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—ABSTRACT—

Neurobiological Basis of in vivo Cortical Atrophy in

Primary Progressive Aphasia Caused by Alzheimer’s Disease

Daniel Timothy Ohm

The brain is known to shrink in normal aging or neurodegenerative disease and yet the
neurobiological underpinnings of the cortical atrophy remain elusive. The structural changes that
represent cortical atrophy can be measured during life using the reliable and quantitative method
known as magnetic resonance imaging (MRI). Primary progressive aphasia (PPA) is a language-
based clinical syndrome characterized by focal left-lateralized cortical atrophy caused by multiple
proteinopathies including Alzheimer’s disease (AD) and transactive DNA-binding protein of 43
kD (TDP) neuropathology. However, like other disorders characterized by cortical atrophy, the
neuropathologic inclusions and cellular determinants of the cortical atrophy observed in PPA are
not well understood. Previous work from our lab and others showed that neurofibrillary tau tangles
(NFTs) and activated microglia (a neuroinflammatory marker) display regional densities that are
closely associated with neurodegenerative processes and are consistent with the aphasic profile of
individuals with PPA. In PPA participants with AD neuropathology (PPA-AD) that had MRI
scans acquired close to death, we hypothesized that NFTs and activated microglia would be the
primary neuropathologic contributors to neurodegeneration detected by MRI-based cortical
atrophy or smaller densities of neurons.

In a series of three related studies, the goal of the current dissertation was to examine the

relationships between neuropathologic and cellular alterations in the postmortem brain, as well as
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their individual relationships with in vivo cortical atrophy in PPA. In Study 1, the neuropathologic

basis of in vivo cortical atrophy was investigated in PPA-AD by determining if the magnitudes of
regional atrophy were associated with the histopathologic hallmarks of AD neuropathology (NFTs
and amyloid-beta plaques [APs]). Consistent with previous findings in PPA-AD and other AD
clinical subtypes, only NFTs were found to be selectively associated with the greatest cortical
atrophy measured in the left language regions in PPA-AD. In Study 2, activated microglia were
exclusively quantified in the white matter in order to characterize the unique distribution of the
neuroinflammatory marker and determine its association with cortical atrophy in two PPA
pathologic subtypes (PPA-AD and PPA-TDP). The results indicated that while greater densities
of activated microglia were related to regions of greater gray matter atrophy in PPA, this
relationship was not consistently observed within individual PPA pathologic subtypes. Finally, in
Study 3, the cellular determinants of in vivo cortical atrophy were examined in PPA-AD. This
investigation involved the quantification of microglial subtypes (hypertrophic and ramified)
potentially serving different roles in inflammation and disease progression and comparing each
subtype to densities of neurons, AD neuropathology, and regional atrophy. Greater cortical
atrophy was found to be associated with smaller densities of ramified microglia. Further analysis
was carried out on a subset of regions in the PPA-AD cohort to determine how pathologic changes
in white matter were related to cellular and neuropathologic changes in the gray matter. The results
indicated that not only were NFTs and activated microglia (in gray and white matter) related to
each other, each of these pathologic markers displayed a negative relationship with neurons as
well.

These multidisciplinary studies provided new insight into the histopathologic basis of in
vivo cortical atrophy in PPA-AD by showing that NFTs displayed significant relationships with

microglial activation, neurodegeneration, and cortical atrophy in PPA-AD. Therefore, similar to
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findings in amnestic AD, NFTs and neuroinflammation likely serve significant roles in the

neuropathologic change and neurodegenerative processes that lead to the impaired cognition

characteristic of the PPA clinical profile.
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—GENERAL INTRODUCTION—

The brain is known to shrink to various degrees in normal aging and neurodegenerative
disease. These structural changes in cortex are concerning not only because a healthy organ is not
expected to atrophy, but also because the locations and rates of atrophy tend to be linked to specific
impairments and progression of cognitive decline. Therefore, what contributes to cortical atrophy
and what causes the progressive disease-related shrinkage represent critical topics of investigation
in neuroscience and in neurological disorders without treatments or cures.

This dissertation explored the neurobiological basis of anatomical changes in a single
clinical dementia syndrome known as primary progressive aphasia (PPA). The reasons for
investigating PPA are many but include the fact that PPA represents a unique model to study the
neurobiology of language and neurodegeneration. In PPA, language deficits are accompanied by
asymmetric and regionally specific patterns of cortical atrophy and neuropathology. Therefore,
there are important opportunities to compare the distribution of atrophy and pathology within an
individual PPA brain, obviating the need for healthy control brains. Neurodegenerative diseases
such as Alzheimer’s disease (AD) can cause PPA. Given that AD neuropathology can cause a
range of distinct clinical syndromes that includes an aphasic presentation (PPA), the study of PPA
caused by AD can expand our understanding of how a common neuropathology is responsible for
a clinical spectrum of disorders. The following introduction provides necessary background on
cortical atrophy, AD, and PPA, along with the rationale for the multidisciplinary approach carried
out in a series of studies designed to uncover the histopathologic and cellular basis of in vivo
cortical atrophy in PPA.

I. Cortical Atrophy

The cerebral cortex is comprised of billions of cells that situate themselves during early
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development into orderly structural patterns referred to as cytoarchitecture. This complex but

evident order has prompted dozens of neuroanatomists for over a century to make numerous
attempts to subdivide the cortex using methods that include, but are not limited to, gyrification
patterns, cellular morphology, neurochemicals and receptors, myelin, connectivity, ontogenetics,
and function. With the notion that structure follows function, these efforts continue to try, with
mixed success, to reconcile the architectonic and functional boundaries of the cortex (Amunts and
Zilles, 2015).

Regardless of the numerous ways to parcellate the brain, there is a cytoarchitectonic
consensus that neocortical cells organize into distinct layers and cylinders/columns. In relation to
the pial surface, cell layers run parallel while cell columns are perpendicular and thus intersect the
layers. Seminal anatomical and electrophysiological studies suggest that these structural modules
of cortex are more than just epiphenomena of cortical development, they are specialized functional
units as well (Mountcastle, 1957). Columns, for example, have modality-specific inputs as their
defining feature that is processed by the internal chain of neurons before systematically projecting
outputs to extrinsic targets (Mountcastle, 1997). Similar to columns, cortical layers are known to
receive common afferents and project common efferents; however, layers do not appear to exhibit
common functional properties in response to parallel electrode penetrations beyond a distance of
a few hundred microns (Mountcastle, 1997).

The structural and functional properties of these two fundamental cytoarchitectonic
features of the cerebral cortex can be beneficial to conceptualizing what cortical atrophy represents
and how patterns of neurodegeneration develop and progress. Consider, for example, that
regardless of the method by which cortical atrophy is assessed, there are only three basic
measurements: thickness, surface area, or volume. One measurement is not necessarily considered

superior over the other until one considers the microstructure of brain anatomy. For instance,
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thickness measurements are likely to be more sensitive to selective cell layer loss, while surface

area is probably better at detecting changes in columnar organization. As a product of both
thickness and surface area, volume will be influenced by any and all cytoarchitectonic changes in
dynamic ways.

It is also important to note that the intricate synaptic connections of adjacent neurons in
different spatial directions is particularly relevant to theories of disease propagation. More
specifically, layer versus column atrophy could lend insight into the increasing evidence for
pathologic protein transmission via synaptically connected neurons that begins locally (e.g., within
layers) before spreading to neighboring and more distant regions (Brettschneider ez al., 2015).
The extent to which whole neurons or parts of neurons are shrinking or lost within the cortical
layers or columns remain active areas of research that aim to elucidate the cellular basis of cortical
atrophy. The atrophy within cortical layers and columns known to occur in a disease context is
elaborated in part IX below.

This dissertation focused assessments of cortical atrophy to only cortical thickness at the
whole hemisphere or regional level. One reason for using cortical thickness measurements was
that they can be put in the context of prior investigations that often report cortical thickness or
volume changes. However, cortical volumes were excluded from the following investigations
considering that in contrast to thickness, volume is a product of both thickness and surface area
whereby each parameter has been shown to vary independently and disproportionately to one
another in ways that still need further elucidation (Winkler et al., 2010; Meyer et al., 2013).
Finally, since neurodegenerative disease such as AD often selectively targets some cortical layers
over others (Hirano and Zimmerman, 1962; Brun and Englund, 1981; Pearson et al., 1985;
Lewis et al., 1987; Arnold et al., 1991; Braak and Braak, 1991), it was decided that it would

also be important to use cortical thickness measurements as they are theoretically more sensitive
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at detecting changes in the cell lamina. Therefore, the relationships described in this dissertation

using global and regional thickness analyses produced foundational insight into what
neurobiological changes underlie cortical atrophy. Future experiments can expand upon these
initial findings related to cortical thickness by employing other measurements of atrophy.

Cortical atrophy can be measured in various ways including after death in postmortem
tissue or alternatively during life using magnetic resonance imaging (MRI). The in vivo MRI is a
particularly important approach because of its clinical utility in aiding diagnoses due to its ability
of reliably and quantitatively detecting structural changes throughout disease progression (Frisoni
et al., 2010). Assessing the morphology of cortical gray matter is performed using Ti-weighted
MRI scans together with automated computerized methods such as voxel-based morphometry or
cortical surface analyses. While voxel-based morphometry was among the first approaches and
still widely used, studies have shown that surface-based analyses may be more sensitive in
detecting age- or disease-related gray matter changes compared to voxel-based analyses (Hutton
et al.,2009). All quantitative analyses of in vivo cortical atrophy reported in this dissertation were
carried out using FreeSurfer (v5.1.0, http://surfer.nmr.mgh.harvard.edu), a well-validated
software suite that constructs inner and outer cortical surface boundaries to detect morphometric
properties of neuroanatomy at submillimeter resolution (Fischl and Dale, 2000).
II. Alzheimer’s Disease (AD): Pathologic Diagnosis

The neurobiological basis of MRI-based cortical atrophy has been investigated in several
types of neurodegenerative diseases and clinical phenotypes, but perhaps none as extensively as
individuals diagnosed with “Alzheimer’s disease (AD) neuropathologic change”. To receive the
neuropathologic diagnosis of AD, postmortem brain tissue sampled from specified regions must
stain positive for two histopathologic features: amyloid-B plaques (APs) and neurofibrillary tau

tangles (NFTs) (Hyman et al., 2012; Montine et al., 2012).
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NFTs are comprised of tau (Kosik et al., 1986), a microtubule-associated protein abundant

in the axon where it supports axonal transport by binding and stabilizing the microtubules
(Weingarten et al., 1975). In AD, tau is translocated to the somatodendritic compartment and
undergoes hyperphosphorylation and misfolding into paired helical filaments that lead to the
formation of intraneuronal NFTs and neuropil threads (Alonso et al., 1994; del C Alonso et al.,
1996; Iqgbal ef al., 2015). NFTs have long been known to be heterogeneous aggregates that vary
according to their fibrillar composition and molecular staining profiles. The distinguishable
morphologic features of NFTs have given rise to a putative chronological evolution of NFTs based
on fibrillar structure that includes “pre-NFTs” (lacking fibrils that imply pre-maturity) and typical
NFTs (bearing fibrils and therefore mature) (Uchihara, 2014). The insoluble mature NFTs can
become extraneuronal ghost NFTs when NFT-bearing neurons die, but the extent to which this
occurs remains to be clarified. NFTs are a critical component of the pathologic diagnosis of AD
given the evidence for NFTs propagating in a spatiotemporal fashion that correlates with
neurodegeneration and clinical severity (Braak and Braak, 1991; Arriagada et al., 1992; Bierer
et al., 1995; Braak and Braak, 1995; Gomez-Isla et al., 1997; Giannakopoulos et al., 2003).
APs are comprised of amyloid- protein (Glenner and Wong, 1984), a peptide of 40 or
42 amino acids that is derived from the amyloid precursor protein after its sequential cleavage by
3- and o-secretases (Kang et al., 1987; Vassar et al., 1999). In AD, the larger amyloid-B peptide
of 42 amino acids appears to be the more pathologic protein (Younkin, 1998), known for its
formation of intermediate soluble oligomers before becoming insoluble B-pleated sheet fibrils that
form a variety of extracellular deposits that are commonly classified into two groups: diffuse or
dense-core APs (Serrano-Pozo et al., 2011a). Diffuse APs tend to be amorphous and non-neuritic
(lacking tau-positivity), with little association with neurodegenerative processes and thus is not

part of the pathologic diagnosis of AD (Masliah et al., 1990; Hyman et al., 2012). Dense-core
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APs, also known as neuritic APs, exhibit a central compact core surrounded by a halo of dystrophic

neurites that are often tau-positive and an important consideration in the AD pathologic diagnosis
given their co-localization with glial activation, synapse loss, and neuronal degeneration (Itagaki
et al., 1989; Masliah et al., 1994; Urbanc et al., 2002).

AD neuropathologic change involves other features such as neuronal loss and gliosis, but
only the location and frequency of amyloid-B deposits, neuritic dense-core APs, and NFTs
contribute to the consensus criteria and formal pathologic diagnosis.

I11. AD: Clinical Diagnosis and Clinical Variants

“AD neuropathologic change” is the most common cause of “dementia of the Alzheimer-
type” (DAT), a clinical diagnosis made during life and independent of the pathologic diagnosis
(McKhann et al., 2011). DAT is a syndrome characterized by impairments typically in learning
and recall of recently learned information; this amnestic presentation can occur in isolation or in
combination with other less prominent deficits in non-amnestic domains that include language,
executive, or visuospatial function (McKhann ez al., 2011). DAT is also known as “typical AD
dementia” because it is now recognized that AD neuropathologic change can cause a spectrum of
distinct clinical syndromes. The clinical AD phenotypes include the most common amnestic
presentation (typical AD) and non-amnestic presentations (atypical AD) (Galton et al., 2000;
Kramer and Miller, 2000; Alladi ef al., 2007; Warren et al., 2012). The three principal non-
amnestic syndromes that constitute atypical AD are distinguishable by the earliest most impaired
cognitive domain: visuospatial dysfunction in “posterior cortical atrophy” (Hof et al., 1989;
Crutch et al., 2017), language dysfunction in “primary progressive aphasia (PPA)” (Mesulam,
1982; Mesulam et al., 2014b; Rogalski et al.,, 2016), and behavioral/executive/attentional
dysfunction in the “behavioral/dysexecutive/frontal” variant of AD (Johnson et al, 1999;

Ossenkoppele et al., 2015b). Less common clinical syndromes have been considered to be part
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of the atypical AD variants. One example is the asymmetric ideomortor/ideational apraxias and

akinetic rigidities characteristic of “corticobasal syndrome” (Armstrong et al., 2013). Sill other
AD variants may exist based on age of onset; while “early-onset AD” represents individuals with
typical amnestic presentations that begin before age 65 and have a rapid progression that leads to
death in a few years, “late-onset AD” describes individuals with slow rates of disease progression
lasting a decade or more (Frisoni ef al., 2007; Warren et al., 2012).

The clinical AD variants leave much to be understood regarding how a common
neuropathologic etiology can cause separate clinical syndromes. In pursuit of answering that
question and others as they relate to selective vulnerability, PPA has emerged as a fruitful subject
for research. The past two decades of research have produced significant advancements in the
characterization of PPA and its subclassifications based on clinical and neuropathologic features
reviewed in further detail in the following two sections.

IV. Primary Progressive Aphasia (PPA): Clinical Diagnosis and Clinical Subtypes

Language is an emergent function of a complex neural network of the human brain;
therefore, it is not surprising that heterogenous clinical presentations manifest when the language
network is partially and progressively damaged in PPA. In a concerted effort to facilitate
consistency in the clinical diagnosis of PPA, experienced clinicians have identified consensus
criteria for the classification of PPA and its clinical subtypes based on distinguishable early
presentations (Gorno-Tempini ez al., 2011). To be given the root diagnosis of PPA, not only does
an individual need to present with a language disorder (aphasia) that emerges as the earliest and
most prominent deficit (primary) relative to other neurological impairments in the first 1-2 years
of onset, the language dysfunction must worsen over time (progressive) due to underlying
neurodegenerative disease (Mesulam, 1982; Mesulam, 2001; Mesulam, 2003). The PPA

diagnosis cannot be made if the pattern of impairments is due to other medical problems such as a
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psychiatric condition, cancer, stroke, or a traumatic event.

After the initial diagnosis, PPA patients can often be classified into a clinical subtype.
Three principal subtypes are currently recognized: ‘agrammatic/non-fluent’, ‘logopenic’, and
‘semantic’ (Gorno-Tempini ez al., 2011). Each PPA clinical subtype can be distinguished by
varying intactness of language comprehension, grammaticality, and speech. In brief, agrammatic
PPA (PPA-G) presents with abnormal syntax, fluency, and commonly apraxia of speech.
Logopenic PPA (PPA-L) presents with word-finding pauses, circumlocutions, phonemic
paraphasias, and often poor repetition. Unlike PPA-G and PPA-L, semantic PPA (PPA-S) is
characterized by significant deficits in single word comprehension that is associated with anomia
and impaired word-retrieval. Mixed PPA often shares features with PPA-G and PPA-L such that
grammar and comprehension deficits are observed with similar severity at time of evaluation.
However, these subtypes may need modifications given that when some patients can present with
symptoms that do not cleanly fit a subtype’s criteria, they are rendered unclassifiable, or in other
patients their symptoms match criteria for multiple subtypes and are therefore designated ‘mixed’
(Mesulam et al., 2014a).
V. PPA: Associated Pathologic Diagnoses

PPA is caused by a number of different neurodegenerative diseases that can only be
confirmed in the postmortem brain and most often include frontotemporal lobar degeneration
(FTLD) or AD neuropathology. The AD pathologic diagnosis and characteristics of AD
neuropathology were described earlier in part II. Consensus criteria has been established for
making the pathologic diagnosis of FTLD, which actually represents a grouping of diseases that
can be divided into two main proteinopathies based on the nature of the proteinaceous inclusions:
“tauopathies” (FTLD-tau) and “ubiquitinopathies” (FTLD-U) (Cairns et al., 2007). FTLD-tau

has inclusions immunolabeled with antibodies to tau and the most common primary diagnoses
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include the following: Pick disease, corticobasal degeneration, and progressive supranuclear palsy.

FTLD-U has inclusions labeled with antibodies to ubiquitin or p62. The most common ubiquitin-
positive neuropathology is the transactive DNA-binding protein of 43 kDa (TDP-43) (Cairns et
al., 2007; Bigio, 2013). For the purposes of this dissertation, only the AD and FTLD-TDP
pathologic diagnoses are described in detail because the PPA participants that were examined in
each investigation happen to only have either AD or FTLD-TDP as their primary pathologic
diagnosis.

TDP-43 is a DNA- and RNA-binding nuclear protein that can become a pathologic
inclusion once it is hyperphosphorylated and usually ubiquitinated (Mackenzie and Neumann,
2017), resulting in an insoluble aggregate mislocalized in the nucleus or cytoplasm (Neumann et
al.,2006; Cohen et al., 2011). It turns out that the resultant intracellular TDP-43 inclusions exhibit
morphologic heterogeneity. At present, TDP inclusions are morphologically characterized as
either dystrophic neurites, neuronal cytoplasmic inclusions, or neuronal intranuclear inclusions
(Mackenzie et al., 2011). Furthermore, these distinct inclusions form patterns of accumulation
within the gray and white matter that is of anatomical, and likely clinical, significance. As a result,
FTLD-TDP has been subdivided into 4 pathologic subtypes (types A, B, C, D), where each
pathologic subtype is distinguishable based on the cortical layer one or more TDP deposits
predominate, the type of inclusion deposited, and the frequency relative to other TDP inclusions
(Mackenzie et al., 2011). A 5" subtype (type E) has been recently proposed to categorize TDP
aggregates that do not follow the original A, B, C, or D types (Lee et al., 2017). Many of the
FTLD-TDP subtypes have associations with specific genetic mutations and clinical phenotypes
such as PPA, but more clinicopathologic studies are needed to fully parse these relationships.

