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Abstract
The Influence of Age and Alzheimer’s Pathology on Hippocampal Function
By
Shawn M. Marks
Doctor of Philosophy in Neuroscience
University of California, Berkeley
Professor William Jagust, Chair

An abundance of research has demonstrated that aging is associated with declines in
cognition, particularly episodic memory. A similarly large body of work has highlighted the
underlying age-related functional alterations that occur within the hippocampus and
surrounding medial temporal lobes (MTL) that may give rise to memory impairment.
However, aging is also associated with the accumulation of Alzheimer's disease
pathology, namely B-amyloid plaques (AB) and tau neurofibrillary tangles, which have
been associated with a host of neural and behavioral changes, even in those without the
disease. As such, it is unclear to what extent our understanding of age-related decline is
attributable to the accumulation of pathology. Using a combination of neuropsychological
assessment, structural and functional magnetic resonance imaging, and positron
emission tomography, | will present two projects which seek to quantify hippocampal
function in cognitively normal older adults, assess how AB and tau interact to alter neural
activity, and define a functional mechanism through which pathology leads to episodic
memory decline.

The first project focuses on a function commonly attributed to the hippocampus called
pattern separation. Here, using a lure discrimination memory paradigm, | demonstrate
that cognitively normal older adults exhibit a behavioral shift from pattern separation
towards pattern completion that is associated with elevated neural activity in the
hippocampus and MTL. Additionally, | show that A and tau are uniquely associated with
two measures of neural function during memory encoding, suggesting that Ap and tau
pathology likely interact to produce aberrant neural activity in older adults. In the second
project, | use a technique called representational similarity analysis to explore the
relationship between memory encoding and retrieval. Here, | demonstrate that older
adults exhibit greater neural similarity between encoding and retrieval for incorrect lures
(i.e. false alarm) relative to correct lures. | also demonstrate that false alarm similarity is
associated with tau, but only in older adults without AB. This suggests that, independent
of AB, tau can disrupt memory function, specifically by altering the relationship between
neural activity during encoding and retrieval. In sum, this research indicates that
Alzheimer’s pathology alters hippocampal function in a way that leads to episodic memory
impairment in cognitively normal older adults, and should be considered when addressing
future questions about aging and memory.



Chapter 1: Introduction

1.1 Overview

| will begin in Chapter 1 by outlining the various memory systems thought to aid in
recognition memory and the brain structures underlying these processes. Next, | will
highlight a specific function of the hippocampus and offer evidence of its regional
specificity. From there, | will discuss the neurobiological changes that occur in the aged
hippocampus and explore how they manifest as functional and behavioral impairments.
Finally, | will introduce Alzheimer’s disease (AD) and describe the impact pathology has
on the aging process. Chapters 2-4 will tie these themes together using data from my
research.

1.2 Hippocampal Memory System

Human memory can be separated into two distinct components: declarative and
nondeclarative memory. Declarative memory refers to the ability to recollect specific facts
or events; whereas, nondeclarative memory refers to the ability to engage more implicit
behaviors, such as habits, conditioning or priming (Schacter and Tulving, 1994; Squire
and Zola, 1996). Declarative memory can be broken down further into semantic and
episodic memory. Semantic memories contain factual knowledge free of other context
(Tulving, 1972; Tulving et al., 1991). This is different from episodic memories, which
describe events that can be associated with a specific time and place (Tulving, 2002).
The process of forming new episodic memories is widely thought to rely on the
hippocampus (Squire, 1992; Tulving and Markowitsch, 1998). Several frameworks have
been proposed to describe episodic memory formation, but in general, most agree that
the hippocampus acts by binding together the multidomain neural representations
associated with an experience into a sparsely coded event (Moscovitch et al., 2016). To
accurately recall an event, it is necessary to encode the experience in a way that reduces
interference from other similar episodes (i.e. where you parked your car today versus
yesterday). As such, computational models have proposed that the hippocampus
performs a process called pattern separation (Marr, 1971; O'Reilly and McClelland, 1994;
Treves and Rolls, 1994; Norman and O'Reilly, 2002; O'Reilly and Norman, 2002). Pattern
separation refers to the orthogonalization of novel events into unique representations to
reduce interference between previous experiences. This is contrasted by pattern
completion, or the reactivation of neural representations when faced with partial or
incomplete cues that aid in retrieval. In this framework, pattern separation may be more
associated with recollection of events, while pattern completion may assist in event
familiarity.

1.3 Other Medial Temporal Memory Systems

The hippocampus may act as a central hub for episodic memory, but it does not do so in
isolation. Its neighboring regions in the medial temporal lobe (MTL), primarily the
entorhinal, perirhinal and parahippocampal cortices, also play a significant role in memory
processes. Recently, it has been suggested that the MTL memory system should be
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broken into two unique subsystems (Ranganath and Ritchey, 2012). The anterior medial
network relies heavily on the perirhinal cortex and has been implicated in familiarity-based
recognition memory, emotional processing and social cognition, and semantic
knowledge. The second, a posterior medial network, has the retrosplenial and
parahippocampal cortices as core components and has been implicated in episodic
memory retrieval, spatial navigation, and theory of mind. Under this framework, memory
for the entities of an event (i.e. an object) would be dictated by the anterior temporal
network, whereas memory for explicit details (i.e. space and time) might rely on the
posterior temporal network. A similar dual-process model has suggested a division
between the perirhinal and hippocampal memory systems (Brown and Aggleton, 2001;
Aggleton and Brown, 2006). It posits that the perirhinal system is more rapid, automatic
and tied to familiarity, while the hippocampal system is slower, associational and
recollective in nature (see (Yonelinas, 2002) for a review of recollection and familiarity).
Although we will focus extensively on the hippocampus and its role performing pattern
separation, it is likely working in tandem with these other systems to produce successful
memories.

1.4 Hippocampal Anatomy and Evidence of Pattern Separation

The emphasis on pattern separation in the hippocampus is a function of its unique
anatomy and tri-synaptic circuitry. The hippocampus is located in the MTL as part of the
brain’s limbic system. It comprises the hippocampus proper, containing cornu Ammonis
subfields CA1-CA4, dentate gyrus (DG) and subiculum (Duvernoy, 2005). The entorhinal
cortex is the principal input into the hippocampus. Neurons from layer Il of the entorhinal
cortex project to the DG via the perforant pathway, with additional projections to the CA3
subfield. From there, granule cells in the DG project to the CA3 subfield via mossy fibers.
Pyramidal cells in the CA3 subfield project heavily onto themselves via recurrent
collaterals and onto the CA1 subfield via Schaffer collaterals. The output from the CA1
subfield is considered the main output of the hippocampus and travels through the
subiculum and deep layers of the entorhinal cortex before reaching multimodal
association cortices (Amaral and Lavenex, 2006). The sparse firing of DG granule cells
suggests that they act as domain-agnostic pattern separators, quickly deciphering
overlapping input from the entorhinal cortex (Barnes et al., 1990); whereas, the strong
recurrent collaterals and weaker projections from the entorhinal cortex make the CA3
subfield an ideal candidate for pattern completion (Rolls, 1996). These interpretations
have been largely supported by previous work in rats. Leutgeb et al. (2007) demonstrated
that when rats were introduced to an environment that morphed from circle to square in
seven, 10-minute increments, the firing fields of DG granule cells drastically changed with
the environment. Meanwhile, the firing fields of simultaneously recorded CA3 neurons
remained relatively stable until the environment was fully morphed from circle to square
(Leutgeb et al., 2007). Recent work using fMRI has also provided evidence that pattern
separation exists in DG/CA3 and can be elucidated using implicit and explicit lure
discrimination tasks. Bakker et al. (2008) showed participants pictures of objects that
were subsequently presented with an identical or lure pair. Activity in DG/CAS3 for lure
objects was significantly greater than repeated objects, but not significantly different than
the first presentation in the lure pair. They interpreted the strong response to two unique
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items in the lure pair to represent pattern separation. Taken together, both animal and
human research lends credence to the idea that the hippocampus performs pattern
separation to support episodic memory.

1.5 Aging and its Associated Changes

Although most cognitive domains deteriorate over time, episodic memory is highly
susceptible to age-related decline. This may be in part due to the changes that occur
locally within the hippocampus and MTL as we age. First, the DG and CA3 subfield
receive fewer projections from the entorhinal cortex with age. Aged rats receive a third
fewer synaptic contacts from the entorhinal cortex and the degree of memory impairment
is associated with the extent of synaptic loss (Geinisman et al., 1992). Recent human
work using diffusion tensor imaging (DTl) has demonstrated atrophy of the perforant
pathway in older adults relative to young controls (Yassa et al., 2010a). Interestingly, the
recurrent collaterals that project back onto the CA3 subfield are not reduced in aging
(Smith et al., 2000). This suggests that there might be an age-related shift from pattern
separation to completion due to changing neurobiology. Second, the hippocampus
experiences less cholinergic modulation that is thought to aid in switching between
encoding and retrieval. This reduction in modulation is associated with the degree of
memory impairment (Chouinard et al., 1995; Nicolle et al., 1999). Third, all subregions of
the aged hippocampus receive reduced inhibitory interneuron modulation (Vela et al.,
2003; Stanley and Shetty, 2004). Coupled with reduced excitatory input from the
entorhinal cortex, this likely disrupts the balance of excitation and inhibition that is crucial
to hippocampal function. Lastly, synaptic plasticity is weakened in aged hippocampal
neurons. Specifically, the perforant path connections to DG and CA3 are less excitable
(Barnes et al., 1994) and require greater stimulation to induce long-term potentiation
(Barnes et al., 2000). These small changes likely combine to create significant age-
related memory decline.

To better understand how local changes in the hippocampus may manifest as behavior,
elements of pattern separation have been explored in aged animals. Using a
neurocognitive aging model in rats, it was observed that hippocampal neuron place fields
robustly changed when young and memory-intact animals were exposed to
environmental alterations. However, memory-impaired animals (those with the worst
performance on the Morris water maze task) demonstrated place field ‘rigidity’ when
exposed to changing environments. The extent of rigidity was associated with worse
water maze performance (Wilson et al., 2003). These results offer evidence for how
pattern separation changes with age, but it does not indicate regional specificity. Recent
studies have since indicated that CA3 subfield neurons likely influence this rigidity. It was
observed that aged CA3 place cells had higher firing rates in general, and failed to
modulate firing rates and place fields when exposed to novel environments, when
compared to young animals. This was contrasted by young and aged CA1 place cells that
had similar firing characteristics in familiar and novel environments (Wilson et al., 2005).
Higher firing rates in CA3 neurons are likely a function of decreased inhibitory input, which
could reinforce the recurrent collaterals projecting back onto CA3 neurons and shift



behavior towards pattern completion. Unfortunately, since DG granule cells exhibit sparse
firing patterns, results in aging have largely been limited to CA3 neurons.

