6.9% and 18.9% respectively. Mean
FA was reduced by 8.2%, relative to controls. MCI patient group differences followed
similar trends, with increases in TR (5.9%) and RAD (11.6%). Mean FA among MCI
patients was reduced by 6.1%. These changes between groups, while trending in similar
directions as the AD group, did not meet statistical significance either via ANOVA, or

with use of Tukey’s post-hoc tests.

DTI in Corpus Callosum

The splenium of the corpus callosum exhibited DTI changes consistent with what was
seen in the visual white matter tracts. The splenium in our MCI and AD patient cohorts
had significant changes in FA, TR and RAD values vs. controls. Mean FA was reduced in
these cohorts by 5.2% in MCI patients (p<0.01) and 5.2% in AD patients (p<0.001). TR
increased among MCI (5.8%, p<0.05) and AD (8.7%, p<0.01) patients as well as
measures of RAD, which increased by 20.6% in MCI (p<0.01) and 26.5% (p<0.001) in
AD cohorts. The AxD measure marginally increased in AD (1.7% increase) and MCI

(0.6%) without any significant change.
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Discussion

Our study demonstrates that the visual pathway from eye to the brain is affected during
the degeneration process in AD and MCI. Increases in TR, RAD and reductions in FA
were found within optic nerves among the AD and MCI cohort compared to a similarly
aged, gender-balanced control group. Similar, but less extensive changes were also seen
in the optic tract. These diffusional differences in the visual pathway mirror those in the
splenium of the corpus callosum, which has been shown in previous studies to be affected
during MCI and AD %, To the best of our knowledge, this is the first study to show DTI-
detected visual pathway injury in AD and MCI patients. Our findings raise the possibility
that damage within the visual white matter tracts may be responsible for visual deficits

experienced by AD patients.

Results from several studies have shown Alzheimer's patients perform poorly on low-
level measures of visual ability. These deficits have been demonstrated in tests of stereo
acuity, color discrimination, contrast sensitivity, visual processing speed and visual field
coverage *® 1*°_ AD patients also have a significantly slower pupillary light reflex as
compared to controls **°. Evidence from these studies showed clearly that visual
problems are widespread among AD patients and in some cases, correlate with the

severity of dementia **.

Atrophy or dysfunction within the primary visual cortex, while apparent in a small (~5%)

152

subset of patients =, may not fully account for the general visual problems experienced
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by AD patients. Evidence from in vivo imaging and post-mortem studies largely suggest
that the visual cortex is not heavily impacted during AD or MCI. MRI studies measuring
cortical thinning show relative sparing of the visual cortex grey matter from atrophy
during MCI and early onset AD **° *°_ Additionally, primary visual cortex glucose
metabolism activity is relatively preserved in AD subjects (in contrast to adjacent cortical
areas) as measured by [*®F] flurodeoxyglucose PET **%. These data correspond well with
autopsy studies showing the visual cortex to be relatively spared by neurofibrillary
tangles and AP plaque pathology ¥ ***. Visual deficits among AD patients are not easily
explained by visual cortex dysfunction, which may hint at other mechanisms that

contribute to the general visual problems that occur during AD.

Several pieces of evidence from histology studies, as well as recent in vivo imaging data
using optical coherence tomography (OCT) may help account for visual deficits in AD.
Studies examining retinas from post-mortem samples have found that RGC loss occurs
during the course of AD, and may be a feature of MCI. A study by Blanks, et. al. found a
25% total reduction among neurons in the ganglion cell layer in AD, compared to
controls ***. An additional histological study by Hinton et. al found similar reductions in
RGCs among AD patient retinas *°. The use of OCT has made non-invasive measures of
the ganglion cell layer in the retina possible **°. Several studies have utilized this
technique to quantify the retinal ganglion nerve fiber layer (RNFL) thickness in patients
with AD and MCI. Studies by Parisi et. al. and Paquet et. al. have used this technique and

independently shown reductions in RNFL thickness among AD patients as compared to
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similarly aged controls 2 **’_ Interestingly, data from Paquet et al demonstrated
cognitive decline-dependent reductions in RNFL thickness, with MCI, AD and severe
AD all showing progressively greater degrees of thinning *?°. These lines of evidence
demonstrate that cell bodies of optic nerves are lost during AD and MCI, and imply that
the degree of loss may correspond to disease severity. Furthermore, loss of cell bodies
may be concomitant with a loss of axons and associated myelin sheaths within the white

matter of the optic nerve and tract.

Use of DTI allows for interrogation of microstructural change within the white matter.
DTI metrics (TR, FA, AxD, RAD) are each sensitive to different features of white matter
pathology, making them ideal to study degeneration within the white matter 2 143143,
Studies using DTI in conjunction with histology have validated these associations by
using preclinical mouse models of myelin damage 2" > *°_ Specifically, cuperizone-
induced myelin loss led to reduced diffusion anisotropy and increases in RAD and TR **°.
Our previously used animal models of AD show that reduced diffusion anisotropy and
increased RAD appear during white matter degeneration, complete with axonal loss and
evidence of demyelination ***. An additional study using a rat model of glaucoma showed
similar diffusion changes in the optic nerve in response to induced RGC loss ™.
Research using human post-mortem brains found similar relationships between
histological determinations of myelin content, axon counts and reductions in FA as well

as increases in TR. These results indicate that reduced FA and increased TR are

associated with reductions in myelin and axon numbers **°. Although it is difficult to
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speculate on the potential condition of the optic nerves and tracts in our subject pool of
MCI and AD patients, collective evidence supports the possibility that our DTI results
reflect gradual axonal loss and myelin disruption in the visual pathway among our MCI

and AD patients.

Accumulating evidence suggests that the cognitive decline that defines MCI may stem
from the development of early AD pathology **. Recognizing the clinical presentation
and understanding the pathophysiological changes during the pre-dementia stage is
critical to develop a therapeutic strategy for AD. The formal classification of MCI has
been recently clarified to define a pre-dementia stage distinct from normal aging, when
patients suffer a decline in memory and cognitive faculties %. Relative to healthy
controls, MCI patients may present significantly lower levels of CSF A and higher
levels of PET amyloid-tracer uptake and binding, reflecting higher levels of accumulation
within the brain - a classic hallmark of AD ***. MCI cohorts also have significant changes
in other biomarkers that are associated with AD including CSF Tau/phopho-tau levels ***
160 - All these pieces of evidence support the idea that MCI represents an intermediate
state between AD and healthy aging. In addition to the changes in A and Tau, white
matter disruptions may also be present. We saw evidence for this in our study, with
increases in TR and RAD, and decreases in FA in the optic nerve and splenium of the
corpus callosum among the MCI patients. Our findings are in agreement with previously

reported studies suggesting white matter disruptions occur during this prodromal stage of

AD % \White matter is composed of axonal bundles and embeds the connectomic
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features of each individual. Disruption of these connections directly affects neural
networks, which may play an important role in causing the clinical presentations of MCI,

seen in memory decline and cognitive impairment **.

Many previous studies have leveraged DTI to identify sites of white matter damage in the
brains of AD and MCI patients *****, but these studies have largely ignored white matter
within the visual pathway. While this pathway makes up a large section of white matter,
it lies partially below the brain and is vulnerable to automatic exclusion by MRI pre-
processing tools, such as skull-stripping algorithms. The optic nerves are also quite
narrow, and their positions vary largely among individuals (see supplemental data)
making it challenging for voxel-based morphometry approaches to identify it. We also
attempted to apply fiber tracking algorithms to identify the whole extent of the visual
pathway, but never obtained satisfactory results. This is due in part to the extremely
narrow dimensions of the nerves, high angular turning of the fibers in some individuals,

crossing fibers in chiasm, and adjacency to various white matter tracts.

Our ROI approach yields reliable and accurate measurements of DTI in optic nerves and
tracts. The disadvantage was being more labor intensive and not measuring the whole
extent of the optic nerves and tracts. Despite its small size, the optic chiasm has a unique
“X” structure and can be easily identified on an axial brain image, which provides a
reliable landmark to guide the selection of optic nerves and tracts (Figure 1.5). To assure

correct selections of these regions, we always reviewed 10-12 contiguous coronal slices
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anterior and posterior to the chiasm. The left and right optic nerves would merge in the

chiasm, then split into left and right optic tracts.

One caveat to this study is the influence of partial volume effects, which reduce the
sensitivity of our measurements in characterizing injured nerves. Instead of selecting the
ROI on the axial/sagittal views of these nerves, we selected the ROI in the coronal view
to minimize the partial volume effect. Optic nerves and tracts are thin. Even with careful
ROI selection, partial volume effects could not be completed avoided. For future study,
we recommend DT]I scans with increased spatial resolution. We believe the trend would
be the same but should provide a better sensitivity to characterize abnormality of the

visual pathways in AD.

While the ADNI database does contain many more subjects than we analyzed, only a
subset of those underwent DTI. Within the datasets we have explored, there were 1,879
subjects recruited in the ADNI database, among which, 49 AD, 133 MCI and 66 controls
had DTI scans. Patients with blurry vision or glaucoma were excluded to avoid the
confounding factors to our analysis. We are using the maximum number of subjects

available, without a gender imbalance between groups.

In conclusion, white matter damage in AD as detected by DTI extends to the optic
pathway. Significant DTI changes including increases in TR and RAD, and decreases in

FA occur early in MCI cohorts. These changes also occur in AD cohorts, compared to

32



similarly aged, gender-matched controls. This finding may help contextualize OCT data

124,126

from several studies showing reductions in RGCs among AD patients and clinical

data demonstrating AD-associated visual deficits *3" 1.
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Group Demographic Information

Control MClI AD p value
N 30 30 29
Sex (M/F) 15/ 15 15/15 15/14
Age (yrs) 70.9 (5.4) 71.1(59) 72.1(7.2) 0.727
Education (yrs) 16.7 (2.7) 15.8(2.6) 16(2.5) 0.328
Body Mass Index 28 (4.3) 28 (5.5) 25.9(5) 0.184
Mini Mental State Exam 28.7(1.5) 27.3(1.9) 23.5(1.7) <0.0001
p value vs. Ctrl 0.0016 <0.0001
p value vs. MCI <0.0001

Mean (SD)

Table 1.1 Bold Numbers indicate significant p values (p<0.05). Group comparisons made with a non-
parametric Kruskal-Wallis analysis of variance (ANOVA), pair-wise comparisons made using post-hoc

Mann-Whitney U test
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DTI Measures from Control, MCl and AD Cohorts

Control MClI AD One-way ANOVA
M ean (SD) M ean (SD) M ean (SD) p value
ON FA 0.43 (0.06) 0.38 (0.08) 0.35 (0.07) 0.0005
ON TR 4.09 (0.72) 4.77 (0.96) 5.09 (0.90) 0.0001
ON AxD 2.09 (0.33) 2.27 (0.36) 2.38 (0.36) 0.0112
ON RAD 1.05(0.24) 1.25 (0.32) 1.36 (0.28) 0.0004
OTFA 0.49 (0.09) 0.46 (0.09) 0.45 (0.09) 0.0946
OT TR 4.07 (0.97) 4.31 (0.97) 4.57 (1.34) 0.2288
OT AxD 2.16 (0.41) 2.20 (0.36) 2.31 (0.53) 0.4169
OT RAD 0.95 (0.29) 1.06 (0.31) 1.13 (0.41) 0.1449
CCFA 0.77 (0.03) 0.73 (0.14) 0.73 (0.05) 0.0001
CCTR 2.42 (0.15) 2.56 (0.44) 2.63 (0.27) 0.0065
CC AxD 1.75 (0.10) 1.74 (0.28) 1.78 (0.12) 0.4128
CC RAD 0.34 (0.05) 0.41 (0.10) 0.43 (0.09) <0.0001

Table 1.2 Abbreviations: ON = optic nerve; OT = optic tract; CC = splenium of the corpus callosum
TR, AxD, RAD measures in units of 10° mm?/sec. Bold numbers indicate significant p values
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Figure 1.3 The Optic Nerve ROI A. T1 anatomical scan shows the region of the optic nerve ROl in
coronal section. The rectangle was expanded (B) with corresponding FA map (with interpolation, C and
without, D). Optic nerves identified with arrows, with selected ROIs (comprising 2-3 voxels on each side)
outlined in blue. E. Upper row shows the optic chiasm (arrows) in FA, A3 and T1 section before it splits
into two optic nerves in the next slice (lower row)
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Figure 1.4. Optic Tract ROl A. T1 anatomical scan shows the region of the optic tract (A). The green
rectangle was expanded in (B), with the registered FA map (C,D) where the optic tract is identified with
arrows and selected ROIs outlined in blue.

Figure 1.5 ON and OT ROls in axial section A. Axial T1 section showing the optic nerve (blue arrows)
and optic tract (red arrows) separated by the optic chiasm (dotted line). B. FA map showing the position of
the optic nerve ROI (green rectangles) in axial section. C. Optic tract ROl shown on FA map in axial
section.
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Figure 1.6 A. Splenium of the corpus callosum ROI. The corpus callosum is easily identified with a
saggital T1 image (A) and DTI (B). The splenium ROl is outlined in blue.
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Figure 1.7. Optic Nerve DTI Measures. Optic nerves from AD and MCI patients show significant
changes in FA, TR and RAD versus healthy controls. Data-points shown with overlapping mean +SD.
Statistical tests between groups performed with Tukey’s post-hoc test after one-way ANOVA (*, p<0.05;

**% 1<0.0001)
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Figure 1.8. Optic Tract DTI Measures. Optic tract measures showed trends toward reductions in FA
among AD patients, as well as increases in TR and RAD.
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Figure 1.9 Splenium of the corpus callosum DTI Measures. DTI Measures of the splenium

show significant differences in diffusional metrics between control, MCI and AD patients cohorts.

Patients with AD and MCI have significant increases in TR and RAD, and significant reductions
in FA vs. healthy controls. Statistical tests between groups performed with Tukey’s post-hoc test

after one- way ANOVA (*, p<0.05; **, p<0.01; *** p<0.001)
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Chapter I1:

Anterograde-propagation of axonal degeneration in the visual system of WIdS mice
characterized by DTI.

Abstract

Purpose: To evaluate the feasibility of using Diffusion Tensor Imaging (DTI) to
characterize the temporospatial profile of axonal degeneration and its relation to blood-
brain-barrier (BBB) permeability.

Materials and Methods: Longitudinal DTI was performed in Wallerian degeneration
slow (WIdS) mice following retinal ischemia. In parallel, Gadolinium (Gd)-enhanced T1-
weighted imaging (Gd-T1WI) was performed to evaluate BBB permeability in white
matter during axonal degeneration. To confirm the in vivo findings,
immunohistochemistry using SMI-31 and MBP was performed to examine the axons and
myelin, respectively, and Evans Blue was used to evaluate the permeability of the BBB.
Results: Reduced axial diffusivity was found in the optic nerve (ON, -15%, p=0.0063)
one week and optic tact (OT, -18%, p=0.0077) two weeks after retinal ischemia, which
were respectively associated with an 11% (p=0.0116) and 25% (p=0.0001) axonal loss.
Increased radial diffusivity was found 1-2 weeks after the co-located decrease of axial
diffusivity (35% increase, p = 0.0388 in the ON at week 2 and an 80% increase, p =
0.0015 in the OT at week 4). No significant changes were observed using Gd-T1WI (p =
0.13 - 0.75), although an approximately 1-fold increase in Evans blue staining intensity
was found in the injured ON and OT starting one week after retinal ischemia.
Conclusions: We demonstrate the utility of DTI to characterize anterograde-propagating

axonal degeneration through the ON and OT following retinal damage. Evans blue
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staining revealed serum albumin accumulation at injured sites, though there was no BBB

leakage detectable using Gd-T1WI.

Introduction

Axonal degeneration is a common feature of many neurological diseases ‘%% 1%, Damage
to neuronal cell bodies or axons may trigger axonal degeneration, which can precipitate
secondary degeneration along axons toward remote sites. Distinct patterns of
degeneration exist and may depend upon the types of nerve fibers and initial causes of
damage 4% Use of non-invasive tools to characterize patterns of degeneration in

disease may provide useful insights into disease course and pathogenesis.