In the pursuit to find the neuropathologic basis of the clinical syndrome that is PPA,

clinicopathologic studies have shown that the three main subtypes of PPA tend to each have a
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pathologic diagnosis that they are most often associated with: PPA-G and FTLD-tau, PPA-L and

AD, and PPA-S and FTLD-TDP. However, these associations are far from consistent. In fact,
available evidence points to the conclusion that there is no one-to-one relationship between the
clinical phenotype and the underlying molecular pathology (Hodges et al., 2004; Kertesz et al.,
2005; Forman et al., 2006; Mesulam ez al., 2008; Deramecourt et al., 2009; Grossman, 2010;
Harris et al., 2013; Mesulam et al., 2014b). Put another way, a single molecular pathology can
cause more than one type of clinical syndrome and that is because it seems to matter more where
the neuropathology is deposited anatomically than which #ype of neuropathology has accumulated.
VI. PPA: A Model for Selective Vulnerability and the Determinants of Cortical Atrophy
PPA is particularly suitable for advancing our understanding of the underpinnings of
selective vulnerability and the neurobiological substrates of structural and cognitive changes.
Firstly, PPA is relatively rare and understudied compared to other clinical dementias (Knopman
and Roberts, 2011; Grossman, 2014). Secondly, PPA is characterized by focal and asymmetric
degenerative patterns that can be leveraged to better understand disease mechanisms (Gorno-
Tempini and Miller, 2013; Mesulam et al., 2014a). More specifically, the anatomy of cognitive
and cortical changes in PPA provide a unique opportunity to tease apart the neuropathologic and
cellular determinants of clinically compromised versus relatively spared regions within the same
brains. This means that many relationships can be established independent of a control group and
the resultant findings shed insight into the selective vulnerability of cortical regions responsible
for the PPA clinical phenotype. Finally, as the aphasic variant when AD is the primary postmortem
diagnosis, the study of PPA-AD can provide valuable information about the similarities and
disparities between it and the rest of the clinical AD spectrum.
VII. Possible Neuropathologic Contributors to Cortical Atrophy

The neuropathologic contributors to cortical atrophy have been extensively examined in
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DAT-AD. The cortical atrophy patterns characteristic of DAT-AD can often be differentiated

from the atrophy patterns associated with other clinical disorders and AD variants such as PPA-
AD (Ossenkoppele et al., 2015a). In DAT-AD, both hemispheres show significant cortical
atrophy in almost every lobe of the brain, with the most prominent and earliest cortical atrophy
typically in the medial temporal lobe and temporoparietal junction (Frisoni ez al., 2007; Moller
et al., 2013). Cortical atrophy has also been shown to progressively spread in a spatiotemporal
pattern that mirrors the NFT progression and Braak NFT stage in DAT-AD (Thompson et al.,
2003; Vemuri et al., 2008; Whitwell et al., 2008; Whitwell et al., 2012). While both NFTs and
APs appear to contribute to neurodegenerative processes in DAT-AD, NFTs may be the stronger
pathologic correlate of antemortem cortical atrophy (Dallaire-Théroux ef al., 2017). In addition
to cortical atrophy, neocortical and hippocampal NFTs have also been linked to the severity and
progression of cognitive decline in DAT-AD (Arriagada et al., 1992; Bierer et al., 1995). Taken
together, these findings strongly indicate that in comparison to APs, the location and extent of
NFTs more consistently correspond to the anatomy of cortical atrophy and cognitive decline
characteristic of DAT-AD.

The neuropathologic basis of cortical atrophy remains unclear in the clinical AD variants
such as PPA-AD. MRI has revealed focal and asymmetric cortical atrophy concentrated to
language regions of the language dominant hemisphere in PPA (Rogalski et al., 2011a; Rogalski
et al., 2014; Rogalski et al., 2016). Similar to the underpinnings of memory impairments and
medial temporal lobe atrophy typical of DAT-AD, recent studies suggest that the language deficits
and atrophy of language cortices characteristic of PPA-AD are associated with the accumulation
of NFTs (Gefen et al., 2012; Josephs et al., 2013). These early findings in PPA-AD, in
combination with DAT-AD investigations, provide converging evidence that NFTs may be a

common and major contributor to cortical atrophy across the distinct clinical variants of AD.
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VIII. Possible Neuroinflammatory Contributors to Cortical Atrophy

Regardless of the underlying molecular pathology, there appears to be an invariable glial-
mediated neuroinflammatory response in neurodegenerative diseases. The examination of cells
and mediators that drive neuroinflammation is a burgeoning area of research given that
neuroinflammation may play an important role in the pathogenesis and severity of diseases like
AD (McGeer and McGeer, 2001). Both reactive astrocytes and activated microglia produce
inflammatory responses (Serrano-Pozo et al., 2011b; Serrano-Pozo et al., 2013b), but microglia
deserve special consideration as the resident immune cells of the brain. Most neuroinflammation
is often attributed to reactive microglia, first described long ago by del Rio-Hortega and shortly
later by Penfield to be an abundant population of macrophages of the central nervous system
(Penfield, 1925; Del Rio-Hortega, 2012; Sierra et al., 2016). Microglia are the first line of
defense to brain lesions, and their sensitivity and responsiveness to changes in the brain are critical
to maintaining homeostasis and normal brain health. However, microglia also appear to have
maladaptive properties that feed the debate on how they may contribute to neurodegenerative
disease (Kreutzberg, 1996; Mosser and Edwards, 2008; Perry et al., 2010; Streit ez al., 2014;
Svahn et al., 2014; Salter and Stevens, 2017).

The precise roles of microglia in health and disease are still under investigation. Microglia
are heterogeneous in function and appearance, with some morphologic phenotypes more closely
linked to neurodegenerative processes compared to others. Resting “ramified” microglia appear
relatively smaller, with long, thin branches that are motile and likely survey for pathophysiological
changes in preparation to convert to the activated state (Perry et al., 2010). Classically “activated”
microglia are often considered the typical macrophages that appear hypertrophic with thicker and
shorter processes. Activated microglia may serve roles in wound healing, host defense, and

regulatory processes (Mosser and Edwards, 2008). When activated, microglia undergo a change



23
in morphology and an upregulation of cell-surface receptors and cytoplasmic proteins that can be

readily targeted by immunohistochemical techniques to reveal their presence and distribution. In
the activated state, microglia have the capacity to secrete harmful cytotoxic mediators including
cytokines, reactive oxygen species, and other factors that stimulate inflammatory processes linked
to neuronal damage (McGeer and McGeer, 2001). Other phenotypes likely exist in the microglial
spectrum (Mosser and Edwards, 2008; Streit and Xue, 2009; Bachstetter et al., 2015), and their
extent in gray versus white matter have not been quantitatively evaluated. Therefore, the
differentiation and regional accumulation of microglia in gray versus white matter are critical to
the investigation of how activated microglia, a potential neuroinflammatory marker and indicator
of pathology, may be contributing to selective neurodegeneration measured during life (e.g.,
cortical atrophy).

The majority of microglia-centered studies have come from examinations of individuals
diagnosed with DAT-AD. Activated microglia appear in close proximity to APs and NFTs in AD
(McGeer et al., 1987; Styren et al., 1990; Serrano-Pozo et al., 2011b), and there is evidence for
glial-mediated inflammation that could be an initially protective response to accumulating AD
neuropathology that becomes neurotoxic once chronically activated due to the initial pathologic
threat failing to be eliminated (McGeer and McGeer, 2001; Solito and Sastre, 2012). The
inflammatory processes and co-localization of microglia with other pathologic inclusions have
implicated microglia in the progression of multiple diseases. For example, activated microglia
accumulate near demyelinating pathology in multiple sclerosis (Singh et al., 2013), Pick bodies in
frontotemporal dementia (FTD) patients with underlying FTLD-tau (Schofield ez al., 2003; Lant
et al., 2014), and TDP-43 inclusions in FTD and PPA patients with underlying FTLD-TDP (Lant
et al., 2014; Kim et al., 2016).

The distribution of neuroinflammatory markers and how they may contribute to
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neurodegenerative processes in non-amnestic variants of AD such as PPA-AD are not well

understood. A recent study of atypical AD patients with predominately aphasic presentations
demonstrated that relative to the temporal cortex, the parietal cortex had a greater concentration of
phosphorylated tau immunoreactivity and neuroinflammatory markers including activated
microglia that was not observed in typical amnestic AD patients (Boon et al., 2018). These
distinguishable patterns of activated microglia between amnestic and non-amnestic AD
phenotypes is reminiscent of the emerging evidence for divergent patterns of NFTs found in DAT-
AD (symmetric distributions) versus PPA-AD (asymmetric distributions) (Gefen et al., 2012;
Josephs ef al., 2013). It remains to be determined why NFTs do not conform to typical Braak
staging in non-amnestic variants of AD, but neuroinflammation might play a role. Quantitative
investigations in PPA-AD would be beneficial in determining the extent of microglial activation
in gray matter and white matter and how microglia distributions relate to patterns of
neurodegenerative processes such as cortical atrophy.
IX. Possible Cellular Determinants of Cortical Atrophy

Neurodegeneration likely represents most of cortical atrophy; as the word
neurodegeneration suggests, cells such as neurons are degenerate and probably die in the face of
neuropathologic stressors. However, in contrast to the neuropathologic studies that have evaluated
relationships between AD neuropathology and antemortem cortical atrophy, far less is understood
about the postmortem cellular markers that contribute to cortical atrophy. It has been known for
decades that neuronal loss occurs on a regional and laminar basis that parallels histopathologic
burden in DAT-AD (Hirano and Zimmerman, 1962; Brun and Englund, 1981; Coleman and
Flood, 1987; Arnold et al., 1991; Gomez-Isla et al., 1997; Arendt et al., 1998). In addition to
selective cell layer loss, minicolumns have been shown to thin in AD and aging (Chance et al.,

2011). Further analyses of individual neurons have shown that neurodegeneration is also due to a
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reduction in cell size and loss of integral parts of neurons (i.e., axons, dendrites, and spines), with

pyramidal projection neurons being uniquely susceptible to neurofibrillary degeneration and
synapse density representing the strongest correlate of cognitive impairments in DAT-AD
(Coleman and Flood, 1987; DeKosky and Scheff, 1990; Terry et al., 1991; Braak et al., 2000;
Uylings and de Brabander, 2002; Masliah ez al., 2006). Far less experimentation has been
completed in non-amnestic dementias such as FTD and PPA, but similar findings have been
reported. For example, neuronal loss and gliosis has been observed in a regional-, laminar-, and
stage-dependent manner in individuals diagnosed with FTLD-tau or FTLD-TDP (Kersaitis et al.,
2004; Yousef et al., 2017). In summary, compared to normal controls and age-related changes,
many lines of evidence suggest that a multitude of neuronal changes (that are cell-type and
anatomically specific) collectively contribute to neurodegeneration in diseases such as AD
(Morrison and Hof, 1997).

Another important cell type to consider is glia. The relationship with between glia and
cortical atrophy is paradoxical: glia are space-filling cells that also have the capacity to exacerbate
neurodegenerative processes and thus cortical atrophy. Glia are a prominent constituent of the
cortex given that the latest quantitative estimates indicate that the adult human brain has an
approximately 1:1 ratio of glia-to-neurons (Azevedo et al., 2009). Therefore, glial changes should
also be an important cellular substrate of cortical atrophy. In various pathologic contexts, it is
currently unclear how glia contribute to neurodegeneration and cortical atrophy considering that
glia (and microglia in particular) exhibit a prolific response to disease that makes them
simultaneously neuroprotective, neuroinflammatory, and prone to senescence and dysfunction
(Block et al., 2007; Mosser and Edwards, 2008; Perry et al., 2010; Svahn et al., 2014). In AD,
neuropathologic inclusions do not form inside glia and yet, scores of microglia react to

accumulating neuropathology by way of hypertrophy, moving to inclusion sites, and by
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proliferating (Solito and Sastre, 2012; Gomez-Nicola et al., 2013; Serrano-Pozo et al., 2013a).

These particular microglial changes might actually negate the effects of cortical atrophy driven by
neuronal loss or shrinkage, resulting in microglial activation having a negative or lack of
relationship with cortical atrophy that has been reported previously (Serrano-Pozo ez al., 2011b).
Conversely, gliosis is known to be a typical feature of regions undergoing neurodegeneration and
neuropathologic change. Therefore, heightened microglial activation in regions with greater
neuropathologic change in combination with microglia having the capacity to mediate neurotoxic
effects that exacerbate neurodegenerative processes could mean microglial activation might have
positive relationships with measures of cortical atrophy (Femminella ez al., 2016; Kreisl, 2017).
Consistent with findings in DAT-AD, densities of astroctyes and activated microglia appear to be
related to disease severity and neurodegenerative processes in FTD and PPA (Schofield et al.,
2003; Broe et al., 2004; Lant et al., 2014; Kim et al., 2018).

Despite the logical notion that neuronal changes underlie cortical atrophy, very little
neurobiological evidence exists as to what MRI-based cortical atrophy is detecting in terms of
cellular changes in disease. One study found that MRI-based hippocampal volume correlated with
the number of neurons counted in the subsector CA1 of the hippocampus in DAT-AD and vascular
dementia (Zarow et al., 2005). However, similar to previous reports that quantitated neuronal
changes in DAT-AD, the findings are difficult to generalize because data was often restricted to a
small and singular region, usually the selectively vulnerable hippocampus or entorhinal cortex.
The neuronal and glial changes that constitute neurodegeneration and contribute to cortical atrophy
need to be confirmed at a multi-regional level in the clinical AD phenotypes including PPA-AD.
X. Objectives of Present Studies and Expected Outcomes

The main goal of this dissertation was to explore the histopathologic basis of in vivo cortical

atrophy in a clinical population diagnosed with PPA and AD neuropathologic change. To
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maximize the certainty of what neurobiological changes underlie cortical atrophy, PPA

participants were included only if their last MRI scan was close to death (<2.5 years). It was
expected that the findings of these investigations would help identify mechanisms of
neurodegeneration and uncover what structural MRI is detecting in clinical and research settings.

Three studies were designed to examine the relationships between neuropathology, cells,
and cortical atrophy in the same corresponding regions. Stereology was used to quantify densities
of neuropathology and cells in the gray matter given the method’s reputation as the gold standard
for unbiased and quantitative estimates of postmortem markers (Schmitz and Hof, 2005). The
high packing density of activated microglia in white matter precluded a reliable stereologic
analysis and thus optical density analyses were adopted as a quantitative alternative.
Neuroimaging analyses employing surface-based methods were used to measure cortical thickness
atrophy.

In Study 1, the neuropathologic basis of in vivo cortical atrophy was examined in PPA-AD
with the hypothesis that NFTs would be a stronger predictor of cortical atrophy than APs. While
processing PPA-AD tissue for cellular markers including a neuroinflammatory marker for
microglia, it became evident that microglial activation was often more pronounced in the white
matter compared to gray matter across PPA pathologic subtypes in ways not previously reported.
Consequently, Study 2 was launched to perform a novel examination aimed at characterizing the
distribution of white matter activated microglia and determining their relationship with gray matter
atrophy in PPA-AD and PPA-TDP participants. It was expected that greater densities of microglial
activation would be found in more atrophic regions. Finally, the focus for Study 3 shifted back to
gray matter to explore the cellular basis of in vivo cortical atrophy, in addition to integrating
findings from Studies 1 and 2 to determine how neurons and microglial subtypes were related to

AD neuropathology and white matter activated microglia. The central hypothesis of this third
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investigation was that smaller densities of neurons would be related to greater densities of NFTs

and hypertrophic microglia as well as greater cortical atrophy. In addition, it was hypothesized
that hypertrophic microglia would be related to NFTs, APs, and white matter activated microglia,
while microglial phenotypes would display different relationships with cortical atrophy.

Given the lack of effective interventions to prevent or slow diseases such as AD, clinical
strategies may need to develop therapeutics that target new pathologic or inflammatory pathways.
While MRI methods are becoming better at detecting and tracking these changes over time in
living patients, these related processes remain incompletely understood in the human brain.
Quantitative postmortem examinations of how AD neuropathology and neuroinflammation
(microglial function) relate to neurodegenerative processes measured by MRI should help fill in
critical gaps in knowledge. These multidisciplinary experiments are part of an ongoing effort to
identify neuropathologic culprits and susceptibility markers of degeneration that lead to

debilitating disorders such as PPA.
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—STUDY 1—

Neuropathologic Basis of In Vivo Cortical Atrophy in PPA-AD

ABSTRACT

The neuropathologic basis of in vivo cortical atrophy in neurodegenerative diseases that
cause dementia remains poorly understood. Primary progressive aphasia (PPA) is a language-
based dementia syndrome characterized by asymmetric cortical atrophy and associated with
multiple proteinopathies, including the neurofibrillary tangles (NFTs) and amyloid-B plaques
(APs) of Alzheimer’s disease (AD). A systematic and quantitative investigation of the
relationships between NFTs, APs, and in vivo cortical atrophy in PPA-AD is lacking. In this study,
regional cortical thickness in five PPA-AD participants who had magnetic resonance imaging
(MRI) within 7-30 months of death was compared to an age-matched control group. NFTs and
dense-core APs were quantified in postmortem brain sections using the Thioflavin-S stain and
stereology. [In vivo and postmortem data were collected within 14 anatomically corresponding
regions that included five language and two non-language regions in the left hemisphere along
with their contralateral homologues. Linear mixed models accounting for repeated measures and
stratified by hemisphere and type of region (language vs. non-language) were used to determine
the hemispheric and language selectivity of pathologic changes as well as the relationships
between cortical atrophy and AD neuropathology. Consistent with the aphasic profile of PPA, left
language regions displayed more cortical atrophy (p=0.01) and NFT densities (p=0.02) compared
to right language homologues. Left language regions also showed more cortical atrophy (p<0.01)
and NFT densities (p=0.02) than left non-language regions. A subset of data was analyzed to

determine the predilection of NFTs and APs for neocortical regions compared to entorhinal cortex
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in the left hemisphere, which showed that the three most atrophied language regions had

significantly greater NFT (p=0.04) and AP densities (p<0.01) than the entorhinal cortex in the left
hemisphere. These results provide quantitative evidence that NFT accumulation in PPA
selectively targets the language network and may not follow the Braak staging of neurofibrillary
degeneration described in the more typical amnestic dementia of AD. NFT densities were also
positively associated with cortical atrophy within the left hemisphere language regions (p<0.01)
and their right language homologues (p<0.01) whereas the AP densities were not. Given previous
findings from typical amnestic AD, the current study of PPA-AD provides converging evidence
that NFTs are the principal determinants of atrophy and clinical phenotypes associated with AD.

INTRODUCTION

Magnetic resonance imaging (MRI) is a reliable and quantitative method for detecting
structural changes in the brain during life. The basis of these anatomical changes is not well
understood at the neurobiological level, especially in neurodegenerative diseases that cause
cortical atrophy and dementia. The neuropathologic contributors to MRI-based cortical atrophy
have been extensively examined in individuals clinically diagnosed during life with an amnestic
dementia of the Alzheimer-type (DAT) and pathologically diagnosed postmortem with
Alzheimer’s disease (DAT-AD). The amyloid-8 plaques (APs) and neurofibrillary tau tangles
(NFTs) are the primary histopathologic hallmarks of AD neuropathology. While both appear to
contribute to neurodegenerative processes in DAT-AD, NFTs may be the stronger pathologic
correlate of antemortem cortical atrophy (Dallaire-Théroux ef al., 2017). In addition to cortical
atrophy, neocortical and hippocampal NFTs have also been linked to the severity and progression
of cognitive decline in DAT-AD (Arriagada et al., 1992; Bierer et al., 1995). Taken together,
these findings strongly indicate that in comparison to APs, the location and extent of NFTs more

consistently correspond to the anatomy of cortical atrophy and cognitive decline characteristic of
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DAT-AD. However, the neuropathologic basis of cortical atrophy remains unclear outside of those

with DAT-AD. AD neuropathology is known to cause distinct types of non-amnestic dementia
(Kramer and Miller, 2000; Alladi et al.,, 2007; Mesulam et al., 2008; Gefen et al., 2012;
Warren et al., 2012; Mesulam et al., 2014b; Rogalski et al., 2016) with each clinical syndrome
displaying common and variant-specific atrophy patterns (Ossenkoppele et al., 2015a). The
purpose of the current study was to determine if NFTs could also be the primary driver of cortical
atrophy in a non-amnestic variant of AD known as primary progressive aphasia (PPA).

