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MODULATORS OF THE HUMAN HIPPOCAMPAL MEMORY SYSTEM
RACHEL K. NAUER WEHR
Boston University Graduate School of Arts and Sciences, 2019
Major Professor: Chantal Stern, Professor of Psychological and Brain Sciences
ABSTRACT

Given the importance of the hippocampus in episodic memory and its particular vul-
nerability during aging, considerable attention has gone into identifying modulators of hip-
pocampal neuroplasticity. In rodents, aerobic exercise counteracts hippocampal age-effects
and enhances performance on pattern separation, which entails the orthogonalization of
overlapping inputs into distinct memory representations during encoding. Performance on
mnemonic discrimination tasks requires pattern separation and these tasks are a promising
metric of putative hippocampal neuroplasticity. To date, studies in humans have focused
on utilizing exercise as a tool to manipulate hippocampal neuroplasticity in older adult
populations, largely ignoring the younger and middle-aged groups. The goals of this dis-
sertation were to investigate the relationship between aerobic exercise, cardiorespiratory
fitness (CRF) and hippocampal subfield structure and function in young adults, and to ex-
amine how CRF may mitigate age-related decline in mnemonic discrimination across
adulthood.

A series of three experiments tested the central hypothesis that CRF is linked to hippo-
campal plasticity and is a modulating factor of behavioral performance in mnemonic dis-
crimination tasks. Data from Experiments 1 and 2 were acquired from a longitudinal ran-

domized controlled trial (RCT) in healthy young adults (ages 18-35 years). Experiment 1
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(N = 50) focused on baseline data from the RCT, and Experiment 2 (N = 38) elucidated
longitudinal changes following a twelve-week exercise intervention program. In a separate,
cross-sectional design, Experiment 3 elucidated the relationships between CRF and behav-
ioral performance across the adult lifespan (ages 18-83 years, N = 80).

Experiment 1 used high-resolution fMRI and a mnemonic discrimination task with ma-
nipulations of stimulus similarity to examine task-related functional activation within the
hippocampal subfields in healthy, but sedentary, young adults. Objectives were to test the
predictions that the hippocampal subfields, particularly the DG/CAZ2/3, support successful
encoding and retrieval of overlapping information, and that this activity is modulated by
stimulus similarity. An additional hypothesis was that higher CRF is associated with better
behavioral performance and greater hippocampal activity during mnemonic discrimina-
tion. Findings demonstrated greater activity in the DG/CA2/3 associated with better task
performance during retrieval on trials in which stimuli shared the highest similarity. Be-
haviorally, higher-fit individuals performed better than lower-fit individuals, particularly
when stimulus similarity was low. However, the baseline levels of CRF in sedentary adults
did not modulate hippocampal subfield activity during the task.

Experiment 2 investigated the relationship between changes in CRF following a
twelve-week exercise intervention, changes in hippocampally-dependent mnemonic dis-
crimination, and hippocampal subfield volume change. The primary hypotheses were that
enhanced CRF would predict an increase in hippocampal volume, specifically in the
DG/CAZ3 subregion within the hippocampal head, and that improved CRF would relate to

enhanced mnemonic discrimination performance. Consistent with these predictions,

! viii



improvement in CRF was linked to an increased volume specific to the hippocampal head
of the left DG/CA3 subregion. In addition, there was a positive relationship between
change in CRF and mnemonic discrimination for highly similar stimuli, particularly for
individuals who were initially lower-fit.

Experiment 3 tested the hypothesis that higher CRF attenuates age-related impairments
on mnemonic discrimination performance in both the non-spatial and spatial domains
across the adult lifespan. In addition to robust deleterious age-effects across both domains,
results demonstrated that higher CRF enhanced performance on non-spatial mnemonic dis-
crimination for the youngest adults only. In contrast, higher CRF partially attenuated age-
related deficits for spatial contextual discrimination.