The above age-related changes occur in the underlying neurobiology and are difficult to
measure outside of animal models. As such, many researchers have taken to using fMRI
to investigate episodic memory in older adult populations. One of the more common
results is that aging is associated with increased hippocampal activation during a variety
of memory paradigms. Specifically, Yassa et al. (2011) demonstrated that activity within
the DG/CA3 was elevated in older adults for the contrast assessing correctly identified
lure objects relative to incorrectly identified false alarms. The authors equated their
findings with those observed in rats and suggested that this hyperactivity was reflective
of a shift in behavior that favored pattern completion. However, there have also been
studies that suggest that task-related activity decreases (Cabeza et al., 2004; Dennis et
al., 2008) or remains unchanged (Sperling et al., 2003; Duverne et al., 2009; Persson et
al., 2010) when compared to young controls. Cabeza and colleagues (2004) showed that
hippocampal activity was reduced in older adults for tasks of working memory, visual
memory and episodic retrieval. The disparity in results is likely a function of task and task
difficulty, as well as varied participant and cohort demographics. Despite the results
suggesting that increased hippocampal activation occurs in aging, the interpretation of
the meaning of this finding has been debated. Some have argued that increased
activation represents a compensatory mechanism which assists the aged brain in
performing successful memory processes (Cabeza, 2002; Miller et al., 2008). Although
plausible, this cannot be entirely true as studies have shown that increased activation is
associated with worse performance on memory tasks (Yassa et al., 2011a), implying that
this level of activity is inherently detrimental. Lastly, the studies mentioned thus far have
focused primarily on task activation, but DTI has also been used to explore age-related
memory impairment. Using a lure discrimination task as a behavioral index of pattern
separation, it has been shown that both perforant pathway and fornix integrity is strongly
associated with successful memory across the lifespan (Yassa et al., 2011b; Bennett et
al., 2015; Bennett and Stark, 2016). When assessed together, the task activation and DTI
results further confirm the work that has been done in animal models and provide a better
understanding of how underlying neurobiological changes might lead to memory decline
in adult humans.

Beyond normal age-related decline, individuals with mild cognitive impairment (MCI) also
exhibit episodic memory impairment and elevated hippocampal activity during fMRI
paradigms. Increased hippocampal activation has been observed when using a common
face-name paradigm (Dickerson et al., 2005; Sperling, 2007), but also the same lure
discrimination task that has been used to assess pattern separation mechanisms across
the lifespan (Yassa et al., 2010b; Bakker et al., 2012). Bakker et al. (2012) noted that
individuals with MCI showed increased activation in DG/CAS3 relative to cognitively normal
older adults and this activation was associated with worse memory overall. It was further
confirmed that this level of activity was a detriment as the anti-epileptic drug levetiracetam
could rescue performance while reducing neural activity in those with MCI. However,
because MClI is thought to represent an intermediary between normal aging and AD, it is



uncertain to what extent these results are indicative of age-related processes or
pathology.

1.6 Alzheimer’s Disease and its Relation to Aging

The most prominent clinical symptom of AD is episodic memory impairment, but at a
molecular level, AD is characterized by the accumulation of two aggregated proteins: -
amyloid (AB) and tau. Ap peptides are naturally occurring byproducts of metabolism, but
it is believed that an imbalance between production and clearance leads to the
accumulation of peptides, causing the formation of A plaques. The accumulation of
diffuse AP into plagues has been suggested as the initiating factor of AD (Hardy and
Higgins, 1992; Hardy, 2009). Plaques occur when AP arranges itself into insoluble -
pleated sheets, surrounded by degenerating and dystrophic neurites, but AB can also
exist as smaller oligomers (2-6 peptides). These soluble forms of A have been shown to
be toxic to synapses (Walsh et al., 2002; Cleary et al., 2004; Shankar et al., 2007) and
are secreted with neural stimulation (Cirrito et al., 2005; Bero et al., 2011). In fact, AB is
believed to be excitotoxic (Mattson et al., 1992; Harkany et al., 2000), potentially leading
to a deadly cycle alternating between activation and further A secretion. Busche et al.
(2008) nicely demonstrated that transgenic mice expressing AB plaques had a higher
proportion of hyperactive cortical neurons than their wildtype counterparts. A follow-up
study further demonstrated that AB plaques led to hippocampal hyperactivity (Busche et
al., 2012), offering a possible explanation for age-related memory impairment.

Tau is a microtubule-associated protein that, when hyperphosphorylated, aggregates into
paired helical filaments that form neurofibrillary tangles within pyramidal neurons. The
number of tangles is a common marker of AD severity, and much like Ap, abnormal
aggregates of tau have been shown to be toxic (Khlistunova et al., 2006), and associated
with impaired cognition (Arriagada et al., 1992; Giannakopoulos et al., 2003) and neuronal
loss (Gomez-Isla et al., 1997). Work in transgenic mice suggests that the formation of tau
neurofibrillary tangles occurs after the accumulation of Ap (Goétz et al., 2001; Oddo et al.,
2003), but that Ap-induced toxicity is dependent upon tau (Rapoport et al., 2002;
Roberson et al., 2007; 2011). This suggests that Ap and tau interact to cause functional
and behavioral changes in the aging brain. Recent work has suggested, however, that
the accumulation of tau, in the absence of AB, can also produce memory impairment
(Crary et al., 2014). Because tau first accumulates in the MTL (Braak and Braak, 1991),
there is reason to suspect a tau-specific mechanism exists that can produce episodic
memory dysfunction.

Importantly, both AB and tau pathology begin to accumulate during midlife, years prior to
the onset of disease symptomology (Braak and Braak, 1997; Bennett et al., 2006). As
such, some degree of age-related memory decline may be a result of the accumulation
of AD pathology in cognitively normal older adults. Over the past decade, researchers
have relied on PET imaging to quantify AD pathology in older adults, but work has
primarily been limited to the investigation of Ap. A growing number of studies have shown
that increased AP, as measured with PET, is associated with altered neural function
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during episodic memory paradigms. Specifically, AR has been linked to increased
hippocampal activity (Mormino et al., 2012; Huijbers et al., 2015), increased entorhinal
activity (Huijbers et al., 2014), reduced task-induced deactivations (Vannini et al., 2012a),
inability to modulate encoding/retrieval activity (Vannini et al., 2012b), and impaired
default mode network function (Sperling et al., 2009). However, these studies do not
account for the presence of tau pathology in their older adult cohorts, preventing a
complete understanding of how the two pathologies interact to cause impairment. Only
recently has a radiotracer been developed that is capable of measuring tau pathology. As
a result, little has been done outside of characterizing the spread of tau in vivo (Cho et
al., 2016; Schall et al., 2016; Schwarz et al., 2016) and assessing its relationship with
cognition (Ossenkoppele et al., 2016; Saint-Aubert et al., 2016).

1.7 Overarching Questions

As there have been conflicting results describing neural function during episodic memory
paradigms in cognitively normal older adults, | first sought to explore the robustness of
the finding that aging is associated with increased hippocampal activity, particularly in the
context of pattern separation. Second, | asked whether the accumulation of AB and tau
pathology could account for changes in the underlying brain function during episodic
memory encoding. Until recently, it has not been possible to quantify both pathologies in
vivo and it was important to explore how they might interact in the context of a memory
task. Both questions are addressed in Chapter 2, as well as a detailed look at how neural
function and pathology relate to cognition and brain structure.

Finally, although an extensive body of work exists to suggest that AD pathology is
associated with cognitive decline, little work has been done to describe, mechanistically,
how this may manifest in cognitively normal older adults. Building from results presented
in Chapter 2, | sought to explore how AB and tau pathology alter the relationship between
episodic memory encoding and retrieval. In Chapter 3, | aimed to address this question
by leveraging a technique called representational similarity and offer evidence for a tau-
specific mechanism for memory impairment.



Chapter 2: Tau and B-amyloid are associated with medial
temporal lobe structure, function and memory encoding in
normal aging

2.1 Overview

Normal aging is associated with decline in episodic memory, and also with aggregation
of the B-amyloid (AB) and tau proteins and atrophy of medial temporal lobe structures
crucial to memory formation. While some evidence suggests that AB is associated with
aberrant neural activity, the relationships between these two aggregated proteins, neural
function, and brain structure are poorly understood. Using in vivo human Ap and tau
imaging, we demonstrate that increased Ap and tau are both associated with aberrant
functional magnetic resonance imaging activity in the medial temporal lobes during
memory encoding in cognitively normal older adults. This pathological neural activity was,
in turn, associated with worse memory performance and atrophy within the medial
temporal lobes. A mediation analysis revealed that the relationship with regional atrophy
was explained by medial temporal lobe tau. These findings broaden the concept of
cognitive aging to include evidence of Alzheimer’s disease-related protein aggregation as
an underlying mechanism of age-related memory impairment.

2.2 Significance

Alterations in episodic memory, and the accumulation of Alzheimer’s pathology, are
common in cognitively normal older adults. However, evidence of pathological effects on
episodic memory has largely been limited to Ap. Since Ap and tau often co-occur in older
adults, previous research offers an incomplete understanding of the relationship between
pathology and episodic memory. With the recent development of in vivo tau PET
radiotracers, we show that A and tau are associated with different aspects of memory
encoding, leading to aberrant neural activity that is behaviorally detrimental. Additionally,
our results provide evidence linking Ap and tau associated neural dysfunction to brain
atrophy.

2.3 Introduction

Successful episodic memory processes require a large-scale network of medial temporal
lobe (MTL) structures, central to which are the hippocampus and entorhinal cortex. This
network is highly susceptible to age-related decline, as evidenced by changes in
cognition, structure, and function. Older adults often have difficulty forming new memories
(Small et al., 1999; Hedden and Gabrieli, 2004), and neuroimaging studies have
repeatedly found that MTL volumes decrease across the lifespan (Jernigan et al., 1991;
Pruessner et al., 2001; Raz et al., 2004). The structures leveraged by the episodic
memory network are also disrupted in Alzheimer’'s disease (AD). The formation of tau
neurofibrillary tangles is first seen in the transentorhinal and entorhinal cortex (Braak and

Braak, 1991; 1997); while, Ap plagques accumulate in a number of neocortical regions that
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are ultimately reciprocally connected to the hippocampus via the entorhinal cortex and
perforant pathway (Braak and Braak, 1991; Thal et al., 2002). In conjunction with these
two aggregated proteins, atrophy of the hippocampus and entorhinal cortex are hallmarks
of the disease (Laakso et al., 1996; Scheltens, 2001).