Diffusion Tensor Imaging (DT]) is a clinically available imaging tool, which is sensitive
to white matter disruption, including damage to axons 2> **’. Although several studies

198171 ‘most studies were conducted in

have used DTI to characterize axonal degeneration
humans, with a lack of histological data to confirm the in vivo findings. Furthermore, no
studies have systematically collected data from multiple locations along fiber tracts
during degeneration, making it difficult to derive a spatial profile of axonal degeneration.
It is therefore critical to utilize animal models, with histological follow-up, to evaluate

the feasibility of using DTI to characterize the temporospatial profile of axonal

degeneration.
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Among neurological diseases, axonal degeneration in Multiple Sclerosis (MS) is
especially critical, as it may lead to permanent disability of patients who initially were in
the Relapsing-Remitting status . In MS, gadolinium (Gd)-enhanced T1-Weighted
Magnetic Resonance Imaging (Gd-T1WI) is routinely used to detect inflammation 3"
However, focal inflammatory damage in white matter may trigger axonal degeneration,
which can spread degenerating lesions to remote sites in the brain ®*8. It is not certain
whether the BBB remains intact in regions remote from initial inflammation, considering
that cellular debris removal and pro-inflammatory cytokine release may occur as a result
of local axonal degeneration ™ ¥ Although studies support the idea that white matter
with axonal degeneration does not show enhancement on Gd-T1WI % ¥ data with
supportive evidence are limited. It is therefore of interest to use an animal model to
explore the changes in BBB permeability using Gd-T1WI in parallel with DTI during
white matter axonal degeneration. The purpose of this study is to evaluate the feasibility

of using DTI to characterize the temporospatial profile of axonal degeneration and to

understand its relation to BBB permeability.

Materials and Methods

Animal groups and treatment methods

This study was conducted in accordance with National Institutes of Health guidelines and
Statement for the Use of Animals in Ophthalmic and Visual Research, and was approved

by the Institutional Animal Care and Use Committee.
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Twenty-eight 8-week-old female Slow Wallerian Degeneration (WIdS) mice were used.
Transient retinal ischemia was performed on the right eye of each mouse. The detailed
procedure was described previously % ?" 183 18 |n brief, animals were anesthetized by
1.5% isoflurane/oxygen using an isoflurane vaporizer (Vet Equip, Pleasanton, CA). The
body temperature was maintained using an electric heating pad under a dissecting
microscope. A 30 Gauge needle was connected to a saline reservoir hung 1.5 m above the
operating table. This needle was inserted into the vitreous space of the right eye for one

hour. The left eyes were left intact to serve as the internal control for each animal.

MRI-DTI

Seven mice were used for longitudinal DTI evaluation. Imaging was performed 3 days
and 1, 2, and 4 weeks after retina ischemia. Animals were anesthetized using 1.5%
isoflurane/oxygen using an isoflurane vaporizer (Vet Equip, Pleasanton, CA). Core body
temperature was maintained by a circulating warm water pad. The mouse was placed in a
holder to immobilize the head. A 7-cm inner volume coil was used as a transmitter coil
and a 1.5-cm inner diameter surface coil was used as a receiver to collect data on a

Bruker BioSpec 4.7T small animal MRI instrument.

Spin-echo DTI was performed with repetition time (TR) 2 s, echo time (TE) 29 ms, time
between gradients (A) 20 ms, gradient duration (8) 3 ms, and six-direction diffusion
scheme with b-values of 0 and 0.85 ms/um?. Field of view was 1.5 cm x 1.5 cm, and the

matrix of 128 x 128 was zero-filled to 256 x 256. Thirteen contiguous slices with 0.5 mm
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thickness were collected to cover optic nerves and tracts **’. Data were collected three
times. An ordinary-least-squares method was used to derive tensors on a voxel-by-voxel
basis using software written in Matlab (MathWorks, Natick, MA, USA) ®. The
eigenvalues (A1, A2, and A3) of diffusion tensors were used to calculate axial diffusivity
(AXD), radial diffusivity (RAD), relative anisotropy (RA), and trace of the diffusion

tensor (TR) defined by the following equations:

TR=A+ Ao+ g [1]

AXD =)y [2]

RAD =0.5 x (7\,2 + 7\,3) [3]

A~ - T3+ (1, - Tr3)P +(1 - Tr3) -
V3 (Tr/3)

Gd-T1WI

Omniscan (gadodiamide, GE Healthcare) was mixed with Saline (Lactated Ringer's
Injection, USP) and Heparin (Heparin Sodium Injection, USP) in a 1:2.5:2.5 ratio. A
triple dosage of Gd solution (0.3 mmol/kg or ~ 90 ul injection for a 25 g mouse) was
injected via a tail vein. At one and four weeks following retinal ischemia, seven mice
were anesthetized and placed in a holder to immobilize the head. The 4.7 T MRI, which
was used for DTI collection, was not available for use, so a 3-cm volume coil was used to
collect data in a Bruker 11.7T small animal MRI instrument. T1 weighted images
(T1WIs) were collected using a spin-echo sequence with TR 500 ms and TE 14.5 ms.

Nine contiguous slices were gathered with slice thickness of 0.75 mm to cover the left
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and right optic nerves and tracts. Field of view was 1.5 cm x 1.5 cm, and the matrix of
128 x 128 was zero-filled to 256 x 256. T1WIs were acquired before and 5 minutes after
the Gd injection. In addition to T1WIs, a T2-weighted Rapid Acquisition with Refocused
Echoes (RARE) with TR 1s, echo train 4, and effective TE of 28 ms were collected with

geometric parameters matching T1WIs to provide images to visualize the ON and OT *%.

Regions of Interest (ROI) Analysis

From our DTI data, regions of interest (ROIs) including the ON and OT were selected
manually using RA and RAD maps. The ON and OT appear bright on RA and dark on
RAD in comparison to neighboring CSF and grey matter. In both healthy and injured
conditions, the intensity contrast remained suitable for ROI selections (Figure 2.1). For
Gd-T1IWI measurements, selections were performed using RARE images collected
immediately prior to the Gd-T1WI scan. Using RARE images, white matter from the ON
and OT was identified based on intensity contrast, with white matter appearing darker
than surrounding grey matter and CSF. For each ROI, only the central portion of the ON
and OT was selected. For the ON, ROIs were selected from the central 2x2 - 3x3 portion
of voxels. Each ON measurement is composed of selections from two contiguous slices.
For the OT, the central 25-30 voxels were selected. ROI analysis was performed in a
blind fashion by J. Mei and C. Nishioka; both have more than 3 years of experience in

mouse brain imaging 44 18> 187,
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Evans Blue Assessments

Mice 1, 2, and 4 weeks after retinal ischemia (N = 7) received a tail vein injection at a
dosage of 1 mL/Kg of 2% Evans Blue tracer (E-2129, Sigma, St. Louis, MO) dissolved in
normal saline. One hour after the injection, animals were anesthetized and transcardially
perfused with PBS followed by formalin. The brains were quickly removed, post-fixed
for 1 hour then sunk in 30% sucrose. Brain blocks were snap-frozen in dry ice. For each
mouse brain, 2-mm blocks anterior and posterior to Bregma were cut for sections of optic
nerve and optic tracts, respectively. Cryostat sections with 20-um thickness were
prepared for fluorescent microscopy. An Olympus FluoView Confocal microscope with
laser wavelength of 620 nm was used to examine the brain sections. The Evans Blue

extravasation was quantified by measuring signal intensity using ImageJ software.

Immunohistochemistry of SMI1-31, MBP and Ibal

A 4-mm-thick coronal section (-1 to +3 mm of Bregma) was obtained from each brain
and embedded in paraffin. The integrity of axons was evaluated using a primary antibody
against phosphorylated neurofilament (pNF, SMI-31, 1:1000; Sternberger Monoclonals,
Lutherville, Maryland), and myelin integrity was assessed with a primary antibody
against myelin basic protein (MBP, 1:250; Zymed Laboratories Inc., South San
Francisco, CA) at 4°C overnight *°. Following three 5 minute washes in PBS, sections
were incubated in fluorescent secondary antibodies for one hour at room temperature
(1:200, anti-mouse conjugated to Alexa 488 for SMI-31, 1:200, anti-rabbit conjugated to

Texas red for MBP; Molecular Probes). The ionized calcium-binding adapter molecule 1

47



(Ibal) was used to evaluate macrophages / microglia. Brain slices were cut on a
microtome at 5uM. Sections were incubated with primary antibody (Wako Rabbit anti-
Ibal, 0.25 ug/mL) overnight at room temperature. Sections were then washed with PBS,
and incubated in biotinylated secondary antibody (Vector) for 30 minutes. Sections were
then washed, and incubated in strepavadin-HRP (Vector) for 30 minutes. After washing,

sections were developed with DAB substrate.

Histological sections were examined using an Olympus Fluoview Confocal Microscope
equipped with a 60% oil objective by H. Liang, who has more than 5 years of experience
of microscopic imaging **’. Under a microscope, images were taken from the central
portions of the left and right ON and OT respectively. The positively labeled axons were

counted through the central 100 x 100 um? region.

Statistical Analysis

Data are presented as mean + standard deviation. Changes in diffusion metrics and Evan's
blue staining were computed by calculating the diffusional asymmetry (injured side, left
ON and right OT divided by the contralateral control side). Comparisons between
asymmetry metrics were performed using a one-way analysis of variance (ANOVA)
followed by a post-hoc Dunnett's test to compare each timepoint to baseline (day 0)
measures. Immunohistochemistry comparing axon/myelin/lbal staining and Gd-

enhancement data between injured and control ONs/OTs were performed using a
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student's t-test. Data analysis was conducted using Prism Graphpad. p < 0.05 was

considered to be statistically significant.

Results

In vivo DTI Findings

The ROI measurements from the ON and OT after retinal ischemia are summarized in
Figure 2.2B. In the ON, AxD asymmetry measures gradually decreased across the time-
course, reflecting reductions in AxD in the injured nerve, relative to the control side.
Asymmetry at baseline (1.05) decreased by 19% after one week (0.849, ns), 25% after
two weeks (0.784, p<0.01), 35% after three weeks (0.685, p<0.001), eventually reaching
a 32% reduction (0.714, p<0.001) after four weeks. The changes in AXD were delayed in
the OT, relative to the ON. Changes in OT AxD asymmetry were significant beginning
after three weeks with a 22% reduction relative to baseline (0.756, p<0.01), with a similar

23% reduction after four weeks (0.743, p<0.01).

Significant increases in RAD asymmetry, reflecting increases in diffusion within injured
nerves were found one week after the co-located decrease of AxD. In the ON, RAD did
not show significant increases versus baseline asymmetry (1.01) until three weeks after
retinal ischemia (1.86, p<0.05). Similar magnitudes of change were observed after four
weeks (1.80) though they were not statistically significant. In the OT, RAD asymmetry

increases reached statistical significant after four weeks (1.86, p<0.05)
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Significant reductions in RA asymmetry in the ON and OT were also observed, with
reductions versus baseline measures (1.01) in the ON after two (0.86, p<0.05), three
(0.757, p<0.001) and four (0.76, p<0.001) weeks. In contrast to the ON, significant

changes in OT RA asymmetry were only significant after four weeks (0.701, p<0.01).

Reductions in TR asymmetry were also apparent in this model. Relative to baseline
asymmetry (1.11), significant reductions were apparent after one week (0.87, p<0.05) and
again at each subsequent timepoint after 2 (0.86, p<0.05), 3 (0.82, p<0.01) and 4 (0.86,
p<0.05) weeks. Relative to the ON, changes in OT asymmetry versus baseline (0.992)

were only significant after three weeks (0.86, p<0.05).

Immunohistochemistry of SM1-31 and MBP

The immunohistochemical examination using SMI-31 showed that axonal density was
reduced by 11% (p = 0.0116), 23% (p = 0.0003), and 41% (p = 0.0013) in the injured ON
at one, two, and four weeks after retinal ischemia, respectively. In the OT, axonal density
was not changed after one week, but was reduced by 9% (p = 0.0056) and 39% (p =
0.0091) at two and four weeks after retinal ischemia (Figure 2.3). The
immunohistochemical examinations using MBP showed no significant changes in the ON
and OT before one and two weeks after retinal ischemia, but showed ~30% reduction (p
= 0.0001 in ON and p = 0.0086 in OT) of myelinated axon counts in both regions of

WIdS mice four weeks after retinal ischemia (Figure 2.4).
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Gd-T1wWI

There was no noticeable signal enhancement in the brain after Gd-T1WI at any time point
after retinal ischemia (Figure 2.5). Our ROI analysis found no changes in enhancement
within the injured ON and OT, compared to controls. Outside the brain, noticeable
enhancement was present in several regions, including the pharyngeal wall, which
showed a 4 — 6 -fold increase (p = 0.0001) in signal enhancement (Figure 2.5c).

Evans Blue staining

As shown in Figure 2.6, the injured ON and OT showed a 1 — 2 -fold increase in staining
intensity compared to controls beginning one week after retinal ischemia. These
differences were statistically significant in the damaged ON at 2 weeks and damaged OT
at 1 and 2 weeks after retinal ischemia.

Ibal

As shown in Figure 2.7, slightly enhanced coverage of Ibal was found in the injured ON
and OT two weeks after retinal ischemia. This elevation of Ibal reached significance (~

4-fold increase) after four weeks in both the ON and OT.

Discussion

Decreases in AxD followed by increases in RAD have been reported to detect axonal and
myelin damage in white matter with axonal degeneration 2> *# 8 Using WIdS mice, we
observe the same DTI alterations in ON and OT after retinal ischemia. The damage to
axons followed by co-located myelin loss were detected by DTI and confirmed by

histology. This pattern of observed DTI changes reveals the temporal evolution of
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pathology during and following acute axonal degeneration. The same array of DTI
changes have also been reported in humans during Wallerian degeneration °®'"

suggesting some commonalities in axonal degeneration across diseases and species.

In addition to characterizing the temporal evolution of axonal degeneration, it is also
important to understand its spatial evolution. Both ON and OT contain axons originating
from the same neurons in the retina. We have previously attempted to use DTI to track
degeneration in the ON and OT after retinal ischemia. Using wild type mice, we found
that both the ON and OT exhibited axonal disruption concurrently three days after retinal
ischemia > ¥ 1 Thjs rapid degeneration did not allow us to differentiate the regional
variation between the ON and OT. This fast form of degeneration in mice may not reflect

the slower process of axonal degeneration in the human CNS *6° 189

In our experiment using WIdS mice, the axonal damage in the OT (the distal portion of
RGC axons) was detected after axonal damage in the ON (a proximal portion of RGC
axons), suggesting an anterograde degeneration process propagating from cell bodies
toward the axonal terminals. Several previous studies have attempted to characterize the
spatial-temporal profile of axonal degeneration. In vitro work by George et. al. examined
granular disintegration of the cytoskeleton in a rat dorsal radiculotomy model and
estimated a degeneration speed of ~ 3 mm/hr along axons emanating from the initial
damage sites '®°. Data by Oztiirk et. al. supports the idea that there are distinct axonal

degeneration patterns, either with fragmentation or retraction steps during dying-back
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degeneration. These patterns were related to the survival or death of the neuronal cells ***.

As such, different spatial patterns of axonal degeneration may represent pathways critical
to neuronal fate in neurodegenerative conditions. Our study does not intend to predict
axonal degeneration rates in humans based on our animal data. Instead, our study
illustrates the possibility of using longitudinal DTl to characterize ongoing axonal
degeneration and to differentiate subtypes of neurodegenerative conditions. This
characterization may allow for differentiation from occurrences of 'dying back’
degeneration, which has been implicated in several diseases including Amyotrophic

Lateral Sclerosis (ALS) %,

In MS, Gd-T1WI is routinely used to detect active inflammatory lesions. While focal
damage can precipitate axonal degeneration towards remote brain areas, white matter
with axonal degeneration is generally considered to appear normal without enhancement
on Gd-T1WI 818 Ag predicted, we found no visible enhancement within the injured
ON and OT after retinal ischemia. However, when the tissue was examined using Evans
Blue, higher signal was observed, suggesting an infiltration and accumulation of serum
albumin into the damaged white matter. To explain this, we note that several studies have
confirmed that extensive inflammatory activities exist in damaged white matter without
causing enhancement on Gd-T1WI %% Albumin is long known to be one of the acute-
phase proteins in response to inflammation . As its key functions involve wound
healing '**, we speculate that albumin may be transported into the injured sites for tissue

repair.
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Previous studies have suggested that microglia/macrophage activity in axonal
degeneration within the CNS is delayed compared to degeneration in the peripheral
nervous system (PNS) % 182 1% As such, the delayed microglia/macrophage activity in
our study was not a surprise. It is noted that even when significant microglia/macrophage
activity was detected at the final time point, there was still no BBB leakage detectable by
Gd-T1WI. Our data supports the view that BBB permeability remains low in white matter
with extensive axonal degeneration and inflammation. According to our results, it seems
likely that Gd-T1W!I can specifically detect initial autoimmune lesions in MS without

confounding factors from secondary axonal degeneration.