PPA with AD neuropathology (PPA-AD) is the aphasic variant of AD, a syndrome
characterized by a gradual dysfunction of language processing with initial preservation of other
cognitive domains such as memory (Mesulam, 1982; Mesulam, 2003). AD is the pathologic
diagnosis in approximately 40% of individuals with PPA (Knibb ef al., 2006; Mesulam et al.,
2008; Rohrer et al., 2012; Mesulam et al., 2014b). MRI has revealed focal and asymmetric
cortical atrophy that is concentrated in language regions of the language dominant hemisphere in
PPA (Rogalski et al., 2011a; Rogalski er al., 2014; Rogalski et al., 2016). Similar to the
underpinnings of memory impairments and medial temporal lobe atrophy typical of DAT-AD,
recent studies suggest that the language deficits and atrophy of language cortices characteristic of
PPA-AD are associated with NFT densities (Gefen et al., 2012; Josephs et al., 2013). These early
findings in PPA-AD, in combination with studies of DAT-AD, provide converging evidence that
NFTs are possibly a common and major contributor to cortical atrophy across the distinct clinical
variants of AD.

Previous studies examining DAT-AD and PPA-AD participants presented with several
shortcomings that may have clouded the reported relationships between AD neuropathology and
in vivo atrophy. For example, many of these investigations included wide interval ranges (intervals

= ~1-8 years) between the final MRI scan and death (Jack et al., 2002; Silbert et al., 2003;
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Csernansky et al., 2004; Jagust et al., 2008; Josephs et al., 2008; Vemuri et al., 2008; Whitwell

et al., 2008; Burton et al., 2009; Burton et al., 2012; Erten-Lyons ef al., 2013; Josephs et al.,
2013; Kaur et al., 2014; Dallaire-Théroux et al., 2017), a potential problem since rates of atrophy
and neuropathologic accumulations have yet to be clarified and atrophy likely worsened over the
longer intervals. Measurements of atrophy were often confined to the hippocampus (Jack et al.,
2002; Silbert et al., 2003; Csernansky et al., 2004; Jagust et al., 2008; Vemuri et al., 2008;
Burton et al., 2009; Burton et al., 2012; Erten-Lyons et al., 2013; Josephs et al., 2013; Kaur
et al., 2014), whole brain volume (Silbert et al., 2003; Csernansky et al., 2004; Josephs et al.,
2008; Erten-Lyons et al., 2013; Kaur et al., 2014), or ventricular volumes (Silbert et al., 2003;
Josephs et al., 2008; Erten-Lyons et al., 2013; Kaur et al., 2014), making it difficult to generalize
the neuropathologic-anatomic relationships across more of the brain. Select studies have
conducted larger analyses within 3-4 regions (Burton et al., 2012; Josephs et al., 2013), but their
neuropathologic data were only collected unilaterally, a limitation also shared by studies of fewer
regions (Jack et al., 2002; Josephs et al., 2008; Vemuri et al., 2008; Whitwell et al., 2008;
Burton et al., 2009). Bilateral examinations of multiple regions remain uncommon yet are critical
to elucidating the relationship between neuropathology and atrophy, especially in clinical
syndromes such as PPA that present with such stark hemispheric asymmetries.

NFTs and APs vary greatly across anatomical regions, gyral depth, and cortical layers in
AD brains (Hirano and Zimmerman, 1962; Brun and Englund, 1981; Pearson et al., 1985;
Lewis et al., 1987; Arnold et al., 1991; Braak and Braak, 1991; Arendt ez al., 2016). However,
previous DAT-AD and PPA studies infrequently obtained representative quantitative estimates of
histopathologic markers. Qualitative evaluations of postmortem neuropathology and MRI that
were collected with vague anatomical correspondence have likely led to inaccurate interpretations

of neuropathologic-anatomic relationships. For example, atrophy has been assessed visually
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(Whitwell et al., 2008; Burton ef al, 2009), and neuropathologic accumulation has been

determined by ranking (Jack et al., 2002; Csernansky et al., 2004; Jagust et al., 2008; Josephs
et al., 2013), Braak stage (Silbert et al., 2003; Csernansky et al., 2004; Jagust et al., 2008;
Josephs et al., 2008; Vemuri et al., 2008; Whitwell et al., 2008; Erten-Lyons et al., 2013) or
other semi-quantitative methods (Csernansky et al., 2004; Josephs et al., 2008; Josephs et al.,
2013) using only a few, if not single, postmortem sections.

The current study sought to address these methodological limitations by using stereologic
quantitation of AD neuropathology and surface-based measurements of in vivo cortical atrophy in
a well-characterized cohort of PPA-AD participants with MRI scans relatively close to death (7-
30 months). Due to asymmetric and region-specific atrophy, PPA represents an ideal dementia
model for bilateral, multi-regional investigations that are not commonly conducted in other
neurodegenerative diseases. The focal degenerative patterns observed in PPA brains provided a
unique opportunity to tease apart the relative contributions that pathologic lesions make to
compromised versus relatively spared regions within the same brains (e.g., left versus right
hemisphere; language versus non-language regions). FreeSurfer neuroimaging software was
utilized for the dual purpose of measuring cortical atrophy and providing a reliable methodology
for delineating 14 bilateral regions involved in the cognitive domains of language, memory, and
vision. Postmortem coronal sections were matched to in vivo coronal MRI visualized in each
FreeSurfer-derived region, ensuring anatomical correspondence between atrophy measurements
and stereologic quantification of NFTs and APs.

The primary aim of this investigation was to determine if densities of AD neuropathology
predicted in vivo cortical atrophy in PPA-AD. A secondary aim was to assess the selective
vulnerability of the language network in PPA-AD by confirming that AD neuropathology and

cortical atrophy were asymmetric and had a predilection for language regions in comparison to
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non-language regions. Considering previous findings in PPA-AD and DAT-AD, we expected

larger densities of NFTs, not APs, to be associated with greater cortical atrophy in language regions
of the language-dominant hemisphere in PPA-AD.
METHODS
Participants

The current study included five right-handed PPA participants with AD as the primary
neuropathologic diagnosis, each of whom had obtained at least one structural MRI scan acquired
close to death. Each PPA patient was enrolled through the PPA Research Program at the Mesulam
Cognitive Neurology and Alzheimer’s Disease Center at the Northwestern University Feinberg
School of Medicine. The diagnosis of PPA and subtypes was based on previously described
diagnostic guidelines which includes at least a two year history of progressive, isolated
impairments of speech or language functions (Mesulam, 1982; Mesulam, 2001; Gorno-Tempini
et al., 2011). Two PPA participants were clinically diagnosed with the logopenic variant (PPA-
L), one with the agrammatic variant (PPA-G), and two were unclassifiable by extant criteria (PPA-
U). All five PPA participants received a postmortem diagnosis of “high” AD neuropathologic
change based on published consensus criteria (Hyman et al., 2012; Montine et al., 2012). A
cognitively healthy control group consisting of 35 participants of similar age and education were
included in the neuroimaging analysis. The Northwestern University Internal Review Board
approved this study and all participants gave informed consent to their involvement and brain
donations. Clinical history and characteristics of each PPA case are presented in Table 1.1 and
1.2, respectively.
MRI acquisition

Structural MRI scans were acquired from all PPA and healthy control participants on a 3T

Siemens TIM Trio scanner using a 12-channel birdcage head coil at the Northwestern University
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Center for Translational Imaging. A Ti-weighted 3D MPRAGE sequence included the following:

repetition time = 2300 ms, echo time = 2.91 ms, inversion time = 900 ms, field of view =256 mm,
flip angle = 9°, 1 mm? voxel resolution collected over 176 sagittal slices. The mean interval of

time between the last scan and death (SDI) was 1.96+0.8 years; range 0.61-2.54 years (Table 1.2).

Table 1.1 Clinical presentations of PPA-AD participants.

Participant | Clinical History

! The patient presented at age 58 with a 2-year history of problems in word finding,

spelling, and handling numbers. His speech contained multiple word-finding pauses with
simplifications and circumlocutions but without paraphasias. Grammar production in both
speech and writing, repetition, and naming were preserved. Activities of daily living were
intact. He received a diagnosis of logopenic PPA and enrolled in research. Two years later
the patient returned for a research visit and underwent an MRI scan. At that time, his
aphasia severity prevented completion of much of the testing battery. His informant
endorsed moderate impairment in activities of daily living, severe anxiety, and severe

depression. He died 7 months later at age 62.

The patient initially presented at age 57 with a 2-year history of significant word finding
difficulties and mild executive dysfunction. At the time of research enrollment, at age 59,
his aphasia severity and executive dysfunction precluded a reliable subtype diagnosis. The
patient returned for a research MRI scan two years later. At that time, activities of daily
living were severely impaired and his informant endorsed moderate behavioral
disturbances including disinhibition, depression, and aberrant motor activities. He died

about 2 years later at age 64.

The patient presented at age 69 with a 2-year history of word finding deficits, stuttering,
decline in motivation, and difficulty following conversations. Dysfluency without
agrammatism, with intact repetition, naming, and single word comprehension led to a
diagnosis of logopenic PPA. At that time the patient enrolled in research and was
followed annually. At his last visit at age 74, he underwent MRI scanning and a brief
neuropsychological examination. Despite severe dysfluency and naming deficits, the
patient had relatively intact single word comprehension and nonverbal working memory.
His informant endorsed moderately impaired activities of daily living and moderate

apathy. He died 2 years later at age 76.
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The patient presented at age 57 with a 5-6-year history of word finding impairments,
difficulty reading and writing, and possible slowing of information processing. Speech
was agrammatic and dysfluent, repetition and naming were severely impaired, and he was
unable to write. Comprehension of single words were relatively intact except for unusual
words such as “illumination”. At the time of research enrollment and MRI scan at age 58,

his aphasia severity level precluded a subtype diagnosis. He died 2.5 years later at age 61.

The patient presented at age 74 with a 2-3-year history of word finding problems. He
reported an increase in the use of fillers, the misuse of pronouns, and trouble handling
numbers and reading. Speech was circumlocutory with phonemic paraphasias and word
finding pauses, but without agrammatism or dysarthria. Writing, however, was
agrammatic. Single word comprehension and repetition were preserved. He enrolled in
the research program with a diagnosis of agrammatic PPA and was scanned at the age of

76. He died 2.5 years later at age 78.




Table 1.2 Characteristics of PPA-AD participants.

PPA-AD PPA Ageat | Ageat | Ageat | Symptom | Scan/Death Postmortem

Case Clinical Education Onset Scan Death Duration Interval Interval APOE
# Subtype (Years) (Years) | (Years) | (Years) (Years) (Years) (Hours) Fixative | Status
1 L 16 56 61 62 4.7 0.61 6 F 3,3
2 U 12 55 62 64 7.9 2.14 14 F 3,3
3 L 15 67 74 76 8.6 2.00 8 P 3.4
4 U 14 51 59 61 9.4 2.54 19 P 3.4
5 G 18 72 76 78 6.2 2.54 28 P 3.4

L =logopenic; G = agrammatic; U = unclassifiable due to severity of impairments; P = paraformaldehyde; F = formalin; APOE = apolipoprotein E

LE
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MRI processing

Structural MRI were pre-processed using FreeSurfer (v5.1.0,
http://surfer.nmr.mgh.harvard.edu), a well-validated software suite capable of detecting
morphometric properties of neuroanatomy at submillimeter resolution (Fischl and Dale, 2000).
Topological surface errors were removed with manual iterative corrections based on established
guidelines (Ségonne et al., 2007). Cortical thickness was calculated by measuring the distance
between surface representations of the white-gray boundary and pial-CSF boundary (Dale et al.,
1999). The asymmetry and regional severity of cortical atrophy was determined using whole-brain
and regional analyses in the five PPA participants in comparison to 35 previously described
healthy controls (Rogalski e al., 2014). The whole brain vertex-wise assessment of cortical
atrophy involved the generation of a cortical surface heat map at the PPA group level to visualize
areas of peak cortical thinning in comparison to the control group (Fig. 1.1a). The region of
interest (ROI) analysis included measuring the cortical size for each ROI using mean cortical
thickness and converting the thickness values to z-scores derived from regional thickness
measurements collected from the healthy control group.

Regions of interest

A total of fourteen a priori ROIs were examined in each PPA case, seven per hemisphere
(Fig. 1.1b). ROIs involved multiple cognitive domains, including language ROIs implicated in
the PPA clinical profile, and non-language ROIs representing relatively spared cognitive functions
(primary sensory and memory areas) over most of the disease duration. Within the left language-
dominant hemisphere, five ROIs were language related and two were non-language related. The
contralateral homologue of each ROI was used to investigate hemispheric asymmetry. The
bilateral ‘language ROIs’ consisted of the inferior frontal gyrus (IFG), anterior superior temporal

gyrus (aSTG), posterior superior temporal gyrus (pSTG), anterior inferior parietal lobule (alPL),
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and posterior inferior parietal lobule (pIPL). The bilateral ‘non-language ROIs’ were the memory

related entorhinal cortex (EC) and the primary visual cortex (V1). While the EC is known to be
highly vulnerable to AD neuropathology and atrophy early in DAT-AD (Braak and Braak, 1991;
Gomez-Isla et al., 1996; Schmitz et al., 2016), this region has not been thoroughly investigated
in PPA, a dementia in which memory is not the salient deficit early in the disease course. The
extent to which neuropathology and atrophy impact memory regions like the EC in PPA-AD will
provide novel information regarding this region’s integrity in the context of the heavily
compromised language regions. In contrast, primary sensory regions such as V1 are typically less
vulnerable to AD neuropathology and atrophy in most clinical presentations of AD (i.e., common
exceptions include posterior cortical atrophy and early onset DAT-AD) (Pearson et al., 1985;
Lewis et al., 1987; Hof et al., 1993; Uylings and de Brabander, 2002; Broe et al., 2003;
Ossenkoppele ez al., 2015a). V1 has also received little experimental attention in PPA, but it was
anticipated to display little to no neuropathology and atrophy in PPA-AD.

Each a priori ROI was initially delineated in the native space of each subject using the
Desikan-Killiany atlas (Desikan et al., 2006) available in FreeSurfer, which reliably subdivides
the human cortex into gyral-based ROIs (Fischl et al., 2004). FreeSurfer tools were utilized to
make small modifications to three atlas-generated regions to construct the IFG, aSTG, and pSTG.
The IFG region required the merging of the ‘pars opercularis’ and ‘pars triangularis’ regions, while
a precise division of the ‘superior temporal gyrus’ along its longest axis created three equal parts,
including an anterior segment (aSTG) and a posterior segment (pSTG), (Fig. 1.1b).

Tissue processing

Brains were cut into ~1-2 cm coronal blocks and fixed in either 10% formalin for 2 weeks

or 4% paraformaldehyde for 30-36 hours at 4°C, and then submerged into an increasing

concentration gradient of sucrose (10-40%) for cryoprotection (Table 1.2). Coronal blocks were
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cut into 40 pm-thick coronal sections and collected in a 1:24 series. Depending on the size of the

ROI, 5-16 sections per ROI were analyzed to ensure representative sampling. In one series of
tissue, APs and NFTs were visualized with the Thioflavin-S stain (1%), which recognizes B-
pleated sheet protein conformations associated with mature AD neuropathology. Thioflavin-S-
positive NFTs (fluorescent cytoplasmic fibrils that resembled the size and shape of somas) and
dense-core APs (extracellular coronas of dystrophic neurites that surrounded a central mass of
brighter fluorescence) were selectively quantified (Fig. 1.3). These particular NFTs and APs (as
opposed to pre-NFTs and diffuse APs) represent the pathologic hallmarks of AD and bear close
relationships to neurodegenerative processes that likely underlie cortical atrophy (Masliah ez al.,
1994; Bobinski et al., 1996; Gomez-Isla et al., 1997; Urbanc et al., 2002; Giannakopoulos et
al.,2003). A series of adjacent tissue sections was processed immunohistochemically for neuronal
nuclear protein (NeuN, mouse monoclonal; EMD Millipore; 1/2000), which selectively stains
neuronal somas and thus the full extent of gray matter, permitting reliable anatomic identification
and correspondence to Thioflavin-S-positive sections.
Stereologic quantification and anatomic correspondence

Given that the major aim of the study was to relate in vivo cortical atrophy to postmortem
AD neuropathology, it was critical that both datasets were reliably acquired from the same
anatomical regions. A precise correspondence was achieved between brain regions during life and
after death by initially visualizing each FreeSurfer-generated ROI on high resolution coronal slices
in Freeview, FreeSurfer’s visualization tool. Next, coronal slices in Freeview were matched to
every available coronal section of postmortem tissue immunohistochemically stained with NeuN
to guide the boundaries drawn on the postmortem tissue. The NeuN-positive tissue then directed
the consistent placement of regional boundaries in the parallel series of Thioflavin-S-positive

tissue, restricting stereological quantitation of AD markers to the same anatomical regions where
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cortical atrophy was measured during life.

NFTs and dense-core APs were quantified at a final magnification of 60x across all cortical
layers of each ROI using stereological analysis performed on a workstation equipped with a Nikon
Eclipse E800 microscope, motorized stage, and stereology software (Stereolnvestigator v11.07,
MBF Bioscience). The optical fractionator probe was used to estimate the populations of NFTs
and APs from all available sections per ROI, with sampling grid dimensions that varied by
anatomical region to produce a coefficient of error < 0.15 (Schmitz & Hof 2005). The size of the
counting frame was kept at 125 um?, and a disector height of 16 um with guard zones of 2 pm
were set in order to ensure that quantification only occurred in the area of the tissue in which there
was optimal staining and to prevent biases related to sectioning artifacts. Section thickness was
measured at each counting site to calculate an average section thickness used in estimating
populations of NFTs and APs. Densities of NFTs and APs were used for statistical analyses.
Densities of NFTs and APs per mm?® were calculated by taking the estimated population using
number weighted section thickness and dividing by the planimetry volume in each ROI.
Statistical analyses

FreeSurfer software was used to generate the cortical thinning heat maps of each
hemisphere by contrasting the cortical thickness of the PPA brains against the healthy control
group. A general linear model on every vertex along the cortical surface calculated the differences
in cortical thickness between groups. Areas of peak cortical thinning (i.e., atrophy) were detected
and visualized after applying a stringent false discovery rate (FDR) threshold of 0.0001 to adjust
for multiple comparisons (Genovese et al., 2002).

Averaged cortical thicknesses from each ROI in each participant were converted to
standardized z scores (representing the magnitude of cortical atrophy in each ROI) using the mean

and standard deviation from age-matched healthy controls:
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z=(n healthy controls — [averaged cortical thickness])/ ¢ healthy controls

All analyses were conducted using linear mixed models accounting for repeated measures.
To assess if cortical atrophy displayed hemispheric asymmetry in each regional domain (language
and non-language), the relationship between atrophy and hemisphere was evaluated after
stratifying by the type of region. To evaluate if atrophy was different between language and non-
language regions, the association between atrophy and type of region was determined in only the
left hemisphere. To assess the hemispheric asymmetry of NFT and AP densities in each regional
domain, the following relationships were evaluated after stratifying by the type of region: NFT
density and hemisphere, and APs and hemisphere. To examine the language region selectivity of
AD neuropathology, the associations that NFT and AP densities each have with type of region
were carried out in only the left hemisphere. These two models were then repeated but excluded
V1, IFG, and aSTG in order to determine the predilection of NFT and AP densities for the most
atrophied neocortical regions (pSTG, alPL, pIPL) relative to the entorhinal cortex. In addition,
models were performed to evaluate the relationship between NFT and AP densities in left language
regions and in contralateral language homologues. Lastly, models were performed to evaluate the
relationships that cortical atrophy had with NFT and AP densities in left language regions and in
contralateral language homologues. Adjusters varied by model: when cortical atrophy was
compared to NFT and AP densities, models were adjusted for age at death and SDI; when cortical
atrophy was related to hemisphere or type of region, models were adjusted for age at scan and SDI,
when NFT or AP densities were the outcomes, models were adjusted for age at death and
postmortem interval. Significance was set to p<<0.05 for all comparisons using SAS software v9.4;

SAS Institute.
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Figure 1.1 In vivo cortical atrophy was asymmetric and selectively greater in language ROIs in PPA-AD.

a) Heat map identifying peak sites of cortical atrophy in the PPA-AD group relative to the healthy control group on
lateral and medial reconstructions of a template cortical surface in FreeSurfer. Cortical thinning was more prominent
in the left hemisphere language network, especially the temporal and parietal lobes. FDR correction set to 0.0001. b)
Left language ROIs (dark blue), right language homologues (blue), left non-language ROIs (dark green), right non-
language ROIs (green) displayed bilaterally on lateral and medial reconstructions of a template cortical surface in
FreeSurfer. Inferior frontal gyrus (IFG), anterior superior temporal gyrus (aSTG), posterior superior temporal gyrus
(pSTG), anterior inferior parietal lobule (alPL), posterior inferior parietal lobule (pIPL), entorhinal cortex (EC),
primary visual cortex (V1). ¢) The PPA-AD group had significantly more cortical atrophy in the left language regions
compared to right language homologues (p=0.01), but asymmetry was not observed within the non-language regions.
Cortical atrophy was significantly greater in the language regions compared to the non-language regions in the left
hemisphere (p<0.01). Left language ROIs = dark blue bars; right language homologues = blue bars; left non-language
ROIs = dark green bars; right non-language ROIs = green bars.