Together, these results provide evidence for a relationship between CRF and exercise
and hippocampal neuroplasticity across adulthood. Building on work done in animal mod-
els and extending previous work in older adult humans, these results provide evidence for
a positive relationship between CRF and exercise with hippocampal subfield structure and
function in healthy young adults. The data further suggest that higher CRF is associated
with enhanced mnemonic discrimination and partially mitigates age-related effects in a
spatial contextual discrimination task. This has potential implications for a therapeutic
value of aerobic exercise to promote brain health and enhance cognition across the adult

lifespan, as well as to counteract deleterious effects of aging.
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CHAPTER 1!: Introduction



At the core of successful episodic memory processing is the capacity to properly dif-
ferentiate between events or objects that share elements. One can imagine that while each
experience is comprised of several components including object (what), spatial (where),
and temporal (when) information (Tulving, 2002), these components are often present
across multiple separate memory events, including previously encoded memories. For ex-
ample, one’s experience of attending a weekly lab meeting is inevitably comprised of sim-
ilar information (e.g. attendance by the same co-workers, located in the same conference
room, similar time of day). Despite these overlapping similarities, our episodic memory
system functions to both form unique mnemonic representations for each episode and to
successfully later retrieve each event when presented with partial information.

Encoding and retrieval of episodic memory are primarily supported by the hippocam-
pus and surrounding medial temporal lobe (MTL) structures (Eichenbaum, 2000). A sig-
nificant number of converging studies including lesion, electrophysiology, and human neu-
roimaging work have supported the notion that the structural and functional integrity of
the hippocampus is critical to episodic learning and memory, and facilitates our ability to
flexibly interact with our environment (Eichenbaum et al., 2007; Parkinson et al., 1988;
Ranganath et al., 2005; Vargha-Khadem et al., 1997; Yassa, Muftuler, et al., 2010; Yassa,
Stark, et al., 2010). In particular, the hippocampus has been credited with reducing inter-
ference during episodic memory formation by encoding highly overlapping incoming stim-
uli across divergent and distinct neural representations, (Bakker et al., 2008; O’Reilly &
McClelland, 1994), a process known as pattern separation (Marr, 1971). In addition, the

hippocampus has been implicated in supporting the complementary neural process of



pattern completion, whereby partial or incomplete cues successfully trigger retrieval of
previously stored representations.

Importantly, hippocampal-dependent memory formation relies on tightly controlled
structural and functional neuroplasticity within the circuitry (Aimone et al., 2009;
Pastalkova et al., 2006). Properties of hippocampal plasticity are sensitive to neurological
changes associated with normal aging (Bettio et al., 2017), neurodegenerative disorders
(Braak & Braak, 1997), as well as dysregulation associated with neuropsychiatric disorders
such as depression and chronic stress (Pittenger & Duman, 2008). Disruption of neuroplas-
ticity in this circuitry leads to cognitive difficulties including memory problems. World-
wide, there is a growing number of older adults living longer lives (Ortman et al., 2014),
leading to a rising incidence of age-related cognitive problems and neurodegenerative dis-
orders such as Alzheimer’s Disease (AD). Consequently, recent research has focused on
identifying modulating factors of hippocampal plasticity in an effort to promote learning
and memory and abate the negative effects of age on hippocampal structure and function.

In particular, researchers have focused on elucidating ways to promote and optimize
the processing of information in this system in a low-cost manner. One promising avenue
to naturally promote neuroplasticity in the hippocampus is aerobic exercise. In rodents,
aerobic exercise powerfully upregulates hippocampal neuroplasticity (Creer et al., 2010;
Nokia et al., 2016; van Praag, Christie, et al., 1999; van Praag, Kempermann, et al., 1999;
Vivar et al., 2012), counteracts negative age-effects on hippocampal neuroplasticity (van
Praag et al., 2005), and enhances performance on tasks of mnemonic discrimination which

likely rely on pattern separation (Creer et al., 2010). The effects of aerobic exercise on the



human brain has traditionally been studied from a perspective of promoting general cogni-
tive functioning and executive processes in older adults (Colcombe & Kramer, 2003). In
general, recent studies in humans have focused on utilizing exercise as a tool to manipulate
hippocampal neuroplasticity in older adult populations, largely ignoring the younger and
middle-aged groups. Although rodent studies have also documented exercise-induced en-
hancements of plasticity in middle-aged (Marlatt et al., 2012) and older animals (van Praag
et al., 2005), the majority of experimental work has demonstrated extremely salient re-
sponses of hippocampal neuroplasticity and the downstream behavioral effects in younger
rodents. Importantly, evidence suggests that middle-age may be the start of subtle cognitive
and structural change predictive of future neuropathological impairment (Clark et al., 2016;
Melah et al., 2016) and may be the ideal time to implement neuroprotective interventions
such as aerobic exercise (Tolppanen et al., 2014). Therefore, it is critical to determine the
effects of cardiorespiratory fitness (CRF) and aerobic exercise on hippocampal structure
and function in younger and middle-aged adult humans, and to determine how CRF mod-
ulates age-related behavioral effects across the adult lifespan, including younger, middle-
aged, and older adults.