Recent fMRI studies of age-related memory decline have demonstrated that hippocampal
hyperactivity is often observed in older adults when compared to young controls (Miller et
al., 2008; Yassa et al., 2011a). As AD pathology is commonly observed in cognitively
normal individuals (Bennett et al., 2006), some degree of what is considered as normal
age-related decline may be attributable to AD pathology. In fact, multiple studies have
reported alterations in the hippocampal memory network that are associated with Ap.
Elevated Ap has been linked to increased hippocampal activation (Mormino et al., 2012),
increased entorhinal cortex activation (Huijbers et al., 2014), and reduced task-induced
deactivation (Sperling et al., 2009) in cognitively normal older adults. A is thought to be
excitotoxic, potentially leading to aberrant cellular activity (Mattson et al., 1992; Busche
et al., 2008); however, Ap is unlikely to be the sole contributor to memory impairment.
Tau is more closely associated with AD symptoms than is A (Arriagada et al., 1992; van
Rossum et al., 2012), and while MTL tau pathology is common as an isolated pathology
in older people (Crary et al., 2014), Ap often co-occurs with tau pathology (Price and
Morris, 1999; Chabrier et al., 2012) and may be involved in its spread to neocortex (Schall
et al., 2016). Neuroimaging studies to date have been limited in that they do not fully
account for the role of both Ap and tau in relation to MTL function.

To examine the effect of AD pathology on memory network function and decline in normal
aging, we used a lure discrimination paradigm specifically designed to tax the
hippocampal formation. A core function of the hippocampus is to orthogonalize
information into noncompeting representations, or pattern separation (Marr, 1971; Treves
and Rolls, 1994; O'Reilly and Norman, 2002). Yet older adults, when confronted with
stimuli that are similar but not identical to those previously observed, frequently
misidentify these lures as older representations (pattern completion). This age-related
behavioral change has been associated with both increased hippocampal activation and
structural degradation of the perforant pathway and limbic tracts, potentially disconnecting
hippocampus from neocortex (Yassa et al., 2010a; 2011a; Bennett et al., 2015). Since
tau accumulation in cognitively normal older adults usually occurs in the entorhinal cortex
and hippocampus (Braak and Braak, 1997), a reasonable hypothesis is that tau
accumulation provokes hippocampal dysfunction and produces memory impairment in
aging. In addition, our previous work, as well as work in other laboratories cited above,
implicates Ap involvement in hippocampal hyperactivation. Our goal therefore was to
explore relationships between tau and Ap accumulation, measured with 8 F_AV-1451 (Xia
et al., 2013) and ''C-Pittsburgh Compound B (PIB) PET (Price et al., 2005), to task-
related brain activation, episodic memory, and brain structure in cognitively normal older
adults. We hypothesized that increased task-related activation would be associated with
impaired cognitive performance, atrophy of the MTL, and both tau and Ap.



2.4 Materials and Methods
2.4.1 Participants

Sixty healthy older adults aged 64-93 years (OA; 40 female) and 24 young adults aged
18-30 years (YA; 16 female) were recruited from the Berkeley Aging Cohort, an ongoing
longitudinal study of cognitive aging, to participate in PET and MRI imaging. All
participants underwent a detailed medical interview and battery of neuropsychological
assessments prior to enrollment. To be eligible, OA were required to be 64 years of age
or older, living independently in the community, free of neurological and major medical
illness, and have normal performance on neuropsychological tests (within 1.5 SD of the
mean). Seventeen OA and 4 YA were excluded because of poor performance (below
chance on lure discrimination, n = 2), problems with data collection (behavioral and MRI,
n = 8) or image normalization (n = 3), and excessive motion (n = 8), resulting in 43 OA
and 20 YA for subsequent data analysis (Table 1). All OA received MRI and "'C-PIB PET
for amyloid imaging, while a subset received '®F-AV-1451 PET (n = 35) for tau imaging.
YA only participated in MRI imaging. MRI scans were acquired within an average of
97.58+94.81 days from PIB and 123.66+198.97 days from AV-1451 PET scans. All
participants provided informed consent in accordance with the Institutional Review
Boards of the University of California, Berkeley, and the Lawrence Berkeley National
Laboratory (LBNL).

Table 1. Participant Demographics

Young Adults Older Adults
n 20 43
Age 23.25 (3.21) 78.80 (5.75)
Sex (M/F) 7/13 12/ 31
Education 15.21 (1.58)? 16.63 (1.98)
MMSE 29.00 (1.26) 28.86 (1.21)
APOE (0/1/2 €4 allele) N/A 28 /14 /0 (1 N/A)
PIB DVR N/A 1.12 (0.18)
AV-1451 SUVR (Braak I/ll) N/A 1.51 (0.19)
Days between MRI and PIB N/A 97.58 (94.81)
Days between MRI and AV-1451 N/A 123.66 (198.97)

All values are mean (SD) unless stated otherwise. MMSE, Mini-Mental State
Examination; APOE, Apolipoprotein E; DVR, distribution volume ratio; SUVR,
standard uptake value ratio.

Significantly different from older adults (two-sample t-test, p < 0.05)

2.4.2 Behavioral Task

The episodic memory paradigm used was adapted from Yassa et al. (2011). Across six
runs in the scanner, participants were shown color photographs of novel, repeated, and
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similar (i.e. lure) objects. Participants were told to identify the objects seen as new (first),
old (repeat), or similar but not identical (lure). Objects were presented one at a time for
2000 ms, followed by a black fixation cross with a fixed 500 ms inter-trial interval. Each
run contained 16 repeated pairs, 16 lure pairs and 44 novel objects, with no objects
duplicated between runs. Objects were fully randomized and the distance between
repeated and lure pairs was randomly varied between 10 and 40 trials. PsychoPy
(www.psychopy.org) was used for stimulus presentation and behavioral data collection.

2.4.3 PET Acquisition

PIB was synthesized at the LBNL Biomedical Isotope Facility. PIB-PET imaging was
performed at LBNL using an ECAT EXACT HR or BIOGRAPH PET/CT Truepoint 6
scanner (Siemens Medical Systems) in three-dimensional acquisition mode. Thirty-five
dynamic acquisition frames were obtained over 90 minutes (4 x 15s,8 x30s,9 x 60 s,
2x180s, 10 x 300 s and 2 x 600 s) immediately following injection of 10-15mCi of PIB
into an antecubital vein. Ten-minute transmission scans for attenuation correction or X-
ray CT were obtained for each PIB scan. Data were reconstructed using an ordered
subset expectation maximization algorithm with weighted attenuation and smoothed with
a 4 mm Gaussian kernel with scatter correction.

AV-1451 was synthesized at LBNL using a GE TracerLab FXN-Pro synthesis module with
a modified protocol based on that supplied by Avid Radiopharmaceuticals. AV-1451 PET
imaging was performed on the BIOGRAPH PET/CT scanner. Following the injection of
10 mCi of AV-1451, one of two acquisition schemes were acquired: 0-100 minutes of
dynamic data (4 x 15s,8 x 30s,9x 60 s, 2 x 180 s and 16 x 300 s frames), followed by
120-150 minutes (6 x 300 s frames, n = 18), or 75-115 minutes (8 x 300 s frames, n =
17). Analyzed data from both acquisition schemes used only frames from 80-100 min. A
CT scan was performed before the start of each emission acquisition. Data were
reconstructed using an ordered subset expectation maximization algorithm with weighted
attenuation and smoothed with a 4 mm Gaussian kernel with scatter correction.

2.4.4 MRI Acquisition

High-resolution fMRI was performed at the Henry H. Wheeler Jr. Brain Imaging Center
(BIC) on a 3T TIM/Trio scanner (Siemens Medical Systems) using a 32-channel head
coil. Each of the six functional runs utilized a T2*-weighted echo-planar imaging sequence
(TR = 1500 ms; TE = 34 ms; flip angle = 70°; matrix = 132 x 132; FOV = 200; voxel size
=1.5x 1.5 x 1.5 mm; duration = 5 min). A parallel imaging reduction factor of 2 was used
to reduce acquisition time and minimize distortion due to magnetic susceptibilities near
the temporal lobes. Nineteen slices oriented parallel to the primary axis of the
hippocampus were acquired in interleaved order, covering the entirety of the MTL. One
hundred ninety-six volumes were acquired during each run. The first ten volumes were
discarded as they were used to ensure signal equilibrium and minimal subject motion
during the parallel imaging normalization template acquisition. A T1-weighted volumetric
magnetization prepared rapid gradient echo image (MPRAGE; TR = 2300 ms; TE = 2.98
ms; matrix = 256 x 256; FOV = 256; sagittal plane; voxel size =1 x 1 x 1 mm; 160 slices)
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was collected and used during coregistration of functional data. An MPRAGE image (TR
= 2,110 ms; TE = 3.58 ms; matrix = 256 x 256; FOV = 256; sagittal plane; voxel size = 1
x 1 x 1 mm; 160 slices) was also collected at LBNL on a 1.5T Magnetom Avanto (Siemens
Medical Systems) for PET coregistration purposes.

2.4.5 PET Processing

PET data were processed using the SPM12 software package (RRID:SCR_007037). PIB-
PET data were realigned and frames corresponding to the first 20 minutes of acquisition
were averaged and used to guide coregistration with the participant’'s LBNL MPRAGE.
The coregistration matrix was applied to realigned frames and data were resliced to MRI
space. Distribution volume ratio (DVR) images of PIB-PET data 35-90 minutes post-
injection were created using Logan graphical analysis and a FreeSurfer derived grey
cerebellum reference region (Logan, 2000). Global PIB DVR values were calculated for
each participant, defined as the mean DVR within regions of interest (ROI) in frontal,
parietal, temporal and cingulate cortices (Mormino et al., 2011). Previous work
demonstrated that global PIB DVR values did not significantly differ between the two
scanners used for data collection (Elman et al., 2014).

AV-1451-PET data were realigned and the mean of all frames was used to coregister
data to the participants LBNL MPRAGE. Standard uptake value (SUV) images
representing data 80-100 minutes post-injection were created and normalized by a grey
cerebellum reference region to generate native space SUV ratio (SUVR) images. SUVR
images were partial volume corrected using the Rousset approach (Rousset et al., 1998).
Volume-weighted mean SUVR values within anatomically approximated Braak staging
were calculated using a previously described method (Schéll et al., 2016). Briefly, Braak
ROls were created by combining FreeSurfer segmentations (see below) into non-
overlapping stages used to describe AD-related tau pathology (i.e. I/ll transentorhinal,
[I/IV limbic and V/VI isocortical).