While our study demonstrates the capability of DTI to characterize the temporospatial
profile of axonal degeneration, limitations must be considered before generalizing our
results to other models systems and human disease. Our study was conducted using WIdS
mice, which show delayed axonal degeneration ° **. This form of degeneration is more
gradual than the rapid process in wild type mice and may reflect different underlying
mechanisms. Considerations of our procedure are also relevant to interpreting the results.
Within our experimental procedure, ROI selections were made by two experienced
operators manually. Studies using more objective approaches, such as automatic white
matter segmentation '°", as well as with a larger amount of samples, may provide data to
better describe the temporospatial profiles of degeneration. Further research is required
for understanding to what degree our findings can be generalized to other white matter

pathways in wild type mice and in conditions of human disease.
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In conclusion, using longitudinal DTI on ON and OT of mice after retinal ischemia,
decreased AxD followed by increased RAD were observed and these changes were
associated with the axonal damage followed by myelin loss. The early ON damage
followed by OT damage shows the spatial evolution of axonal degeneration that
propagates from cell bodies to distal axonal terminals. Injured white matter within the
ON and OT appear normal on Gd-T1WI, which is consistent with clinical findings in MS.
While the BBB remains tight, infiltration and accumulation of albumin detectable by

Evans Blue suggests an early inflammatory response in the degenerating nerves.
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Optic Tract L R L R L R L R

Figure 2.1 DTI maps of ON and OT in mice after retinal ischemia Individual metrics are pseudocolored
to show relative differences between the injured and control tracts. The injured ON is on the left, indicated
by dashed boxes, with corresponding control ON to the right. The majority of RGC axons cross the chiasm
and project into the opposite hemisphere of the brain, so the right side of the OT is injured (all OTs shown
by white and black arrows). Longitudinal changes first appear in the ON after 1-2 weeks by relative
reductions in TR, AxD and RA within injured nerves. Later alterations in the OT by reductions in RA, TR
AxD and RAD manifest after 4 weeks. TR, AxD and RAD measures in units of 10 mm?s.
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Figure 2.2 DTI asymmetry metrics from the ON and OT in mice after retinal ischemia The top panel
(A) shows an example of ROI selections from the ON and OT on RA and RAD maps. ROIs were selected
in the central portion of ON and OT using synchronized tracing on RA and RAD maps. The bottom panel
(B) shows a summary of the measurements. The injured ON and OT showed gradual decreases in AxD ,
RA and TR asymmetry and gradual increases in RAD asymmetry relative to baseline measures (day 0
measures, d0, shaded bars). The significant changes in DTI asymmetry occur 1 — 2 weeks before changes
manifest in the OT. The “*” indicates significant differences at p < 0.05, compared with baseline
measurements of asymmetry.
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Figure 2.3 SMI-31 immunohistochemistry in the ON and OT after retinal ischemia The density of
SMI-31 positive axons (axon counts in 100x100 pm?) is summarized in the bar graphs (right, N = 7). The
“*” indicates significant changes (p < 0.05). The right ON and left OT showed degeneration as gradual loss
of SMI-31 axon counts, examined at 1, 2, and 4 weeks after retinal ischemia. The loss of axons was
significant in the ON beginning at week 1, but gained significance in the OT after two weeks.

Control 1 week 2 week 4 week  25pm
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Figure 2.4 MBP immunohistochemistry in ON and OT after retinal ischemia The density of MBP
positive axons (axon counts in 100x100 um?) is summarized in bar graphs. The “*” indicates significant
changes (p < 0.05). Both ON and OT showed significant myelin loss four weeks after retinal ischemia.
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Figure 2.5 Gd-T1W!I of mice after retinal ischemia Panel A shows examples of RARE images, which
provide contrast between grey matter, white matter, and CSF, allowing identification of the ON and OT.
Panel B shows examples of TIWI images before and after Gd injection. Pictures 1 and 2 show pre-Gd T1
ON and OT, with 3 and 4 showing the regions post-Gd-T1. There is no significant enhancement in the
brain, including either in the ON or OT (c). Noticeable enhancement was found in several regions outside
the brain, including the pharyngeal wall, which showed a 4 — 6 -fold enhancement over baseline (Ph, green
bar). “*” indicates significance at p<0.05.
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Figure 2.6 Evans blue staining (a - f) of the ON and OT after retinal ischemia Evans blue dye detects
the presence of albumin. The injured ON (yellow arrows in a and b) and injured OT (yellow arrows in ¢
and e) showed stronger signal than the contralateral ON (blue arrows in a and b) and OT (blue arrows in d
and f), respectively. The signal intensity analysis (g) showed increased signal in the injured ON and OT
beginning one week after retinal ischemia. The "*" indicates significant at p < 0.05, compared to controls.
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Figure 2.7 Ibal staining in ON and OT after retinal ischemia The percent area of Ibal positive

microglia is summarized in bar graphs (right). The “*” indicates significant changes at p < 0.05. Both ON
and OT showed significant increases in Ibal staining four weeks after retinal ischemia.
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Chapter I1I:
Sequential phases of RGC axonal and somatic injury in EAE mice examined using
DTl and OCT

Abstract
Purpose: Clinical imaging modalities including Optical Coherence Tomography (OCT)
and Diffusion Tensor Imaging (DTI) are vital in Multiple Sclerosis (MS), but their
relationships during the different phases of Retinal ganglion cell (RGC) degeneration are
not clear. We hypothesize that initial injury in optic nerve (ON) causes axonal
degeneration leading to RGC loss in retina, which can be characterized by combination of
DTl and OCT. Our objective was to analyze the correlation between noninvasive and
histological data to chronicle the degeneration profile of RGCs in the retina and ON in a
mouse model of MS.
Materials and Methods: Experimental Autoimmune Encephalomyelitis (EAE) was
induced in 11 C57BI/6 mice, with 8 mice reserved as controls. Longitudinal OCT and
DTI was conducted 2-8 weeks after induction of EAE. The thickness of the retinal
ganglion cell complex (GCC) was measured using OCT and compared to DTI indices
measured in optic nerves. End-stage histology was used to quantify axon/myelin loss in
the optic nerve and retinal thinning / RGC loss in the retina.
Results: Significant changes in ON DTI-derived Axial Diffusivity (AxD, -17.2%) and
Trace Diffusivity (TR, -18.3%) began after 2 weeks of EAE. Later significant reductions
in Fractional Anisotropy and AxD, with increases in Radial Diffusion (RAD) were

apparent after 4 and 8 weeks. OCT-derived measures of GCC thickness were reduced
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after 4 weeks, and reached significant reduction after 8 weeks. Among EAE mice, DTI
(FA, AxD and RAD measures) and OCT measures were all significantly correlated in a
linear fashion after 4 and 8 weeks. Among histology measures, RGC density (-19%),
RGC size (-26%), and the number of SMI31+ axons (-54%) were reduced significantly.
DTI measures of FA and AxD along with GCC thinning were the best independent
predictors of axon loss.

Conclusions: DTl and OCT measures are tightly correlated during the chronic phase of
axonal degeneration (4-8 weeks) in EAE mice. After 8 weeks of EAE, both OCT and

DTI measures are strong predictors of axon loss in the Optic Nerve.

Introduction

Multiple Sclerosis (MS) is a chronic inflammatory disease characterized by
demyelination, axonal damage and neurodegeneration throughout the central nervous
system (CNS). Permanent clinical disability of MS is thought to result primarily from
cumulative axonal and neuronal losses **. Magnetic Resonance Imaging (MRI) is the
gold standard technique for the diagnosis of MS, but conventional (T1 and T2) imaging
methods are not specifically sensitive to axonal and neuronal losses. The inflammatory
lesions visible by MRI have variable outcomes in terms of long-lasting axonal damage. A
discord between imaging findings and clinical manifestation has been recognized and

new imaging tools are needed to better detect the underlying neurodegeneration in MS

199
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Among CNS white matter tracts, the Optic Nerve (ON) is a frequently affected site in
MS. Over 90% of MS patients present identifiable lesions in ON 2°*?°!, Diffusion tensor
imaging (DTI) is an imaging technique sensitive to white matter microstructure, allowing
greater sensitivity to underlying neurodegeneration at the tissue level. Metrics derived
from the DTI model have shown sensitivity to different neurodegenerative events in
white matter; increased radial diffusivity (RAD, diffusion across fibers) has been shown
to correspond to demyelination, while axonal damage leads to changes in axial diffusion
(AXD, diffusion along fibers) %1% 22 Axial diffusivity has been shown sensitivity to

203, 204
803,0

degrees of axonal loss in animal models of M and to predict visual outcomes in

human MS 2%,

Optical Coherence Tomography (OCT) is another relatively new technique that has
quickly gained acceptance in the field of MS 2%, Detectable retinal thinning occurs
during MS and is concentrated within the most superficial layers, containing RGC axons
(Retinal Nerve Fiber Layer, RNFL), cell bodies (Ganglion Cell Layer, GCL) and
dendrites (Inner Plexiform Layer, IPL) 2. Measurements of these changes in the eye
have been proposed as diagnostic markers for the rate of nerve injury and cell loss during
the disease %*°. Several clinical studies, including a long-term 4 year longitudinal study,

have linked changes in OCT-measured thinning to MRI-measured brain atrophy 2°°2%

209-211

and patient disability , suggesting that OCT may be a useful surrogate to measure

and track underlying neurodegeneration during the course of MS.
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Presumably, different imaging modalities have distinct sets of advantages (and
disadvantages) during different stages of axonal degeneration in MS. However, it is
presently unclear how these data relate to each other during the progressive
neurodegeneration that manifest during disease. A combination of DT1 and OCT data
may provide complementary information to characterize the progression of RGC
degeneration. In the present study, we utilized the Experimental Autoimmune
Encephalomyelitis (EAE) model to characterize changes in the afferent visual system
using DTI and OCT in a longitudinal manner. The underlying changes using these
modalities was compared during the disease course and evaluated in relation to ground
truth tissue histology. These results provide better understanding of DT1 and OCT data in
monitoring optic nerve degeneration, which provide new insights for improved clinical

management of MS.

Materials and Methods

Animal Preparation

This study was conducted in accordance with National Institutes of Health guidelines and
Statement for the Use of Animals in Ophthalmic and Visual Research, and was approved

by the Institutional Animal Care and Use Committee at Loma Linda University.

Experimental Autoimmune Encephalomyelitis (EAE) was induced in 11 female, twelve
week old C57B1/6 mice using 100ug Myelin oligodendrocyte glycoprotein (MOG),

emulsified in incomplete Freund's adjuvant (IFA). Pertussis toxin (200ng, Sigma) was
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injected IP on the day of immunization and three days post-immunization. Eight female
mice were reserved from treatment in the control group. Mice were graded every three
days to track disease activity on a clinical scale between 1-5 (Figure 3.1). Values ranged
from 0 (no symptoms), 1 (weak tail), 2 (hind limb weakness), 3 (unilateral hind limb
paralysis), 4 (bilateral hind limb paralysis) to 5 (death). OCT scans were acquired at
baseline, before immunization and then again after 2, 4 and 8 weeks after immunization
in the EAE and after 8 weeks in the control group. DTI scans from EAE mice were
acquired after 2 weeks (N=4, 8 ONs total), 4 (N=7, 14 ONs total) and 8 weeks (N=7, 14

ON:s total). Control mice were scanned after 8 weeks (N=8, 16 ONs total).

MRI acquisition, processing and Analysis

MRI acquisitions were collected using a Bruker 11.7T BioSpec small animal MRI
instrument with slice thickness 0.5mm, FOV of 1.5 x 1.5cm and matrix 128 x 128 (zero
filling to 256 x 256), TR 2.5s, TE 29ms, A20ms, 6 3ms and a 21-direction diffusion
scheme with b=0.85ms/um? and two non-diffusion weighted scans. Raw diffusion-

weighted images were processed using FSL (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FDT),

including steps for skull stripping and eddy current/motion correction using BET and
Eddy modules, respectively. Corrected image sets were then loaded into 3D Slicer, where
eigenvalues derived from the diffusion tensor were used to calculate AD, TR, RAD and
FA, defined by the following equations:

AxD =1y (@)

TR=X + 2+ Ag 2
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RAD = (A, + A3) * (1/2) ©)

ADC=TR/3 4)

FA = fJ(Al—ADC)2+(AZ—ADC)2+O\3 —ADC )2

A2 A543
Analysis of the optic nerve was carried out in coronal sections using procedures
previously described %2, In brief, optic nerves were selected based upon FA/RAD maps,
in which high FA and low RAD excluded the possibility of selecting neighboring CSF.
The central 3x3 portion of voxels through four sequential slices (N=36 voxels per ON)

were manually selected in each optic nerve by a blinded observer.

Optical Coherence Tomography acquisition and analysis

OCT imaging was performed using a BioOptigen Envisu C-Class. Our imaging protocol
collected data from a 1.6 x 1.6 mm region centered on the optic disc. The protocol used
1000A scans/B Scan, 100 B scans total. B scans 320um and 240um superior and inferior
to the optic disc (N=4 per eye) were selected for analysis. These regions were selected for
their consistent layer thickness characteristics. Images were processed and analyzed using
software created in Matlab (Natick, MA). The procedures are illustrated in Figure 3.2
Specifically, individual B scans were pre-processed by manually cropping retinal edges
and removing segments containing blood vessels along the RNFL surface (3.2a). A fitted
quadratic curve was then used to adjust individual A-scan positions to flatten the retina

(3.2b). With each straightened B scan, all A scan values were averaged, and the profile of
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intensity variation across of retina was plotted (3.2d, 3.2e). All scans were manually
reviewed by a blinded observer to assure the straightness of each B scan after processing.
As shown in Figure 3.2e, the measurement of Ganglion cell complex (GCC) thickness
(composed of axons, soma and dendrites of RGCs) was made based upon the intensity
differences between retinal layers. Thickness was defined as the distance between retinal
nerve fiber layer (RNFL) peak intensity and the intermediate border between the inner
plexiform layer (IPL) maxima and the underlying Inner nuclear layer (INL) minima. The
reliability of our method was tested using three control mice (N=6 eyes), scanned every
week from 12-19 weeks of age (Figure 3.2f). These measurements revealed 1.17%

average thickness variation between each week.

Histology

All mice were sacrificed after 8 weeks of EAE. A subset were processed for use in
histology (N=7 EAE [14 ONs/Eyes], N=5 Control [10 ONs/Eyes]). Mice were
anesthetized and perfused with PBS and Hartman's fixative. After perfusion, tissues were
put into decalcification buffer for one week. Tissues were then sliced into 3mm-thick
sections and processed for paraffin embedding. Resulting paraffin blocks were then

sectioned at Sum for sections of optic nerve and retina.

Sections of optic nerve were immunostained for markers of healthy axons
(phosphorylated neurofilament, SMI-31) and myelin sheaths (Myelin basic protein,

MBP). Briefly, sections were deparaffinized, permeabilized in 0.3% Triton X-100,
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blocked in 3% NGS then incubated overnight in 1° antibodies. Sections were then
incubated in 2° antibodies for 1hr and mounted for imaging. Slides were imaged using a
Keyence fluorescence microscope using identical acquisition settings. In the ON, axon
numbers were measured using coronal sections through each nerve. Stained ONs were
imaged using a 40x objective, then analyzed using the threshold and analyze particles

segmentation functions in ImageJ.

Three central sections from each retina were selected for H&E staining. Stained sections
were analyzed using images acquired at 40x using ImageJ. Retinal sublayers were
measured at three locations within each retina, within 500um of the central portion of the
retina. RGC cell bodies were selected for morphological assessment of cross sectional
area (CSA). RGCs were selected for measurement every tenth cell body across the tissue

section.

Statistical Analysis

All statistical calculations were carried out in Prism 6.0. Comparisons of MRI and OCT
data between control, baseline, 2, 4 and 8 week EAE groups was performed using a one-
way ANOVA followed by post-hoc Tukey's test. Analysis of histology data comparing
control to EAE groups was done using an unpaired t-test. Correlation between MRI/OCT,
MRI/histology and OCT/histology datasets was performed using a Pearson's correlation

coefficient. All p values below p<0.05 were considered statistically significant.
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Results

EAE Mice

A record of clinical symptoms in the mice is shown in Figure 3.1 Mice began to show
clinical symptoms 10-12 days after immunization. These symptoms were present in all
mice after three weeks. The disease activity was chronic, with slowly increasing average

severity over eight weeks.