In the next several sections of this introduction, | will discuss the mechanisms by which
the hippocampus is purported to perform pattern separation and the relevance of neuro-
plasticity during this information processing. In addition, I will highlight evidence of the
opposing effects of aging and aerobic exercise on this system at the computational, single-
cell, and network level. Furthermore, 1 will describe the potential interactive effects be-

tween aging and aerobic exercise on hippocampal neuromodulation and behavioral



mnemonic discrimination. Lastly, I will introduce unexplored considerations that served as

specific motivations for the experiments in this dissertation.

1.1!'The hippocampal memory system supports pattern separation and pattern com-

pletion

When it comes to encoding, storage, and retrieval of an episodic event, the brain is
presented with seemingly opposing goals: to encode each memory as a distinct representa-
tion so as to reduce interference for later recall, and also to encode generalities and com-
monalities among similar memories to trigger successful retrieval when faced with partial
information. David Marr (1971) was the first to suggest a possible mechanism by which
the hippocampus performs these functions based on the anatomical and functional proper-
ties in the hippocampus and local circuitry. Marr theorized that pattern completion, or the
process by which presentation of an incomplete or degraded stimulus triggers the success-
ful retrieval of previously stored representations, could be supported by recurrent collat-
erals acting as an auto-association network. The network could also function to support the
process of pattern separation in which the system encodes and stores highly similar incom-
ing stimuli into orthogonally distinct neural representations. Since the seminal theoretical
work proposed by Marr, computational models of pattern separation and pattern comple-
tion have concentrated on the medial temporal lobe and hippocampus as the brain structures
supporting these processes (O’Reilly & McClelland, 1994; O’Reilly & Norman, 2002). In
particular, the hippocampus is uniquely poised to play a large role in these computational

processes due to its unique anatomical connectivity.



In the traditional view of MTL connectivity (van Strien et al., 2009), neocortical re-
gions project information to the perirhinal (PrC) and parahippocampal (PHC) cortices in
the medial temporal lobes. In turn, the PrC and PHC project to distinct areas of the ento-
rhinal cortex (EC), namely the lateral EC (IEC) and medial EC (mEC), respectively. Ana-
tomically, the EC is the major input pathway to the hippocampus (Van Hoesen & Pandya,
1975; Witter et al., 1989), and this connection acts as a communication highway for cor-
tico-hippocampal interactions (Felleman & Van Essen, 1991). The IEC and mEC have dis-
tinct afferent projections to the hippocampus and are thought to be functionally dissociated
pathways (Van Hoesen & Pandya, 1975). The IEC pathway computes ‘content’ infor-
mation largely in regards to individual items, such as objects and object location relation-
ships, whereas the mEC is more concerned with the computation of ‘context’” information,
including more global spatial frameworks (Knierim et al., 2013). Although these discrete
information pathways seem to remain distinct in their projections to cornu ammonis region
1 (CAL1) and subiculum, afferent information from the mEC and IEC synapse onto the same
cells in the dentate gyrus (DG) and cornu ammonis region 3 (CA3) via the perforant path-
way (Hasselmo, 2012; Witter et al., 2000). This suggests that the flow of information con-
verges in the DG and CA3 regions of the hippocampus, providing these regions with access
to the full context of the overall episode.

A computational modeling study based on Hebb-Marr principles showed that long-term
potentiation (LTP) likely supports pattern completion, whereas the unique pathway of con-
nectivity from the entorhinal cortex to the DG and then to the CA3 likely supports pattern

separation (O’Reilly & McClelland, 1994). In models of hippocampal function, it is



theorized that pattern separation occurs at the nexus between the sparsely populated prin-
ciple cells in EC layer Il and the populous granule cell layer in the DG via a one-to-many
distribution of neural representations (Hasselmo et al., 2002; Hasselmo & Wyble, 1997;
O’Reilly & McClelland, 1994). This has led to the postulation that domain-agnostic pattern
separation occurs along the perforant pathway partially due to the increased dimensionality
of the neural representation. In addition to the direct projections from the EC, region CA3
receives excitatory input from the DG via the mossy fiber pathway. This results in a con-
vergence of multimodal sensory information in the CAS.