RESULTS
Hemispheric and language region selectivity of cortical atrophy
Cortical atrophy measured at the whole-brain level or by ROI were consistent with the

patterns of atrophy previously reported from PPA-AD or PPA with suspected AD neuropathology
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(Gefen et al., 2012; Mesulam et al., 2014b; Rogalski ez al., 2016). A stringent FDR of 0.0001

was used to identify peak cortical thinning using a vertex-wise thickness analyses across the whole
brain of the PPA-AD group (Fig. 1.1a). As expected, cortical atrophy was left-lateralized
including the entire lateral temporal lobe, posterior aspects of the frontal lobe excluding the motor
cortex, and most of the parietal lobe with sparing of the superior parts of the superior parietal
lobule and precuneus. Bilateral cortical thinning was restricted to the inferior precuneus and the
temporoparietal junction extending into the superior temporal sulcus. There was no significant
cortical thinning observed in most medial regions or most of the occipital lobe, including the
bilateral non-language regions EC and V1 at the whole-brain group level.

ROl analyses of cortical atrophy determined differences between hemispheres and between
language and non-language domains. Left language regions displayed greater cortical atrophy
compared to right language homologues (p=0.01), but no asymmetry was observed in the non-
language regions (Fig. 1.1¢). In the left hemisphere, cortical atrophy was significantly greater in
the language regions compared to the non-language regions (p<0.01; Fig. 1.1c¢). The greatest
cortical atrophy was observed in the regions comprising the left temporoparietal junction (pSTG,
alPL, and pIPL).

Hemispheric and language region selectivity of AD neuropathology

NFT densities were greater in the left language regions compared to the right language
homologues (p=0.02), but not in the bilateral non-language regions (Fig. 1.2a, Fig. 1.3). AP
densities did not show significant asymmetry when models were stratified to the language and
non-language regions (Fig. 1.2b, Fig. 1.3). NFT densities were significantly greater in language
regions compared to non-language regions within the left hemisphere (p=0.02; Fig. 1.2a, Fig. 1.3).
Left language regions showed a non-significant trend for having greater AP densities than left non-

language regions (p=0.05).
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Figure 1.2 Only NFT densities displayed hemispheric asymmetry and language region selectivity in PPA-AD.
a) NFT densities were greater in the left language regions compared to their right hemisphere homologues (p=0.02);
non-language regions did not harbor asymmetric densities of NFTs. NFT densities were significantly greater in
language regions compared to non-language regions within the left hemisphere (p=0.02). b) AP densities displayed
a non-significant trend for language selectivity (p=0.05) and did not show significant asymmetry.

Left language ROIs = dark blue bars; right language homologues = blue bars; left non-language ROIs = dark green

bars; right non-language ROIs = green bars.

To test whether NFT and AP accumulation had a predilection for the most atrophied
language regions compared to the EC (an early site of structural and AD neuropathologic change
in DAT-AD), a subset of data was analyzed in the left hemisphere that excluded V1, IFG, and
aSTG. These analyses showed that the three most atrophied language regions (i.e., pSTG, alPL,
pIPL) had greater mean densities of NFTs (p=0.04) and APs (»p<0.01) compared to the EC.
Relationships between NFTs, APs, and cortical atrophy

NFT densities were not associated with AP densities in the language regions or in right
language homologues. Cortical atrophy had a positive relationship with NFT densities in the left
language regions (p<0.01; Fig. 1.4a) and their contralateral homologues (p<0.01). Cortical
atrophy was not associated with AP densities in the language regions or in right language

homologues (Fig. 1.4b).
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Figure 1.3 Representative photomicrographs of the differential distributions of APs and NFTs across
hemispheres and regions in PPA-AD.

NFTs accumulated more in language ROIs of the language dominant (left) hemisphere. APs had similar
accumulations across hemispheres regardless of ROI. Top row is the alPL, a language ROI; bottom row is the EC, a
non-language ROI. Images acquired at a magnification of 20x. Scale bars set to 50 um. The closed arrow denotes

an AP; the open arrow denotes an NFT.
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Figure 1.4 In vivo cortical atrophy was related to NFTs, but not APs, in PPA-AD.
a) Cortical atrophy showed a positive relationship with NFT densities within the left language regions (p<0.01).

b) Cortical atrophy was not related to AP densities in the regions examined.

DISCUSSION

Cortical atrophy might be an intermediate feature of disease progression, emerging after a
substantial accumulation of neuropathology, but preceding or concurrent to prominent clinical
deficits (Jack et al., 2010; Jack Jr et al., 2013). NFTs appear to be the stronger correlate of
cortical atrophy in DAT-AD (Dallaire-Théroux et al., 2017), but it is not clear if this relationship
is present in non-amnestic presentations of AD. The current study sought to determine the
relationships between in vivo cortical atrophy, AP densities, and NFT densities in PPA-AD. Based
on a quantitative analysis of MRI scans relatively close to death and stereologic estimations of AD
neuropathology lacking in previous studies of PPA-AD or DAT-AD, we found that NFTs, not
APs, showed a distribution reflective of the asymmetric aphasic profile that was also significantly
associated with cortical atrophy. We show for the first time that NFTs were commensurate with
cortical atrophy inside and outside the language network of PPA-AD (Fig. 1.4a), which is
consistent with the NFT and atrophy relationship measured by tau-PET (positron emission

tomography) in individuals with PPA (Ossenkoppele ez al., 2016; Xia et al., 2017; Josephs et al.,



48
2018; Nasrallah et al., 2018b). Moreover, the asymmetry of only NFTs agrees with previous

clinicopathologic relationships reported by our group and others which have shown that NFTs
have an anatomical distribution that is mostly concordant with the atrophy and clinical symptoms
characteristic of the PPA phenotype (Gefen et al., 2012; Josephs et al., 2013).

While the clinical syndromes of DAT and PPA might share the same underlying AD
neuropathology, the mechanisms involved and the sequence of events leading to atrophy and
clinical impairment might differ. Given that regions with more neuropathology may represent
earlier sites of disease manifestation and neurodegeneration, our findings in PPA-AD suggest that
the distribution of NFTs violates the Braak staging of neurofibrillary accumulation typically
observed in DAT-AD. More specifically, we quantitatively showed in PPA-AD that mean NFT
densities were significantly greater in three neocortical language regions of the left temporoparietal
junction compared to the entorhinal cortex (Fig. 1.2a). Evidence for limbic-to-neocortical Braak
staging of NFTs comes from cross-sectional postmortem examinations made in different clinical
stages of DAT-AD. The earliest known sites of NFT formation in DAT-AD are in allocortical
areas such as the entorhinal cortex (Braak and Braak, 1991), basal forebrain (Sassin ez al., 2000;
Mesulam, 2004; Geula et al., 2008), or brainstem nuclei (Rub et al., 2000; Parvizi et al., 2001;
Grudzien et al., 2007; Grinberg et al., 2009). In contrast, APs may follow a neocortical-to-
limbic propagation in DAT-AD with an origin in the isocortex of frontal, parietal, or temporal
lobes (Arriagada et al., 1992; Thal et al., 2002).

There is emerging evidence that neocortical areas may be the earliest sites of
neuropathology and neurodegeneration in non-amnestic variants of AD such as PPA-AD (Phillips
et al., 2017). The preponderance of AD neuropathology to left language regions in our PPA-AD
cohort supports the possibility of a neocortical pathogenesis, and is consistent with longitudinal

studies showing that the language network exhibits the earliest and most severe atrophy in PPA
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(Rogalski ez al., 2011a; Rogalski ez al., 2014). Therefore, it could be the case that neuropathology

began in the most vulnerable language regions that define the PPA phenotype, compromising their
integrity before propagating to neighboring regions based on patterns of connectivity and
susceptibility (Braak and Braak, 1996; Mesulam, 1999; de Calignon et al., 2012; Liu et al.,
2012; Brettschneider ef al., 2015). This theoretical trans-synaptic spread across neocortical-to-
limbic regions could explain the unique distribution of AD neuropathology and cortical atrophy
we observed in our PPA-AD cohort, as well as the progression of impairments from language to
non-language cognitive domains across successive stages of disease course. Longitudinal PET
studies and postmortem examinations of individuals with PPA at earlier preclinical stages can help
elucidate the neuropathologic origin and stereotypical propagation hypothesized in PPA.

Cortical atrophy differentiated language from non-language regions in the left hemisphere
which was most consistent with the distribution of NFT densities. However, both NFT and AP
densities were significantly greater in the left temporoparietal junction compared to the left EC.
The concentration of both AD neuropathologic markers to these select language regions is not yet
clear, but a synergistic interaction may have driven their prominence. For example, it has been
hypothesized in DAT-AD (Han and Shi, 2016) that an AB-Tau interactive model might better
predict neuropathologic change and cognitive deficits compared to the serial amyloid-cascade
model (Hardy and Higgins, 1992) or dual-pathway models (Small and Duff, 2008) put forth
previously for typical AD. Our observations in PPA-AD suggest that the language network is
distinctly vulnerable to structural and AD neuropathologic changes and may have been the site of
a possible feedback loop promoting the greatest neurodegeneration. Still, it is important to note
that in the present study in PPA-AD, NFT and AP densities were not related to each other in the
language regions and NFT densities greatly outnumbered AP densities in all neocortical and

entorhinal regions except the visual cortex. In fact, the NFT-to-AP ratio was almost two-fold
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higher in the left language regions compared to their contralateral homologues. Thus, the

dissimilar densities and distributions of NFTs and APs across the cortex may also reflect
independent pathogenic mechanisms by which each pathology makes different contributions to
neurodegenerative processes in PPA-AD.

While language regions displayed elevated densities of APs and more so NFTs, the
relatively less vulnerable non-language regions in PPA-AD displayed unique patterns that were
not observed in language regions. For example, V1 was the least atrophic and contained the
smallest densities of NFTs, but its AP densities were comparable to AP densities in almost all
language regions (Fig. 1.2a). In contrast, entorhinal cortex contained the smallest densities of
APs, but NFT densities were comparable to NFT densities in the anterior language regions (i.e.,
IFG, aSTG; Fig. 1.2a). These observations indicate that V1 had a greater AP-to-NFT ratio while
the entorhinal cortex had a greater NFT-to-AP ratio. The clinical significance of these opposing
patterns in non-language regions remains unclear in our PPA-AD cohort. All PPA-AD participants
had intact vision that permitted the completion of the neuropsychological battery and none reported
visual impairments beyond the need for corrective lenses. In relation to entorhinal cortex integrity,
some memory impairments eventually surfaced in a few PPA cases, but spatial navigation was not
formally assessed after diagnosis. Nevertheless, all PPA-AD participants had primary deficits
disproportionately greater in the language domain, which was concordant with NFT and atrophy
severity.

Concomitant factors may have influenced the relationship between AD neuropathology
and cortical atrophy. We have recently shown that the same PPA-AD cohort included in this study
had significant microglial activation in the white matter that was associated with gray matter
atrophy (Ohm et al., 2018). In addition to glial-mediated inflammation, upstream intermediates

of NFTs and APs may have caused, at least in part, the neurodegenerative patterns. There is
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evidence that soluble precursors of insoluble NFTs (tau oligomers) and APs (amyloid- oligomers)

track disease progression (Koss ef al., 2016) and have neurotoxic, and potentially synergistic
capacities that operate independent of their downstream counterparts (i.e., NFTs and APs) (Bloom,
2014). Consistent with most observations made in DAT-AD (Dallaire-Théroux et al., 2017), the
distributions of dense-core APs did not mirror the neurodegenerative processes in PPA-AD. Since
it has been shown that APs do not parallel disease progression in DAT-AD (Arriagada et al.,
1992), one potential reason for this discordance could be that the accumulation or clearing of APs
occur at rates dissimilar to the rate of atrophy in the time elapsed between the final MRI scan and
death. Determining if and how these factors affect gray matter composition and structure should
be pursued in future investigations.

The participants that met inclusion criteria for this study resulted in a small cohort that
were only male. The investigation of a larger population with balanced sexes is warranted to
ensure that the findings of the current study are replicable. However, the small number of PPA-
AD participants permitted an extensive and quantitative analysis of postmortem tissue that could
be systematically compared to MRI scans close to death. Genetic, developmental, or other
acquired risk factors might confer region-specific vulnerabilities to disease in PPA (Rogalski et
al., 2013). While the current PPA-AD cohort had no known genetic risk factors, 3 participants
had a personal (cases 3 & 5) and/or family (cases 2, 3, & 5) history of learning disability.
Additionally, 2 participants had a family history of either AD (case 5) or Parkinson’s disease (case
1).

In summary, the current investigation demonstrated that AD neuropathology had a
predilection for left language regions that incurred the most atrophy in PPA-AD. Only NFTs
accumulated in accordance with both the hemispheric and language selectivity characteristic of

PPA-AD and were significantly related to cortical atrophy in most cortical regions examined.
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Since NFTs appear to be more closely associated with reductions in gray matter across the clinical

spectrum of AD, it is likely that NFTs play a prominent role in the neuronal loss and/or shrinkage
underlying cortical atrophy. Future studies are necessary to identify the cellular changes

associated with cortical atrophy and AD neuropathology in PPA.
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—STUDY 2—

Prominent Microglial Activation in Cortical White Matter is Selectively Associated with

Cortical Atrophy in PPA

ABSTRACT

Primary progressive aphasia (PPA) is a clinical syndrome characterized by selective
language impairments associated with focal cortical atrophy favoring the language dominant
hemisphere. PPA is associated with Alzheimer’s disease (AD), frontotemporal lobar degeneration
(FTLD), and significant accumulation of activated microglia. Activated microglia can initiate an
inflammatory cascade that may contribute to neurodegeneration, but their quantitative distribution
in cortical white matter and their relationship with cortical atrophy are unknown. We investigated
white matter activated microglia and their association with gray matter atrophy in 10 PPA cases
with either AD or FTLD-TDP pathology. Activated microglia were quantified with optical density
measures of HLA-DR immunoreactivity in two regions with peak cortical atrophy, and one non-
atrophied region within the language dominant hemisphere of each PPA case. Non-atrophied
contralateral homologues of the language dominant regions were examined for hemispheric
asymmetry. Qualitatively, greater densities of activated microglia were observed in cortical white
matter when compared to gray matter. Quantitative analyses revealed significantly greater
densities of activated microglia in the white matter of atrophied regions compared to non-atrophied
regions in the language dominant hemisphere (p<0.05). Atrophied regions of the language
dominant hemisphere also showed significantly more activated microglia compared to
contralateral homologues (p<0.05). White matter activated microglia accumulate more in

atrophied regions in the language dominant hemisphere of PPA. While microglial activation may
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constitute a response to neurodegenerative processes in white matter, the resultant inflammatory

processes may also exacerbate disease progression and contribute to cortical atrophy.

INTRODUCTION

Primary progressive aphasia (PPA) is a clinical dementia syndrome characterized by
selective and gradual dissolution of language function, with preservation of other cognitive
domains in the initial stages of disease progression (Mesulam, 1982). Consistent with this clinical
phenotype, brains of PPA patients display focal and asymmetric cortical atrophy (Rogalski et al.,
2014) in language regions of the language dominant hemisphere (typically left), as determined by
structural magnetic resonance imaging (MRI) scans. Diverse neuropathologic changes occur in
the gray matter of PPA brains, but the neuropathologic mechanisms of cortical atrophy remain
poorly understood.

PPA is associated with Alzheimer’s disease (AD) and frontotemporal lobar degeneration
(FTLD). FTLD includes non-Alzheimer’s tauopathies (FTLD-tau) and transactive response DNA-
binding protein of 43-kD (TDP-43) proteinopathies (FTLD-TDP) (Mesulam et al., 2014b).
Regardless of the underlying molecular pathology, there is extensive activation of microglia in
PPA, which may serve as a potential inflammatory marker for pathology and disease severity that
also plays a role in neurodegenerative processes (Perry et al., 2010). We have previously shown
that activated microglia accumulate in gray matter of PPA brains (Kim et al., 2016), but their
density and distribution in white matter, and their relationship to neurodegenerative processes such
as cortical gray matter atrophy are unknown in PPA.

The precise roles of microglia in health and disease are still under investigation. Microglia
are the resident macrophages of the brain that engage in immune surveillance to maintain
homeostasis. They exist in a continuum of shapes and sizes, ranging from ‘ramified’ microglia

which tend to be small, thin, and highly branched, to ‘activated’ microglia which appear larger
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due to their hypertrophy and shorter, thicker processes (Perry et al., 2010). The morphologic

heterogeneity of microglia is believed to reflect a spectrum of functions. While ramified microglia
appear motile and survey the local environment for danger, activated microglia may serve roles in
wound healing, host defense, and regulatory processes (Mosser and Edwards, 2008). When
activated, microglia undergo a change in morphology and an upregulation of cell-surface receptors
and cytoplasmic proteins that can be readily targeted by immunohistochemical techniques to reveal
their presence and distribution. In the activated state, microglia have the capacity to secrete
harmful cytotoxic mediators including cytokines, reactive oxygen species, and other factors that
stimulate inflammatory processes linked to neuronal damage (McGeer and McGeer, 2001).
Activated microglia also appear in close proximity to pathologic insults such as amyloid-f plaques
and neurofibrillary tangles in AD (McGeer et al., 1987; Styren et al., 1990; Serrano-Pozo et al.,
2011b), demyelinating pathology in multiple sclerosis (Singh ef al, 2013), Pick bodies in
frontotemporal dementia (FTD) patients with underlying FTLD-tau (Schofield ez al., 2003; Lant
et al., 2014), and TDP-43 inclusions in FTD and PPA patients with underlying FTLD-TDP (Lant
et al., 2014; Kim et al., 2016). Together, inflammatory processes and co-localization with
pathologic proteins have implicated activated microglia in disease pathogenesis.

The experimental study of microglial activation in white matter has been sparse in diseases
such as AD and FTLD. One report showed that activated microglia increased linearly with age in
the white matter of the superior frontal gyrus, with no obvious difference between AD patients and
non-AD elderly controls (Rogers et al., 1988). Similar observations were reported in the white
matter of hippocampus and superior frontal gyrus, with comparable patterns of activated microglia
between AD patients and non-demented elderly controls (Styren et al., 1990). Other studies have
reported high densities of activated microglia in the white matter of the hippocampus (McGeer et

al., 1987) and entorhinal cortex in AD brains (Xiang et al., 2006; Bachstetter et al., 2015), and
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prominent microglial activation in white matter when compared to gray matter in the frontal cortex

and superior temporal gyrus in FTLD-tau and FTLD-TDP brains (Schofield ef al., 2003). These
findings suggest that microglial activation corresponds to pathologic changes in gray and white
matter across disease phenotypes. However, the limited number of regions examined, and the
relatively qualitative nature of these studies, make it difficult to determine the extent of activated
microglia in human white matter and its potential regional selectivity.

The purpose of this study was to characterize the regional distribution and hemispheric
asymmetry of activated microglia in cortical white matter of the brains of PPA patients with AD
or TDP-43 pathology, and to determine their relationship with regional cortical gray matter
atrophy. As a marker for neuroinflammation and possibly a correlate of neurodegeneration, we
hypothesized that activated microglia accumulate more in white matter of cortical regions with
prominent gray matter atrophy.

METHODS
Participants

Ten recent PPA cases with AD or FTLD-TDP pathology and available structural MRI
scans were included in the study. Eight out of 10 PPA cases were enrolled through the PPA
Research Program at the Cognitive Neurology and Alzheimer’s Disease Center at Northwestern
University Feinberg School of Medicine. Two PPA cases (#6 and #7) were not enrolled in the
PPA Research Program, but were clinically evaluated at our Center. The diagnosis of PPA was
based on at least a two year history of progressive, isolated impairments of speech or language
functions; clinical subtypes (logopenic, agrammatic, and semantic) were classified based on
previously described diagnostic guidelines (Mesulam, 1982; Mesulam, 2001; Gorno-Tempini

et al., 2011). Case characteristics are included in Table 2.1.
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Assessments of cortical atrophy and regions of interest

The location and extent of cortical atrophy were determined by postmortem assessments
and corroborated with in vivo structural MRI data (Fig. 2.1). Photographs of intact, postmortem
brains were collected from each PPA case and visually inspected to determine regions of principal
atrophy and areas with undetectable atrophy. Six regions were selected and subsequently
examined in each PPA case, three per hemisphere (Table 2.2). The three regions within the
language dominant hemisphere included two regions with peak cortical atrophy, and one non-
atrophied region. Non-atrophied contralateral homologues of each region were assessed to
determine if activated microglia displayed asymmetric densities between hemispheres.