2.4.6 MRI Processing

BIC and LBNL MPRAGE data were processed using FreeSurfer version 5.3
(RRID:SCR_001847) to define native space ROls for each participant (Dale et al., 1999;
Fischl et al., 2001; 2002; Ségonne et al., 2004). FreeSurfer ROls obtained using LBNL
data were used to create Braak ROIs and calculate PIB DVR values. FreeSurfer ROls
obtained using BIC data were used to measure thickness of MTL subregions, averaged
across hemispheres. Hippocampus and entorhinal, parahippocampal and perirhinal
cortices were manually segmented for each participant on BIC MPRAGE images
following previously established guidelines (Insausti et al., 1998; Pruessner et al., 2002;
Duvernoy, 2005). These segmentations were used to quantify average hippocampal
volume. Hippocampal volume was corrected for total intracranial volume (ICV) using a
covariance approach, as defined by the following formula: adjusted volume = raw volume
— beta * (ICV — mean ICV), with beta being the regression coefficient when raw volume
is regressed against ICV, and mean ICV represents the group average (Mathalon et al.,
1993).
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2.4.7 fMRI Processing

fMRI data were processed and analyzed using a combination of Advanced Normalization
Tools (RRID:SCR_004757) and SPM12. For a given run, images were realigned to the
first volume and smoothed with a 5 mm Gaussian kernel. Motion vectors were created
and used to identify significant motion spikes (greater than 2 mm displacement, plus and
minus one TR). A mean fMRI image was created, bias corrected, and thresholded to
exclude surrounding non-brain tissue and skull. The resulting image was used in a two-
step spatial normalization process. First, the mean fMRI image was linearly registered to
the participant’s skull-stripped, BIC MPRAGE. Second, the BIC MPRAGE was nonlinearly
registered to the skull-stripped MNI ICBM 152 Nonlinear Asymmetric template (Fonov et
al., 2009). The two transformations were combined and applied to the participant’s fMRI
data as one transformation.

2.4.8 fMRI Analysis

Individual runs were modeled using FSL’s FEAT version 6.0 (RRID:SCR_002823). Trials
were categorized into eight bins. Four of these represented activity upon the first
presentation of the stimuli: (1) novel objects (stimuli presented only once), (2) subsequent
hits, (3) subsequent correct rejections, and (4) subsequent false alarms. Three
represented activity upon presentation of the paired stimuli: (5) hits (repeat presentation
correctly identified as old), (6) correct rejections (lure presentations correctly identified as
similar), (7) false alarms (lure presentations incorrectly identified as old), with an 8"
category of errors and omissions. Data were convolved with a double gamma
hemodynamic response function, and each bin, their corresponding temporal derivatives,
six rigid body motion parameters, and outlier volumes (those with excessive motion) were
entered in a general linear model to predict fMRI signal. The resulting contrasts reflect
activity for a given task-related bin relative to the non-zero, novel object baseline
condition. Second-level contrasts were created for each participant by combining all six
runs using a one-sample t-test with fixed effects. Third-level group statistics were created
for all subsequent hits, subsequent correct rejections, and subsequent false alarms by
combining all individual subject data using one-sample t-tests. All third-level statistics
were masked to only include hippocampus, and entorhinal, parahippocampal and
perirhinal cortices (98,256 1.5mm?® voxels), as defined above, and a threshold of p < 0.05
uncorrected and k = 250 cluster extent was employed. Each condition’s significant
activations or deactivations were binarized and used to extract data from individual
participants. Differences between groups were quantified using two-sample t-tests.

2.4.9 Statistical Analyses

Statistical analyses and plots were performed wusing R version 3.2.3
(RRID:SCR_001905). Group differences were assessed using t-tests. Multiple regression
was used to assess relationships between cognition, task activation, and biomarker data
within  OA. All regression analyses were controlled for age, sex and education.
Regression models involving PET biomarkers were additionally controlled for
hippocampal volume to account for spatial resolution differences between high-resolution
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fMRI and PET. Mediation analyses were performed using the ‘mediation’ package in R.
Dice’s coefficient was calculated to quantify the similarity between clusters of task-related
activation. Significant relationships were reported at p < 0.05 and trends of p < 0.1 were
addressed.

2.5 Results
2.5.1 Memory Performance

All participants were administered the memory paradigm outlined in Figure 2.1A during
fMRI data acquisition. Differences were found between OA and YA for all but one
behavioral condition, repeated objects called new, with the most pronounced differences
seen for lure objects called similar (Figure 2.1B). To assess task performance, a lure
discrimination index (LDI) was defined as [p(similar|lure) + p(new|lure)] — p(similar|first).
This measure generally describes the likelihood that a lure was correctly identified and
corrects for response bias within participants. Overall, OA performed worse when
compared to YA (ts2 = -5.70, p < 0.001; Figure 2.1C).

A
Example Lure Pair
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1.00 Young Adults Older Adults 1.00
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Lure Discrimination Index
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b 8
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g

First Repeat Lure oo YA OA
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Figure 2.1. Lure discrimination paradigm and behavioral performance. (A) Participants were instructed to identify objects as
being new (first presentation of object), old (repeated object), or similar (lure object resembling a previous trial). Objects were
presented for 2000 ms followed by a 500 ms inter-trial interval. Similar lures acted as the primary trials for assessing memory
performance. (B) Proportion of response for each trial type. Responses to all trial types differed between young and older adults, with
older adults generally performing worse. (C) The lure discrimination index, quantifying the likelihood of correctly identifying lure objects,
was significantly lower for older adults (OA) compared to young adults (YA). Data presented as means + standard error.
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2.5.2 Activation and Deactivation Patterns in Older Adults

Neural activity during stimulus encoding for 3 conditions was compared to activity for
novel stimuli presented only once using one-sample t-tests in the OA group (Figure 2.2).
Activations associated with subsequent hits (sH; correctly identified as old on the
subsequent presentation) were found in left entorhinal cortex and bilateral
parahippocampal cortex. Clusters of sH deactivations were found in left perirhinal cortex
near the border of the entorhinal cortex, bilateral anterior hippocampus, and right
posterior hippocampus. For subsequent correct rejections (sCR; correctly identified as
similar on the subsequent presentation), activations were found in bilateral perirhinal
cortex, left anterior hippocampus, left posterior hippocampus, and right parahippocampal
cortex. No clusters of voxels exceeded the threshold for deactivations. Subsequent false
alarm (sFA; subsequently incorrectly identified as old upon presentation of a lure)
activations were found in bilateral perirhinal cortex, left anterior hippocampus, left
posterior hippocampus, left parahippocampal cortex, and right entorhinal cortex. sFA
deactivations were found in right entorhinal cortex, and right anterior and posterior
hippocampus.
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Figure 2.2. Patterns of fMRI activation during memory encoding in older adults. One-sample t-tests of activation (shown in warm
colors) and deactivation (shown in cool colors) in older adults during trials of subsequent hits (A; sH), subsequent correct rejections
(B; sCR), and subsequent false alarms (C; sFA) compared to novel stimuli presented only once. Data represented as t-statistics and
masked to included only hippocampus and perirhinal, entorhinal, and parahippocampal cortices.
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2.5.3 Differences in Activation and Deactivation Patterns between Older and Young
Adults

To determine if neural activity differed between OA and YA groups, we first quantified
activity in YA within the contrasts identified using one-sample f-tests of OA participants.
When compared to OA, YA had significantly reduced activation in the sH (435 = -2.58, p =
0.01) and sFA (ts4 = -3.64, p < 0.001) contrasts. A non-significant trend was observed in
the sCR contrast (t30 = -1.88, p = 0.07). Additionally, we performed two-sample t-tests to
explore explicit differences between groups (Figure 2.3). Numerous clusters of increased
activation were found in OA for all trial types. Specifically, clusters were found in right
anterior hippocampus, bilateral entorhinal and bilateral parahippocampal cortex for sH,
bilateral hippocampus (both anterior and posterior) and right parahippocampal cortex for
sCR, and right entorhinal cortex, bilateral anterior hippocampus and bilateral
parahippocampal cortex for sFA. Only one cluster of activity in left anterior hippocampus
was associated with increased activity in YA during sH trials. Finally, we sought to
compare patterns of activation derived from both analyses by calculating Dice’s
coefficient for each trial type. Values associated with sH, sCR, and sFA activations were
calculated to be 0.28, 0.10, and 0.45, respectively. Although these values indicate the two
analyses do not completely overlap, there is likely shared neural activity between groups
that may not arise using t-tests, but is required to perform lure discrimination. As such,
we chose to assess further relationships with task-related activation using the contrasts
defined within OA participants only.

A. Hits

B. Correct Rejections

C. False Alarms

Anterior Posterior

Young > Old

Figure 2.3. Differences in fMRI activation during memory encoding between older and young adults. Patterns of activation
associated with group difference between older adults (shown in warm colors) and young adults (shown in cool colors) during trials of
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subsequent hits (A; sH), subsequent correct rejections (B; sCR), and subsequent false alarms (C; sFA). Data represented as t-
statistics and masked to included only hippocampus and perirhinal, entorhinal, and parahippocampal cortices.

2.5.4 Amyloid and Tau Characteristics in Older Adults

Approximately 45% of OA were classified as AB+ using a cutoff of 1.07, which has been
detailed previously (Villeneuve et al., 2015). This percentage is higher than most studies
of cognitively normal older adults as the participants were recruited in order to enrich for
AB, to better test our hypotheses. Tau was quantified into three measures that closely
approximated anatomically defined Braak staging. Specifically, Braak I/ll contained
entorhinal cortex and hippocampus, Braak Ill/IV contained limbic structures including
inferior temporal cortex, amygdala and thalamus, and Braak V/VI contained isocortical
structures including frontal, parietal and occipital cortices. Of the 35 total participants
included in analyses, 6 OA were classified as Braak 0, 23 OA were classified as Braak
I/ll, and 6 OA were classified as Braak Ill/IV. No OA had substantial tau in Braak V/VI
regions. As the majority of OA had tau deposition in the Braak I/ll regions, the other stages
were excluded from further analyses. Age was significantly associated with Braak I/l tau
such that older participants had more tau (r33 = 0.48, p = 0.002). Representative PIB and
AV-1451 images are shown in Figure 2.4.

AV-1451 Braak 0 AV-1451 Braak I/l

Figure 2.4. PIB and AV-1451 PET imaging. Distribution volume ratio (DVR) and standard uptake value ratio (SUVR) images of PIB
and AV-1451 binding in representative participants. Areas of significant AB burden were seen in frontal and parietal cortices, and
posterior cingulate. Significant tau burden was largely restricted to the medial temporal lobes.