OCT Findings

Analysis of OCT scans from control and baseline EAE mice show an average GCC
thickness of 58.1+£2.2um. The mean thickness in the EAE group transiently increased
after 2 weeks of EAE, rising to 61.14+2.1um. Assessment after four weeks showed
average thickness was reduced to 55+4.2um (not significant). After eight weeks, average
thickness significantly decreased relative to baseline measurements, falling to 534+2.6pum

(p<0.01) (Figure 3.3).

OCT vs. retinal histology

Analysis of the retinal histology by H&E confirmed our OCT findings (Figure 3.4). The
RNFL/GCL layer thickness was reduced by 29% (p<0.0001), while the IPL was reduced
by 13.8%. Alterations to the ganglion cell layer were apparent in the EAE group, relative
to controls. Both RGC density (-19%, p<0.01) and RGC cross sectional area (-26%,
p<0.001) were both reduced significantly. Measurements from our 8 week OCT data

were significantly correlated with histology-derived findings (Figure 3.4). Total OCT-
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measured GCC thickness was significantly correlated with both histology measured
RNFL/GCL thickness (r = 0.46, p = 0.027), IPL thickness (r = 0.54, p = 0.007), RGC

density (r = 0.57, p = 0.004) and cross sectional area (r = 0.65, p = 0.0007).

Optic Nerve DTI Findings

As shown in Figure 3.5, after two weeks of EAE we found highly significant reductions
in ON TR (-18.3%, p<0.0001) and AxD (-17.2%, p<0.01), along with nonsignificant
reduction in RAD (-18.1%). After 4 weeks we found significant reductions in FA (-
28.6%, p<0.0001), AxD (-25.9%, p<0.0001) and increases in RAD (48.8%, p<0.001)
while TR showed no difference from controls. Similar changes were seen after 8 weeks,
with reductions in FA (-24.5%, p<0.0001), AxD (-16.0%, p<0.001) and increases in RAD

(54.3%, p<0.0001).

OCT-DTI Correlations

Contemporary DTI and OCT measures were compared at each timepoint; correlation
coefficients are shown in Figure 3.6. These associations were not significant in control
mice or EAE mice after two weeks of EAE. All significant correlations between OCT
and FA, AxD and RAD appeared after 4 or 8 weeks of EAE (Figure 3.6). Among all
mice, FA (r = 0.829), AxD (r = 0.467), TR (r=-0.4449) and RAD (r = -0.830) were
significantly correlated with OCT GCC thickness measures. In all cases, the relationship

between DTI and OCT measures were more highly correlated after 8wks than after 4wks.
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Optic Nerve Histology

Histology data confirmed our imaging findings, showing significant reductions in the
numbers of healthy axons (SMI-31+) and variable demyelination, shown by reductions in
MBP signal (Figure 3.7). Quantification of the staining data showed that EAE ONs had
an average 54% reduction (p<0.0001) in the number of SMI31+ axons at the time of
sacrifice, 8 weeks after induction of disease. The percent area occupied by MBP signal

within the ON fell by 18.2% (p<0.05) in the EAE mice cohort.

Comparisons of OCT and DTI to axonal histology

Comparisons between DTI, OCT and histology datasets were performed to understand
how each noninvasive measurement correlated with different degrees of axon loss
measured after 8 weeks of EAE (Figure 3.8). To make these comparisons, we used DTI
ON values measured at 4 and 8 weeks, OCT-measured GCC thicknesses (um) and GCC
thinning from each eye (OCT baseline — thickness). Correlational analysis reveals that
DTI and OCT measures from before sacrifice at 8 weeks are superior to predicting axon
numbers than earlier timepoints at 4 weeks. DTI measures of ON FA, AxD and RAD
were all significantly associated with axon counts. FA (r = 0.737, p = 0.0027) and AxD (r
=0.834, p = 0.0002) were the most highly correlated DTI metrics. Measures of GCC
thickness were non-significantly associated after 4 weeks and significantly associated at 8
weeks (r =0.728, p = 0.0031). This correlation was improved if percent thinning from
baseline was incorporated (r = 0.744, p = 0.0023 at 4 weeks, r = 0.879, p<0.0001 at 8

weeks).
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Measurements from our 8 week OCT data were significantly correlated with histology-
derived findings (Figure 3.4). Total OCT-measured GCC thickness was significantly
correlated with both histology measured RNFL/GCL thickness (r = 0.46, p = 0.027), IPL
thickness (r = 0.54, p = 0.007), RGC density (r = 0.57, p = 0.004) and cross sectional area

(r = 0.65, p = 0.0007).

Discussion

This study has made the first direct comparisons between co-evaluated OCT and DTI
metrics and histology-measures of axon loss and RGC damage in a longitudinal EAE
model. Four important findings are highlighted: 1) Early changes to DTI properties in ON
are detectable before OCT-detectable alterations to retinal thicknesses. 2) Gradual
reductions in GCC thickness detectable by OCT begin after four weeks, and are
associated with co-evaluated DTI-detected white matter integrity changes (FA, AxD and
RAD) in the ON. 3) Alterations in OCT-GCC thickness after EAE can be predominantly
accounted for by shrinkage within the RNFL/GCL sublayers. These changes include both
loss and shrinkage of RGC cell bodies. 4) After 8 weeks of EAE, both DTI and OCT
measures are highly predictive of the degree of axonal losses in the ON and RGC losses

in the retina by histology.

Collectively, OCT and DTI findings are highly correlated during the chronic phases of

disease, and both showed significant accuracy in detecting the degree of axonal
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degeneration in EAE. Our data support the use of these in vivo biomarkers for

longitudinal assessments during MS clinical management.

However, as our datasets are from mice, they need to be interpreted carefully. Compared
with human retinas, the superficial layers in mice (disproportionally affected during
EAE) are ~5x thinner, making accurate analysis challenging ** #*. Commercially
available tools which utilize layer segmentation algorithms are known to be sensitive to
noise and signal dropout #*°. These approaches frequently need to be reviewed manually
to correct segmentation errors 27, To overcome these challenges, we created a novel way
to analyze murine OCT data. We first generated an intensity profile from each B scan,
from which thickness of the GCC can be easily extracted, based upon differing signal
intensities (peaks and valleys) of each layer. Additionally, this method is tolerant to white
noise. The conversion process is equivalent to data averaging 100 times which increases
the signal-to-noise ratio of the original data ~ 10 times. As demonstrated in WT mice,

this measurement showed high consistency between weekly, repeated measurements.

Data from OCT findings reveal a sequence of events similar to what occurs in humans
after episodes of optic neuritis **® #*°. The acute increases in GCC retinal thickness was
found after 2 weeks of EAE, coincident with the onset of motor symptoms. This finding
is similar to data from clinical studies showing baseline swelling in 80% of eyes during
acute optic neuritis . This increase gave way to significant reductions in GCC retinal

thickness, which is typically detectable in humans after ~3 months, once swelling has
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resolved #*°. A recent study reported similar trends in GCC thickness among EAE mice,
which showed significant GCC swelling 11 days post-immunization, and significant

retinal thinning after 4 weeks %

. While the finding of acute swelling has been
inconsistently observed, reductions in GCC thickness has been documented in several
previous EAE studies at timepoints >30 days, reminiscent of the long-term retinal
thinning in MS patients °?*, We interpret these findings to suggest that the EAE model

has the same key events as human optic neuritis, albeit at a more rapid pace.

From the ON, DTI measures paralleled findings from human MS in several respects. The
findings of increased RAD with concomitant decreases in FA after 4 and 8 weeks are
consistent with long-term findings from MS patients, which show similar DTI changes in
ON even years after symptoms have resolved 2> %%, These changes in FA and RAD

225 and discriminate between

have also been shown to correspond with visual acuity
visual recovery groups after optic neuritis 2. These results suggest that the degree of
alterations in FA and RAD are reliable translational biomarkers of axon loss and may

provide useful correlates to functional change.

In contrast, acute reductions of AxD and TR are not universally reported in DTI findings
from EAE studies and MS patients. In our study, a significant initial reduction of AXD
and TR with a non-significant reduction in RAD were found starting 2 weeks after
disease induction. After four weeks this pattern diverged, with continual reduction in

AXxD, with increases in TR and RAD. Although the biophysical basis behind these
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diffusion changes are not clear, reductions in AxD and increases in RAD are thought to
be caused by axonal and myelin deficits, respectively **> %%, The acute diffusional
response within the ON is one of restriction (in AXD, RAD and TR), which may be
explained by axonal swelling. Axonal swelling is additionally suggested by the increases
in GCC thickness at this timepoint. Later increases in RAD and normalization of TR is
likely caused by demyelination 2®*°_ In our previous study using cuprizone-fed mice (a
selective oligodendrocye toxin), an early transient reduction of diffusion (in particular
prominent reduction of AxD) was also found, which occurred before increases of RAD
3 In two human studies, an initial reduction of AxD has also been observed as a
transient phenomena immediately after the onset of optic neuritis 22" % Within acute
demyelinating MS lesions, swollen axons with accumulations of APP are often found,
thought to be reflection of impaired axonal transport and a biomarker of injury #2° %,
During the earliest stages of inflammation in EAE, axonal homeostasis is likely
impaired, leading to accumulations of axonal cargos, swelling, and potentially reductions

in AxD detectable by DTI. Indeed, evidence from manganese-enhanced MRI suggests

axonal transport is impaired at the onset of optic neuritis in EAE mice *°.

Highly significant, linear relationships were observed between OCT and DTI (FA, AxD
and RAD) datasets four and eight weeks after EAE induction. These timepoints
correspond to chronic periods of inflammation, during active periods of axon and myelin
loss '8, The relationships between these two biomarkers have been assessed in MS

patients, though there is currently a lack of longitudinal data in the literature. Cross-
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sectional studies in remote optic neuritis have revealed significant relationships between
OCT-derived RNFL thickness and ON FA, AxD and RAD; though the strength of these
correlations vary considerably between studies ?** %% %32 A recent EAE study found
significant relations between ON AxXD/RAD changes and GCC thinning, though these
alterations were only significant among all mice (EAE + control) after 4 weeks. No
significant correlations were observed specifically in the EAE group, though this may be
explained by the limited number of mice examined. Our results compliment these data,
and illustrate the evolving, linear strength of OCT-DTI correlations during chronic ON

degeneration.

Our histological findings bolster results derived from OCT and DTI. In addition to the

well characterized axon and myelin loss in the ON %7 128.233

, we found noticeable
structural changes in the EAE mouse retina. This included the reductions in RNFL/GCL
layer thickness, which mirrored our OCT results. We did not find significant reductions
in IPL thickness, where the RGC dendrites and bipolar cell axon terminals synapse,
suggesting that this layer may be more resistant to atrophy. We also measured significant
RGC loss, which has been noted in several previous studies ?** % and RGC cell body
shrinkage, which has been noted in MS patients 2*°. The etiology of this morphological
change is not entirely clear, but may be related to the shrinkage seen in RGCs during

glaucoma and ON crush models 2"?°. Similar to EAE, both feature initial degeneration

of the ON, which precedes cell body atrophy. This atrophy is associated with changes in
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ion homeostasis and are an early step in the apoptosis cascade, preceding activation of

238, 241, 242
Bax .

As the soma and axons were simultaneously examined in this study, it provided a unique
opportunity to estimate and compare the compartmental variations in neurons affected by
EAE. Collectively, both OCT and DTI showed signs of damage as early as 2 weeks after
EAE induction (initial thickening of GCC on OCT and initial reduction of AXD on DTI),
which was coincident with the beginning of motor deficits in animals. Thus, the somas
and axons of RGCs may react during the earliest stages of demyelination. In contrast, at
later time points we found a significant discrepancy between the degree of axon loss vs
RGC loss. After 8 weeks of EAE, there was an average of >50% of axons lost in the ON,
while only ~20% loss of RGCs, suggesting a substantial delay may occur between the

loss of axons and subsequent loss of cell bodies 2*.

The correlations between in vivo biomarkers and neurodegeneration measures derived
from axon counts revealed close correlations between both DTI and OCT indices. Our
results suggest that among DTI measures, AXD (r = 0.83) and FA (r = 0.74) were the
most accurate surrogates, and perform similarly to total GCC thickness (r = 0.72). Our
data further suggest that OCT-axon loss correlations can be improved when a pre-

established baseline measurement can be utilized (r =0.88).
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When extrapolating these finding to clinical studies, there are several important
differences to keep in mind between human and mouse eyes. While OCT imaging
protocols in humans focus on regions around the fovea, mouse eyes to not contain a
fovea. Therefore, OCT alterations in human eyes may present with a larger magnitude of

thickness changes relative to axon loss, a topic remaining to be explored ***.

Conclusions

Our findings reveal the correlations between DTI and OCT measures between each other
and to the extent of axonal losses in the most commonly used animal model of MS.
Comparisons between OCT and DTI datasets reveal significant correlations between
OCT-derived thinning and DTI-derived AXD, RAD and FA after 4 and 8 weeks of EAE.
Measures derived from OCT and DTI both show high degrees of accuracy in detecting

the extent of axon losses in the ON after 8 weeks of EAE.
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Figure 3.1 EAE mice clinical scores EAE mice
began to show symptoms 10-12 days after disease
induction. The means and s.e.m. are shown from all
EAE mice (n=11)
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Figure 3.2 OCT Processing and Analysis a. Selected B scans were preprocessed by manually
removing segments containing vessels along the RNFL surface and trimming edges (white boxes) to
aid subsequent processing steps. b. Processed B scans were analyzed using MATLAB which fit the
surface of the RNFL/vitrius border (red) with a quadratic curve (blue). This curve was used to flatten
the retina by shifting individual A scans to a common reference level (c). d. Portion of an H&E
stained retina along with a section of flattened retina (rotated 90°) showing the correspondence
between individual layers. e. Profile plot showing the average grey values of individual layers in the
retina. The measurement of the GCC is shown in blue, extending from the peak RNFL value to the
middle boundary between IPL and underlying INL. f. GCC thickness measures (mean + SD) from 3
untreated, WT mice between 12-19 weeks of age.
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Figure 3.3 GCC thickness measurements in EAE mice a. En face OCT image and corresponding
data maps (N=17-18 B-scans/retina) showing the GCC thickness across the retina in a control and EAE
mouse. These maps illustrate the reductions in GCC thickness for a single mouse eye during EAE after
4 and 8 weeks. b. Total retinal thickness from GCC layers in control, baseline and EAE mice. Retinal
thicknesses were significantly reduced after 8 weeks of EAE. Right, individual data plotted as percent
reduction relative to baseline measurements. *, p<0.05; **, p<0.01
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Figure 3.4 Retinal histology from EAE mice a. H&E processed retinal section showing all layers.
Right, zoomed sections from control and EAE retinas showing the RNFL, GCL and IPL layers (GCC).
Black scale bars show 10pum. b. Quantification of Retinal histology reveals significant reductions in
both RNFL/GCL but not IPL thicknesses. RGC density and cross sectional area (CSA) is also reduced
in EAE retinas. Bottom, correlation between OCT-measured retinal GCC thickness and histology
measured thicknesses of individual layers, RGC density and CSA. **, p<0.01; ***, p<0.001; ****,

p<0.0001
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Figure 3.5 Optic Nerve DTI measurements Left, pseudocolored representative images showing the
diffusion changes in 8 week EAE mice relative to controls. Left and Right optic nerves are shown in
coronal section and indicated by white arrows in FA maps. Diffusion maps for TR, AxD and RAD are
shown in enlarged views below; ON ROIls are shown in black boxes. Right, quantified ON diffusion
changes across the time-course. **, p<0.01, ***, p<0.001, **** p<0.0001
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Figure 3.6 Relationship between ON DTI measures and OCT-derived GCC measurements Left,
scatter plots show the relationships between ON measurements and individual DTI metrics. Right,
Pearson r correlations are shown for groups at individual timepoints. Significant relationships (p<0.05)
shown in bold.
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Figure 3.7 Axon and myelin loss during EAE Left, axons and myelin labeled using SMI-31 (red) and
MBP (green). EAE optic nerves show widespread demyelination and axonal loss, relative to controls.

Right, quantification of axon and myelin loss. *, p<0.05; **** p<0.0001
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FA AxD TR

r p value r p value r p value

4Wk 0.6758 0.008 0.5881 0.027 -0.04963 0.8662

8Wk 0.7365 0.0027 0.8343 0.0002 -0.08213 0.7801
RAD GCC thickness GCC thinning

r p value r p value r p value

4Wk -0.5657 0.035 0.5163 0.0587 0.7437 0.0023

8Wk -0.595 0.0248 0.7283 0.0031 0.8793  <0.0001

Figure 3.8 Axon numbers correlated to noninvasive imaging biomarkers. DT1 measures (FA,
AXD, TR, RAD) and OCT derived-measures (GCC thickness and GCC thinning) and their correlation
to histology-measured axon counts. Measures from 4 and 8 weeks after induction of EAE.