Structural MRI data were acquired on a 3T scanner from 35 previously described (Rogalski
et al., 2014) healthy controls and 8/10 PPA participants. The remaining two PPA cases had clinical

MRI  scans acquired on a 1.5T scanner. FreeSurfer  software (v5.1.0,

http://surfer.nmr.mgh.harvard.edu) was used to analyze the 3T structural MRI in 7/10 PPA cases
(#1-5, 9, 10). FreeSurfer generated cortical surface heat maps (false discovery rate correction set
to 0.05 (Genovese et al., 2002) on the native space for each PPA case to detect areas of peak
cortical thinning (i.e., gray matter cortical atrophy) in comparison to the control group. The
cortical surface heat maps were visually inspected to validate the regions of peak cortical atrophy
(areas in yellow, Fig. 2.1) identified from postmortem assessments. Movement artifacts precluded
a reliable FreeSurfer analysis of structural MRI collected from case #8, prompting a visual
inspection of atrophy from coronal MRI slices. Similarly, clinical MRI scans were visually
inspected to corroborate postmortem identification of atrophy for PPA case #6 and 7. The mean

interval between MRI and death was 2.77 £ 1.5 years; range 0.6-6 years (Table 2.1).



Table 2.1 Characteristics of PPA-AD and PPA-TDP participants.

Scan/ Post-

PPA Age at Symptom Death mortem

Case Pathologic Clinical Education | Death Duration Interval | Interval
# Diagnosis Subtype Sex Handedness Y) (Y) Y) (Y) (H) Fixative
1 AD L Male Right 16 61 4.7 0.6 6 F
2 AD U Male Right 12 63 7.9 2.1 14 F
3 AD L Male Right 15 75 8.6 2.0 8 P
4 AD U Male Right 14 61 9.4 2.5 19 P
5 AD G Male Right 18 78 6.2 2.5 28 P
6 TDP, Type B L2>G Male Right 13-15 59 2 1.7 12 F
7 TDP, Type A L Male Left 18 65 8 6 6 F
8 TDP, Type B Gsp Male Right 18 55 4.4 2.6 29 F
9 TDP, Type A Gsp Male Right 16 70 4.6 3.1 4 F
10 TDP, Type A M Female Right 11 74 6.7 4.6 10 F

AD = Alzheimer’s disease; TDP = transactive DNA-binding protein; L = logopenic; G = agrammatic; Gsp = agrammatic with motor speech deficits;
M = mix of agrammatic and semantic deficits; U = unclassifiable due to severity of impairments; Y = years; H = hours; P = paraformaldehyde; F =

formalin.

8¢
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Figure 2.1 Cortical atrophy is focal and asymmetric in PPA.

The location and extent of cortical atrophy were determined by postmortem assessments and corroborated with in vivo
structural MRI data acquired close to death. Gross pictures of the postmortem brain and MRI are shown from PPA-
TDP case #10 as an example. Regions of interest were selected based on areas with peak cortical atrophy (red arrows;
IFG and aSTG) and areas with undetectable cortical atrophy (black arrow; PrC). Red and yellow (yellow > red)

represent significant cortical thinning (i.e., atrophy).

Table 2.2 Bilateral regions assessed per PPA case.

PPA neuropathologic subtype AD TDP
PPA case # 1 2 3 42 5 6 7 8 9 10
Non-atrophied regions V1 | VI Vi -- V1 | alPL | pIPL | alPL | alPL | PrC
) ) alPL | IFG |pSTG| -- [aSTG| IFG | IFG | IFG | IFG | IFG
Atrophied regions
pIPL |aSTG | alPL | -- |pSTG |aMTG |aSTG |aSTG | aMTG |aSTG

Primary visual cortex (V1); inferior frontal gyrus (IFG); anterior inferior parietal lobule (alPL); posterior
inferior parietal lobule (pIPL); anterior superior temporal gyrus (aSTG); posterior superior temporal gyrus
(pSTG); anterior middle temporal gyrus (aMTG); precuneus (PrC)

*PPA-AD case #4 was excluded from quantitative analyses due to lack of consensus between postmortem

and MRI assessments of peak cortical atrophy (see Results).
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Tissue processing

Brains were fixed in either 10% formalin (F) or 4% paraformaldehyde (P) for 30-36 hours
at 4°C, and then submerged into increasing gradients of sucrose (10-40%) for cryoprotection
(Table 2.1). A 1-in-24 series of 40 pm-thick coronal sections was collected from each region (six
sections per region). Tissue was processed immunohistochemically without antigen retrieval using
the avidin-biotin peroxidase complex method employing the Vectastain Elite Kit and 3,3’-
diaminobenzidine as the chromogen. Activated microglia were  visualized
immunohistochemically using an antibody against the human leukocyte antigen-D related (HLA-
DR) protein (mouse monoclonal; Dako; 1/1000) (Fig. 2.2, Fig. 2.3a) and an antibody against CD68
(mouse monoclonal; Dako; 1/500) (Fig. 2.3b). HLA-DR is a cell surface glycoprotein present in
microglia in class II of the major histocompatibility complex that mediates the presentation of
foreign antigens in normal and diseased brains (De Tribolet ez al., 1984; McGeer et al., 1988;
Gehrmann et al., 1993). CD68 is a macrophage-specific lysosomal-associated protein that labels
microglia in resting and activated states (da Silva and Gordon, 1999; Lant ef al., 2014;
Bachstetter et al., 2015; Taipa et al., 2017a).

For anatomic specification in each case, a series of sections was processed with the cresyl
violet Nissl stain or immunohistochemically for neuronal nuclear protein (NeuN, mouse
monoclonal; EMD Millipore; 1/2000).

Assessments of activated microglia

HLA-DR-immunoreactive microglia were assessed qualitatively and measured
quantitatively in each PPA case. The current study restricted quantitative analyses to HLA-DR
staining, but CD68-immunoreactive microglia were also assessed qualitatively in a subset of PPA-
AD and PPA-TDP cases to determine if another, less specific marker of activated microglia

displayed similar patterns to HLA-DR staining. The qualitative assessment encompassed regions
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of interest and neighboring areas (gray matter and white matter) to document the full extent and

distribution of activated microglia. The quantitative measurement included quantification of
HLA-DR-immunoreactive microglia in the cortical white matter toward the gyral crown of each
region using photomicrographs acquired at 4x magnification. The cortical white matter was
sampled once in every gyrus that comprised a region (1-4 photomicrographs per coronal section;
6-19 photomicrographs per region) to ensure that a representative sampling of the anatomy was
acquired for analyses. The number of gyri in each region varied based on anatomical location
regardless of degree of atrophy. For example, frontal and parietal regions typically had more than
one gyrus compared to temporal regions which typically had one gyrus. Therefore, more
photomicrographs were acquired in regions with more gyri, while still maintaining a similar mean
number of photomicrographs sampled per region, regardless of whether it was an atrophied (10 +
4.7 photomicrographs) or a non-atrophied (9 + 3.9 photomicrographs) region. Irrespective of
region, photomicrographs rarely contained gray matter, but when they did contain a small area of
gray matter, the image was cropped to ensure that the quantification of activated microglia was
limited to the white matter only. Photomicrographs containing only white matter were imported
into Image] software (version 1.51) to measure the optical density (OD) of HLA-DR

immunoreactivity. OD was calculated using the following formula:
OD = log (maximum light intensity/mean light intensity)

where maximum intensity is 255 for 8-bit images. OD was averaged across photomicrographs and
used as a single data point in each region. The OD values acquired from the two atrophied regions
were averaged to obtain one OD value used in analyses. Images displaying greater concentration
and/or size of HLA-DR-immunoreactive microglia equated to lower light transmission, resulting
in higher OD values.

The acquisition and subsequent postprocessing of photomicrographs were conducted by
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two independent investigators (D.T.O. and G.K., respectively). Photomicrographs were collected

systematically from an investigator with strong anatomical knowledge (D.T.O.) to ensure sampling
was drawn from appropriate anatomical locations consistently and accurately before the images
were cropped and analyzed by a second investigator (G.K.) blinded to the atrophy patterns specific
to that region or PPA case.
Statistical analyses

Each PPA participant with available quantitative MRI close to death was statistically
compared to a control group of 35 healthy participants using spherical surface maps of the whole
brain. A general linear model on every vertex along the cortical surface was used to calculate the
significant differences in cortical thickness between groups.

Mean optical densities of activated microglia passed normality for all groups compared.
Paired #-tests were used to determine differences in mean optical densities of activated microglia
between atrophied and non-atrophied regions within the language dominant hemisphere. To assess
asymmetry, paired ¢-tests determined the difference in mean optical density between hemispheres
within atrophied and non-atrophied regions. Two-tailed Pearson correlation determined the
relationship between age and mean optical densities of activated microglia. Significance was set
to p<0.05 for all comparisons. All statistical analyses of optical densities were performed using
GraphPad Prism (version 7.0 for Mac, GraphPad Software, La Jolla California USA,

www.graphpad.com).

RESULTS
Clinical and neuropathologic findings

Ten PPA cases were confirmed to have either AD pathology (PPA-AD; n=5) or FTLD-
TDP pathology (PPA-TDP; n=5) at death based on published consensus criteria (Cairns et al.,

2007; Mackenzie et al., 2011; Hyman et al., 2012; Montine ef al., 2012). Each PPA-AD case
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was diagnosed with “high” AD neuropathologic change. Two PPA-TDP cases (#6 and 8) had

FTLD-TDP type B pathology, and three PPA-TDP cases (#7, 9, and 10) had FTLD-TDP type A
pathology. While additional pathologic features (e.g., cerebrovascular disease, arteriosclerosis)
were present in most cases, they were minor and secondary to the primary pathologic diagnoses
(i.e., AD and FTLD-TDP). Myelin rarefaction of the subcortical white matter varied in severity
(i.e., mild to moderate) and was asymmetric in select PPA cases.

Of the five PPA-AD participants, two were clinically diagnosed with the logopenic variant
(PPA-L), one with the agrammatic variant (PPA-G), and two were unclassifiable (PPA-U) due to
the severity of their condition at the time of examination (see Table 2.1). In the PPA-TDP cohort,
two were agrammatic with a speech disorder (PPA-Gsp), one had a mixture of agrammatism and
comprehension deficits (PPA-M), one was logopenic, and one was logopenic before progressing
to agrammatic (L>G; see Table 2.1). The 35 healthy participants did not differ in education or
age compared to the PPA participants with available quantitative MRI. The PPA-AD and PPA-
TDP groups did not differ in sex, education, age at death, disease duration, or postmortem interval
(PMI). While 9/10 PPA participants were right-handed with likely left hemisphere language
dominance, PPA-TDP case #7, which was previously described (Mesulam et al., 2005), was left-
handed and displayed right hemisphere language dominance based on a language task that
produced fMRI activations in right perisylvian cortical regions.

Gray matter cortical atrophy

Each PPA case was evaluated individually to determine areas of greatest atrophy and
undetectable atrophy. General patterns of cortical atrophy were observed: PPA-AD typically
displayed the greatest atrophy in lateral temporal and parietal lobes, while PPA-TDP showed the
most atrophy in the frontal and lateral anterior temporal lobes.

Peak atrophy sites varied by individual and by pathologic diagnosis but were most
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consistently found in language regions of the language dominant hemisphere (Fig. 2.1). The

language dominant hemisphere contained the atrophied regions in all PPA cases, and the non-
atrophied region included primary visual cortex in PPA-AD and areas of the parietal lobe in PPA-
TDP (Table 2.2). The contralateral homologues to all regions examined in the language dominant
hemisphere had undetectable cortical atrophy (non-atrophied). Postmortem assessments of PPA
case #4 revealed symmetric and mild cortical atrophy throughout the cerebrum, and asymmetric
atrophy in the temporal lobe (pSTG) where it was moderate on the left and mild on the right.
However, the MRI cortical thinning map for case #4 could not confirm this pattern of atrophy as
it revealed no significant cortical thinning bilaterally.
Qualitative patterns of activated microglia in cortical white matter versus gray matter
HLA-DR staining was consistently present in white and gray matter of all PPA cases, but
the intensity of staining in white matter varied greatly between regions and within brain sections
(Fig. 2.2). Qualitative observations of the postmortem tissue revealed HLA-DR staining dark
enough for the naked eye to readily discern the gray/white matter junction and regional
asymmetries. Relative to the gray matter, the white matter tended to have a more homogeneous
distribution of activated microglia, but topographic patterns were observed in relation to the gyral
crown and fundus. Staining was often more prominent toward the gyral crown and in the short
association U-fibers found in the white matter directly adjacent to the gray matter (Fig. 2.2, red
insets). High power magnification of the more prominent staining reflected a greater density of
activated microglia, larger hypertrophic microglia, and often a combination of the two (Fig. 2.2,
black insets). The higher densities of activated microglia were occasionally due to round clusters
of larger, overlapping hypertrophic microglia that ranged in diameter between 30-100 um (Fig.
2.3). Activated microglia typically displayed the hypertrophic morphology in the white matter,

while the gray matter showed a greater spectrum of morphologies that were distributed unevenly
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across the cortical layers (Fig. 2.2). Microglia of the ramified type were virtually absent in the

white matter in all regions examined. When large clusters of activated microglia were present, they
were observed more often in the U-fiber tracts (Fig. 2.2, red insets). In direct contrast to the
atrophied regions in the language dominant hemisphere, non-atrophied regions displayed sparse
and lightly stained activated microglia in the white matter bilaterally such that the boundary
between white and gray matter could only be determined at high magnification.

CD68 staining largely reflected the HLA-DR staining patterns observed in the gray matter
and white matter across PPA-AD and PPA-TDP. Qualitative comparisons clearly demonstrated
greater densities of CD68-immunoreactive microglia in the white matter of atrophied regions in
the language dominant hemisphere when compared to non-atrophied regions (Fig. 2.3b).
Additionally, CD68-immunoreactive microglia showed asymmetry such that regions contralateral
to the language dominant hemisphere displayed less staining. In contrast to HLA-DR staining,
however, CD68-immunoreactive microglia had less robust staining that was mostly restricted to
the somas and relatively absent in the dendritic processes. CD68-immunoreactive microglia were
less dense throughout all regions of interest in comparison to HLA-DR staining. Nevertheless, the
overall staining patterns for CD68 were strikingly similar to HLA-DR and consistent with our
hypothesis that more activated microglia in white matter are associated with regions of greater
atrophy.

Neuropathologic subtypes of PPA displayed notable differences in HLA-DR staining.
Staining was often more prominent in the white matter of PPA-TDP compared to PPA-AD (Fig.
2.2). While PPA-TDP displayed more activated microglia in anterior regions of the frontal and
temporal white matter, PPA-AD showed more activated microglia in posterior regions of the
temporal and parietal white matter. Despite less intense staining of the white matter in PPA-AD,

the delineation between white and gray matter was accentuated by a relative absence of staining
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Figure 2.2 Activated microglia accumulate with regional and hemispheric selectivity in PPA.

Representative HLA-DR staining in bilateral whole-hemisphere sections from PPA-AD case #3 and PPA-TDP case
#8, including photomicrographs taken at 0.5x (red), 4x (blue), and 60x (black) magnifications. Across PPA
neuropathologic subtypes, HLA-DR staining often appeared greater in white matter compared to gray matter, and high
magnification revealed that the intensity of the staining was due to larger, denser populations of activated microglia.

Scale bars = 2mm, 200pum, 20um for 0.5x, 4x, 60x magnifications, respectively.

in cortical layer VI across all brain regions in PPA-AD (Fig. 2.2, PPA-AD—red insets). High
magnification of layer VI revealed that the reduced staining was due to several factors including a
lower density of activated microglia, relatively lighter stained activated microglia, little to no
clusters of activated microglia, and a greater proportion of ramified microglia (Fig. 2.2; PPA-
AD—Dblue insets). In contrast, brain regions in PPA-TDP displayed more homogeneous staining
across the cortical layers (Fig. 2.2, PPA-TDP—red insets). The densities of activated microglia

were also more homogenous in the cortical white matter in PPA-TDP, but many regions displayed
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darker staining in the short association U-fibers of white matter due to clusters and/or larger, more

densely packed activated microglia.

The PPA-TDP subgroup was comprised of FTLD-TDP Type A (n=3) and Type B (n=2)
pathologic diagnoses (Table 2.1) that appeared to reflect small differences in activated microglia
densities. While visual inspection of the patterns of HLA-DR-immunoreactivity showed a similar
range in intensity within the small cohort, Type B cases tended to have a 1.3—2.3x greater mean
optical density of activated microglia compared to Type A cases across the regions examined.
Despite these differences, asymmetric densities of activated microglia were consistently found in
the atrophied regions regardless of FTLD-TDP type.

Quantification of HLA-DR staining in cortical white matter regions
Analysis within the language dominant hemisphere

The densities of activated microglia were examined in the greatest atrophied regions within
the language dominant hemisphere and compared to a non-atrophied region within the same
language dominant hemisphere. Analyses of activated microglia were carried out in 9 PPA cases;
PPA case #4 was excluded due to the relative absence of detectable cortical atrophy and lack of
corroboration between postmortem and MRI assessments.

Within the language dominant hemisphere of all PPA cases combined, the mean optical
density of activated microglia was greater in atrophied regions compared to non-atrophied regions
(»<0.05; Fig. 2.4). An analysis of each PPA neuropathologic subtype revealed a non-significant
trend for a greater mean optical density of activated microglia in the atrophied regions compared
to the non-atrophied regions in PPA-AD (p=0.075). The difference between atrophied and non-
atrophied regions was not statistically different in PPA-TDP (p=0.113). Despite these results,
individual differences were notable. In one case (PPA-TDP case #7), the mean optical density of

activated microglia was 5.5x greater in the language dominant atrophied region compared to the
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non-atrophied region. On average, the mean optical densities in the atrophied regions were almost

3x greater than that in the non-atrophied regions of 7/9 PPA cases (three PPA-AD; four PPA-
TDP). The remaining 2/9 PPA cases (PPA-AD case #1; PPA-TDP case #6) displayed similar
optical densities in the atrophied and non-atrophied regions of the language dominant hemisphere.
Analysis of asymmetry

The contralateral homologues of the atrophied and non-atrophied regions in the language
dominant hemisphere were also examined in this study to establish whether activated microglia
accumulate asymmetrically. An asymmetric distribution of activated microglia was only
anticipated in the language dominant atrophied regions given the asymmetric cortical atrophy and

the prominent language deficits characteristic of PPA.

a. Non-atrophied | phied b. Non-atrophied Atrophied

()
o
()
<
Q.
0 2
o>'E
5 QO
2T
55
- £
£
o
a

Language
Dominant Hemisphere

Non-language
Dominant Hemisphere
Non-language
Dominant Hemisphere

Figure 2.3 Activated microglia display more prominent staining in atrophied regions that often favor the
language dominant hemisphere in PPA.

3a) Photomicrographs of representative HLA-DR staining in an atrophied region (pSTG) and a non-atrophied region
(V1) within the language dominant hemisphere, along with their non-atrophied contralateral homologues from PPA-
AD case #3. 3b) Photomicrographs of representative CD68 staining in an atrophied region (IFG) and a non-atrophied
region (alPL) within the language dominant hemisphere, along with their non-atrophied contralateral homologues
from PPA-TDP case #8. Atrophied regions have a red border; non-atrophied regions have a black border.

Photomicrographs acquired at 10x magnification. Scale bars = 100um
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When PPA cases were combined, atrophied regions in the language dominant hemisphere

showed a significantly greater mean optical density of activated microglia than their contralateral

counterparts (p<0.05; Fig. 2.4). A non-significant trend for greater mean optical density in the

language dominant atrophied regions was observed in PPA-AD (p=0.082) and PPA-TDP

(»=0.088). As expected, non-atrophied regions of all PPA cases combined did not display

asymmetric differences in mean optical densities (p=0.307; Fig. 2.4). This pattern was preserved

when examining the PPA-AD (p=0.574) and PPA-TDP cohorts (p=0.226) separately. In addition,

optical densities of activated microglia did not correlate with variables such as age or PMI.
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Figure 2.4 Activated microglia show a
predilection for atrophied regions and the
language dominant hemisphere in PPA.