A third avenue for excitatory input to the CA3 comes from the broadly distributed lon-
gitudinal association fibers that arise from other CA3 cells, creating strong recurrent con-
nections within CA3 (Amaral & Witter, 1989). Models of CA3 function postulate that pat-
terns of neuronal activity within CA3 could leverage Hebbian modification to strengthen
associations between stimuli or within context, creating an auto-association network sup-
porting episodic retrieval through pattern completion (Hasselmo, 2012). In these models,
presentation of a partial or degraded cue evokes activity across a subset of neurons within
the CA3, which, via attractor dynamics, triggers activity across the strengthened excitatory
recurrent connections (Hasselmo & Wyble, 1997; Levy, 1996; Marr, 1971; Treves & Rolls,
1992). The result is successful activation of the complete pattern of activity, known as
pattern completion.

Other connections within the hippocampus serve complementary roles in memory pro-
cessing. CAL receives information from CA3 through the Schaeffer collaterals, as well as

direct projections from EC layer I11. As noted earlier, unlike input to DG and CA3, the



input from IEC and mEC layer 11l to CA1 is segregated. Information from mEC projects
to proximal regions within CA1, while IEC projects to more distal areas of CA1 (Amaral
& Witter, 1989; Witter et al., 2000). One proposed role of CAL is as a signal comparator
between the contextually converged signal it receives from CA3 and the more distinct rep-
resentations delivered from the mEC and IEC. Neurons in CA1 may gate this information,
and activate only under conditions in which the inputs match, subsequently spreading that
information directly back to the EC, or indirectly to the EC via the subiculum (Hasselmo
& Schnell, 1994; Hasselmo & Wyble, 1997). The subiculum receives input from both EC
layer I11 as well as CAL1, and projects information back to the deep layers of the entorhinal
and parahippocampal cortices (Amaral & Witter, 1989; van Strien et al., 2009), marking
the exit of information from the hippocampus back to the cortex. In summary, computa-
tional models propose that the EC-DG-CA3 flow of information works to de-emphasize
similarities across events and create distinct neural representations while the extensive re-
current collateral network within CA3 functions as an auto-associative pattern completion
network (Hasselmo, 2012). Thus, based on the input circumstances, hippocampal dynamics
can shift towards supporting either pattern separation or pattern completion.

Experimental work in rodents provide neurobiological evidence for the DG and CA3
supporting pattern separation and completion, consistent with computational theories
(Guzowski et al., 2004; Lee et al., 2004; Leutgeb et al., 2004; Neunuebel & Knierim, 2014).
Lesioning the DG in rodents is associated with impaired performance on discrimination of
items with increased overlap of spatial cues (Gilbert et al., 2001). Discrimination perfor-

mance particularly suffers when the locations are more spatially proximal (e.g. high spatial



interference) than when they are separated by a greater distance (Hunsaker & Kesner,
2008). Together, these studies provide compelling experimental evidence for DG and CA3

regions as critical for both pattern separation and completion in rodents.

1.2!Mnemonic discrimination is supported by the hippocampus in humans

In humans, high-resolution functional magnetic resonance imaging (fMRI) studies op-
timized for the hippocampal subfields have shown pattern separation-like activation signa-
tures specific to DG/CAS3 for objects (Bakker et al., 2008; Kirwan et al., 2007; Lacy et al.,
2011; Yassa et al., 2011; Yassa, Stark, et al., 2010), object locations in space (Reagh,
Roberts, Ly, DiProspero, et al., 2014; Reagh & Yassa, 2014), and scenes (Berron et al.,
2016). For example, in a commonly-used paradigm designed to assess behavioral pattern
separation in humans developed by Craig Stark and colleagues, participants are shown a
series of objects in either a continuous recognition paradigm, or in an encoding block fol-
lowed by a retrieval block. The series of objects presented include unrelated new objects
(foils), previously shown objects (target repetitions), or pictures that are similar to previ-
ously seen targets but are slightly different (similar lures). In the landmark investigation of
this incidental encoding task, activity in DG/CA3 was equally as high for similar lures as
it was for the first presentation of a novel stimulus (Bakker et al., 2008). In comparison,
repeated stimuli showed significantly lower activity (i.e. repetition suppression). This in-
dicates that the DG/CAZ3 is treating similar lures like novel objects rather than as repeats
of previously seen stimuli. What is more, other regions within the hippocampus show lure