2.5.5 Relationships with Task Specific Activation

In order to determine whether early AD pathology influences brain function during
memory encoding, we sought to relate measures of tau and Ap pathology with task-
related activation. No significant relationships were found with sCR activations. Reduced
sH deactivation was associated with increased global PIB DVRs (r3s = 0.47, p = 0.05;
Figure 2.5A), with females deactivating more than males (fs =-2.77, p = 0.01). Increased
activations during sFA were associated with elevated tau in Braak I/ll (r,s = 0.41, p = 0.01;
Figure 2.5B). The results would not survive a Bonferroni adjusted p-value of 0.005.
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Figure 2.5. Relationship between fMRI activation and Alzheimer’s pathology. (A) Positive relationship between PIB distribution
volume ratio (measure of B-amyloid) and subsequent hit deactivation (r3s = 0.47, p = 0.05). (B) Positive relationship between AV-1451
Braak /Il standard uptake volume ratio (measure of tau) and subsequent false alarm activation (r.s = 0.41, p = 0.01). Data are residuals
controlling for age, sex, education, and hippocampal volume.
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Figure 2.6. Relationship between pathological activation, memory, and cortical thickness. (A) Negative relationship between
pathological activation (as defined by combining subsequent hit deactivation and subsequent false alarm activation) and lure
discrimination index (r;s = 0.35, p = 0.05). (B) Negative relationship between pathological activation and average entorhinal cortex
thickness (r;s = 0.44, p = 0.007). Data are residuals controlling for age, sex, and education.

Although older participants showed greater activation than younger for all 3 task
conditions, we chose to examine pathological effects (as opposed to age-related effects)
by combining neural measures that were uniquely susceptible to Ap and tau. Thus, we
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generated a pathological activation composite measure by combining z-transformed data
for sH deactivations and sFA activations. To determine whether elevated pathological
activation was detrimental to memory, average activation from the composite measure
was related to the LDI. There was a significant relationship with LDI such that OA with
increased pathological activation performed worse on the memory paradigm (rss = 0.35,
p = 0.05, Figure 2.6A). Based on extensive data linking AD pathology to MTL brain
structure, we sought to explore whether hippocampal volume, and the thickness of
surrounding cortical regions were also associated with pathological activation. Thinner
average entorhinal cortex (rss = 0.44, p = 0.007, Figure 2.6B), as well as marginally
smaller hippocampal volume (r37 = 0.34, p = 0.07), was associated with increased
pathological activation in OA. The relationship with entorhinal thickness survived a
Bonferroni adjusted p-value of 0.01. Older age was additionally associated with thinner
entorhinal cortex (r41 = 0.39, p = 0.006) and smaller hippocampal volume (r40 = 0.29, p =
0.04).

Braak /Il Tau
0.05" -0.67"
Pathological Entorhinal
Activation 10.09' (-0.05) Thickness

Figure 2.7. Mediation analysis between pathological activation, Braak I/ll tau, and cortical thickness. Mediation analysis with
pathological activation (red), mediated by Braak /Il AV-1451 standard uptake volume ratio (blue), predicting right entorhinal cortical
thickness (green). Pathological activation positively predicted Braak I/1l AV-1451, Braak /Il AV-1451 negatively predicted entorhinal
cortical thickness, which resulted in a significant mediation. Numerical values are regression coefficients (8) from models controlling
for age, sex, and education. See text for more details. ‘p < 0.05.

2.5.6 Relationships between Pathology, Cortical Thickness and Pathological
Activation

We sought to better understand the relationship between MTL structure, AD pathology
and pathological activation; therefore, we performed a mediation analysis to better define
the relationships between MTL tau, pathological activation and average entorhinal cortical
thickness, as depicted in Figure 2.7. First, the total effect of pathological activation
correlating with entorhinal thickness was significant in the OA with tau imaging (p = -0.09,
p = 0.02). Second, as expected, pathological activation was significantly associated with
Braak I/ll tau (B = 0.05, p = 0.02). Third, Braak I/ll tau was significantly correlated with
entorhinal thickness ( = -0.67, p = 0.03). Fourth, pathological activation was no longer
associated with entorhinal thickness when controlling for Braak /1l tau (f = -0.05, n.s.).
The indirect effect was tested using a Monte Carlo simulation with 5000 simulations. The
effect was measured to be -0.03 with 95% confidence intervals of (-0.08, -0.002),
indicating that the indirect effect was significant. Increased pathological activation was
associated with a 0.03 decrease in entorhinal thickness as mediated by Braak /Il tau
pathology. A secondary analysis assessing whether AB also mediated the relationship
between pathological activation and entorhinal cortical thickness was not significant.
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2.6 Discussion

The presence of AD pathology in cognitively normal older adults may contribute to the
disruption of memory function commonly observed in aging. This study explored the
relationship between cognition, MTL memory network structure and function, and in vivo
measures of tau and AB. We confirmed previous reports that older adults exhibit impaired
lure discrimination ability, reflecting a bias towards pattern completion. We also found that
tau and AP pathology are related to two different components of memory encoding, hits
and false alarms, which we combined to describe a disruption in network function. The
combined pathological activation measure was associated with both worse memory and
atrophy of the MTL. Furthermore, a mediation analysis revealed that tau in the
hippocampus and entorhinal cortex, explained the relationship between pathological
activation and cortical thickness. These results suggest that the co-occurrence of tau and
AB plays a critical role in the development of age-related memory decline, particularly by
leading to aberrant activity throughout the hippocampal memory network and to atrophy
of crucial brain structures.

2.6.1 Task Activation in Older Adult Cohorts

Increased task-induced activation has been a frequent finding in cognitively normal older
adults and individuals with mild cognitive impairment (MCI). Multiple studies have
reported hippocampal hyperactivity during episodic memory (Miller et al., 2008; Yassa et
al., 2010b; 2011a), which may be interpreted as aberrant due to its frequent negative
association with memory performance. Using the same lure discrimination paradigm,
Bakker et al. (2012) reported increased hippocampal activation in amnestic MCI subjects
in relation to cognitively normal older adults that was negatively associated with task
performance. Although our results and numerous aging studies have reported increased
hippocampal activation, others have reported decreased activation (Cabeza et al., 2004,
Dennis et al., 2008) or no difference in activation (Sperling et al., 2003; Duverne et al.,
2009) when compared to young controls. These disparate findings are likely related to
differences in task and task difficulty, varied subject demographics, and the uncertain
pathological status of participants.

2.6.2 Task Activation as a Function of Alzheimer’s Pathology

Our results are in agreement with existing literature indicating that measurement of
pathological proteins explains increased activation during memory encoding above the
effects of chronological age. Specifically, several studies have linked elevated Ap to
altered brain function during episodic memory (Sperling et al., 2009; Mormino et al., 2012;
Vannini et al., 2012a; Elman et al., 2014; Huijbers et al., 2015). Mormino et al. (2012)
reported increased hippocampal activation in cognitively normal older adults with
significant Ap burden; while, Sperling et al. (2009) demonstrated that reduced task-
induced deactivations were associated with elevated AB deposition. A recent study
reported an association between increased AP and decreased task activation, but the
hippocampus and broader MTL were not implicated (Kennedy et al., 2012). Animal
models of AD have suggested that Ap-related increased neural activity is epileptiform in
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nature (Palop et al., 2007), and is in turn associated with the deposition of Ap (Cirrito et
al., 2005; Bero et al., 2011), potentially leading to a vicious cycle. Human neuroimaging
data demonstrating that the anti-epileptic drug levetiracetam both reduced hippocampal
activity and improved memory support this interpretation (Bakker et al., 2012).

However, some studies have suggested that increased neural activity may play a
compensatory role (Miller et al., 2008). We previously reported that increased activity in
parietal and occipital cortex, but not hippocampus, was associated with better memory
performance in A+ individuals (Elman et al., 2014). Differences in interpretation may
depend to some extent on which brain regions are examined. For example, aberrant
hippocampal activity may better reflect pathological changes, while activation outside of
the MTL might be indicative of other processes. Regardless of the precise cause,
accumulating evidence supports the view that this increased MTL activity is detrimental.
Because neural activity is associated with Ap deposition (Cirrito et al., 2005; Bero et al.,
2011), it is possible that this increased hippocampal activation is driving neural activity in
other cortical regions, such as the retrosplenial cortex and precuneus, that are highly
connected to the hippocampus and prone to AB deposition. Furthermore, some have
suggested a component of excitotoxic damage in the AD pathophysiological cascade
(Hynd et al., 2004; Ong et al., 2013) and the observed increased activation may be related
to this process, to which the hippocampus is uniquely susceptible. This idea is supported
by recent evidence linking increased hippocampal activation and atrophy in AD-signature
regions in cognitively normal older adults and patients with MCI (Putcha et al., 2011).

The current findings build on past studies by including measures of tau pathology along
with AB. Decades of neuropathological investigation as well as recent clinical data support
a model wherein tau accumulation becomes ubiquitous in the MTL/entorhinal cortex in
normal older adults, spreads to limbic regions and neocortex with the deposition of Ap,
and strongly parallels cognition (Johnson et al., 2015; Cho et al., 2016; Ossenkoppele et
al., 2016; Scholl et al., 2016; Schwarz et al., 2016). Relationships between tau deposition
and hippocampal function appear reasonable in light of its topographical localization,
along with evidence of its association with impaired memory (Scholl et al., 2016). For
example, tau-related neurodegeneration (Spires-Jones and Hyman, 2014) and the
resulting disconnection of entorhinal cortex from the hippocampus may potentiate the
recurrent auto-associative fibers within the hippocampal circuitry that lead to pattern
completion. In addition, there is strong evidence that tau accumulation is integral to
producing aberrant neural activity in the presence of A (Roberson et al., 2011). This
process may be exacerbated by an age-related reduction in hippocampal inhibitory
interneurons (Vela et al., 2003; Stanley and Shetty, 2004), shifting the balance of
excitation and inhibition within hippocampal subfields, and leading to further aberrant
activity.

2.6.3 Experimental Limitations

There are limitations to the current study. A liberal cluster threshold was utilized for all
task-related activation analyses which could allow for false positives (Eklund et al., 2016).
We feel that this concern is mitigated by the fact that our major findings reflect
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associations between activation and other biological variables. For example, the specific
regional localization of activation within the MTL is not crucial, but rather we find that
molecular pathology is associated with different aspects of a larger hippocampal memory
network. Previous studies implementing the same task have examined only dentate gyrus
and CA3 subfield function (Bakker et al., 2008; Yassa et al., 2011a; Bakker et al., 2012).
As such, they utilize hybrid functional/structural regions of interest (ROls), which are
generated by masking thresholded F-statistics (p < 0.05-0.07, kK = 10-100 voxels) with
hippocampal subfield ROls. Their use of liberal thresholds suggests that the effects
associated with this paradigm are small and may not be fully captured by strict cluster
correction. However, we tried to address false positives by restricting voxelwise analyses
to the hippocampus, entorhinal, perirhinal and parahippocampal cortices. By doing so,
we drastically limit the number of voxels and enhance signal-to-noise. We also
acknowledge that our definition of the lure discrimination index may not reflect explicit
pattern separation by including lure stimuli called new. Although a response of similar or
new both reflect correct responses, (since a response of new could result from judging
lure stimuli to be dissimilar), it is also possible that a new response indicates inadequate
encoding of the paired stimulus. We chose to include these responses in order to increase
the number of trials associated with the measure; therefore, the measure may better
reflect a failure of pattern completion. Additionally, not all results could be corrected for
multiple comparisons using Bonferroni correction. Specifically, relationships between
individual measures of task-related activation and AD pathology would be nullified.
Nevertheless, the association between AB and reduced deactivation replicates previous
reports, and the task-related activation associations with behavior and brain structure
suggests their biological relevance. Finally, both PET tracers have limitations. PIB binds
only to aggregated fibrillar forms of AP, neglecting the pathological soluble forms.
Previous work demonstrates that soluble and fibrillar forms of AR may exist in equilibrium
(Cirrito et al., 2003). However, as we have no measure of soluble AB, it is possible our
results underestimate the strength of relationships with Ap. Off-target binding of '®F-AV-
1451 in the choroid plexus also poses a problem when quantifying hippocampal tau, but
this problem was addressed through partial volume correction.