4a) A t-test showed that the mean optical
density of activated microglia is greater in
atrophied regions compared to non-atrophied
regions within the language dominant
hemisphere of all PPA cases combined.
*p<0.05

4b) In the assessment of hemispheric
asymmetry, a f-test indicated that atrophied
regions in the language dominant hemisphere
have a greater mean optical density of activated
microglia than their contralateral homologues.
*p<0.05

The present study investigated the density and distribution of activated microglia in the

white matter of PPA participants, and their relationship to gray matter cortical atrophy. Consistent
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with our hypothesis, there were more white matter activated microglia in atrophied regions than

non-atrophied regions within the language dominant hemisphere. Activated microglia were also
more pronounced in atrophied regions of the language dominant hemisphere in comparison to the
contralateral hemisphere. Little is known about the distribution and magnitude of white matter
microglial activation in neurodegenerative diseases such as AD or FTLD. Our findings suggest
that white matter activated microglia accumulate with regional and hemispheric selectivity, which
corresponds to patterns of gray matter neurodegeneration in PPA with AD or FTLD pathology.

The predilection of HLA-DR-immunoreactive microglia to regions of peak cortical atrophy
suggests that activated microglia could be contributing to neurodegenerative processes by possibly
secreting cytotoxic molecules that can exacerbate the inflammatory response. At the same time,
it is well known that activated microglia can also provide protective benefits. The diverse roles of
activated microglia make it difficult to tease apart the functional consequences of the prominent
microglial activation observed in the current study, and this topic warrants further exploration.
Nevertheless, our findings indicate that white matter activated microglia have a close relationship
with gray matter neurodegeneration not previously reported.

Age, fixation, PMI, and clinical factors such as pre-agonal conditions could influence the
HLA-DR-immunoreactivity of microglia present in the white matter (Mattiace et al., 1990) . In
our well-characterized cohort of PPA cases, we did not find any link between HLA-DR
antigenicity and these potential confounding variables. HLA-DR-immunoreactivity produced a
range of staining intensity that did not vary systematically across the PPA cases examined. More
specifically, cases with PMI >6 hrs (n=6) presented HLA-DR staining comparable to the cases
with PMI <6 hrs (n=3), leading to the conclusion that the PMI did not influence the HLA-DR
antigenicity in our cohort. In addition, the type of fixative did not noticeably impact the HLA-

DR-immunoreactivity since the PPA cases with paraformaldehyde fixation (n=2) showed a range
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of HLA-DR staining intensity that paralleled the staining intensities found in the PPA cases with

formalin fixation (n=7). Neither age nor PMI correlated with optical densities of activated
microglia. However, given that microglial activation may scale with age (Rogers et al., 1988), it
is possible that age-related factors could have contributed, at least in part, to the activated microglia
observed in non-atrophied regions. The only factors we found that influenced the pattern of HLA-
DR-immunoreactivity in our cohort are reported as the main findings in this study—gray matter
cortical atrophy and underlying neuropathology.

The white matter tended to have a greater accumulation of activated microglia in PPA-TDP
in comparison to PPA-AD. A recent report on CD68-positive activated microglia in patients with
FTLD-TDP compared to typical AD and controls showed that the frontal white matter was the
only cortical region that differentiated the two pathologic groups, with greater microglial scores in
FTLD than AD (Taipa et al., 2017a). Similarly, findings from a study of patients with underlying
FTLD or AD pathology reported that there was greater microglial activation in the frontal white
matter of FTLD brains compared to AD brains, while temporal gray matter showed more
microglial activation in AD than FTLD (Lant et al., 2014). Our qualitative assessment also found
anatomic selectivity in the accumulation of activated microglia. More specifically, the frontal
white matter showed greater microglial activation in PPA-TDP than PPA-AD, and the parietal
white matter tended to display greater microglial activation in PPA-AD than PPA-TDP.

It is not currently known what could be contributing to the prominent microglial activation
in the white matter of patients with PPA. Even though AD and TDP-43 pathology mostly
accumulate in the gray matter, TDP-43-positive inclusions have been found in white matter glia
(Armstrong, 2017) and may specifically deposit in oligodendrocytes of patients with FTD
(Neumann et al., 2007). All five PPA-TDP cases examined in this study displayed sparse TDP

inclusions in the white matter of the brain regions examined. In addition, 4/5 PPA-TDP cases had
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mild to moderate myelin rarefaction of the white matter that was occasionally more severe in

regions where more atrophy was detected in the language dominant hemisphere. Although the
present PPA-TDP cohort did not have progranulin gene (GRN) mutations, it has been shown that
the haploinsufficiency caused by GRN mutations results in significantly elevated serum levels of
the proinflammatory cytokine interleukin 6 compared to patients without the GRN mutation
(Bossu et al., 2011). In addition, the progranulin (PGRN) protein associated with GRN mutations
1s known to be involved in immunity and has anti-inflammatory properties such that when there is
a PGRN deficiency, neuroinflammation is enhanced through microglial activation (Martens et al.,
2012). A higher rate of autoimmunity has been linked to greater neuroinflammation in FTD,
semantic variant PPA, and GRN mutation carriers (Miller et al., 2013; Miller et al., 2016; Lall
and Baloh, 2017) , but this association is not well understood in PPA patients with underlying
FTLD-TDP or AD pathology.

Despite a close link with neuroinflammation (McGeer and McGeer, 2001; Block and
Hong, 2005; Perry et al., 2010; Serrano-Pozo et al., 2011b), AD pathology does not accumulate
in the white matter of PPA-AD where the activated microglia are densest. However, soluble
amyloid-beta has been shown to accumulate in greater concentrations in the white matter versus
gray matter in clinically typical AD (Collins-Praino et al., 2014) . Furthermore, postmortem
examinations of amnestic AD patients have revealed multiple forms of white matter change,
including reductions in axons (Englund and Brun, 1990) and myelin (Sjobeck et al., 2005), and
increases in glial levels that scale with white matter disease (Sjobeck and Englund, 2003).
Similar to the PPA-TDP cases, most of the PPA-AD cases included in this study had mild to
moderate myelin rarefaction of the subcortical white matter. It is also important to note that in
PPA, language network connectivity has been shown to be compromised in early stages of the

syndrome before significant cortical atrophy, implying reductions in synaptic activity or axonal
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degeneration could be early root causes of language impairments (Bonakdarpour et al., 2017).

Additional studies that measure the changes in myelin, axons, and other glial populations will help
determine the potential causes of microglial activation in the white matter, and how the microglial
response is related to the gray matter atrophy observed in PPA.

Recent advances in in vivo neuroimaging techniques have contributed to new insights into
white matter degeneration in PPA. For example, proton magnetic resonance spectroscopy has
demonstrated that abnormalities occur in the arcuate fasciculus in PPA (Catani et al., 2003).
Diffusion tensor imaging (DTI) studies have linked white matter changes to language impairments
specific to the clinical subtypes of PPA (Powers et al., 2013; D'Anna et al., 2016). However, the
extent to which gray and white matter degeneration occur in parallel or sequentially is not yet
known in PPA. Importantly, longitudinal MRI studies have shown that white matter atrophy can
be severe in PPA (Brambati ez al., 2015), and white matter changes can progress more rapidly
than gray matter atrophy in as little as one year (Lam et al., 2014). Other DTI investigations have
reported that white matter abnormalities in PPA can be more extensive than the changes in gray
matter (Agosta et al., 2013; Mahoney et al., 2013). In addition, several DTI studies have indicated
that patients with typical AD or PPA display reductions in white matter structural integrity that
precede or are independent of gray matter cortical atrophy and clinical symptoms (Stricker et al.,
2009; Migliaccio et al., 2012; Sachdev et al., 2013; Frings et al., 2014). Discordant degeneration
between white and gray matter has also been shown in a study of typical amnestic AD patients
where gray and white matter changes did not always overlap anatomically (Caso et al., 2015). It
remains to be determined if factors such as neuroinflammation or prion-like propagation contribute
to these patterns of degeneration. Interestingly, the PPA case excluded from our study due to
undetectable atrophy still had prominent white matter activated microglia that unexpectedly

appeared greater in regions of the non-language dominant hemisphere. Future longitudinal studies
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coupled with positron emission tomography ligands specific to neuroinflammatory markers will

be critical for uncovering the relationships between atrophy, inflammation, and pathology in the
gray and white matter.

While the PPA profile might suggest that all language regions would be the most atrophied
regions associated with the greatest densities of activated microglia, this was not the case. For
example, some language regions such as the IPL in PPA-TDP cases were often not atrophied and
harbored very low densities of activated microglia. These patterns of staining and atrophy are
noteworthy because they provide evidence that activated microglia do not necessarily have a
predilection to all language regions. Instead, they suggest that activated microglia are more closely
related to cortical atrophy as we originally hypothesized, which in PPA is usually concentrated to
the language network, but not necessarily all language regions. It is also a reminder that the
determinants of selective vulnerability in neurodegenerative diseases remain mostly unknown.
Elucidating these factors will be important for identifying therapeutic targets for
neurodegenerative diseases.

The abnormal proteinopathies of AD (amyloid-beta [plaques] and tau [neurofibrillary
tangles]) and FTLD-TDP (truncated and translocated TDP-43) are associated with focal
neurodegenerative changes in specific clinical syndromes such as amnestic AD, FTD, and PPA.
Except for neurofibrillary tangles, the relationship between the proteinopathy and
neurodegeneration (i.e., regional atrophy) is poorly understood. We showed that microglial
activation was more prominent in the white matter, although the burden of abnormal disease-
specific markers in both AD and FTLD-TDP is more prominent in the gray matter. There was
also regional selectivity that mirrored the anatomy of atrophy and the corresponding clinical
syndrome. For example, activated microglia accumulated more in regions of greater cortical

atrophy and were more numerous in the language dominant hemisphere in PPA. Given this
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correspondence between white matter activated microglia and cortical atrophy, this study raises

the intriguing possibility that microglia-initiated inflammatory processes may influence the
distribution of neurodegeneration. Microglial activation could also constitute a response to the
neurodegeneration, but could further exacerbate the disease process through local inflammatory

reactions.
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—STUDY 3—

Relationships Between Neurofibrillary Tangles, Activated Microglia, and Neurons

in PPA-AD

ABSTRACT

Neurofibrillary tangles (NFTs) and amyloid-B plaques are the pathologic hallmarks of
Alzheimer’s disease (AD) that cause cellular changes including neurodegeneration and
neuroinflammation mediated by activated microglia. Microglia exhibit heterogeneous functions
and appearances, with hypertrophic microglia displaying a closer association with AD
neuropathology and inflammation compared to ramified microglia. However, changes in
microglia and neurons have not been quantitatively examined in the non-amnestic atypical clinical
variants of AD. The aphasic variant of AD is known as primary progressive aphasia (PPA-AD),
a clinical dementia syndrome characterized by language impairments that corresponds to focal
cortical atrophy and a predominance of NFTs in the language dominant hemisphere. The current
study conducted a large stereologic investigation of language and non-language regions bilaterally
to determine if the patterns of AD neuropathology unique to PPA-AD were related to densities of
neurons and microglia. We report that NFT densities were positively associated with densities of
activated (hypertrophic) microglia and negatively associated with densities of neurons. In addition
to finding a negative relationship between hypertrophic microglia and ramified microglia, there
was a double dissociation between microglia subtypes and neurons: densities of hypertrophic
microglia were negatively related to densities of neurons, while densities of ramified microglia
were positively related to densities of neurons. Our findings indicate that there is a large microglial

response in PPA-AD consisting of activated hypertrophic microglia that are strongly associated
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with NFT accumulation and smaller neuronal densities. Therefore, the neurotoxicity associated

with NFTs and activated microglia might be collectively contributing to patterns of
neurodegeneration characteristic of PPA-AD.

INTRODUCTION

Neurodegenerative diseases such as Alzheimer’s disease (AD) are associated with
irreversible cortical atrophy and cognitive decline. The extracellular amyloid- plaques (APs) and
intracellular neurofibrillary tau tangles (NFTs) that comprise the pathologic hallmarks of AD are
thought to drive the cellular changes that underlie atrophy and dementia severity. In individuals
with typical amnestic AD, glia are activated in response to AD neuropathology and microglia in
particular can promote a neuroinflammatory response that may play an important role in AD
pathogenesis and severity (McGeer et al., 1987; Rogers et al., 1988; McGeer and McGeer,
2001; Serrano-Pozo et al., 2011b). Neuronal changes associated with AD neuropathology
include reductions in axonal density (Englund and Brun, 1990; Sjobeck ez al., 2005), dendrites
(Coleman and Flood, 1987; Arendt et al., 1998), and synapses (Terry et al., 1991; Scheff and
Price, 2006; Arendt, 2009). Neurons also die by the end stage of disease and their loss correlates
with NFT number (Gomez-Isla et al., 1997), but the extent of reported neuronal loss has been
inconsistent. Neuronal degeneration may also be a major substrate of in vivo cortical atrophy, but
the relationship between neurons and atrophy are not well understood outside of small regions
such as the hippocampus in AD (Zarow et al., 2005). Furthermore, little is known about the
distributions and relationships between AD neuropathology and cellular changes in atypical
clinical variants of AD (Alladi et al., 2007; Mesulam et al., 2008; Gefen et al., 2012; Warren et
al., 2012; Mesulam et al., 2014b; Rogalski ef al., 2016). The purpose of the present study was
to clarify the relationships between AD neuropathology, activated microglia, neuronal density, and

cortical atrophy in the aphasic variant of AD.



78
Primary progressive aphasia (PPA) caused by AD neuropathology (PPA-AD) is the aphasic

variant of AD (Knibb et al., 2006; Mesulam et al., 2008; Rohrer et al., 2012; Mesulam et al.,
2014b; Rogalski et al., 2016). PPA is characterized by an asymmetric pattern of focal cortical
atrophy in the language dominant hemisphere (Mesulam, 1982; Rogalski et al., 2011b; Rogalski
etal.,2014; Rogalski ez al., 2019). Unlike the symmetric distributions of APs and NFTs typically
observed in amnestic AD (Moossy et al., 1988), NFTs have higher densities in left language
regions, displaying concordance with the cortical atrophy patterns and aphasic phenotype of PPA
(Gefen et al., 2012; Josephs et al., 2013)(Ohm et al., under review). Furthermore, NFTs have
been shown to be a major neuropathologic determinant of in vivo cortical atrophy in the amnestic
and aphasic presentations of AD (Dallaire-Théroux ez al., 2017)(Ohm et al., under review). The
atypical deposition of AD neuropathology in PPA raises the question of whether neurons and
activated glia display similar regional patterns that correspond to the NFT burden and cortical
atrophy unique to PPA-AD.

Microglia are largely responsible for the neuroinflammation associated with AD (McGeer
et al., 1987; Rogers et al., 1988; McGeer and McGeer, 2001; Serrano-Pozo et al., 2011b).
However, microglia are heterogeneous in function and appearance, with some morphologic
phenotypes more closely linked to neurodegenerative processes compared to others. The classic
activated microglia are considered the inflammatory brain macrophages that appear hypertrophic
with thick and short processes and co-localize with AD neuropathology (Itagaki et al., 1989;
Serrano-Pozo et al., 2011b; Serrano-Pozo et al., 2013a). In contrast, ramified microglia appear
relatively smaller, with long, thin branches that likely survey their surroundings for
pathophysiological changes in preparation to convert to the activated state (Perry et al., 2010).
Differentiation of these phenotypes and their individual distributions could reveal specific

relationships with neurodegenerative processes. Little quantitative information is available on the
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status of glia in PPA, but we have shown that regions of greater cortical atrophy display more

activated microglia in the gray matter of PPA caused by transactive DNA-binding protein of 43
kDa (TDP) (Kim et al., 2016; Kim et al., 2018) and in the white matter of PPA-AD and PPA-
TDP brains (Ohm et al., 2018). No study has identified or quantified different microglial
phenotypes in PPA to determine their regional distributions and relationships with other pathologic
and cellular changes.

The primary aim of the current study of PPA-AD was to acquire stereologic densities of
neurons and microglial phenotypes in the gray matter to determine how they relate to each other
and to AD neuropathology (quantified previously in the same regions and PPA-AD cohort (Ohm
et al., under review). In a subset of regions with either high or low atrophy in PPA-AD, optical
densities of white matter activated microglia measured previously (Ohm et al., 2018) were
compared in the present study to the pathologic and cellular markers in the gray matter. To better
understand the cellular basis of in vivo cortical atrophy in PPA-AD, all densities of neurons and
microglia were compared to measurements of atrophy in matching regions. Regions of interest
included language and non-language domains in the left, language-dominant hemisphere in
addition to their contralateral homologues in PPA-AD. Since hypertrophic microglia (HM) are
the microglial phenotype more frequently implicated in neuroinflammation and disease compared
to ramified microglia (RM), it was expected that more HM would be associated with more AD
neuropathology, more atrophy, more white matter activated microglia, and fewer neurons. Fewer
neurons were also anticipated in regions with greater atrophy and more neuropathologic burden.
METHODS
Participants

The current study enrolled participants through the PPA Research Program at the Mesulam

Center for Cognitive Neurology and Alzheimer’s Disease at the Northwestern University Feinberg
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School of Medicine. The participants were 5 right-handed individuals who received clinical

diagnoses of PPA (Mesulam, 1982; Mesulam, 2001; Gorno-Tempini ef al., 2011) and pathologic
diagnoses of AD (Hyman et al., 2012; Montine et al., 2012). These PPA-AD participants were
described previously (Ohm et al., 2018)(Ohm et al., under review). In brief, two PPA
participants were clinically diagnosed with the logopenic variant of PPA (PPA-L), one with the
agrammatic variant (PPA-G), and two were unclassifiable (PPA-U). Importantly, each PPA
participant had acquired a structural MRI scan within 2.5 years of death that was used to measure
cortical atrophy relative to a cognitively healthy control group consisting of 35 participants of
similar age and education. The Northwestern University Institutional Review Board approved this
study and all participants gave consent to their involvement and brain donations. Characteristics
of each PPA participant are summarized in Table 1.2.
MRI acquisition

All PPA and healthy control participants had structural MRI scans acquired on a 3T
Siemens TIM Trio scanner using a 12-channel birdcage head coil at the Northwestern University
Center for Translational Imaging. A Ti-weighted 3D MPRAGE sequence included the following:
repetition time = 2300 ms, echo time = 2.91 ms, inversion time = 900 ms, field of view =256 mm,
flip angle = 9°, 1 mm? voxel resolution collected over 176 sagittal slices. The scan-to-death mean
interval (SDI) was 1.96 & 0.8 years; range 0.61—2.54 years (Table 1.2).
MRI processing and regions of interest

The processing of structural MRI was described previously (Ohm et al., under review).
In brief, the last MRI scan before death of each participant was pre-processed using FreeSurfer

(v5.1.0, http://surfer.nmr.mgh.harvard.edu) and topological surface errors were manually

corrected according to established guidelines (Fischl and Dale, 2000; Ségonne et al., 2007).

FreeSurfer was used to measure the mean cortical thickness in identical regions of interest (ROIs)
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created and used previously (Ohm et al., under review). Fourteen ROIs were investigated in each

PPA participant, 7 per hemisphere (Fig. 3.1). The left language-dominant hemisphere contained
5 language-related and 2 non-language ROIs. The right hemisphere contained the 7 homologues
of the left hemisphere ROIs. The ‘language ROIs’ consisted of the inferior frontal gyrus (IFG),
anterior superior temporal gyrus (aSTG), posterior superior temporal gyrus (pSTG), anterior
inferior parietal lobule (alPL), and posterior inferior parietal lobule (pIPL). The bilateral ‘non-
language ROIs’ were the memory-related entorhinal cortex (EC) and the primary visual cortex

V1)

Figure 3.1 Regions of interest in PPA-AD.
Lateral Left language ROIs (dark blue), right
language homologues (blue), left non-
language ROIs (dark green), right non-
language ROIs (green) displayed bilaterally
Left on lateral and medial reconstructions of a
template cortical surface in FreeSurfer.
Inferior frontal gyrus (IFG), anterior
superior temporal gyrus (aSTG), posterior
superior temporal gyrus (pSTG), anterior
inferior parietal lobule (alPL), posterior
Medial

inferior parietal lobule (pIPL), entorhinal

cortex (EC), primary visual cortex (V1).