activity as no different from repeated stimuli. Thus, the higher activity for similar stimuli
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compared to repeated stimuli has been interpreted as a pattern-separation effect within the
DG/CA3 in many subsequent studies (Lacy et al., 2011; Reagh, Watabe, et al., 2014; Yassa
etal., 2011; Yassa, Stark, et al., 2010).

Several studies from our group have also implicated the hippocampal subfields and
surrounding cortices in supporting the encoding, maintenance, and retrieval of stimuli that
share overlapping information. In particular, the DG/CA3, subiculum, and CA1 work to-
gether for the encoding and maintenance of overlapping representations of face pairs (same
face, different facial expressions) compared to non-overlapping stimuli (two different
faces) during working memory (Newmark et al., 2013). We have also demonstrated that
during a spatial disambiguation task in which participants are required to encode and re-
trieve overlapping spatial sequences, the DG/CAS3 is recruited particularly during condi-
tions when subjects have to make navigational choices during an overlapping portion of
two mazes (Brown et al., 2010; Brown, Hasselmo, & Stern, 2014; Brown et al., 2012). In
this paradigm, successful navigation during task performance is dependent on accurate
spatial memory that relies, in part, on disambiguating mazes that share overlapping hall-
ways (i.e. spatial pattern separation). Taken together, collective evidence across computa-
tional modeling, experimental work in rodents, and neuroimaging studies in humans

demonstrate a reliance on the DG/CA3 during tasks that require pattern separation.

1.3'Hippocampal neuroplasticity is critical for accurate pattern separation
A defining characteristic of the hippocampus is marked functional and structural neu-

roplasticity throughout the lifespan, which has a vast array of implications for the
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modulation of cognitive processes. Innate synaptic properties such as long-term potentia-
tion (LTP), long-term depression (LTD), and spike-timing dependent plasticity have been
observed within the hippocampal circuit and are critical mechanisms that support learning
and memory (Hasselmo & Schnell, 1994; Pastalkova et al., 2006). As briefly mentioned in
the previous section, computational modeling of pattern completion is primarily based on
Hebb-Marr principles and LTP strengthening of synapses within the recurrent collaterals
in CA3 (O’Reilly & McClelland, 1994).

In addition to synaptic plasticity, structural plasticity is another feature of the hippo-
campus critical to supporting memory processes. Adult hippocampal neurogenesis (AHN)
occurs in the DG subregion, and these immature neurons are integrated into the existing
neural network (van Praag, Christie, et al., 1999). Compared to their mature counterparts,
newborn neurons exhibit lower excitability thresholds (Kee et al., 2007), greater synaptic
plasticity (Schmidt-Hieber et al., 2004), and are typically thought to contribute to pattern
separation (Aimone et al., 2006, 2009; Clelland et al., 2009; Sahay et al., 2011). Indeed,
computational models on the contributions of newborn neurons emphasize their role in
supporting pattern separation and creating an environment more amenable to encoding new
information (Aimone et al., 2010, 2006, 2009; Deng et al., 2010).

In support of computational theories, experimental studies in rodents demonstrate clear
consequences of perturbing adult neurogenesis on behavioral performance in fine discrim-
ination tasks. Two separate studies tested the contributions of AHN on contextual discrim-
ination using a fear conditioning paradigm. Ablation of AHN via focal X-irradiation re-