2.6.4 Conclusions

In summary, our results suggest that tau and Ap are associated with aberrant activity
within the MTL during memory encoding. Given the nature of AD pathology and the onset
of its accumulation, longitudinal studies across the lifespan need to be performed in order
to fully understand the influence of pathology on age-related memory decline. However,
these results indicate that both Ap and tau play different but complementary roles in
increasing neural activity during memory encoding, specifically in a manner that appears
to be behaviorally detrimental and associated with structural brain change. These findings
broaden the concept of cognitive aging to include evidence of AD-related protein
aggregation as an underlying mechanism of age-related memory impairment.
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Chapter 3: Neural similarity between false alarm events is
associated with tau pathology in cognitively normal older
adults

3.1 Overview

Chapter 2 found that the accumulation of tau pathology is associated with aberrant activity
during memory encoding, but the mechanism through which episodic memory becomes
impaired remains unclear. The relationship between memory encoding and retrieval has
been characterized as a reinstatement of the encoding event which helps to guide the
retrieval of a memory; yet, older adults often exhibit a bias towards pattern completion,
which may manifest as greater neural similarity between different memory events that
ultimately result in a false alarm. Using a representational similarity metric in conjunction
with in vivo amyloid and tau PET imaging, we sought to explore neural similarity between
object pairs and the impact of age and pathological burden on this relationship. In general,
young adults showed greater similarity between encoding and retrieval of correct trials
(i.e. hit, correct rejection), relative to incorrect trials (i.e. false alarm). Older, amyloid-
negative, adults demonstrated false alarm similarity values equivalent to hits and greater
than correct rejections. Increased false alarm similarity was associated with a greater
proportion of false alarm events in both young controls and amyloid-negative older adults.
Finally, increased tau in the hippocampus and entorhinal cortex was associated with false
alarm neural similarity across older adults, but the effect was largely driven by amyloid-
negative participants. These results offer a potential mechanism in which tau pathology
alters the relationship between memory encoding and retrieval, leading to episodic
memory impairment in cognitively normal older adults.

3.2 Introduction

Functions of the hippocampus and associated medial temporal lobe (MTL) structures
involved in memory have been probed using a multitude of conceptual models and
experimental paradigms. One influential approach posits that the hippocampus performs
a task of pattern separation, differentiating novel from previously encountered events by
orthogonalizing them into unique representations and thereby reducing interference
(Marr, 1971; Treves and Rolls, 1994; O'Reilly and Norman, 2002). This model is
examined using experimental approaches that present stimuli that are repeats of
previously encountered stimuli, entirely new stimuli, or stimuli that are similar but subtly
different from those previously presented (lures). Work in animals and humans has
confirmed that unique events are defined by distinct patterns of neural activity (Leutgeb
et al., 2007; Bakker et al., 2008). This is contrasted by relatively stable neural
representations for identical events (Leutgeb et al., 2005; Leutgeb and Leutgeb, 2007),
which has been thought to represent pattern completion, or the reactivation of neural
representations when faced with partial or incomplete cues that permit identification of
old items. Meanwhile, aging and the onset of Alzheimer’s disease (AD) are commonly
associated with changes in episodic memory. Older adults often struggle to form new
memories and show a marked bias towards pattern completion when performing memory
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tasks, measured experimentally as the tendency to identify a lure as a previously seen
stimulus (i.e., a “false alarm”). Age-related shifts towards pattern completion have been
linked to the structural degradation of perforant and limbic pathways connecting the
hippocampus to surrounding cortical areas (Yassa et al., 2011b; Bennett et al., 2015).
Furthermore, elevated neural activity during episodic memory tasks has been shown to
be behaviorally detrimental in cognitively normal older adults and individuals with mild
cognitive impairment (Yassa et al., 2011a; Bakker et al., 2012). Specifically, older adults
who exhibit increased medial temporal lobe activity during memory encoding perform
worse on a lure discrimination paradigm.

Both normal cognitive aging and AD are associated with the deposition of two aggregated
proteins: B-amyloid (AB) and tau. Investigation of the in vivo pattern of deposition of these
proteins in humans is possible because of PET radiopharmaceuticals that label the
aggregated proteins. [''C] PIB and ['®F] AV-1451 have been used to measure A and tau
in cognitively normal older adults and patients with AD (Price et al., 2005; Xia et al., 2013).
AP deposition in the form of neuritic plaques is generally conceptualized as a crucial
initiating event in the pathological cascade leading to AD (Hardy and Higgins, 1992; Jack
and Holtzman, 2013). Tau deposition in the form of neurofibrillary tangles, however,
occurs in the MTL in aging and is associated with memory decline even in the absence
of AB pathology (Crary et al., 2014). Tau is thought to become widely dispersed through
the brain with Ap deposition (Tomlinson et al., 1968; Price and Morris, 1999). While both
proteins are seen with normal cognitive function, widespread Ap and tau deposition now
appears to be associated with cognitive decline and dementia. The presence of Ap is
associated with aberrant task-related activation in older adults, specifically greater
activation and reduced task-induced deactivations during correctly remembered events
(Sperling et al., 2009; Mormino et al., 2012; Huijbers et al., 2015). Additionally, we recently
reported that deposition of tau is linked to increased MTL neural activity during encoding
of subsequent false alarms (Marks et al., 2017). In view of the early deposition of tau in
MTL and its association with age and memory decline, there is reason to suspect that the
accumulation of tau pathology leads to disconnection of the hippocampus from the larger
episodic memory network, resulting in memory failure due to greater reliance on pattern
completion mechanisms. Based on inferences made from animal models, if tau
exacerbates a bias towards pattern completion, one might expect the patterns of neural
activity associated with two unique events to be more similar when incorrectly identified
as identical.

To further explore this idea, we performed a representational similarity analysis using
data associated with a lure discrimination paradigm. Representational similarity has been
described as a way to compare patterns of neural activity across a brain region between
a given set of stimuli (Kriegeskorte et al., 2008). Past research in young adults has
frequently demonstrated that neural similarity within the hippocampus is greater for
events that are subsequently remembered rather than forgotten (Davis et al., 2014;
Ezzyat and Davachi, 2014; Tompary et al., 2016). These studies have often used
associative memory paradigms that rely on a comparison to the initial encoding event
when making a decision, potentially reflecting a pattern completion mechanism. As the
current paradigm allowed for not only comparisons between identical objects (hits), but
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similar lure pairs, we were most interested in how incorrectly identified lure trials (false
alarms) compared to hits. We hypothesized that neural similarity for hit and false alarm
pairs would be equivalent in older subjects, that increased tau (measured with AV-1451
PET) in the hippocampus and entorhinal cortex would be associated with greater
similarity values during false alarms, and larger similarity values would be associated with
greater prevalence of false alarms.

3.3 Materials and Methods
3.3.1 Participants

Thirty-five cognitively normal older adults aged 64-93 years (27 female) and 20 young
controls aged 18-30 years (13 female) were studied in a previous report (Marks et al.,
2017); methods reported here for data acquisition and aspects of processing are identical
to those reported previously. All participants completed a battery of neuropsychological
assessments and a detailed medical interview prior to enroliment. Older adults were
required to be 64 years of age or older, free of neurological and major medical illness,
perform normally on neuropsychological tests (within 1.5 SD of the mean), and have
participated in both PIB and AV-1451-PET imaging, in addition to the lure discrimination
fMRI paradigm. Young controls did not undergo PET imaging. fMRI scans were acquired
within an average of 104+102 days from PIB and 124+199 days from AV-1451 PET
scans. All participants provided informed consent in accordance with the Institutional
Review Boards of the University of California, Berkeley, and the Lawrence Berkeley
National Laboratory (LBNL).

3.3.2 Memory Paradigm

The memory paradigm has been described previously by Marks et al. (2017). In brief,
participants were shown color photographs of novel, repeated, and similar (i.e. lure)
objects. Objects were displayed for 2000 ms, followed by a fixed 500 ms inter-trial interval.
Participants were told to identify the objects seen as new (first), old (repeat), or similar
but not identical (lure). Across six runs, participants encountered 96 repeated pairs, 96
lure pairs, and 264 novel objects, with no objects duplicated between runs. Objects were
fully randomized and the distance between repeated and lure pairs was randomly varied
between 10 and 40 trials.

3.3.3 PET Acquisition and Processing

PIB was synthesized at the LBNL Biomedical Isotope Facility. PIB-PET imaging was
performed at LBNL using a BIOGRAPH PET/CT Truepoint 6 scanner (Siemens Medical
Systems) in three-dimensional acquisition mode. Thirty-five dynamic acquisition frames
were obtained over 90 minutes (4 x 15s,8 x30s,9%x60s,2x180s, 10 x 300 s and 2
x 600 s) immediately following injection of 10-15mCi of PIB into an antecubital vein. An
X-ray CT was obtained prior to each PIB scan. AV-1451 was synthesized at LBNL using
a GE TracerLab FXN-Pro synthesis module with a modified protocol based on that
supplied by Avid Radiopharmaceuticals. AV-1451 PET imaging was performed on the
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same BIOGRAPH PET/CT scanner. Following the injection of 10 mCi of AV-1451, one of
two acquisition schemes were acquired: 0-100 minutes of dynamic data (4 x 15 s, 8 x
30s,9x60s,2x180 s and 16 x 300 s frames), followed by 120-150 minutes (6 x 300 s
frames, n = 18), or 75-115 minutes (8 x 300 s frames, n = 17). A CT scan was performed
before the start of each emission acquisition. PIB and AV-1451 data were reconstructed
using an ordered subset expectation maximization algorithm with weighted attenuation
and smoothed with a 4 mm Gaussian kernel with scatter correction.