Tissue processing

Brains of each PPA-AD participant were processed as previously described for staining of
AD neuropathology and neurons (Ohm et al., under review) or microglia (Ohm et al., 2018).
Brains were cut into ~1-2 cm coronal blocks and fixed in either 10% formalin for 2 weeks or 4%
paraformaldehyde for 30-36 hours at 4°C, and then submerged into an increasing concentration
gradient of sucrose (10-40%) for cryoprotection (Table 1.2). A 1:24 series of 40 pm-thick coronal
sections was collected for all PPA-AD participants. Each ROI contained 5-15 sections depending

on its anterior-posterior extent. Three series of adjacent sections were processed for all markers
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of interest: AD neuropathology was visualized with the Thioflavin-S stain (1%), while microglia

and neurons were visualized immunohistochemically without antigen retrieval using the avidin-
biotin peroxidase complex method employing the Vectastain Elite Kit and 3,3-diaminobenzidine
as the chromogen. The microglial phenotypes of interest to the current investigation (i.e., HM and
RM, Fig. 3.4a) were consistently detected using an antibody against the human leucocyte antigen-
D related (HLA-DR) protein (mouse monoclonal; Dako; 1/1000) (McGeer et al., 1987). Neurons
were visualized using an antibody against neuronal nuclear protein (NeuN, mouse monoclonal;
EMD Millipore; 1/2000) (Wolf et al., 1996). The left/right hemispheric pair of each region was
always stained together in the same immunohistochemical run for each marker of interest.
ROI correspondence

Anatomical correspondence of data acquired during life and after death was achieved using
methods described previously (Ohm ez al., under review). In brief, all series of postmortem tissue
were collected from a priori ROIs initially generated in FreeSurfer and visualized in Freeview.
Postmortem regional boundaries were previously delineated on NeuN-positive tissue that matched
FreeSurfer generated boundaries on every section. Since the NeuN-positive tissue was a parallel
series to the HLA-DR and Thioflavin-S-positive tissue, it provided the means to transfer the same
regional boundaries onto adjacent sections stained for HLA-DR or Thioflavin-S. This ensured that
all postmortem data corresponded to each other and to measures of in vivo cortical atrophy.

White matter activated microglia were quantified previously (Ohm et al., 2018) in a subset
of the 14 ROIs used for stereologic cortical atrophy investigations in the present study. The subset
included 2 language and 2 non-language ROIs in the language dominant hemisphere and their
contralateral homologues for a total of 8 ROIs examined per PPA participant (Table 3.1). The
non-language ROIs were always V1 and EC, two regions shown to have less AD neuropathology

compared to language ROIs in PPA-AD (Gefen et al., 2012)(Ohm et al., under review).
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Language ROIs varied by participant given that they were chosen previously based on peak cortical

atrophy in each PPA participant (Ohm et al, 2018). The current investigation performed
stereology on the same 5-6 coronal sections per ROI where white matter activated microglia optical
densities were acquired.

Table 3.1 Subset of regions used in white matter activated microglia analysis.

PPA-AD case # 1 2 3 4 5
Vi Vi Vi Vi Vi
EC EC EC EC EC

alPL IFG pSTG | pSTG | aSTG

pIPL | aSTG | alPL alPL | pSTG

Non-language

Language

Stereologic quantification

Stereologic estimates of NFTs and dense-core APs were acquired in a previous
investigation (Ohm et al., under review). HM, RM, and neurons were quantified at a final
magnification of 60x across all cortical layers of each ROI using a stereological analysis performed
on a workstation equipped with a Nikon Eclipse ES800 microscope, motorized stage, and stereology
software (Stereolnvestigator v11.07, MBF Bioscience). The optical fractionator probe was used
to estimate the populations of each cellular marker from all available sections per ROI, with
sampling grid dimensions that varied by anatomical region to produce a coefficient of error < 0.1
(Schmitz and Hof, 2005). The size of the counting frame was kept at 125 um?, and a disector
height of 16 um with guard zones of 2 um were used. Section thickness was measured at each
counting site to calculate an average section thickness used in estimating populations of each
cellular marker. For each ROI, densities of HM, RM, and neurons per mm? were calculated by
taking the estimated population using number weighted section thickness and dividing by the
planimetry volume.
Statistical analyses

Analyses performed on measurements of in vivo cortical atrophy to investigate hemispheric
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asymmetry and language region selectivity have been described previously (Ohm et al., under

review). In brief, FreeSurfer software was used to measure an average cortical thickness in each
ROI. Z scores were calculated to represent the magnitude of cortical atrophy in each ROI relative
to a healthy control group using the following equation:

Z = (L healthy controls — Observed cortical thickness]/ © healthy controls)

All analyses were conducted using linear mixed models accounting for repeated measures.
Given the main focus of the current investigation was to understand how AD neuropathology
(NFT, AP) is related to cellular markers (HM, RM, white matter activated microglia, and neuron
densities), the first set of models examined the relationships between two postmortem variables at
a time. Due to the lack of an established direction specifying which postmortem variable would
be the outcome or covariate, we evaluated the relationships in both directions, using a Bonferroni
corrected significance level of 0.025. Only one direction was reported, selecting the larger p value
of the two models. To evaluate the cellular basis of cortical atrophy, models examined the
relationship between each cellular marker (densities) and cortical atrophy (z-scores). Models that
examined the relationships with white matter activated microglia incorporated a subset of regions
(Table 3.1). All of these models were adjusted for hemisphere, type of regional domain (language
and non-language regions), and age at death. When cortical atrophy was compared to postmortem
marker densities, models were also adjusted for SDI and when postmortem markers were
compared to each other, models were adjusted for postmortem interval.

Given our previous findings showing that NFTs and cortical atrophy are significantly
greater in the left language regions of this PPA-AD cohort (Ohm et al., under review), additional
analyses were carried out on cellular markers (HM, RM, white matter activated microglia, and
neurons) to characterize their distributions. To assess if each cellular marker displayed

hemispheric asymmetry, the relationship between each cellular marker and hemisphere was



85
evaluated after stratifying by language or non-language regions. To determine if cellular marker

densities were different between language and non-language regions, the association between each
cellular marker and type of region (language or non-language) was assessed in only the left
hemisphere. These models were adjusted for age at death and postmortem interval. Significance
was set to p<0.05 for all comparisons unless otherwise stated using SAS software v9.4; SAS
Institute.
RESULTS
Qualitative patterns of pathologic and cellular markers in hemispheres, regions, and cortical
layers

We previously reported on the language region selectivity of NFTs and dense-core APs
and leftward asymmetry of NFTs in PPA-AD (Ohm et al., under review) (Fig. 3.2, bottom
panel). These findings appear unique to PPA-AD in comparison to what is known in amnestic
AD and other clinical AD variants. However, the laminar deposition of AD neuropathology in
PPA-AD appeared consistent with what has been reported in cortical and limbic regions of
amnestic AD (Hirano and Zimmerman, 1962; Brun and Englund, 1981; Pearson ez al., 1985;
Lewis et al., 1987; Arnold et al., 1991; Braak and Braak, 1991). More specifically, we observed
NFTs more frequently in layers II, III, and V throughout language regions of PPA-AD. Dense-
core APs typically accumulated in layers II-V without obvious laminar selectivity. Diffuse plaques
were more frequent than dense-core APs, but did not display a recognizable pattern between cell
layers, language regions, or hemispheres. Across all regions examined, layer I was consistently
devoid of dense-core APs and NFTs, and the deepest part of layer VI immediately adjacent to
white matter showed infrequent APs and nearly no NFTs. NFTs were exceedingly rare in cortical
white matter, but diffuse plaques and dense-core APs were sometimes present in the superficial

U-fibers of white matter, an observation reported previously (Serrano-Pozo et al., 2011a).
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Figure 3.2 Representative photomicrographs of the differential distributions of neurons, activated microglia,
and AD neuropathology in layer III of regions with high or low cortical atrophy in a PPA-AD participant.
Layer III, a selectively vulnerable cortical layer, typically displayed thinning, fewer neurons, and more NFTs and
activated microglia in more atrophied regions compared to less atrophied regions. This pattern was inconsistently
seen in other cortical layers and regions within and across PPA-AD participants. Photomicrographs of each marker
were acquired at 20x magnification within the gyral crown of alPL in PPA-AD participant #3. More atrophied region
— left alPL; less atrophied region — right alPL. Scale bar set to 50 pm.



87
We have quantitatively described the distributions of HLA-DR-positive microglia in white

matter in PPA-AD (Ohm et al., 2018). It is important to note that the activated microglia of the
white matter were virtually all of the HM phenotype. Furthermore, greater concentrations of HM
were often observed in the association U-fibers of white matter compared to neighboring white
matter tracts and layer VI. Within the gray matter, RM were relatively rare in comparison to HM,
with no recognizable pattern across cortical layers due to their infrequency. HM often formed
large clusters that were widespread across layers II-V, with smaller densities in layer IV and very
few if any in layers [ and VI in all regions examined (Fig. 3.2, middle panel). The accumulation
of HM is noteworthy given its similar distribution to the deposition of dense-core APs and NFTs,
as well as previously reported topographic patterns of activated microglial clusters/nests in
amnestic AD or frontotemporal lobar degeneration (Brun and Englund, 1981; Lant ez al., 2014;
Taipa et al., 2017a; Taipa et al., 2017b).

Concordant with NFT densities and less so AP densities, NeuN-positive neurons were
consistently less dense in layers III and V of language regions, with often the least NeuN reactivity
in layer I1I of highly atrophied regions (Fig. 3.2, top panel). It is noteworthy that the predominant
output of layer III neurons is to neighboring cortical regions where they form the association U-
fibers, the same area of white matter where more microglial activation was often observed (Ohm
et al., 2018). Reduced NeuN reactivity and/or smaller densities of neurons were occasionally
observed toward the gyral fundi relative to the gyral crown. A similar pattern has been previously
reported for AD neuropathology in amnestic AD such that more NFTs and APs were observed in
the gyral fundi (Braak and Braak, 1991; Arendt et al., 2016). In this PPA-AD cohort, however,
neither the distributions nor staining intensities of NFTs, APs, or microglia appeared to reflect the
gradation of NeuN reactivity.

In comparison to language regions, non-language regions displayed similar but also
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divergent patterns in marker distribution. NFTs were most prominent in layer II and common in

layer IV and V of EC, while virtually no NFTs were observed throughout any of the layers of V1.
Dense-core APs were common across most layers of V1 and relatively rare in EC, while diffuse
plaques were common in EC and scarce in V1. Whereas all 5 PPA-AD participants had EC islands
readily discernible by large, NFT-bearing neurons, the islands were inconsistently detected by HM
or NeuN-positive neurons. HLA-DR reactivity was generally more pronounced in the upper layers
compared to the lower layers of EC. Neuron density appeared greatest in layers II and VI of both
EC and V1. In V1, clusters of HM were more concentrated in the stria of Gennari which also
displayed stronger HLA-DR reactivity than other cortical layers but less intense than surrounding
white matter.
Quantitative distributions of microglial phenotypes and neurons

We have shown that NFT densities mirror the focal and asymmetric cortical atrophy
characteristic of PPA (Ohm et al., under review). In this study, further analyses were conducted
on cellular markers to evaluate concordance with NFT densities and the aphasic profile of PPA-
AD. Densities of HM, RM, and neurons did not display significant hemispheric asymmetry or
language region selectivity (Fig. 3.3). However, HM showed higher estimated means in the left
language regions compared to right homologues that trended toward significance (p=0.08). The
expected reverse patterns were observed for RM and neurons such that each showed a lower
estimated mean in the left language regions compared to right homologues, but these differences

did not reach statistical significance.
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Figure 3.3 Distributions of in vivo cortical atrophy, neurons, and microglial phenotypes in PPA-AD.

a) The PPA-AD group had significantly more cortical atrophy in the left language regions compared to right language
homologues (p=0.01). Cortical atrophy was also significantly greater in the language regions compared to the non-
language regions in the left hemisphere (p<0.01). Densities of neurons (b), hypertrophic microglia (HM; ¢), and
ramified microglia (RM; d) did not show significant hemispheric asymmetry or language region selectivity.

Left language ROIs = dark blue bars; right language homologues = blue bars; left non-language ROIs = dark green

bars; right non-language ROIs = green bars.

Relationships between pathologic and cellular markers

HM densities were inversely related to RM densities (p<0.01; Fig. 3.4b). NFT densities
were not associated with AP densities, and neither NFTs nor dense-core APs were related to RM
densities. NFT densities had a positive relationship with HM densities (p<0.01; Fig. 3.5a), and a
negative relationship with neuron densities (p=0.01; Fig. 3.6a). AP densities displayed a negative
relationship with HM densities (p<0.01), and a positive relationship with neuron densities
(»<0.01). Neuron densities were positively related to RM densities (p=0.02), and inversely related
to HM densities (p<0.01; Fig. 3.6b). Mean optical densities of white matter activated microglia

showed positive associations with NFT (p<0.01; Fig. 3.5b) and HM densities (p<0.01), and
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negative associations with AP (p<0.01), RM (p<0.01), and neuron densities (p<0.01; Fig. 3.6¢).

b.

(count/mm3)

Ramified microglia density

Figure 3.4 Hypertrophic microglia densities are negatively
associated with ramified microglia densities in PPA-AD.

a) Representative photomicrograph of microglial phenotypes,
hypertrophic microglia (filled arrow) and ramified microglia (open
arrow). Photomicrograph acquired at 63x magnification. Scale bar
set to 25 pm. b) Hypertrophic microglia densities were negatively

related to ramified microglia densities (p<0.01).
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Figure 3.6 Smaller neuron densities are associated with larger densities of NFTs and activated microglia in
PPA-AD.

a) Neuron densities were negatively related to NFT densities (p=0.01). b) Neuron densities were negatively related

to hypertrophic microglia densities (»<0.01). ¢) Neuron densities were negatively related to white matter activated

microglia optical densities (p<0.01).
Relationships between in vivo cortical atrophy and postmortem cellular markers

We have reported that cortical atrophy is positively related to NFTs, but not dense-core
APs (Ohm et al., under review). The current investigation found that cortical atrophy was not
significantly associated with any cellular marker in the gray or white matter except RM densities,

with which it displayed a negative relationship (p=0.03; Fig. 3.7a).
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Figure 3.7 In vivo cortical atrophy is negatively associated with ramified microglia densities in PPA-AD.
a) Cortical atrophy was negatively related to ramified microglia densities (p=0.03), but not related to hypertrophic

microglia or neuron densities.

DISCUSSION

The cellular changes that are related to AD neuropathology and likely contribute to cortical
atrophy have received sparse attention in PPA-AD. Here, we show that only NFTs displayed
positive relationships with activated microglia in the white and gray matter, providing new

pathologic evidence for what drives microglial activation in PPA-AD. Second, we found that
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neuron densities were smaller in regions with greater neuropathologic change, namely, NFTs and

activated microglia. These pathologic and cellular patterns indicate that smaller neuron densities
may be a sign of neurodegeneration caused by significant accumulations of NFTs and
inflammatory microglia. However, the cellular basis of cortical atrophy remains elusive in PPA-
AD considering that neither neurons nor activated microglia were associated with in vivo
measurements of cortical atrophy. This new postmortem data, in conjunction with our previous
report showing NFTs were positively associated with cortical atrophy in PPA-AD (Ohm et al.,
under review), point to NFTs as a central determinant of microgliosis, smaller neuron densities,
and in vivo cortical atrophy in PPA-AD.
Status of microglial activation and its relationship to neuropathology and cortical atrophy

The status of activated microglia, a marker of neuroinflammation, and the pathologic
changes related to activated microglia have not been quantitatively evaluated in clinical AD
variants including PPA-AD. Here we report a double dissociation between microglial phenotypes
and neurodegenerative processes in PPA-AD. RM accumulated more in less atrophic regions with
more neurons and fewer activated microglia. The negative relationship between RM and cortical
atrophy may reflect their purported role as benign sentinels that do not contribute to
neurodegenerative processes in PPA-AD until they convert to HM. In contrast to RM, HM
displayed positive relationships with NFTs, white matter activated microglia, and a negative
relationship with neurons. Therefore, consistent with findings in amnestic AD (McGeer and
McGeer, 2001; Solito and Sastre, 2012), neuroinflammation may play a prominent role in disease
severity and progression for PPA-AD.

HM were inversely related to RM, possibly due to a widespread activation and conversion
of RM to HM in PPA-AD. This is consistent with a previous report in amnestic AD indicating

that the majority of the glial response is a phenotypic change as opposed to a proliferation of glia
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(Serrano-Pozo et al.,, 2013a). The current study cannot speculate on the extent of glial

proliferation in PPA-AD, but a phenotypic change from RM to HM may have resulted in the
disproportionately greater densities of HM than RM observed in almost all ROIs examined in PPA-
AD.

While we often observed more activated microglia in regions of greater atrophy and AD
neuropathology of PPA-AD, neither HM nor white matter activated microglia were related to in
vivo cortical atrophy. The lack of relationship between white matter activated microglia and
cortical atrophy was consistent with a finding we reported in a previous investigation on PPA.
More specifically, we found that atrophied regions did not have a significantly greater optical
density of activated microglia compared to non-atrophied regions within pathologic subtypes of
PPA, including PPA-AD (Ohm et al., 2018). Sample size and individual variability may have
contributed to these findings. However, the hypertrophy and possible proliferation of microglia
near pathologic inclusions (Solito and Sastre, 2012; Gomez-Nicola ez al., 2013) could have
expanded the gray matter volume, negating the effects of cortical atrophy driven by neuronal loss
or shrinkage, and resulting in a disconnect between the HM and cortical atrophy quantified in this
study. Another possibility is that during the short timeframe between last MRI scan and death, the
rate of microglial accumulation or phenotypic change could have plateaued or diverged from the
rate of atrophy in each hemisphere. In fact, a recent PET study demonstrated that microglia may
have an early and late phase of activation over the course of disease progression of AD (Fan et
al.,2017). If this is confirmed in PPA-AD, it is possible that earlier stages of microglial activation
may arise more focally and in an asymmetric pattern reflective of PPA compared to what was
established in this postmortem investigation.

The precise causes of microglial activation in the white matter are not known. Axonal

degeneration and myelin loss have been known to occur in amnestic AD (Englund and Brun,
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1990; Sjobeck et al., 2005) and similar events may occur in PPA (Catani et al., 2003; Galantucci

et al., 2011; Migliaccio et al., 2012). If so, the recruitment of microglia would have been likely
as they are the primary phagocytes of the brain that activate and clear the axonal and myelin debris
resulting from this degeneration. Wallerian degeneration may have led to these white matter
changes in PPA-AD since AD neuropathology almost exclusively accumulates in the gray matter.
In parallel, retrograde Wallerian-like degeneration is also conceivable given that tau has an
endogenous axonal prominence (Binder et al., 1985) and its pathologic hyperphosphorylated state
disrupts microtubule stability (del C Alonso et al., 1996) that compromises axonal transport and
thereby white matter integrity (Ballatore et al., 2007; Strain et al., 2018). Therefore, the positive
relationship we observed between NFTs and white matter activated microglia in PPA-AD may
reflect a leading neurodegenerative mechanism centered on NFTs and microglia-mediated
neuroinflammation. However, amyloid-f3 oligomers and fibrils cannot be excluded from these
pathological events given the evidence for their independent and tau-dependent neurotoxicities
(Lorenzo and Yankner, 1994; Busciglio ef al., 1995; Lambert ez al., 1998). Amyloid-f3 peptides
are also known to cause microglia-mediated inflammation (Barger and Harmon, 1997) and have
been found in greater concentrations in the white matter compared to gray matter in amnestic AD
(Collins-Praino et al., 2014). More research is needed to identify what aspects of white matter
are altered and to what extent abnormal tau and amyloid-3 promote neuroinflammation in PPA-
AD.