88



Chapter IV:
Axonal transport impairment and its relationship with Diffusion Tensor Imaging
metrics: A Manganese Enhanced MRI (MEMRI) study in p301L tau mice

Abstract
Several prominent neurodegenerative disorders, including Alzheimer's disease, display
deficits in axonal transport, suggesting that axonal transport may play an important role
in disease pathophysiology. Identifying biomarkers of axonal transport disruption may be
crucial to study disease onset and progress. However, there are currently no clinically
available methods to assess axonal transport rate noninvasively. In this study, we tested
whether axonal transport, assessed using manganese-enhanced MRI (MEMRI), could be
related to alterations in diffusion tensor (DTI) metrics in the visual system aged p301L
tau mice. Derived from MEMRI, the manganese optic nerve accumulation rate (ONAR)
and superior colliculus accumulation rate (SCAR) were quantified and correlated with
DTI indices in optic nerves and tracts. Immunohistochemical labeling of axons (SMI-31),
myelin (MBP), and phospho-tau (AT8) were examined in tissues after imaging. ONAR
revealed significant (p<0.05) linear correlation with optic nerve trace diffusion (TR) r =
0.786 and radial diffusion (RAD) r = 0.711. Histology of the optic nerve revealed that
impaired axonal transport was associated with reductions in myelin content but not
axonal / tubulin density or phospho-tau pathology within the retina or optic nerve. Myelin
content also correlated strongly with DTI metrics TR and RAD. These results suggest
that diffusion tensor metrics may be sensitive to underlying structural alterations within

white matter that can signal differing rates of axonal transport.
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Introduction

Deficits in axonal transport are hypothesized to occur in a diverse set of
neurodegenerative diseases, including Alzheimer's Disease (AD) ®. These impairments
may begin very early in the disease process; data from AD mouse models have shown
evidence of transport impairments and axonal swellings that precede overt brain
pathology 2*>%*’. This has led to the suggestion that dysregulation of transport may be

integral to disease pathophysiology®.

Several techniques can be used to study axonal transport, including live imaging cell

248 injection/tracing of radiolabeled amino acids 2*® and

culture * and drosophila models
Manganese-enhanced MRI (MEMRI) %%, Of these, MEMRI has the unique ability to be
used in mammalian models, longitudinally in vivo. MEMRI takes advantage of the
chemical properties of Manganese (Mn?*) as a calcium analogue. Mn?* is taken up
through L-type voltage-gated Ca?* channels in neurons, packaged into vesicles and
transported down the axon using fast axonal transport®*2*2. As a paramagnetic ion, Mn?*
shortens T1 relaxation time and is visible as a hyperintensity in axon tracts using T1
weighted imaging (T1W1). Serially imaging these axon tracts and their targets allows for
dynamic measurements of vesicle movement and axonal transport. MEMRI can be
applied noninvasively by using the visual system, after Mn?* application to the eye *® or

in the olfactory system after intranasal gavage 2°. MEMRI has been used as a tool in

several animal models of AD to detect alterations in axonal transport %% %* These
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studies have helped to establish axonal transport impairments as a feature of AD.

Transport deficits have been detected in APP-overexpressing models ***

, mixed
APP/mutant-tau models * and pure tauopathy models **. Deficits appear to be age-

dependent in tau models, appearing at 6 months of age.

During AD, transport deficits have been heavily linked to tau. Indeed, in vitro evidence
suggests that AB-induced axonal transport deficits require WT tau * *®. During basal
conditions, tau is predominantly located in the axon, where it acts as a microtubule
stabilizing protein. In AD, tau becomes abnormally hyperphosphorylated, detaches from
microtubules and aggregates within neurons, primarily within the somatodendritic
compartment. Loss of tau function or deleterious gain-of-function may destabilize axonal
microtubule networks, which would compromise axonal transport. In support of this, tau
models exhibit increased turnover of microtubules, which are typically arrayed in stable
networks in WT mice %, Studies using microtuble-stabilizing drugs have shown
reductions in microtubule turnover *® as well as increases in axonal transport velocity in

tau models %% 1%°,

Transport deficits in AD have also been linked to the appearance of swollen axons 24" 2>
2% These swollen 'dystrophic' axons are frequently found in close association with
amyloid plaques 2*”. The swellings consist of accumulations of microtubule-associated

proteins, organelles and vesicles 2*’. Studies have linked transport deficits and axonal
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swellings to the neuropathological changes that occur during AD %> 2°® and in AD mouse

models 247 2%,

Axonal swellings or disruption to microtubule networks may be detectable using a
technique sensitive to microstuctural change, such as Diffusion Tensor Imaging (DT]).
Several studies have examined white matter alterations in tauopathy models. A study by

11
| 116

Febo et. a revealed age-related change in several white matter tracts of rTg4510

mice, detectable as reductions in FAand increases in RAD at 8 months = Similar changes
were found by Wells et. al. in the corpus callosum of rTg4510 mice at 8.5 months*®. In
both cases, aging and the onset of tau pathology were linked to alterations in DTI
measurements within white matter. While DTI studies have examined microstructural

changes in tau models, there have been no examinations of the connection between

microstructural change and axonal transport function.

In this experiment, we hypothesized that disruption of structural elements within axons in
a tauopathy model could affect both axonal transport function and DTI metrics. Our goal
was to correlate changes in axonal transport to DTI in order to determine if diffusion
signal could be used as a surrogate marker to infer differences in transport from white

matter tracts noninvasively.

92



Materials and Methods
This study was conducted in accordance with National Institutes of Health guidelines and
Statement for the Use of Animals in Ophthalmic and Visual Research, and was approved

by the Institutional Animal Care and Use Committee at Loma Linda University.

Animal Preparation

Nine, 11-month old homozygous p301L tau mice were used in this experiment. p301L
mice express the mutant variation (4RON) associated with frontotemporal dementia and
parkinsonism linked to chromosome 17. Pathological characteristics are strongly age-
dependent and tau aggregates begin to appear in the brain at ~ 5 months of age in

homozygous mice ®.

DTI Acquisition

Mice were anesthetized by 1.5% isoflurane/oxygen using an isoflurane vaporizer (Vet
Equip, Pleasanton, CA). Body temperature was maintained at 37C using a warm water
heating pad. Scans were collected using a Bruker 11.7T BioSpec small animal MRI
instrument. The acquisition protocol used a slice thickness 0.5 mm, FOV of 1.5 cm x 1.5
cm and matrix 128 x 128 (zero filling to 256 x 256), TR 2.5 s, TE 29 ms, A 20 ms, 6 3
ms, and a 21-direction diffusion scheme with b-values of 0 and 0.85 ms/um? %°. Using
FSL, raw DWIs were corrected for eddy current and motion distortions

(http://fsl.fmrib.ox.ax.uk/fsl/). Corrected scans were then imported into 3D Slicer, where

eigenvalues derived from the diffusion tensor were used to calculate axial diffusion
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(AxD), trace of diffusion (TR), radial diffusion (RAD) and Fractional anisotropy (FA),

defined by the following equations:

AXD = }Ml (l)

TR=XA +X+ A3 (2)

RAD = () + A3) * (1/2) 3)

FA = fJ(M—ADC )2+(A,—ADC )2 +(A3—ADC )2 )
A2+AZ+A2

DTI measurements were made by manually selecting regions of interest (ROIs). The high
anisotropy and low radial diffusion of the ON provided contrast against neighboring CSF
and grey matter to accurately define the region, consisting of 25-30 central voxels within

each nerve in 3 serial slices (Figure 4.1A).

MEMRI Procedure

Mice were anesthetized by 1.5% isoflurane/oxygen using a isoflurane vaporizer
(Vetequip, Pleasanton, CA). 5ul of MnCl, was administered to the surface of both eyes
for each mouse. After 1 hour, remaining solution was carefully removed using Kimwipes.
At regular intervals, mice were anesthetized and scanned using T1W protocol (TR = 0.5s
,TE =14.5ms) and T2 Rapid Acquisition with Refocused Echoes (RARE) protocol (TR =
1s, echo train = 4, effective TE 28ms), with identical resolution and spatial orientation of
our DTI protocol. During both loading and scanning procedures, body temperature was

maintained at 37C.
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MEMRI Quantification

ON accumulation rate (ONAR)

Regions of interest (ROIs) were selected on T2WI maps from prechiasmatic optic nerves
(Bregma +1.2) and superior colliculus (Bregma-2.9 to -4.5) from both right and left
hemispheres. Manually defined ROIs were then transferred to co-registered T1W images
for measurement. Signal intensity of Mn?* affected regions was normalized by reference
regions (average intensity from striatum), which showed no significant group-level

change over the course of the experiment.

For each optic nerve, we fit the Mn?* enhancement curve during 3-14hrs after Mn®*
loading with a second order quadratic equation. Based on the derived quadratic equation,
a tangent line was fit at the midpoint of the signal growth period at 7 hours (Figure 4.2B).

The derived slope is termed the ON accumulation rate (ONAR).

SC accumulation rate (SCAR)

We first defined the region of the SC based on anatomical landmarks. The voxels with
enhancement larger than mean+2 SD over that of reference regions were counted as
Enhanced VVoxels. The number of Enhanced VVoxels was found to gradually increase over
22 hrs after the Mn?* loading in the eye, which was then fit using a regression line. The

slope of this regression line was termed the SC accumulation rate (SCAR).
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Immunohistochemisty Procedures

All mice from the experiment were sacrificed after the final time-point. Mice were
perfused with PBS followed by 4% paraformaldehyde. Coronal sections 3mm thick were
obtained from the ON (Bregma +2 to -1) and paraffin embedded. Thin sections (5um)
from this block were cut using a microtome. Sections were deparaffinized, rehydrated,
permeabilized in 0.3% Triton, boiled in citrate buffer and blocked using 3% normal goat
serum. ONs were stained using an anti-phospho neurofilament antibody to label healthy
axons (SMI-31, Covance, 1:1000), Myelin, (MBP, Zymed, 1:1000), BIII tubulin (Abcam,
1:1000) and phospho-tau (AT8, ThermoFisher, 1:400). After incubation overnight in
primary antibodies, sections were labeled with appropriate secondary antibodies and
coverslipped with Prolong Gold. Slides were imaged with a combination fluorescence /

brightfield microscope at 40x.

Tissue Analysis

Images captured at 40x were analyzed within ImageJ. Axonal / tubulin density and
myelin area in the ON were assessed by a blinded observer. Images were individually
thresholded to capture signal within axons or myelin while excluding background signal.
Density of SMI-31/tubulin+ axons within each ON were calculated as number per

100um?. Myelin was quantified as a percentage of MBP+ signal / 100um?.
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Statistical Analysis

All statistical calculations were carried out in Prism 6.0. Centered, second order quadratic
equations were used to fit the enhancement profiles of individual ONs, while linear
regression was performed to fit data from the SC. Correlations between MEMRI/DTI
and MEMRI/histology were tested using a Pearson's correlation coefficient. All p values

below p<0.05 were considered statistically significant.

Results

DTI Results

A summary of our DTI results from the ON and OT is shown in Figure 4.1 Our data
shows the degree of natural variation across all diffusion metrics (FA, TR, AxD and

RAD) within this cohort of p301L mice.

Mn?* accumulation rate in the optic nerve and relationship with ON DTI measures

Two overlapping MEMRI time-courses were run, in order to define the average
enhancement curve over a 22 hour period. Six mice (N=12 eyes/ONs) were assessed at
baseline, 3, 7, 11 and 14 hours after Mn** exposure. Three additional mice (N=6
eyes/ONs) were assessed at baseline, 10, 14, 18 and 22 hours. These datasets reveal that
enhancement within the ON ROI follows a sinusoidal curve, rising sharply between 3 to
14 hours before leveling off at a steady state at around 14 hours (Figure 4.2). Estimates of
ONAR were made from data acquired within the signal growth period (3-14 hours). Each

enhancement profile was fit using a second-order quadratic equation (average r’= 0.98).
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Comparisons between ONAR and diffusion metrics revealed two significant correlations.
The rate varied as a function of total diffusion magnitude (TR, r=0.786, p=0.0025) and
RAD (r=0.711, p=0.0096). Interestingly, these correlations were both positively
associated. Higher degrees of total and radial diffusion predicted faster rates of Mn**
accumulation (Figure 4.3). No significant relationships were found between FA and
accumulation rate, though there was a negative trend between higher FA values and

lower rates of accumulation.

Correlations between the extent of normalized intensity within the ON and DTl measures
at single time-points were also examined (Table 4.4). At early timepoints (0-3 hours) we
found no significant relationships between DTI measures and ON normalized intensity.
At 7, 11 and 14 hours, however, intensity was significantly related to TR measurements.
Intensity significantly correlated to AXD only at 7 hours, while RAD correlated

significantly at both 11 and 14 hours.

Mn?* accumulation rate in the SC and relation to DTI measurements

Group data from our MEMRI time-course between 3-22 hours revealed a linear profile of
Mn?* signal enhancement in the SC (Figure 4.5, average r*= 0.956). This linear profile
suggests that regional enhancement builds in the SC as Mn?* accumulates at terminal
synapses. Assessment of SCAR was made between 3-14 hours. Averaged ON and contra-

lateral OT DTI measurements were compared to contra-lateral SCAR (Figure 4.6). No
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significant relationships were found, though we observed trends between SCAR and FA

(r=-0.507, p=0.093), TR (r=0.516, p=0.086) and RAD (r=0.541, p=-0.069)

Optic nerve histology

Markers for healthy axons (SMI-31), myelin (MBP), microtubules (B3 tubulin), and
phospho-tau (AT8) were examined to investigate underlying structural factors that could
explain variability in axonal loading and transport. We found a wide range of phospho-
tau staining within the ON and retina, including regions with little to no staining and
regions with punctate axonal staining and diffuse cell body labeling (Figure 4.7).
However, we found no connection between the extent, density or variety of AT8 staining
patterns in the retina or ON and measures of axonal transport. Labeling axons with SMI-
31 revealed no significant associations between axonal density and measures of axonal
transport. We did observe swollen axons in several optic nerves, though average axon
size did not correlate with axonal transport (data not shown). Tubulin staining was varied
between ONs, with no significant associations between density and transport properties.
However, Myelin content was significantly correlated to ONAR ( r = 0.8725, p =0.0002)
but not SCAR (r=0.5412, p = 0.0692). Nerves with slower transport had less total
myelin, as well as a more 'disordered’ appearance, with fewer sheaths with a
characteristic round shape (Figure 4.8B). These differences in myelin between ONs also
correlated with our DTI data (Figure 4.8C). We found significant positive correlations

between TR/ RAD (r=0.74, p =0.0052; r =0.75, p = 0.049) and total myelin content.
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Discussion

This study reveals a novel connection between the diffusional properties of nerves and
their axonal transport function in a tauopathy model. Variation in ON DTI measures TR
and RAD were significantly correlated to both Mn?* accumulation rate in the ON (Figure
4.3). Impairment in transport function was not attributable to axonal numbers or BIII-
tubulin loss, but did correspond to reductions in myelin content within ONs. Differences
in myelin content were significantly associated with both TR and RAD . Importantly, our
results predict that nerves with transport impairment may be identifiable using

noninvasive diffusion MRI.

Rates of Mn®* accumulation in axon tracts and terminal regions are thought to reflect the
speed and efficiency of the axonal transport system?°*2%2 In this study, we measured
Mn?* accumulation rates in both the optic nerve and in the superior colliculus over a 14
hour period. While Mn*" accumulation was quantified using normalized intensity in the
ON, a voxel-based intensity cutoff was utilized in the SC. This approach minimized the
effects of ROI size variability on our measurements. The timepoints were chosen in this
experiment to reveal the initial growth phase of Mn®* signal in the ON and OT, which

reflect the ongoing process of axonal transport.