sulted in impaired performance on contextual fear conditioning (Saxe et al., 2006). On the
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other hand, silencing the pro-apoptotic gene Bax creates an expanded population of new-
born neurons with higher survival rates, and was associated in better performance on fear
conditioning within similar contexts (Sahay et al., 2011). Consistent with this work, Clel-
land and colleagues (2009) also used X-irradiation to focally ablate neurogenesis in the DG
to determine the contributions of newborn neurons on two tasks that rely on spatial pattern
separation. In both a delayed nonmatch-to-sample paradigm and a two-choice discrimina-
tion paradigm with illuminated touch screens, irradiated mice were impaired at discrimi-
nation in low spatial separation conditions (i.e. high interference), but performed at the
level of controls in high spatial separation conditions (i.e. low interference). In contrast,
performance on general hippocampal tasks that do not require pattern separation, such as
a paired associate learning task, did not suffer from ablating AHN, suggesting a refined
role of newborn neurons that specifically function to orthogonalize similar representations
(Clelland et al., 2009). Together, these results demonstrate a critical role for AHN in fine
discrimination, consistent with their theorized function as arbiters of pattern separation.
Thus, enhanced and tightly regulated hippocampal network plasticity enables disambigua-
tion of highly overlapping stimuli and allows accurate distinction between subtly different

contexts.

1.4!Aerobic exercise positively modulates hippocampal neuroplasticity and enhances
mnemonic discrimination in rodents
Converging evidence across multiple species has demonstrated aerobic exercise is pos-

itively related to structural and functional plasticity in the hippocampus (Chaddock et al.,
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2010; Creer et al., 2010; Erickson et al., 2009, 2011; Maass, Duzel, Goerke, et al., 2015;
Nokia et al., 2016; Pereira et al., 2007; van Praag, Christie, et al., 1999; van Praag,
Kempermann, et al., 1999; van Praag et al., 2005; Vivar et al., 2016). Aerobic exercise
upregulates hippocampal neuroplasticity in a myriad of ways, including driving increases
in vascularization (van Praag et al., 2005), neurotrophic expression (Neeper et al., 1995;
Park & Poo, 2013), dendritic spine density and arborization (Eadie et al., 2005; Stranahan
et al., 2007), and synaptic plasticity (Christie et al., 2008; Vivar et al., 2016). In turn, these
molecular and cellular changes lead to robust upregulation of adult neurogenesis (van
Praag et al., 1999), and facilitate functional integration of newborn neurons into the exist-
ing neural network (Ramirez-Amaya et al., 2006).

This upregulation of exercise-induced AHN, in particular, has gained considerable at-
tention given the potential role of newborn neurons in pattern separation and memory en-
coding. Spatial pattern separation has been shown to be more precise in wheel-running
rodents compared to sedentary controls (Creer et al., 2010). Additionally, this enhanced
fine discrimination behavior correlated with levels of AHN. In a study by Bolz and col-
leagues (2015), sedentary and wheel-running mice were compared during a novel object
recognition task. Mice explored objects either very similar or very distinct to previously
encountered stimuli. Although the two groups showed no difference in exploration time
for clearly distinct objects, runner mice spent more time exploring similar stimuli, indicat-
ing the rodents correctly distinguished the similar object from the previously encountered

stimulus (Bolz et al., 2015). Results from these studies provide compelling evidence for
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aerobic exercise-induced hippocampal neuroplasticity that effectively enhances fine mne-

monic discrimination.

1.5!'Aerobic exercise-related hippocampal neuroplasticity and effects on memory in

young adult humans

The extent to which these discoveries in rodents parallel similar mechanisms in the
human brain is not fully understood. Currently, there is no method to measure the quantity
and proliferation of newborn granule cells in humans in vivo. Furthermore, there is debate
within the literature as to whether the human DG is capable of adult neurogenesis (Boldrini
et al., 2018; Eriksson et al., 1998; Sorrells et al., 2018). A pioneering study by Pereira and
colleagues (2007) sought to bridge the species gap by measuring exercise-induced changes
in regional cerebral blood volume (rCBV) in the hippocampus of both rodents and humans.
Results demonstrated aerobic exercise-induced increases in perfusion specific to the DG in
both humans and rodents. Furthermore, rCBV in the rodent DG strongly correlated with
levels of AHN post-mortem. In the human subjects, selective increase in rCBV in the DG
correlated with improvements in cardiorespiratory fitness (CRF) following a twelve-week
exercise program (Pereira et al., 2007). These results provided a putative link between
AHN and rCBV, and also suggested high-resolution, noninvasive neuroimaging techniques
could provide sufficient resolution to assess hippocampal plasticity at the subfield level in
humans. Moreover, this study was the first to directly extend research on exercise-induced

effects on neurogenesis and hippocampal plasticity to humans.
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Since then, several more research groups have begun to leverage multimodal neuroim-
aging techniques to corroborate the positive relationship between aerobic exercise and
markers of hippocampal integrity in humans. The majority of these studies have focused
on older adults, and will be discussed in more detail in subsequent sections of this intro-
duction.