PET data were processed using the SPM12 software package (RRID:SCR_007037). PIB-
PET data were realigned and frames corresponding to the first 20 minutes of acquisition
were averaged and used to guide coregistration with the participant’s structural MRI. The
coregistration matrix was applied to realigned frames and data were resliced to MRI
space. Distribution volume ratio (DVR) images of PIB-PET data 35-90 minutes post-
injection were created using Logan graphical analysis and a FreeSurfer derived grey
cerebellum reference region (Logan, 2000). Global PIB DVR values were calculated for
each participant, defined as the mean DVR within regions of interest (ROI) in frontal,
parietal, temporal and cingulate cortices. A PIB DVR value greater than 1.07 was used
as a cutoff for categorizing older adults as Ap-positive (Villeneuve et al., 2015).

AV-1451-PET data were realigned and the mean of all frames was used to coregister
data to the participant’s structural MRI. Standard uptake value (SUV) images representing
data 80-100 minutes post-injection were created and normalized by a grey cerebellum
reference region to generate native space SUV ratio (SUVR) images. SUVR images were
partial volume corrected using the Rousset approach (Rousset et al., 1998). Volume-
weighted mean SUVR values within hippocampus and entorhinal cortex, approximating
Braak stage I/ll, were calculated using a previously described method (Schall et al.,
2016).

3.3.4 MRI Acquisition and Processing

High-resolution fMRI was performed at the Henry H. Wheeler Jr. Brain Imaging Center
(BIC) on a 3T TIM/Trio scanner (Siemens Medical Systems) using a 32-channel head
coil. Each of the six functional runs utilized a T2*-weighted echo-planar imaging sequence
(TR = 1500 ms; TE = 34 ms; flip angle = 70°; matrix = 132 x 132; FOV = 200; voxel size
= 1.5 x 1.5 x 1.5 mm; duration = 5 min). Nineteen slices oriented parallel to the primary
axis of the hippocampus were acquired in interleaved order, covering the entirety of the
MTL. A parallel imaging reduction factor of 2 was used to reduce acquisition time and
minimize distortion due to magnetic susceptibilities near the temporal lobes. A T1-
weighted volumetric magnetization prepared rapid gradient echo (MPRAGE; TR = 2300
ms; TE = 2.98 ms; matrix = 256 x 256; FOV = 256; sagittal plane; voxel size =1 x 1 x 1
mm; 160 slices) was collected and used during coregistration of functional data. An
MPRAGE (TR = 2,110 ms; TE = 3.58 ms; matrix = 256 x 256; FOV = 256; sagittal plane;
voxel size =1 x 1 x 1 mm; 160 slices) was collected at LBNL on a 1.5T Magnetom Avanto
(Siemens Medical Systems) and used only for PET coregistration and quantification
purposes. Structural MRI data were processed using FreeSurfer version 5.3
(RRID:SCR_001847) to define native space ROls for each participant (Dale et al., 1999;

25



Fischl et al., 2001; 2002; Ségonne et al., 2004). FreeSurfer ROIs were used to quantify
PIB DVR and AV-1451 SUVR values.

3.3.5 fMRI Processing and Analysis

fMRI data were processed and analyzed using a combination of Advanced Normalization
Tools (RRID:SCR_004757) and SPM12. For a given run, images were realigned to the
first volume and smoothed with a 5 mm Gaussian kernel. Motion vectors were created
and used to identify significant motion spikes (greater than 2 mm displacement, plus and
minus one TR). A mean fMRI image was created, bias corrected, and thresholded to
exclude surrounding non-brain tissue and skull. The resulting image was used in a two-
step spatial normalization process, resulting in fMRI data in MNI space.

Individual runs were modeled using FSL’s FEAT version 6.0 (RRID:SCR_002823). Trials
were categorized into eight bins. Four of these represented activity upon the first
presentation of the stimuli: (1) novel objects (stimuli presented only once), (2) subsequent
hits, (3) subsequent correct rejections, and (4) subsequent false alarms. Three
represented activity upon presentation of the paired stimuli: (5) hits (repeat presentation
correctly identified as old), (6) correct rejections (lure presentations correctly identified as
similar), (7) false alarms (lure presentations incorrectly identified as old), with an 8"
category of errors and omissions. Data were convolved with a double gamma
hemodynamic response function, and each bin, their corresponding temporal derivatives,
six rigid body motion parameters, and outlier volumes (those with excessive motion) were
entered in a general linear model to predict fMRI signal. The resulting contrasts reflect
activity for a given task-related bin relative to the non-zero, novel object baseline
condition. Second-level contrasts were created for each participant by combining all six
runs using a one-sample t-test with fixed effects.

3.3.6 Representational Similarity Analysis

Using output from the univariate activation models (described above), we first extracted
beta values from a large medial temporal lobe ROI, comprising the hippocampus and
perirhinal, entorhinal, and parahippocampal cortices, for the first (encoding) and second
(retrieval) presentation of object pairs categorized as hits, correct rejections and false
alarms. The large ROl was manually segmented in MNI space following previously
established guidelines (Insausti et al., 1998; Pruessner et al., 2002; Duvernoy, 2005). The
encoding and retrieval beta values were z-scored across all voxels in the ROI,
transformed into vectors and correlated with one another. The resulting correlation
coefficients (Pearson’s r) were Fisher transformed and used as a measure of neural
similarity. Higher values are taken to indicate that the pattern of neural activity for
encoding and retrieval trials are similar for a given condition.

3.3.7 Statistical Analyses

Statistical analyses and plots were performed wusing R version 3.2.3
(RRID:SCR_001905). Differences between and within groups were assessed using f-test
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and analysis of variance (ANOVA) with post-hoc Tukey test. Multiple linear regression,
controlling for demographic variables, was used to assess the relationships between
representational similarity, task performance, and tau pathology. Mediation analysis were
performed using the ‘mediation’ package in R.

3.4 Results
3.4.1 Memory Performance

To quantify performance on hit and false alarm trials, the number of repeated objects
called ‘old’ and lure objects called ‘old’ were calculated, respectively. To assess correct
rejections, the number of lure objects called ‘similar’ minus the number of novel objects
called ‘similar’ was calculated. The removal of novel objects called ‘similar’ ensures the
lack of an inherent bias towards responding ‘similar’ for all objects. Young controls
performed significantly better than older adults on both hit (fs3) = 3.64, P < 0.001) and
correct rejection trials (fs3)= 6.36, P < 0.001). However, older adults made significantly
more false alarms than young controls (fs3 = 2.85, P = 0.006). Prior to assessing
representational similarity within older adults, we dichotomized older participants by Ap-
status to better isolate the influence of tau on neural function. This resulted in 19 PIB- and
16 PIB+ individuals. Performance did not differ between PIB groups for any trial type.

3.4.2 Representational Similarity by Group
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Figure 3.1. Neural similarity split by group and trial type. A trial type by group ANOVA revealed a main effect of trial type. Post-

hoc analyses revealed that neural similarity for hits was greater than correct rejections and false alarms. Data presented as means +
standard error.
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We first wanted to assess how representational similarity differed by trial type across
groups. A 3x3 ANOVA demonstrated a significant main effect of trial type (F2,104)= 3.52,
P = 0.03; Figure 3.1), with the trial type by group interaction approaching significance
(Fa,104y= 1.74, P = 0.14). A post-hoc Tukey test revealed that similarity for hits, across
groups, was greater than correct rejections and false alarms. To better understand the
relationship between similarity and trial type, we next explored differences between trial
types within each group. Within young controls, similarity for hits was marginally greater
than false alarms (t18y=1.75, P = 0.09). No other differences were observed in this group.
Within PIB- older adults, similarity for hits was greater than correct rejections (f(17)= 3.26,
P =0.002). Neural similarity for false alarms was also greater than correct rejections but
only at a trend level (f17)= 1.57, P = 0.12). We did not observe any differences between
trial types within PIB+ older adults, but their values were generally reduced compared to
the PIB- and young control groups.

3.4.3 Relationship between Representational Similarity and Performance

Although neural similarity has previously been associated with successful memory, the
differences between false alarms and correct rejections in PIB- older adults suggests that
similarity during false alarms could reflect a pattern completion mechanism that adversely
affects performance during lure discrimination. As such, we sought to relate performance
on the memory paradigm with similarity values associated with each trial type. Young
controls showed no relationship between performance on hits or correct rejections and
their respective similarity values.
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Figure 3.2. Relationship between neural similarity and task performance. In young adults (r = 0.45, P = 0.02) and PIB- older
adults (r = 0.21, P = 0.08): positive relationship between false alarm similarity and the proportion of lures incorrectly identified as “old.”
In PIB+ older adults (r = 0.79, P = 0.005): positive relationship between correct rejection similarity and proportion of correctly identified
lures. Data are residuals controlling for age, sex, and education.
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However, there was a relationship between proportions of false alarms and similarity such
that larger similarity values were associated with more false alarms (p = 0.27, r = 0.45, P
= 0.02; Figure 3.2). PIB- older adults showed a similar relationship (B = 0.44, r=0.21, P
= 0.08). Interestingly, in PIB+ older adults, better memory for lure pairs was associated
with increased neural similarity during correct rejections (B = 0.59, r = 0.79, P = 0.005),
but no relationships were found with hits or false alarms.

3.4.4 Relationship between Representational Similarity and Tau Pathology

As neural similarity during false alarms appears to negatively impact memory
performance, we sought to understand whether underlying tau pathology in the medial
temporal lobes might play a role in the observed impairment. Across all older adults, there
was a significant relationship between tau in the hippocampus and entorhinal cortex and
false alarm similarity. Older adults with increased tau pathology demonstrated greater
false alarm similarity (B = 0.34, r = 0.49, P = 0.02); however, this relationship appeared to
be driven by PIB- older adults (B = 0.52, r = 0.73, P = 0.004), as PIB+ showed no
significant relationship between tau and false alarm similarity when assessed
independently (B = -0.02, P = 0.95; Figure 3.3). There was no significant interaction
between groups.
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Figure 3.3. Relationship between neural similarity and tau. Positive relationship between false alarm similarity and medial temporal
lobe tau (as measured by AV-1451 in entorhinal cortex and hippocampus). Significant relationship was only observed in PIB- older
adults (r = 0.73, P = 0.004). Data are residuals controlling for age and sex.

Since false alarm similarity was associated with both tau pathology and task performance,
we sought to better understand this relationship by performing a formal mediation
analysis. We observed that false alarm similarity in older adults partially mediated the
relationship between medial temporal lobe tau pathology and incidence of false alarms
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during lure discrimination. The effect was assessed using quasi-Bayesian approximation
with 5000 simulations and measured to be 0.16 with 95% confidence intervals (0.01, 0.37)
at P = 0.03. In other words, increased tau pathology was associated with a 0.16 increase
in false alarms as mediated by neural similarity. The mediation effect remained even after
controlling for Ap-status.