Correlations between DTI measures and transport efficiency revealed surprising positive
trends between AxD, TR and RAD measures with faster rates of axonal transport. These

data indicate that diffusional restriction (low TR/ AxD / RAD) is a marker of axonal
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transport impairment. Restricted diffusion in white matter has been found in several
models during axonal degeneration due to retinal ischemia 2’, Experimental Autoimmune
Encephalomyelitis %°® or Traumatic Brain Injury (TBI) %* 2% Typically, these reductions
in TR have been ascribed primarily to diminished AxD. The underlying cause of low
AxD during axonal injury is hypothesized to be caused by axonal beading or swelling .
Our DTI results differ from published literature on axonal degeneration in several
respects, however. In ONs with compromised transport, we found reductions in AxD as
well as RAD. The cause of the reduction in RAD is not clear, though our data suggests it
may be related to alterations in the myelin sheath and corresponding restriction of
extracellular space. In addition, these changes were accompanied by a persistent trend
between high FA values and lower rates of transport/accumulation. In most cases of overt
neurodegeneration, FA is reduced due to the loss of structural elements (axons, myelin

sheaths) that create anisotropic diffusion 2> 2%’

, S0 higher FA is typically associated with
healthy conditions. Our results suggest that elevated FA values may not always reflect

healthy white matter. This pattern of diffusional change (elevated FA, reduced TR, AxD
and RAD in white matter) has been found in several studies after head trauma 2%,

potentially indicating the presence of axonal transport impairment after these injuries.

In vivo imaging vs histology
Our histology data revealed evidence of a structural correlate to variations in transport
efficiency and our DTI data. While we did not find correlations between axonal or 33-

tubulin densities in the ON and axonal transport, we did find evidence of myelin
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alterations that corresponded to stunted transport (Figure 4.8). This was detected in our
tissue as a lower percentage of myelin within the optic nerve with less uniformity of
myelin sheath size and shape compared with ONs with faster transport. These data may
be explained by work linking myelin integrity and bioenergetic support of axons to the
process of fast axonal transport %272 Loss or dysfunction of myelin may impair
metabolic coupling between axons and oligodendrocytes, resulting in shortages of axonal
ATP required for fast axonal transport 2”. These differences in myelin content between
ONs may help explain the DTI results as well. Previous studies in myelin-loss models,

143,145 and shiverer mice *® have highlighted the sensitivity

including cuprizone-fed mice
of DTI parameters TR and RAD to myelin content. However, in contrast to our results,
myelin loss is typically associated with elevated TR and RAD. We speculate that the
abnormal 'disordered’ morphology of myelin sheaths observed in ONs with slow axonal
transport may account for this difference. Loss of structural coherence of the myelin

sheath may be hindering diffusion across the plane of the ON, reducing both total and

radial diffusion.

Surprisingly, we did not find clear relationships between the presence of
hyperphosphorylated tau in the ON or retina and axonal transport properties (Figure 4.7).
ON's and retinas with tau aggregates did not show obvious deficits in axonal transport.
This findings may be due to several factors, including our analysis method. Using
histology to detect pathogenic tau species is insensitive to soluble forms. The underlying

species of tau responsible for transport deficits is controversial, and may involve
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aggregated, filamentous forms  or soluble forms ™. Further work is required to fully

elucidate how various tau species may influence the process of axonal transport.

Myelin disruption

Our data suggests that myelin disruption may play a key role in producing both axonal
transport deficiencies and diffusional restriction in the visual system. In the JNPL3
p301L tau mouse, tau expression is driven by the prion promoter ®*. This leads to
primarily neuronal expression, but also p301L tau present in oligodendrocytes 2. A
previous study examining this model found widespread evidence of myelin disruption
(malformed or uncompacted myelin sheaths) in the stratum lacunosum moleculare 2°.
Experimental work using p301L tau expression restricted to oligodendrocytes revealed
structural disruption of the myelin sheath as well as impairments in axonal transport 2’ .

These studies suggest that tau in our model may be directly involved in the observed

myelin abnormalities, which may be causing alterations in axonal transport.

Conclusion

In summary, our results demonstrate a novel connection between DTI-detectable
microstuctural alterations, axonal transport function and myelin in a tauopathy model.
We consider this work to be preliminary evidence that requires further study, in order to
determine if these results are applicable to other models or specific conditions after white

matter injury.
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Figure 4.1 DTI properties in ON and OT A. Optic Nerve and Optic Tract ROIs are shown in coronal
section (left) and in adjacent magnified FA and RAD maps. ONs and OTs are marked by blue arrows
and are easily identifiable by both high FA and low RAD relative to adjacent CSF and brain tissue. B.
Analysis of ON and OT DTI reveals the natural variability in microstructural properties between mice
in our 11-month p301L cohort.
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Figure 4.2 Manganese enhancement in ON Top, Mn?* enhancement within the ON between 0-14
hours during MEMRI time-course. T2W images (top left) help identify ON location before visible
enhancement. T1W images are pseudocolored to show changes in ON enhancement profile across time.
ONs are marked with orange arrows in magnified views. Bottom (A), average enhancement for all ONs
is plotted. Enhancement follows a sinusoidal curve, increasing sharply between 3-14 hours before
reaching a steady state. B. Graphed profile of three optic nerves with fast (blue) intermediate (green)
and slow (red) rates of enhancement. Dotted lines show the nonlinear fit of each profile and the tangent
line (solid line) fitted to each curve at 7.9 hours (at arrow) from which slope was derived.
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Figure 4.3 Scatter plots showing the correlation between ONAR (normalized intensity [NI]/hr) and DTI
metrics. Accumulation rate correlated significantly with both total diffusion magnitude (TR) and radial
diffusion (RAD).
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Timepoint FA TR AxD RAD
OHr Pearson'sr  0.494 0.087 0.323 -0.292
n=12 p value 0.2444 0.462 0.305 0.357
3Hr Pearson'sr  0.529 -0.135 0.161 -0.463
n=12 p value 0.28 0.676 0.618 0.129
7Hr Pearson'sr -0.207 0.835 0.754 0.569
n=12 p value 0.518 0.0007 0.0046 0.0534
11Hr Pearson'sr -0.465 0.667 0.443 0.66
n=12 p value 0.216 0.0179 0.149 0.0194
14Hr Pearson'sr -0.368 0.556 0.394 0.522
n=18 p value 0.133 0.0167 0.106 0.0262

Table 4.4 Correlations between DTI measures and ON Mn2+ enhancement at

individual timepoints. Significant correlations (p<0.05) shown in bold.
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Figure 4.5 Top, Mn?" enhancement within the SC between 500-
0-14 hours during MEMRI time-course. Enhancement
above baseline is visible starting at 7 hours. SC ROIs are 400-)

shown bounded by black dotted lines. Right, number of
enhanced voxels within the ROI rises steadily between 3-
22 hours. Enhancement across time follows a linear 200
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Figure 4.6 Scatter plots showing the correlation between SCAR and averaged ON/OT DTI metrics.
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Figure 4.7 Tau pathology in the ON and Retina Phospho-tau staining
using the AT8 antibody revealed tau pathology within the Retina (A) and
Optic Nerve (B). Pathology within the retina appeared within the Retinal
Nerve Fiber Layer (RNFL), Ganglion Cell Layer (GCL) and Inner
Plexiform Layer (IPL) layers, containing Ganglion cells. Phospho-tau
within the optic nerve (B) occured with either a punctate (left) or diffuse
(right) appearance. Degree of tau pathology within the ON did not
correlate significantly with measured ONAR/SCAR (C). Scale bars =
20pm
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Axons (SMI31) B3 Tubulin Myelin (MBP)

Correlation between ON histology measures and Axonal transport / DTI

Axonal Density Bl Tubulin Density Myelin Area

ONAR Pearson's r 0.3257 0.3472 0.8725
p value 0.3015 0.2688 0.0002

SCAR  Pearson'sr 0.447 0.3939 0.5412
p value 0.1451 0.2052 0.0692

FA Pearson's r 0.3314 0.01897 -0.3759

p value 0.2926 0.9533 0.2284

TR Pearson's r 0.2412 0.338 0.7478

p value 0.4501 0.2826 0.0052

AxD Pearson's r 0.374 0.329 0.5039
p value 0.231 0.295 0.0949

RAD Pearson's r -0.058 0.1943 0.7508
p value 0.857 0.545 0.0049

Figure 4.8 ON axon, B3 tubulin and Myelin staining. Staining for axons,
tubulin and myelin in ONs with faster (A) and slower (B) rates of axonal transport.
Correlations between axonal density, tubulin density, myelin area and
ONAR/SCAR are shown in (C). Axonal and tubulin staining revealed no
significant relationships between density and either transport measures or DTI
values. ON myelin content was related to both ONAR as well as TR and RAD.
Scale bars = 5um
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Chapter V:

Retrograde axonal degeneration induced by AP in a mouse model of tauopathy
Abstract
Cognitive decline during Alzheimer's Disease (AD) is coincident with deficits in
structural and functional connectivity within vulnerable brain networks. This finding may
be explained by evolving white matter tract damage, which has been studied extensively
with the use of clinically available Diffusion Tensor Imaging (DTI). Notably, many of
the white matter pathways most heavily impacted during disease project into and out of
regions, such as the medial temporal lobe (MTL) which harbor significant tau pathology
burdens. However, it remains relatively unclear whether this pathology may directly
influence white matter integrity. We hypothesized that tau pathology induced by Ap
could initiate an axonal degeneration process, potentially through retrograde mechanisms,
leading to altered microstructural properties within vulnerable axon tracts. To test this
hypothesis, we utilized the visual system of transgenic p301L tau mice as a model,
examining Retinal Ganglion Cell axons, which project from the Retina into the Optic
Nerve (ON), Tract (OT) and synapse in the Lateral Geniculate Nucleus (LGN).
Microstructural properties of this pathway were examined longitudinally by DTI after
injection of A into the LGN. In parallel, we tested whether micotubule-stabilizing
compound Epothilone D (EpoD) could ameliorate damage. Our results are suggestive of
a retrograde degeneration process, with early DTI changes manifesting in the OT after
one month (reductions in axial diffusion, AXxD) preceding later alterations in the ON after

two months (Reductions in fractional anisotropy, FA and AxD). Histology data revealed
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loss of synapses, axons and cell bodies resulting from the injection. EpoD treatment was
sufficient to prevent axon and cell loss, as well as reduce total tau pathology burden in
the brain (>80% reduction measured in the hippocampus). Our data further suggest that
EpoD may mediate its protective effect by blocking acute AB-induced tau
phosphorylation at the level of the post-synapse in the LGN. This study demonstrates the
importance of tau pathology to disruptions in white matter connectivity and may

highlight a potential therapeutic avenue to block axon loss during disease.

Introduction

Alzheimer's Disease (AD) is an age-related devastating neurodegenerative disease
characterized by progressive declines in learning, memory, and executive function. These
cognitive deficits likely arise in part due to dysfunction within brain networks, whose
connectivity is enabled by axon rich white matter (WM) tracts. Indeed, WM
abnormalities have been observed early in the course of the disease. Loss of WM
microstructural integrity, detected by Diffusion Tensor Imaging (DTI), has been reported
in patients with mild cognitive impairment (MCI) and AD 2"®%"°. Results suggest that
several, specific WM tracts have altered patterns of diffusion during disease, relative to
cognitively healthy controls **"%*°. The magnitude of DTI WM alterations correlates with
cognitive performance, making WM damage a likely contributor to the symptoms

experienced by patients and key to understanding AD pathophysiology **.
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Interestingly, tracts damaged during disease typically include those which contain axons
projecting to and from the medial temporal lobe (MTL), such as the parahippocampal
cingulum, fornix and uncinate faciculus ® %% %! This observation is coincident with the
early distribution of tau pathology, which typically manifests initially in MTL structures.
In support of this hypothesis, recent work has linked antemortem DT] alterations to tau
pathology progression “°. Tau, normally an axonal microtubule-binding protein, becomes
abnormally hyperphosphorylated, folded, and prone to aggregation during AD.
Hyperphosphorylated tau becomes dissociated from microtubules, leading to impairment
of fast axonal transport (FAT) capability and appearance of dystrophic axons 2222%°, A
class of dystrophic axons, neuropil threads, are filled with phospho-tau aggregates, which
form early in the disease, often before neurofibrillary tangle pathology in cell bodies %
287 Resulting aggregates are associated with local induction of caspase-6, which has
been implicated in precipitating axonal degeneration %% 2%% These findings may

implicate tau pathology spreading through axons as a primary event leading to

progressive degeneration in AD.

To explore the pathological mechanisms leading to DTI-detectable WM alterations, we
used an animal model to test whether distal injections of AP could induce tau-associated
white matter damage detectable in vivo with clinically available DTI. Although the full
scope of interactions between AP and tau pathology remain a topic of intense research,
studies suggest that intracellular tau pathology can be exacerbated by the presence of

extracellular AB °°%%, Furthermore, Ap-induced tau pathology may spread through
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axons in a retrograde manner ®* %% #*_As shown in a landmark study by Gotz et. al.,
extracellular accumulations of AP can stimulate tau phosphorylation and aggregation in
neurons with axons projecting into the injection site in mice expressing the mutant
FTDP-17 (p301L) form of human tau, but not wild type mice ® %% 2% p301L tau
provides a tool for research to study tauopathy; mice expressing the mutant variant
exhibit well characterized age-dependant increases in neuronal tau pathology within cell
bodies, dendrites and axons mimicking pathology observed in AD ®*. We focused our
investigation on the mouse visual system, which has well characterized neuronal identity
and architecture and exhibits tau pathology in several cell types, including retinal
ganglion cells (RGCs) %*. Mouse RGCs, whose cell bodies are in the retina, project
axons into the brain through the optic nerve (ON) and optic tract (OT), before terminating

in the lateral geniculate nucleus (LGN) ?*3

. We examined changes in the visual system
after AP injections into the left LGN using a combination of DTI, Optical Coherence
Tomography (OCT) and end-stage histology. As mice have primarily monocular vision,
with >95% of RGCs projecting into the contralateral side of the brain, the unaffected side
of the visual system can serve as an internal control ?°®2%”. Assuming axonal
degeneration may be related to microtubule destabilization induced by tau pathology,
microtubule-stabilizing drug Epothilone D (EpoD) intervention was tested to rescue the
damage. These experiments may yield important information about the process leading to

axon loss during AD, link clinical imaging findings to tissue-level histology data and

provide potential therapeutic approaches.
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Materials and Methods
All experimental procedures were in accordance with National Institutes of Health
guidelines for the use of animals in research and were approved by the Institutional

Animal Care and Use Committee of Loma Linda University.

Injection Procedure

Human Ap;.42 (A9810, Sigma Aldrich, USA) was prepared using a modified version of a
previously described protocol 2% Briefly, 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP,
Sigma) films from synthetic AB;-42 peptide (Abcam) were dissolved in saline to a final
concentration of 10nmol / 3uL. Preparations were then incubated with shaking for 72
hours at 37C. Mice were anesthetized by 1.5% isoflurane/oxygen using an isoflurane
vaporizer (VetEquip, Pleasanton, CA). Body temperature was maintained using an
electric heating pad during the procedure. Mice were placed in a stereotactic apparatus
for injection guidance. Mouse heads were shaved and skin was cleaned with Povidine
(Rugby Laboratories). After craniotomy, AP was injected slowly into the left LGN
(coordinates: -2.46mm posterior from Bregma, lateral 2.2mm, 2.5mm from cortical
surface) using a 5-ul Hamilton syringe with an injection speed of 0.3 ul/min. The needle
was kept in the injection site for an additional 10 minutes, then withdrawn 0.5 mm every
5 minutes until complete removal from the brain. The incision was then sutured and the

animals were left to recover on an electric heating pad.
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Longitudinal DT/ OCT examination

Mixed, littermate cohorts (50:50 M:F) of 10 month JNPL3 p301L tau mice were used for
this experiment. Mice were injected with either 20nmol A (N=8) or a vehicle saline
solution (N=8). Eight untreated mice were reserved as controls. Mice were scanned using
MRI after 1 (n = 8 Ap treated, n = 3 vehicle), 4 (n =8 AB, n =5 vehicle) and 8 (n =8 AP,
n =7 vehicle, n = 8 control) weeks. OCT scans were collected from all mice in parallel at
baseline and again after 4 and 8 weeks. Mice were sacrificed for histology immediately

after final OCT and DTI examinations after 8 weeks.

Epothilone D treatment experiment

Seven, 10 month old p301L mice were treated with EpoD for eight weeks following AP
injection. EpoD was purchased from Abcam (ab143615). EpoD treated mice were given
weekly intraperitoneal injections of Epod at 1mg/kg dissolved in DMSO, starting one
week prior to initial A injection. Previous PK/PD experiments suggest that EpoD has a
residence time in the brain >10 days after a single dose at 3mg/kg ***. This dose was
chosen based upon previous work by Brunden et. al. in which EpoD at 1mg/kg was
sufficient to reduce axonal dystrophy in PS19 mice ***. Mice were examined using OCT
0,1,4 and 8 weeks following treatment. All mice were sacrificed after 8 weeks for

histology.
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Acute AP administration experiment

In order to examine the acute effects of A and EpoD immediately following injection,
twelve p301L mice underwent A injection. Six of the mice were pretreated with EpoD
one week before injection and again on the day of injection. In each cohort, N=2 were 10
month old, and N=4 were 3 months old. All mice were then sacrificed after 3 days to

examine tissue for histology.