Microglia showed different relationships with the hallmarks of AD neuropathology.
Although activated microglia are typically associated with dense-core APs in amnestic AD
(Itagaki et al., 1989; Serrano-Pozo et al., 2011b; Serrano-Pozo et al., 2013b), we unexpectedly
found that HM were negatively related to dense-core APs. Given the growing evidence for

microglia heterogeneity (Bottcher et al, 2019) and that only HM and RM phenotypes were
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quantified in the current study, it will be important to assess how other microglial populations or

clusters of activated microglia relate to dense-core APs. The positive association between HM
and NFTs is noteworthy given that there is growing evidence for a strong link between NFTs and
activated microglia. Models of neuroinflammation and AD have demonstrated that microglia and
the inflammatory cytokines they secrete can contribute to tau phosphorylation and propagation of
tau pathology (Li et al., 2003; Ghosh et al., 2013; Asai et al., 2015; Maphis et al., 2015). An
investigation of frontotemporal dementia patients with underlying frontotemporal lobar
degeneration pathology demonstrated that activated microglia co-localized with tau-2 and their
densities correlated with tau deposition and neurodegeneration in participants without Pick’s
disease (Schofield et al., 2003). Moreover, a positron emission tomography (PET) study using
the radioligand ''C-PBR28 to measure microglial activation showed that amyloid-negative
participants (diagnosed with mild cognitive impairment or amnestic AD) had microglial activation
that correlated with tau aggregation (Dani et al., 2018). These findings indicate that independent
of AP burden and its neurodegenerative involvement, extracellular tau can activate microglia that
may in turn exacerbate tau pathology. Therefore, microglia-mediated neuroinflammation and
NFTs may participate in a positive feedback loop that collectively worsen neurodegenerative
processes in PPA-AD.
Distributions of cellular markers

Of all the pathologic and cellular markers quantified in this investigation, only NFT
densities displayed leftward asymmetry and language selectivity concordant with the cortical
atrophy and aphasic profile of PPA. While NFTs and neurons displayed a significant negative
relationship suggestive of NFT-driven neurodegeneration, neuron densities did not show
asymmetry as expected. One potential reason for these findings is that stereology was carried out

on only NeuN-positive neurons. NeuN is known to be specific to neurons, but NeuN reactivity
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has also been shown to decline with disease severity suggesting that NeuN might be a better marker

of neuronal health compared to neuron loss (Yousef et al., 2017). Therefore, the fairly symmetric
patterns of NeuN-positive neuron densities in PPA-AD might represent a general state of poor
neuronal health across the cortex by end stage of disease that is not directly reflective of the
significant cortical atrophy in PPA.

A strength of the current study was acquiring stereologic densities intrinsic to individual
brain regions to establish important pathologic-cellular relationships not previously investigated
in PPA-AD. However, neuron densities were not related to in vivo cortical atrophy in PPA-AD.
Aside from select studies reporting that unilateral CA 1 neuron populations correlated with cortical
atrophy in amnestic AD (Kril et al., 2004; Zarow et al., 2005), the neuronal basis of in vivo
cortical atrophy remains mostly unknown in the clinical AD spectrum. To determine if reduction
of neurons is a better correlate of regional atrophy in PPA-AD, it will be important for future
studies to evaluate a proper control group to acquire estimates of neuron loss in PPA-AD. In
addition, other neuronal markers may be more sensitive to neuronal changes and should be
explored to expand our understanding of the cellular basis of neurodegeneration. Nevertheless,
the current study found utility in the consistency and selectivity of the NeuN marker as it permitted
a large stereologic analysis that uncovered new evidence for NFTs and HM having a close and
adverse link to NeuN-positivity and/or neuron densities in PPA-AD.

Neurons were quantified across all cell layers in each region, resulting in a neuron density
per region that might not have captured more selective neurodegeneration. More specifically, it is
possible that focal and asymmetric loss of neurons may be present in specific types of neurons
(e.g., pyramidal neurons) in select cortical layers such as layers III and V where more AD
neuropathology accumulates. In the current study we observed qualitatively less NeuN-

reactivity/neuron densities in layer III where the most NFTs accumulated. These observations, in
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combination with our previous report describing greater microglial activation in the U-fiber white

matter tracts known to be mostly comprised of layer III cortico-cortical projections (Ohm et al.,
2018), may suggest a disproportionate degeneration of layer III in cortical language regions of
PPA-AD.

Similar to neuron densities, microglia densities failed to display significant hemispheric or
language region selectivity. This was surprising given that HM were positively related to the
highly asymmetric NFT deposits and that activated microglia have been shown to be asymmetric
in PPA-TDP (Kim et al., 2018). Greater mean densities of HM were observed in left language
regions compared to right homologues, but regional asymmetry was subtle and inconsistent in this
PPA-AD cohort. In fact, PPA-AD participant #4 paradoxically displayed reversed asymmetry of
HM in two temporoparietal language regions that did not correspond to NFTs or atrophy quantified
in the same regions of that participant. Other markers of activated microglia have the potential to
identify asymmetric patterns (Hopperton et al., 2018), but HLA-DR was an appropriate marker
for this investigation due to its strong specificity for activated microglia in neurodegenerative
diseases like AD (McGeer et al., 1987; McGeer et al., 1988).

Regional variability

The memory-related EC unexpectedly showed HM densities as great if not greater than
language regions and their contralateral homologues. Given that this region did not harbor
significant cortical atrophy or AD neuropathology in PPA-AD, it remains unclear what microglia
were responding to in the EC. Neuron densities were lowest in EC, which could reflect substantial
neuronal loss or the possibility that allocortical regions such as EC have intrinsically smaller
densities of neurons compared to the high densities characteristic of neocortical sensory and
association regions (Collins ez al., 2010). In contrast to HM, RM densities displayed negative

relationships with cortical atrophy, HM, and white matter activated microglia densities. In fact,
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larger densities of RM were related to regions with less atrophy, which often corresponded to

smaller densities of NFTs and HM. These relationships are exemplified in V1. Furthermore,
densities of RM were positively related to neuron densities. These observations suggest that there
may have been fewer pathologic triggers to convert RM to HM in regions of less atrophy, resulting
in fewer HM to do potential harm or contribute to neuropathologic change and neurodegeneration
in PPA-AD.
Conclusions

Consistent with our findings here, select studies have shown that neuron densities
(Freeman et al., 2008; Eriksson et al., 2009; Herculano-Houzel, 2009) and microglia densities
(Serrano-Pozo et al., 2011b) do not correlate with postmortem or antemortem measurements of
cortical thickness. Therefore, vasculature, components of cells (i.e., synapses, dendrites, and
somas), or other cellular populations may in some combination make more significant
contributions to cortical atrophy than NeuN-positive neurons or HLA-DR-positive microglia.

The current investigation showed that by the end stage of disease, microglial phenotypes
are distinguishable by morphology and that these phenotypes may have differential involvement
in neurodegeneration based on their associations with neurons and AD neuropathology in PPA-
AD. Only NFTs were associated with more HM and white matter activated microglia, suggesting
that the microglial response may be more sensitive to NFTs compared to APs and other
neurodegenerative processes. Upon activation, the activated microglia might have mediated
deleterious inflammation that worsened the disease process in the gray and white matter in PPA-
AD. Therefore, the smaller densities of neurons associated with larger densities of NFTs and
activated microglia could mean that multiple pathologic and inflammatory markers drive

neurodegeneration in PPA-AD.
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—GENERAL CONCLUSIONS—

While we can and do measure structural and functional changes in the brains of patients
suffering from neurodegenerative disease such as AD, we often do not have a precise
understanding of what causes the cortical abnormalities and steady decline. In amnestic AD, NFTs
have been found to be the leading neuropathologic correlate of cortical atrophy and clinical deficits
(Dallaire-Théroux et al, 2017). In addition, significant neurodegeneration and
neuroinflammation accompany the AD neuropathology in amnestic AD, with the latter possibly
exacerbating neurodegenerative processes (McGeer and McGeer, 2001; Solito and Sastre,
2012). Given that AD causes non-amnestic clinical disorders (Galton et al., 2000; Kramer and
Miller, 2000; Alladi ef al, 2007; Warren et al., 2012), could NFTs also be the primary
neuropathologic determinant of cortical atrophy in the atypical variants of AD? Is
neuroinflammation associated with AD neuropathology and neurodegeneration and therefore an
important component of the disease severity in non-amnestic presentations of AD? The current
dissertation sought to address these questions using multidisciplinary approaches in several studies
focused on PPA-AD, the aphasic variant of AD.

Each of the three studies was designed to contribute new knowledge to the neuropathologic
and cellular determinants of cortical atrophy in a unique clinical population diagnosed with PPA.
To that end, all postmortem and antemortem experiments were carried out in 5 PPA-AD
participants that had acquired an MRI scan within 2.5 years of death, strengthening our
understanding of how postmortem markers related to MRI-based atrophy. For the investigation of
white matter activated microglia (Study 2), an additional 5 PPA-TDP participants were examined
and compared to the PPA-AD group to better understand if an inflammatory marker displayed

similar distributions and relationships with cortical atrophy across pathologic subtypes of PPA.
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Another strength of the studies comprising this dissertation was that all of the comprehensive

quantitation was performed in bilateral samples of anatomically matching regions that included
the cognitive domains of language, memory, and vision.

Given previous findings in PPA-AD (Gefen et al., 2012; Josephs et al., 2013) and that AD
neuropathology appears to be molecularly and morphologically identical in the brains across the
clinical AD spectrum, we hypothesized that NFTs would be strongly related to the asymmetric
pattern of cortical atrophy concentrated to the language regions of PPA-AD. Considering that
neurons are space-occupying cells responsible for cognitive deficits, in addition to previous
neuronal findings from DAT-AD (Brun and Englund, 1981; Coleman and Flood, 1987;
Gomez-Isla et al., 1997; Braak and Braak, 1998), the investigation of neuron distributions in
PPA-AD was expected to reveal smaller densities in left language regions with high atrophy and
greater densities of neuropathology. With the growing evidence that activated microglia can
mediate inflammatory, neurotoxic processes (Mosser and Edwards, 2008; Perry et al., 2010;
Song and Colonna, 2018), we also anticipated that activated microglia would be related to greater
AD neuropathology and fewer neurons, insinuating that activated microglia could be contributing
to neurodegenerative processes and cortical atrophy.

The first study included in this dissertation described the neuropathologic basis of in vivo
cortical atrophy in PPA-AD. Two major findings were reported: 1) NFTs, not APs, accumulated
with the hemispheric asymmetry and language region selectivity expected for the PPA-AD clinical
profile. Furthermore, NFTs—as well as APs—were significantly greater in left language regions
compared to the left memory related entorhinal cortex. Therefore, we provided the first
quantitative evidence for NFTs not following the Braak staging characteristic of amnestic AD; 2)
only NFTs were significantly related to in vivo cortical atrophy in PPA-AD, demonstrating that

NFTs could be the primary neuropathologic determinant of atrophy across the clinical AD
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spectrum. These important neuropathologic findings in PPA-AD need to be replicated in a larger

cohort, and the same analyses should be expanded to other clinical AD variants to validate the
significance of NFT neurotoxicity. In an effort to identify the anatomical origins of AD
neuropathology in PPA and examine selective vulnerability, it would be interesting to study the
patterns of AD neuropathology at earlier stages of the disease course in PPA. In a similar way,
other tau and amyloid-3 markers could be pursued to examine earlier conformations of NFTs and
APs to understand the evolution and propagation of neuropathology as it relates to
neurodegenerative processes in the human brain. APs and NFTs are the pathologic hallmarks of
AD, but it is not clear which is the initial trigger and more valid drug target. Investigating the
genetic risk factors and molecular precursors to AD (e.g., tau and amyloid-f3 oligomers) in PPA-
AD could produce new promising drug candidates and bolster the growing body of work that
shows that the tau associated with NFTs could be an important neuropathologic target for earlier
interventions that seek to prevent, slow, or cure AD.

The second study evaluated the microglial activation in the white matter of PPA
participants to provide insight into how a marker for neuroinflammation was related to regions of
high and low cortical atrophy across pathologic subtypes of PPA. In addition to finding that larger
densities of activated microglia were present in the cortical white matter compared to gray matter,
white matter activated microglia showed a predilection to language regions of peak cortical
atrophy in the combined group of PPA participants. More specifically, white matter activated
microglia in atrophied regions of the language-dominant hemisphere were significantly greater in
atrophied language regions in comparison to their non-atrophied contralateral homologues and
non-atrophied regions in the same hemisphere. We also found that the PPA-TDP cohort tended to
show more activated microglia compared to the PPA-AD cohort. The prominent microglial

activation in white matter of atrophic regions suggests that not only may they be a response to
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neurodegeneration, but activated microglia could be exacerbating the disease process through local

secretions of inflammatory molecules. It is not currently known what pathologic changes in white
matter microglia are responding to or possibly worsening. It is also unclear if one type of
proteinopathy can trigger more microglial activation compared to others, thereby potentially
altering the course of disease progression. These uncertainties can be addressed in new
experiments that identify the status of axons, myelin, and oligodendrocytes in addition to other
markers for microglial activation in pathologic subtypes of PPA.

The third and final study returned to investigate the gray matter in PPA-AD to determine
how cell densities were related to the AD neuropathology, white matter microglial activation, and
in vivo cortical atrophy measured in the same regions from the first two studies. The quantified
cells included neurons and two microglial phenotypes, RM and HM, with the latter representing
the appearance of classic activated microglia that are closely associated with neuropathology and
neuroinflammation. We reported for the first time in PPA-AD that microglial phenotypes may
have differential involvement in neurodegeneration in PPA-AD. Whereas HM accumulated more
in regions with fewer neurons, RM accumulated greater densities in the least atrophic regions with
more neurons. Consistent with this dissociation was the fact that HM and RM were inversely
related to each other. Since only NFTs were associated with more HM and white matter activated
microglia, the microglial response may have been more sensitive to NFTs and the neurotoxic
effects they exert compared to APs and other neuropathology. Additionally, not only were
densities of HM, white matter activated microglia, and NFTs positively related to each other, each
were also negatively associated with neuron densities in PPA-AD. Therefore, while reacting to
neuropathologic changes, the activated microglia of the gray and white matter might have also
mediated deleterious inflammation that worsened the disease process in PPA-AD.

The cellular substrates of cortical atrophy remain elusive in PPA-AD. When we performed
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a small preliminary analysis of neuronal soma surface area in 3/5 PPA-AD cases, we found a

reduction in the mean soma size of layer I1I pyramidal neurons when quantified in a highly atrophic
language region (left alPL) in comparison to its less atrophied contralateral homologue. This early
finding in PPA-AD needs validation in a larger analysis, but is consistent with many lines of
evidence that show neurons undergo structural changes in the face of neurodegenerative disease
(Coleman and Flood, 1987; DeKosky and Scheff, 1990; Englund and Brun, 1990; Terry et
al., 1991; Sjobeck et al., 2005; Scheff and Price, 2006). As neurons bear the increasing burden
of intrinsic (NFTs) and extrinsic (APs) neuropathology, it is hypothesized but rarely shown that
components of the neurons may slowly shrink or disappear before the entire neuron dies, if at all,
by end stage of disease. Therefore, synapse and dendritic loss likely occur, disrupting normal cell
signaling that probably constitutes the most prominent neural basis of cognitive dysfunction.
However, the extent of axonal loss, cell shrinkage, and overall neuronal health are not yet known
in PPA despite potentially being contributory determinants of clinical deficits as well. Identifying
these neuronal changes, and how neighboring glial changes influence these alterations remain
central questions to the study of the cellular basis of cortical atrophy.

In addition to investigating more forms of cellular changes with new postmortem markers,
it will be important to investigate the utility of different MRI-based measurements of cortical
atrophy in future studies. The analyses included in this dissertation reported on cortical thickness
atrophy in PPA-AD, but the neurobiological basis of cortical surface area and volume remain
poorly understood in PPA and other clinical disorders. As described earlier, most of the cortex is
organized into cortical layers and columns that appear to have differential vulnerabilities to AD
neuropathologic accumulation and neurodegeneration (Hirano and Zimmerman, 1962; Pearson
et al., 1985; Lewis et al., 1987; Arnold ef al., 1991; Braak and Braak, 1991; Chance et al.,

2011). Therefore, determining which MRI measurement of atrophy best captures the selective
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neuronal loss and NFT/AP accumulation will provide an important window into disease

progression and help validate structural MRI as a valuable biomarker for AD and its variants.

As the current ‘ground truth’ for pathologic diagnoses, postmortem examinations are
needed to validate neuroimaging approaches currently used to characterize pathologic changes in
living patients such as PPA. For instance, PET imaging serves potential diagnostic utility in AD
given the design of radioligands that tag markers specifically associated with AD neuropathology
such as tau, amyloid, and more recently microglia-mediated neuroinflammation. There is
promising early evidence that these radiotracers will play an important role in in vivo diagnostic
evaluation of clinical and research participants with amnestic or non-amnestic presentations of
AD, including PPA (Martersteck et al., 2016; Xia et al., 2017; Dani et al., 2018; Edison et al.,
2018; Josephs et al., 2018; Nasrallah ez al., 2018a; Whitwell e al., 2018). However, it is not
clear if the radiotracers used in the PET studies always bind to the selective pathologic marker
they were designed to target. To remedy this uncertainty, quantitative postmortem examinations
can corroborate the in vivo patterns of pathology produced by these PET scans, especially in
atypical AD such as PPA. Therefore, the histopathologic findings collected from this PPA-AD
cohort will be important to replicate in new PPA-AD cases with PET scans close to death to
confirm how these pathologic events are related.

It will also be important to unravel how the same AD neuropathology gives rise to a
spectrum of clinical disorders. One of the most fundamental questions that needs to be addressed
in future investigations is what confers the differential susceptibility that leads to the clinical AD
variants. While the current PPA-AD cohort had no known genetic risk factors, 3 participants had
a personal and/or family history of learning disability. Additionally, 2 participants had a family
history of either AD or Parkinson’s disease. This raises the question of whether there are

unidentified genetic and epigenetic effects that can explain why some anatomical regions, layers,



106
and cell types are prone to AD neuropathology and degeneration. In addition to

neuroinflammation, could comorbidities such as vascular disease and non-AD proteinopathies
(e.g., TDP-43 and Lewy bodies) play important roles in the disease origin, propagation, and
severity? These are just some of the outstanding questions that still need to be answered in PPA-
AD and the greater clinical AD spectrum.

These findings in PPA-AD would not have been possible without using quantitative
approaches in large regional analyses rarely conducted in bilateral samples of human brains that
had undergone MRI scans close to death. This experimental design facilitated the broad
assessment of neuropathology, neuroinflammation, neurons, and MRI-based cortical atrophy in
anatomically correspondent regions. The resulting relationships established between the
antecedents of in vivo atrophy provided new insights into the histopathologic basis of PPA-AD,
reflecting the feasibility and merit of this line of research.

FINAL REMARKS

These studies on PPA-AD were designed to elucidate the histopathologic correlates of
MRI-based cortical atrophy to help pinpoint the most detrimental aspects of AD. This body of
work produced several noteworthy findings: 1) new quantitative evidence for NFTs propagating
in a unique staging pattern in PPA-AD that diverges from what is typically observed in DAT-AD,
2) the severity and distribution of NFTs suggested that NFTs are important determinants of in vivo
cortical atrophy and microglial activation in PPA-AD, and 3) NFTs, in conjunction with a
neuroinflammatory response mediated by activated microglia, may have contributed to smaller
neuron densities leading to the impaired cognition characteristic of the PPA-AD clinical profile.

Taken together, these main results supported the hypothesis that neuropathologic changes,
especially NFTs, are associated with inflammatory, structural, and clinical features in PPA-AD.

However, the neuroinflammatory and cellular substrates of atrophy remain less clear in PPA-AD,
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warranting future research to address this matter. It will be important to confirm the findings

presented here in a larger PPA-AD cohort with shorter time intervals between final MRI scan and
death. PPA-AD should be compared to reference groups that include other clinical AD variants
and age-matched healthy control groups to establish the relative neuropathologic change, glial
activation, and neuronal changes. In regions critical to language function, future studies should
also identify which neuropathologic and cellular markers are the best predictors of the language
impairments characteristic of PPA and its clinical subtypes.

Expanding upon the findings presented in this dissertation poses several benefits to PPA
and neurodegenerative research as a whole. Firstly, many neurobiological determinants of
neurodegeneration and cognitive impairment still await discovery in PPA-AD and related
disorders. Secondly, discerning which postmortem markers have a potential link with pathogenic
mutations may advance our understanding of their underlying molecular etiology and guide
therapeutic strategies and drug development. Finally, and related to the previous point, these
investigations have potential clinical and diagnostic impact. Establishing the histopathologic basis
of MRI and clinical phenotypes like PPA-AD will help identify and validate new in vivo
biomarkers for disease such as amyloid or tau PET imaging. These non-invasive biomarkers can
then be used to screen living patients for clinical practice and trial design to properly test disease-

modifying therapies in AD.
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2014 Predoctoral trainee. “Concordance between cortical atrophy and histopathology in primary
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Seminar Series, Walter Payton High School, Chicago, IL
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