3.5 Discussion

The accumulation of tau pathology has previously been linked to cognitive decline in older
adults. The current study sought to understand a mechanism through which tau pathology
impairs memory performance by using representational similarity to explore neural
patterns during the encoding and retrieval of object pairs. Similarity values in young
controls were largely consistent with previous reports, as correctly remembered trials
showed greater similarity than false alarms. In older adults, similarity vales were
drastically different, particularly in PIB- participants who demonstrated false alarm
similarity values equivalent to hits and greater than correct rejections. The observed
increased false alarm similarity appeared to be behaviorally detrimental as a higher
prevalence of false alarms was seen in both PIB- older adults and young controls with
large similarity values. Furthermore, increased neural similarity during false alarms was
associated with elevated tau in the hippocampus and entorhinal cortex in older adults;
however, the effect appeared to be driven by PIB- participants. A mediation analysis
revealed that false alarm similarity partially explained the relationship between tau
pathology and the incidence of false alarms, irrespective of Af status. These results
provide evidence for a way in which the accumulation of tau pathology in the medial
temporal lobes leads to changes in episodic memory ability in cognitively normal older
adults without Ap.

It has been suggested that increased similarity reflects a neural reinstatement of the
encoding event during retrieval (van den Honert et al., 2016). As an example, we might
expect the pattern of neural activity to be similar for the first and second presentation of
an identical object pair if it is encoded as a singular event. However, since the current
study employed not only identical pairs, but similar lure pairs, the interpretation of what
similarity during lure trials represents is less clear. Previous work has demonstrated that
older adults often incorrectly identify lures as old repetitions, instead of unique events
(Yassa et al., 2011a). This has commonly been described as pattern completion, which
leads to false alarms that closely mirror the behavior of successfully remembered identical
pairs. The relative equivalence of hit and false alarm similarity values in older adults and
young controls suggests that the medial temporal lobes represent the two behaviors
similarly.

Until now, limited work has been done to explore how neural similarity differs between
older adults and young controls. This is an important distinction to make as even
cognitively normal older adults begin to accumulate tau pathology in midlife that is
associated with changes in cognition, particularly memory. Previous work has
demonstrated that both A and tau are associated with aberrant neural activity during
memory tasks and at rest (Sperling et al., 2009; Mormino et al., 2012; Marks et al., 2017),
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and tau is closely linked to Alzheimer’s disease symptoms (Arriagada et al., 1992; van
Rossum et al., 2012). Considering its topography within the medial temporal lobes, it is
reasonable to conclude that tau-related neurodegeneration (Spires-Jones and Hyman,
2014) disconnects the hippocampus from the larger episodic memory system,
potentiating the recurrent fiber pathways that lead to pattern completion (Amaral and
Lavenex, 2006). The same pattern completion mechanism observed in young controls is
likely exacerbated by the accumulation of tau in older adults. This is further evident when
examining the relationships between tau, false alarm similarity and task performance.
Even though our interpretation relies heavily on the role of the hippocampus in the
encoding of object stimuli, the ROI used to calculate representational similarity also
included perirhinal cortex. A perirhinal memory system has been proposed which is active
during object recognition (Brown and Aggleton, 2001; Aggleton and Brown, 2006;
Ranganath and Ritchey, 2012), but is generally more associated with familiarity or
‘knowing,” rather than explicitly remembering (see (Yonelinas, 2002; Yonelinas et al.,
2010) for a review). As such, the observed similarity during false alarms likely reflects a
combination of tau-related bias towards pattern completion and perirhinal familiarity
signals.

Although our hypothesis focused on the role of tau pathology, ABp may nevertheless be
important. The relationship between correct rejection similarity and task performance in
PIB+ individuals is interesting. We argue that increased similarity during false alarms is
detrimental to performance in PIB- older adults and young controls; however, it may be
that the relationship with correct rejections represents a compensatory response to the
accumulation of both A and tau pathology. We previously reported that increased neural
activity in parietal and occipital areas was associated with more detailed memory in PIB+
older adults (Elman et al., 2014). It is possible then that more similar neural
representations of lure objects resulted from compensatory activity in PIB+ older adults
to better cope with the adverse effects of increased pathology.

However, this interpretation does not explain the reduced correct rejection similarity
values in PIB- older adults. One explanation for this disparity may have to do with the
sparseness of univariate activation during encoding of correct rejections that we
previously reported within this cohort (Marks et al., 2017). We found few clusters of
activation that survived a liberal threshold when comparing activity across older adults.
Additionally, we found little overlap in the patterns of univariate correct rejection activation
between older adults and young controls. This suggests that (1) there may not be a unique
representation of neural lure discrimination in older adults, and (2) older adults are likely
using different mechanisms to correctly identify lures than young controls. Unfortunately,
we are unable to elucidate these explicit mechanisms which may help us further explain
the observed age-related differences in correct rejection similarity. With larger sample
sizes, we likely could have made stronger conclusions about the relationship between
pathology and neural similarity within older adults, but despite this limitation, we believe
our results offer a novel mechanism through which the accumulation of Alzheimer’s
pathology leads to memory impairment in cognitively normal older adults.
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Chapter 4: Conclusion

4.1 Overview

In this dissertation, | have demonstrated that cognitively normal older adults exhibit a
behavioral shift from pattern separation towards pattern completion that is associated with
aberrant neural activity in the hippocampus and MTL; and, the degree of aberrant activity
is associated with elevated levels of pathology (Chapter 2). Furthermore, | provided
evidence for a tau-specific mechanism that alters the relationship between memory
encoding and retrieval, leading to impaired episodic memory (Chapter 3). These results
indicate that, to an extent, age-related memory impairment and functional alterations can
be attributed to the interaction of A and tau pathology. In particular, it appears that tau
is uniquely driving changes locally within the MTL.

4.2 Remaining Questions

Despite these findings, the research raises a number of questions that warrant further
discussion. First, the results make assumptions based on the underlying neural function
during an explicit memory paradigm. In other words, they do not consider the baseline
level of activity in older adults. It is reasonable to conclude that if aberrant neural activity
during a task represents a measure of dysfunction, the hippocampus may also be
impaired at rest. In a subset of the older adult cohort, | attempted to address this question
using a PET derived measure of glucose metabolism. Unfortunately, no relationship was
observed between resting hippocampal glucose metabolism and pathological activation,
AB or tau. | hesitate to make any conclusions from this null result, but it may suggest that
AP and tau hinder the flow of information from the entorhinal cortex to hippocampus during
effortful work, thus explaining the task-dependent nature of the results. Most published
data in aging do not suggest clear baseline differences in hippocampal metabolism with
advancing age; if anything, the trend is for age-related metabolic reductions. As such, the
task-related activity does not appear to reflect baseline levels of metabolism.

Second, the results indicate that the accumulation of tau pathology plays a specific role
in age-related memory decline, whereas the role of AB is less defined. | have shown in
Chapter 2, as well as previous work from the lab, that ApB is associated with aberrant
neural activity, but the relationship is not necessarily hippocampus-specific. A simple
explanation might be that Ap has a more global effect, due to its relative sparing of MTL
structures. Instead, it likely alters the function of intermediary brain regions that have
reciprocal connections to the hippocampus. One way to address this would be to
investigate the relationship between AP and a measure of functional connectivity.
Specifically, resting functional connectivity between retrosplenial cortex (an area of high
AP burden) and the hippocampus. These data were collected along with task-activation
measures, but | was not able to find any associations between A and connectivity, or
between connectivity and pathological activation. It is possible that this method of
functional connectivity is not suitable. Connectivity was assessed at rest, but the previous
chapters and preliminary metabolic analysis indicate that pathological activation is task-
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dependent. As such, a measure of task-based connectivity may have been better suited
to assess the relationship with AB. In fact, previous work has demonstrated that Ap is
associated with decreased task-dependent connectivity during a visual memory encoding
task (Oh and Jagust, 2013). However, the limited field of view at which the task data were
acquired prohibited such an analysis.

Third, the results encompass other cortical structures within the MTL in addition to the
hippocampus; yet, previous work has indicated that aberrant activity, with respect to
measures of pattern separation, is localized in the DG/CA3. These data proved difficult
to work with due to the wide variability in performance in the older adult cohort. As such,
the most pronounced effects were only seen when collapsing across subjects within a
large MTL region of interest. A post-hoc analysis exploring individual subfields revealed
that DG/CA3 did exhibit increased task-activation, but no statistical difference was
observed between older and young adults due to the large variance in the measures. It
should be noted that previous fMRI studies in humans have reported small effects when
identifying subfield differences, so it is not unrealistic to report a null result. Currently, the
lab is exploring ways to implement new imaging sequences, such as multiband echo
planar imaging, to increase spatial resolution in order to make more informed
assessments of individual hippocampal subfield differences.

4.3 Future Directions

As such, a number of future directions should be considered. Building off the current
results, two follow-up studies are underway in the lab that further explore the relationship
between hippocampal function and pathology. The first aims to identify the contributions
of anterior and posterior hippocampal memory systems to pattern separation during an
‘objects in scenes’ discrimination task. This research will help to assess regional
specificity of age-related decline within the hippocampus proper, something which | was
not able to accomplish. It will also provide an interesting avenue to explore whether the
influence of pathology is global in nature or unique to specific subsystems of the
hippocampus. The other aims to explore the impact of emotional stimuli on pattern
separation mechanisms, particularly during memory retrieval. The current research relied
on common, everyday objects as stimuli which may not have been salient in older adults’
lives. It will be interesting to see whether emotional stimuli result in better memory
performance and how these stimuli are represented in the hippocampus. Additionally,
there is a body of work that suggests emotional memory is impaired in early AD, so any
relationships with pathology in cognitively normal older adults might help to elucidate
these past findings. Preliminary data for both are limited.

Another interesting line of research would be to consider these results from the framework
of neuromodulation. Neural noise during information processing has been associated with
decreased dopaminergic neuromodulation in aging (see (Li et al., 2001) for a review). The
lab can quantify dopamine synthesis using PET, and it would be interesting to explore
how neural activity during a memory paradigm relates to this measure. Individuals with
impaired dopamine synthesis may also be the ones exhibiting the most aberrant activity.
This study could also provide insight into a possible compensatory mechanism that allows
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older adults to maintain adequate levels of performance when faced with increased
pathology.

Finally, although beyond the scope of the lab, it would be interesting to explore pattern
separation mechanisms in a transgenic mouse model of AD. Neural activity could be
recorded directly from neurons in hippocampal subfields while three different lines of mice
(Ap+/tau-, Ap-/tau+, AP+/taut) explored novel environments. This paradigm could
possibly isolate the individual effects AB and tau have on age-related neural rigidity.
Additionally, more elegant measures of connectivity could be quantified that assess the
relationship between the location of pathology and its downstream effects on neighboring
brain structures crucial to memory.
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