DTI Acquisition

MRI acquisitions were collected using a Bruker 11.7T BioSpec small animal MRI
instrument with slice thickness 0.5mm, FOV of 1.5 x 1.5cm and matrix 128 x 128 (zero
filling to 256 x 256), TR 2.5s, TE 29ms, A20ms, 6 3ms and a 21-direction diffusion
scheme with b=0.85ms/um?, and two non-diffusion weighted scans. Raw diffusion-

weighted images were processed using FSL (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FDT),

including steps for skull stripping and eddy current/motion correction using BET and
Eddy modules, respectively. Corrected image sets were then loaded into 3D Slicer, and
DTI maps including fractional anisotropy (FA), trace of diffusion (TR), axial diffusion

(AxD) and radial diffusion (RAD) were created.

DTI Analysis
ROIs were defined manually in the LGN, OT and ON. ON and OT ROIs were manually
defined by a blinded observer using the high FA/low RAD which provide contrast against

neighboring CSF and grey matter. ON DTI measures were made in two serial sections.
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Individual slices contained central regions within each ON with 8-12 voxels. OT regions
were selected in two serial sections, comprising 50-60 voxels. LGN regions were defined
using a mouse brain atlas as a reference (Franklin and Paxinos, 1997) and were bounded
by the hippocampus (superior boundary) and external medually lamina (lateral boundary,
high FA). Changes in diffusion metrics were computed by calculating the diffusional
asymmetry (injured side [left LGN, OT and right ON] / contralateral side). This allowed
each mouse to serve as its own control to reduce the degree of variability between

animals.

OCT Acquisition

OCT imaging was performed using a BioOptigen Envisu C-Class. Our imaging protocol
collected data from a 1.6 x 1.6 mm region centered on the optic disc. The protocol used
1000A scans/B Scan, 100 B scans total. B scans 320um and 240um superior and inferior
to the optic disc (N=4 per eye) were selected for analysis. These regions were selected for
their consistent layer thickness characteristics. Images were processed and analyzed using
custom software created in Matlab (Natick, MA). Individual B scans were pre-processed
by manually removing retinal segments containing blood vessels along the RNFL
surface. A fitted quadratic curve was then used to adjust individual A-scan positions to
straighten the retina. All scans were manually reviewed to assure the straightness of each
B scan. With the resulting straightened B scan, all scans were averaged, and the profile of
intensity variation across of retina was plotted. Measurement of GCC layer thickness was

made based upon the intensity differences between layers. The Ganglion cell complex
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(GCC), which is composed of the soma, dendrites and axons of RGCs was defined as the
distance between the retinal nerve fiber layer (RNFL) peak intensity and the intermediate
border between the inner plexiform layer (IPL) maxima and the underlying Inner nuclear

layer (INL) minima.

Histology

Mice were anesthetized and perfused with 4°C PBS, then 4% paraformaldehyde. After
perfusion, tissues were immersed in decalcification buffer for one week. Tissues were
then sliced into 3mm-thick sections and processed for paraffin embedding. Resulting

paraffin blocks were then sectioned at 5um for sections of ON, OT, Retina and LGN.

Tissue sections were immunostained for markers of healthy axons (phosphorylated
neurofilament, SMI-31, 1:1000; Covance), myelin sheaths (MBP, 1:1000; Zymed Inc),
AP (1:100; ThermoFisher), presynaptic terminals (Synapsin-1, 1:2000; Cell Signaling),
and Phospho-tau (p-tau, AT8, 1:400; ThermoFisher). Briefly, sections were
deparaffinized, permeabilized in 0.3% Triton X-100, boiled in citrate buffer pH6, blocked
in 3% NGS then incubated overnight in 1° antibodies. Fluorescently labeled sections
were then incubated in appropriate 2° antibodies for 1hr and mounted for imaging.
Brightfield detection of 1° antibodies was carried out using the Universal Quick HRP Kit
(Vector labs) and counterstained with hematoxylin. Slides were imaged using a Keyence
microscope using identical acquisition settings. Stained sections were analyzed using

ImageJ.
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Immunohistochemistry Analysis

Axon and myelin immunohistochemistry (SMI31/MBP) were quantified in the OT using
tissue sections imaged at 10x, from ~Bregma -1.82. Images from the left and right OT
were acquired, using identical acquisition settings, below the threshold for image
saturation. ROIs were drawn around the entire OT and mean pixel brightness was
measured. These measurements were used to compute intensity asymmetry between left
and right OTs. In the ON, axon numbers and AT8+ axons were measured using coronal
sections through each nerve. Stained ONs were imaged using a 40x objective, then

analyzed using the threshold and analyze particles segmentation functions in ImageJ.

Three retinal sections from each eye within 200uM of the optic disc were selected for

fluroro-Nissl staining (NeuroTrace, ThermoFisher). After staining, sections were imaged
at 20x using ImageJ. Images were acquired within the central Imm portion of each retina.
RGC cell bodies were counted in the most superficial retinal layer and calculated as RGC

density per unit pM.

General tau pathology levels in the brain were assessed in p301L mice by AT8
immunohistochemisty in the CA1 region of the hippocampus. An ROI 500uM wide was
placed in the most superior region of the CAlb, capturing the stratum oriens, pyramidale
and radiatum layers. Percent area measurements were performed to determine the p-tau
burden in each hippocampus. Tau pathology induction after acute A injections were

measured in the CA3 region of the hippocampus. This region facilitated straightforward
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identification of neuronal p-tau in the pyramidal layers, (500M span) in the most medial

region of CA3 adjacent to the Dentate Gyrus.

Statistical Analysis

All results are expressed as mean = standard deviation (SD). Asymmetry ratios of DTI
data, (e.g. injury side /control side FAi/FA; from ON) and injury/control staining from
histology measures (e.g. SMI31; / SMI31.) were calculated for analysis. DTI data were
analyzed using a linear mixed model approach to test for effects of timepoint (1,4 or 8
weeks post injection) treatment (A or vehicle) and timepoint x treatment interactions.
To evaluate treatment effects on DTI parameters between experimental and vehicle
control groups, data were compared at each timepoint using Man-Whitney U test. Single
group data were compared between timepoints using the Friedman test with post-hoc
Dunn's test. Histology data was analyzed using a one-way ANOVA with post-hoc
Tukey's test. Correlations between DTI metrics and histology measures of axon and
myelin were performed using a Pearson's correlation coefficient. All p values below
p<0.05 were considered statistically significant. Analysis were performed in Prism

Graphpad (La Jolla, CA) and SPSS (Chicago, IL)

Results
DTI and OCT alterations to the visual pathway after Af injection
One week after injections, mice were imaged using DTI to confirm the injection location

and determine if there were any early alterations to visual system microstructure. The
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injection tract was visible, allowing confirmation of successful LGN targeting. In the Af-
injected LGN, we found reductions in diffusion magnitude (TR, asymmetry = 0.867),
relative to vehicle controls (asymmetry = 0.996) at 1 week (Figure 5.1c,d). This initial
reduction in diffusion among Ap-treated mice was transient and significantly increased

relative to 1 week measures after 4 (asymmetry = 1.03) and 8 weeks (asymmetry = 1.07).

Within the OT, linear mixed model analysis revealed an effect of treatment (F = 8.742, p
= 0.006) on FA asymmetry and treatment (F = 7.344, p = 0.012) as well as treatment x
timepoint (F = 4.289, p = 0.025) on AxD asymmetry. After four weeks, we observed
statistically significant (p<0.05) differences to DTI asymmetry in the OT between
treatment groups; ApB-treated mice showed significant reductions in AxD asymmetry
(0.92) vs. vehicle controls (1.06), (Figure 5.3). No significant changes between groups
were observed after 8 weeks. Within the ON, mixed models revealed a significant effect
of treatment (F = 6.641, p = 0.015) and treatment x timepoint (F = 5.274, p = 0.014) on
AxD asymmetry measurements. Nonsignificant trends were also observed for treatment x
timepoint on FA asymmetry (F = 3.381, p = 0.052). Eight weeks after injection, we found
significant reductions in FA and AxD asymmetry among Ap-treated mice (FA, 0.85;
AxD, 0.82) vs. vehicle controls (FA, 1.06; AxD, 1.01). Collectively, these results show
the pattern of diffusion alterations that result from Ap-injection into the LGN. Changes

appeared first in the LGN and OT, then subsequently in the ON.
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Measurement of GCC thickness asymmetry revealed no significant differences between
groups either at baseline or after 8 weeks (Figure 5.4). We also found no absolute

changes in thickness relative to baseline measures in any group (data not shown).

Histological Examinations of Af and Vehicle treated mice

Eight weeks after Ap injection, obvious reductions in Synapsin-1 (syn-1, a marker of
presynaptic terminals labeling) were apparent in the left LGN, relative to the contra-
lateral side (Figure 5.5). This reduction appeared to coincide with loss of tissue integrity
in the LGN as well as the overlying CA3 / Dentate Gyrus regions of the hippocampus to

varying degrees among the AB-injected mice (Supplemental figure 5.9).

The ON and OT were examined using immunohistochemistry for markers of healthy
axons (SM131) and myelin (MBP). Measurements of SMI31 intensity asymmetry (L/R)
revealed significant reductions in axon labeling among AB-injected mice (0.82), relative
to vehicle controls (0.98, Figure 5.6a). Measures of myelin intensity revealed no
significant differences in staining asymmetry between groups. Within the ON, the
coronal sections permitted quantitative measures of axon numbers. We found significant
reductions in axon number asymmetry in AB-treated mice (asymmetry = 0.70) ,

compared with vehicle-treated mice (1.09) (Figure 5.6b).

FluoroNissl-stained retinal sections were used for quantification of RGC cell bodies

within the GCL sublayer (Figure 5.6d). Density of cell bodies across the GCL was
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measured for each eye. Comparison of density asymmetry between groups revealed a
significant reduction in cell bodies in the AP injected group (asymmetry = 0.83),

compared to vehicle controls (1.04, p<0.01).

Comparisons between DTI and histology datasets revealed significant correlations
between ON FA (r = 0.739, p = 0.0025), AxD (r = 0.562, p = 0.0364) and RAD (r = -
0.557, p = 0.0387) asymmetry measures and axon counts (Figure 5.6¢). No significant

relationships were found between myelin staining and DT measures.

Histological examination of tau pathology

Immunolabeling of tau phosphorylation (p-tau) was examined using the AT8 antibody
(Figure 5.7). We found a high degree of variability in the number and density of p-tau
bearing axons between animals. This variability generally correlated with the degree of
ATB8+ staining observed within the GCC layers of the retina (Figure 5.7b). However, we
found no significant differences in p-tau axon density between left / right ONs or between
different treatment groups (Figure 5.7d). Additionally, we found no significant

correlations between axon losses and density of AT8+ axons (Figure 5.7¢e).

Severity of p-tau pathology was also quantified in the CA1 region of the hippocampus, as
a general index of p-tau within the brain. The observed staining was concentrated within
pyramidal neurons and their dendrites (Figure 5.7c). As in the ON, we also observed

large degrees of variance between different animals in the AB and vehicle-injected
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cohorts. We found a trend toward higher levels of tau pathology in the Ap-treated cohort

vs. vehicle cohort, though no significant change was apparent.

Histological examination of Af / EpoD treated mice

Examination of A injected mice treated with EpoD revealed several surprising findings.
In the LGN, EpoD treatment appeared to preserve Syn-1 labeling that was lost in Ap-
injected cohorts. (Figure 5.5). Similarly, we found EpoD treatment normalized SMI31
labeling asymmetry in the OT (Figure 5.6a) and the ON (Figure 5.6b). Additionally,
EpoD-treated mice showed no significant RGC density asymmetry in the retina (Figure
5.6d). We found no differences in AT8+ axon numbers in the ON among these mice vs.
controls (Figure 5.7d). However, significant (>80%, p<0.01) reductions in p-tau were

apparent in the hippocampus, as compared with the AB-treated cohort (Figure 5.7¢,f).

Acute effects of A and EpoD on tau pathology

To probe the acute effects of AB and EpoD in this experiment, we sacrificed four, 10
month old p301L mice 3 days after treatment (2 AB-injected, 2 AB/EpoD). In and around
the injection site, we could see AP in the LGN and CA3 region of the Hippocampus
(Figure 5.8a). Surrounding the injection site, p-tau bearing neurons were evident. These
increases were immediately apparent by comparisons to the contra-lateral
Hippocampus/LGN (Figure 5.8b). However, these increases in p-tau were not seen in
mice pretreated with both AB/EpoD. Additionally, no asymmetry in p-tau axon numbers

was observed in ON sections. To confirm this result and rule out the contribution of pre-
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existing pathology in aged mice, we repeated the experiment using eight, 3-month p301L
mice (4 AB-injected, 4 AB/EpoD) with minimal pre-existing tau pathology. In this cohort,
we found no existing p-tau pathology in ON axons from either cohort, but did find
obvious p-tau pathology in AB-treated mice in both the hippocampus and LGN (Figure
5.8c) exclusively on the injected side. Similar to earlier findings, mice pre-treated with
EpoD showed significantly reduced increases in p-tau pathology, relative to mice Af-

treated alone (Figure 5.8d).

Discussion

In the present study, we tested whether retrograde axonal damage results from Af-
induced tau pathology at sites distal from the cell body. Measuring visual system
microstructural properties by DTI allowed us to connect noninvasive surrogate measures
to discrete pathology, and link our data to clinical findings. Our data reveal that LGN A
injections lead to selective loss of WM integrity by DTI, which appears to correlate with
axon loss. Longitudinal data suggest that alterations within the visual pathway manifest
first in the LGN, OT and later in the ON, suggestive of a retrograde degeneration process.
Additionally, our data suggest that the microtubule-stabilizing compound EpoD can

prevent AB-induced tau phosphorylation and preempt downstream neurodegeneration.

Axonal damage and WM abnormalities in AD have been documented in numerous
neuropathological studies ****%, The advent of DTI has facilitated the in vivo study of

white matter microstructure alterations during the course of AD *°*. These alterations
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likely reflect the loss of connectivity within neural circuits, directly contributing to
cognitive decline during AD. As such, research has been pursued to link DTI-detectable
WM damage with specific AD pathologies. However, DTI studies examining AD-model
mice have shown variable and at times contradictory results. APP-overexpressing models
have shown age-dependant reductions in white matter FA/RAD in two studies # ™*, and
increases in these metrics in another *'*. Tauopathy models have shown reductions in

FA/RAD white matter in a pair of studies *'®

, While the triple transgenic model (with
combined APP/tau expression) does not reveal changes relative to controls **. The lack
of a consensus model system to explore how development of AD pathology impacts WM
and vulnerable neurocircuitry has impeded the development and testing of therapeutics to

correct these deficiencies.

Our lab has conducted several studies to investigate the effects of Ap on WM integrity
144,187 * A high-dose injection of AB in the LGN weakened amplitude of the visual evoked
potential (VEP), possibly by impairing synaptic function, but did not cause DTI
alterations in either the ON and OT of WT C57BI/6 mice. Following from the work by
Gotz et. al., who demonstrated the ability of AP to induce p-tau accumulation through
axonal connectivity in p301L tau but not WT mice, we reran our previous study using
p301L tau mice % We demonstrate that AP injections in p301L mice precipitate changes
in DTI metrics as well as measureable axon loss. Collectively, our work demonstrates the

critical role of pathological tau to enable AB-induced axonal damage and the
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temporospatial profile of axonal degeneration, which may propagate from the injection

site toward cell bodies.

In our experiment, we found that DTI alterations are correlated with axon loss. This
finding is consistent with DTI-axon correlations that have been made in other models and
human tissue %213 267.305.308 "gimilar to our findings, in human studies, reductions in FA
and increases in RAD in abnormal WM in both MCI and AD patients were found to
correlate with axon loss 1°%213:267.305.3% 1yT| findings from this study do differ from
human AD data with respect to changes in AxD. In damaged white matter during AD,
AxD measures increase relative to controls, while we found reductions in measures of
AxD ** This difference may be explained by microenvironment differences after acute
vs. chronic axonal degeneration. In mouse models, reductions in AxD are often seen
during acute axonal degeneration 2® %3, AxD is thought to represent the diffusion along
the lengths of fibers, whose reduction could be caused by cytoskeletal breakdown or focal
'beading' along axons %%, Reductions in AxD is observed in human WM during acute
injury settings, as in optic neuritis (inflammation/neurodegeneration of the ON) %’. This
reduction is transient, though and eventually increases relative to control subjects ?** %',

Our measurement of AxD may follow this pattern in the OT, which shows early (4 week)

reduction, then later normalization by 8 weeks.

The DTI and histology data from this study is suggestive of a 'dying-back' degeneration

pattern, in which axons die-back from the synapse, leading to neuronal loss. In our
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experiment, loss of presynaptic terminals, axons and cell bodies follow from Ap-injection
into the LGN. These observations raise the prospect that degeneration could be initiated
through axonal or synaptic mechanisms, independent of apoptosis, a mechanism which
has been widely studied in other model systems, such as spinal cord injury and Multiple
Sclerosis * ***%7. Notably, suppression of this pathway by overexpression of nicotinamide
mononucleotide adenylyl transferase 1 & 2 (NMNAT), are neuroprotective in tauopathy
models ** 3, These findings suggest that axonal damage and dysfunction may be a key
initial step in tau-mediated neurodegeneration. This idea is bolstered by evidence from
AD tissue, suggestive of early axonal dysfunction preceding overt cell loss. This includes
the presence of dystrophic axons, dsyfunctional axonal transport and cytoskeletal
abnormalities early in the disease process ***'°. Our findings support the possibility of
'dying-back' degeneration in AD and imply that tau pathology induced by AP may be

central to this process.

In contrast to the significant reductions in RGC density observed in the retinas of Ap-
treated mice, we did not find significant reductions of retinal thickness examined in vivo
by OCT. The reason for the resistance to retinal thinning in our model is not clear,
possibly explained by tissue swelling to compensate for cell loss. Nevertheless, visual
deficits are common in patients with AD. We previously demonstrated that abnormal DTI
metrics are present in the visual pathway of patients with MCI and AD **’. Additionally,
reductions of RGCs and RNFL thickness by OCT have also been widely reported in AD

and MCI patients **> 3312 Qur findings provide new insight into the possible
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mechanisms behind visual deficits in AD. Early intervention may interrupt this process

and protect the visual system.

Our data suggest that microtubule stabilizers such as EpoD may have a therapeutic effect
sufficient to reduce tau pathology as well as synapse, axon and cell losses induced by Ap.
These results are congruent with previous studies that have demonstrated the blood-brain-
barrier permeability of the drug and its neuroprotective qualities in pure tauopathy
models *°1%°_ Data from previous studies have found evidence that EpoD can promote
axonal health by reducing axonal dystrophy, increasing ON microtubule density and
normalizing fast axonal transport *°* 1% Additionally, previous studies utilizing EpoD as
well as microtubule-stabilizing peptide NAP have both shown ability to reduce p-tau
pathology in AD model mice over several months of treatment %% %% 314 Oyr data
recapitulates these findings, showing much lower levels of tau pathology among EpoD
treated mice. Furthermore, our data suggests that EpoD treatment can prevent acute tau

phosphorylation induced by A, and may prevent downstream axonal and cell losses.

In summary, our data demonstrates that A injection can induce retrograde axonal
damage in P301L mice. This axonal damage can be detected by DTI, and the findings
mirror several aspects of clinical data obtained from patients with AD. Our in vivo
imaging approach paired with histology enabled us to detect the temporospatial profile of

degeneration. Epothilone D administration is sufficient to prevent this damage, limiting
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the induction of p-tau pathology and preventing downstream degeneration in the OT, ON

and RGCs.
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Figure 5.1 (a) Diagram showing the mouse visual pathway and injected region. The pathway affected
by the AP injection is shown in red. (b) In vivo images from OCT and DTI showing the examined
structures including the retina, ON, OT and LGN. (c) T2-weighted and TR images from either Af or
vehicle injected LGN-sections. Injected LGN is indicated by the orange arrow, with green indicating
the untreated side. A transient reduction in LGN TR in the AB-injected side is visible at 1 wk. (d) Graph
of TR asymmetry across the timecourse. "3" Indicates data significant difference from group-matched 1
week data.
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Figure 5.2 DTI alterations within the OT. Left, pseudocolored DTI images from a single animal
showing the changes in FA, AxD and RAD across the time-course after AB injection. Right,
quantification of DTI metric asymmetry in the OT. Significant reductions in AxD relative to vehicle
controls are observed after 1 month. "*" Indicates significant difference from timepoint-matched

vehicle controls.
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Figure 5.3 DTI alterations within the ON Left, pseudocolored DTI images showing the selective
changes in right ON 8 weeks after AP injection. ONs shown by black boxes. Reductions in FA and
AxD were seen in the right ON compared with the contralateral nerve. Right, quantification showing
the changes in all DTI asymmetry metrics after 1, 4 and 8 weeks. "*" Indicates significantly difference
from timepoint-matched vehicle controls, "8" indicates significant difference from group-matched 1
week data.
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Figure 5.4 OCT measurements of GCC layer thickness (a) OCT B-scan and magnified region
showing layer detail in comparison with Nissl-stained section. GCC layer (shown in green brackets)
encompasses RNFL, GCL and IPL sublayers. Right, OCT B scans from the right retina among the three
experimental groups at baseline and after 8 weeks. (b) Graph showing GCC thickness asymmetry
(between right and left retinas) at baseline and after 8 weeks.
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Figure 5.5 Presyanptic terminal labeling in the LGN. Synapsin-1
immunohistochemistry of presynaptic terminal density across the brain.
Selective loss of presynaptic terminals and tissue integrity were seen in the
left LGN of Ap-injected mice. Obvious terminal or tissue loss were not
apparent in vehicle or EpoD-treated mice. Scale bar = 50um
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Figure 5.6 Immunohistochemistry findings from the OT, ON and retina. (a) Staining for axons
(SMI-31) and myelin (MBP) in the OT. Images are pseudocolored to show the differences in labeling
intensity between left and right. Zoomed images show selective reductions in SMI-31 intensity in the
left OT, relative to the right OT in AB-injected mice. These changes are not as apparent in MBP
labeling. Right, quantification of SMI-31 and MBP OT intensity asymmetry. (b) Axon (red) and myelin
(green) staining in the ON. Right, quantification of axon and myelin asymmetry in the ON. Selective
reduction of axons but not myelin were seen in Af-treated mice. (c) Comparisons between DTI-
measured ON asymmetry and IHC-measured axon/myelin asymmetry; significant correlations are
shown in bold. (d) Left, representative images showing the GCC of retinas from the three treatment
groups. Right, quantification of retina-measured RGC density asymmetry. *, p<0.05; **, p<0.01
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Figure 5.7 Phospho-tau staining in the ON and Hippocampus. (a) Phospho-tau (AT8) staining in
the ON shows punctate axonal staining in the ON among all groups. (b) Retinal sections labeled with p-
tau (green) and colabeled with Fluoronissl (red). Representative sections showing high (left) and low
(right) levels of p-tau labeling in retina, concentrated with the GCC. Lower sections show each retinas'
respective ON section, labeled with AT8. (¢) Top left image shows the ROI (blue) from the CAl
region of the hippocampus, where AT8+ staining was quantified, other images show representative
levels of p-tau staining. (d) Quantification of AT8+ axon density in left and right ONs among all
groups (e) Correlations between ON axon density and AT8+ axon density. (f) AT8 staining revealed a
significant reduction of phospho-tau staining in the hippocampus among AB/EpoD treated mice
compared with AP treatment alone .**, p<0.01
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Figure 5.8 Phospho-tau induction in the LGN and Hippocampus after acute Ap injection. (a) Top,
coronal atlas section shows the injection location. Bottom, zoomed-in region showing A (red) within
LGN and hippocampus 3 days after injection. (b) AT8+ p-tau staining in10-month old p301L mice 3-
days after injection. Abundant tau pathology is apparent in the injection region, but absent in the
contralateral LGN/hippocampus and in mice pre-treated with EpoD. (c) Left, young, 3 month old
p301L mice show AT8+ p-tau pathology 3 days after AP injection in both the hippocampus and LGN.
Blue line denotes the border between LGN and hippocampus. Right, mice pre-treated with EpoD show
greatly reduced tau pathology in hippocampus/LGN. Black scale bars show 100pm, white bars show
50um. (d) Quantification of p-tau staining in the CA3 layer. **, p<0.01
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Supplemental Figure 5.9 Grey matter probability map. Sequence of sections from rostral (top) to
caudal (bottom). Maps illustrate the probability of finding grey matter at a voxel level (0-1). Left, atlas
maps showing the location of the LGN (green). AB-injected mice after 1 week (left) and vehicle
injected mice after 8 weeks (right) show similar grey matter density in the LGN and hippocampus
between right/left. In contrast AB-injected brains show atrophy of the left hippocampus and LGN
surrounding the injection site, compared with the contralateral side.

Methods: Six scanned control p301L FA images were brought into common stereotaxic space and
registered to a common template image using an affline transformation. These six images were
averaged to create a master p301L brain template, to which all other scans were subsequently
registered. After registration to the template, images from each mouse were segmented into three tissue
classes based upon DTI metrics: white matter (FA > 0.3), CSF (TR > 3.5 um?/ms) and grey matter
(FA<0.3, TR < 3.5 um?/ms). Tissue class maps for grey matter were averaged to show probability of
finding grey matter at a voxel level.

141



Conclusion

Despite the presence of axonal loss in a variety of neurodegenerative conditions
including Alzheimer's Disease (AD), relationships between pathological triggers,
neurodegnerative patterns and optimal clinically-relevant biomarkers remain relatively
unclear. In these studies, we explored connections between patterns of axon loss, non-
invasive biomarkers and the role of AD pathology across a span of different models using
the visual system. Data from these studies shed light on the relevance of AD pathology to
white matter disruption by DTI, and clarify the ability of noninvasive methods to detect
axon dysfunction and degeneration patterns during disease conditions.

Here we show for the first time that the Optic Nerves (ON) of AD patients have
significantly lower anisotropy and higher radial diffusion (FA and RAD), compared with
similarly aged healthy controls. This suite of alterations is similar to the well-established
changes that occur in the posterior cingulum, which are typically interpreted to signal
axon loss ***. Our findings in the ON are complimentary to OCT data from AD patients
showing retinal RNFL thinning, suggestive of Retinal Ganglion Cell axon loss *%. In
sum, these findings imply that the visual pathway is vulnerable during disease and may
be a relevant system to examine the underlying factors contributing to DT alterations in
white matter %,

In order to establish the temporospatial connection between axon loss and
neurodegenerative biomarkers in the visual system, we induced axonal degeneration in
WIdS mice using a retinal ischemia (RI) model. The model simulates slow-moving

Wallerian Degeneration, a mode of axonal degeneration which is speculated to contribute
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to DTI changes in AD *® % Our data reveal the novel ability to spatially and temporally
identify axonal degeneration as it propagates through the visual system white matter in an
anterograde manner. Early axon loss in the ON was identified by sharp reductions in
trace diffusion, axial diffusion and anisotropy (TR, AxD and RA), without simultaneous
changes in the OT. Two weeks after DTI-identifiable changes in ON, similar diffusional
alterations manifest in the OT, along with explicit loss of axons by histology. These data
show that patterns of axonal degeneration can be discerned in the visual system on the
basis of temporospatial diffusional characteristics. In addition to examining diffusion
biomarkers of axon loss, our study explored whether subtle Blood-Brain-Barrier
dysfunction occurs as a result of ongoing axon loss and/or inflammation using
Gadolinium-Enhanced MRI. The noninvasive data suggested that the BBB remains
intact, even during periods of extensive neurodegeneration and ongoing gliosis. Several
recent studies have highlighted the leaky nature of the BBB during AD; however, our
data suggests that BBB-leakage during disease is likely not directly attributable to the
process of axon loss, or secondary gliosis 3% 3%,

To examine the relationship between retrograde axonal degeneration and
biomarkers of cell loss and shrinkage in the retina by OCT, we utilized the EAE model,
in which the ON is a frequent, early target of inflammation and axon damage. Our results
revealed an initial sharp reduction in ON TR and AxD, two weeks after EAE induction.
These DTI changes are identical to the early alterations in the ON observed during
Wallerian degeneration in our RI model, suggesting that despite differences in the mode

of degeneration, microstuctural changes are similar. Early diffusion changes in ON after
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two weeks manifest before measurable alterations in retinal thickness, suggesting that
axonal degeneration and cell body loss may be distinguishable events using these parallel
noninvasive measures. However, after four and eight weeks of EAE, degrees of GCC
retinal layer thickness were highly correlated with diffusion measures (especially FA and
RAD) in the ON, suggesting that after several weeks of chronic neurodegeneration, OCT
and DTI can provide complimentary information about the extent of axon loss and
corresponding cell loss in vivo. In EAE mice, this study is the first to compare
noninvasive data derived from DTI and OCT with ground-truth histology measures of
axon and cell loss. The data establish that both diffusional measures in the ON (especially
AxD) and degrees of retinal thinning (relative to baseline) had strong, linear relationships
to degrees of axon loss after 8 weeks. These data imply that longitudinal tracking of
retinal thinning during neurodegenerative disease are likely accurate, fairly linear proxy
measures for gauging rates of axon loss in the visual system.

Next, in a pilot project, we investigated axonal transport function in the ON using
in a tauopathy model, and its relationship to diffusional characteristics. As a key feature
of AD tauopathy mouse models, deficits in axonal transport are widely speculated to
occur during AD and contribute to axon dysfunction and loss * . We discovered a
novel connection between low baseline ON TR and low rates of axonal transport. These
changes were not associated with axonal tau pathology, but did appear to correlate with
abnormal myelination patterns. While lowered TR is generally not a feature of white
matter changes during AD, the relevance of an association between TR and axonal

transport may be applicable to mild traumatic brain injury or Optic Neuritis, in which
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acute reductions in TR are seen in white matter pathways, as well as indications of
impaired axonal transport 2% 2% 268.:320 "y rther research is required to understand
whether this association is translatable to other disease or injury conditions.

Finally, with the biomarker findings from our previous studies, we tested whether
retrograde axonal degeneration results from AB-induced tau pathology. Our non-invasive
DTI data suggests a retrograde degeneration process follows Ap-injection into the LGN,
with early changes in the LGN and OT preceding later alterations in the ON. Histology
data revealed loss of synaptic density in the injection site, as well as axon loss which
correlated with DTI measures of FA and RAD in the ON, mimicking diffusional changes
observed during AD *. Reductions in RGC density were also noted, implying that the
retrograde axonal degeneration process results in later cell loss. Surprisingly, axon loss in
the ON did not correlate with axonal tau pathology. This lack of association may be due
to loss of affected axons or potentially to the effect of soluble tau invisible by histology.
Alternatively, axon loss may be caused by a tau species which is not phosphorylated at
the AT8 epitope; thus we cannot completely exclude the possible role of tau within axons
to precipitate axon loss during this study.

The microtubule stabilizing compound EpoD appeared to play a neuroprotective
function after AP injection- preventing synapse and tissue loss in the LGN as well as
axon and cell loss among RGCs. In addition, this compound lowered levels of tau
pathology visible in the hippocampus, similar to previous findings described by Zhang et.
al.'® Our acute AP injection experiments revealed that within three days of injection,

visible tau pathology manifests around the injection site in the hippocampus and LGN,
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preceding overt synapse and tissue loss. EpoD administration appeared to interfere with
this induction of tau pathology, which may explain its downstream neuroprotective
effects. These data raise the prospect that EpoD may block acute Ap toxicity through
prevention of local tau phosphorylation. It remains unclear whether the ability to prevent
tau phosphoryation is related to its microtubule-stabilizing capability, though two other
microtubule-stabilizing drugs (NAP and dictyostatin) also reduce tau pathology in vivo,
suggesting a common mechanistic pathway 3 34 32! The neuroprotective effects of
EpoD are likely explained by this action; indeed, numerous studies have identified
phospho-tau as a necessary effector downstream of Af to mediate neurotoxicity >° 14322

This pattern of observations hint at a sequence of events (amyloid accumulation >
local tau phosphorylation > synapse loss > retrograde axonal degeneration > remote cell
loss) that explain how the cardinal pathological features of AD are related to axon loss
and white matter disruption visible by DTI . Integrating these observations into a model
yields several testable, translational hypothesis regarding the appearance of localized
amyloid/tau pathology and resulting changes in DTI metrics among connected axon
tracts. This framework could be useful to interpret the effects of putative therapeutic
approaches, such as those that reduce tau pathology in the brain, with changes in brain
white matter microstructure. Understanding the underlying mechanisms behind axon loss
and their connection to AD biomarkers will aid in developing new therapeutics and

models to counteract network dysfunction and degeneration in the AD brain.
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