Dramatically fewer studies have examined this relationship in early or middle adult-
hood. The handful of experiments testing the relationship between aerobic exercise and
brain plasticity in young adults have demonstrated somewhat conflicting results. Using
multimodal neuroimaging measures, Thomas and colleagues (2016) demonstrated a tran-
sient increase in anterior hippocampal volume was linked to increases in MMO,max (the gold
standard measure for aerobic capacity) following a six-week aerobic exercise intervention,
but did not find evidence for changes in vascularization. These results conflict with another
study that investigated the relationship between CRF, viscoelasticity (a quantitative meas-
ure of tissue integrity) of the hippocampus, and relational memory performance (Schwarb
et al., 2017). Results demonstrated that hippocampal viscoelasticity, but not hippocampal
volume, was related to CRF and better relational memory performance. Other groups have
shown a significant positive relationship between performance on hippocampal-dependent
tasks and CRF (Baym et al., 2014), improved CRF following a short high-intensity inter-
vention (Griffin et al., 2011), and improved CRF following a longer-term exercise inter-
vention (Déry et al., 2013) in healthy young adults. Previously, our group demonstrated a
relationship between higher CRF and entorhinal cortex volume in young adults (Whiteman

et al., 2016). This suggests that CRF and aerobic exercise may affect the entire entorhinal-
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hippocampal circuitry. In corroboration with this notion, one study demonstrated that an
acute bout of aerobic exercise is linked to enhanced performance on mnemonic discrimi-
nation, possibly driven by rapid increases in functional connectivity between the DG/CA3
and cortical regions (Suwabe, Hyodo, Byun, Ochi, Yassa, et al., 2017).

Despite these studies providing some evidence of a positive relationship between CRF
and hippocampal integrity, the exact link between CRF, hippocampal subfield plasticity,
and mnemonic discrimination in young adults remains unclear. Furthermore, studies have
not yet investigated whether CRF modulates hippocampal subfield activity during mne-
monic discrimination using task-based fMRI. Given computational theories and rodent
work demonstrating a specific role for the DG-CAS3 circuit in pattern separation along with
clear evidence for an exercise-induced upregulation of regional plasticity, there remains a
need for examination of the relationships between CRF, mnemonic discrimination perfor-
mance, and hippocampal subfield activity and structure. In Chapters 2 and 3 of this disser-

tation, | describe experiments which seek to fill this gap.

1.6'Advanced age is associated with downregulated hippocampal plasticity and
poorer performance on mnemonic discrimination
The potent plasticity within the hippocampus is paralleled by its vulnerability in both
healthy aging and pathological neurodegeneration. Aging has been shown to have a signif-
icant blunting effect on the proliferation of new neurons (Creer et al., 2010; Kuhn et al.,
1996; van Praag et al., 2005). The first study to look at density of new neurons in relation

to age showed aged mice that were 12 months old had a drastic decline in the number of
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newborn neurons to nearly 18% compared to younger mice that were 6 months old (Kuhn
etal., 1996). Studies in aged rodents demonstrate diminishing plasticity, including reduced
synaptic contacts along the perforant path connecting entorhinal cortex layer Il to the DG
granule cells (Geinisman et al., 1992), a reduction in LTP induction and maintenance and
higher susceptibility to LTD at the synapses in the circuitry (for review see Burke &
Barnes, 2010). In turn, deficient neurogenesis is associated with mnemonic rigidity, or im-
paired behavioral pattern separation performance (Creer et al., 2010; Sahay et al., 2011).
Thus, functional and structural neuroplasticity within the local entorhinal-hippocampal cir-
cuitry is reduced with advancing age, resulting in lower mnemonic flexibility and poorer
performance on cognitive tasks of mnemonic discrimination.

Human studies largely corroborate these findings. Ultra high-resolution diffusion ten-
sor imaging of the perforant pathway in older adults shows evidence for degradation com-
pared to younger controls (Yassa, Muftuler, et al., 2010). Other neuroimaging studies show
disrupted function in this circuitry during memory tasks in healthy older adults compared
to young adults (Antonova et al., 2009; Yassa et al., 2011), including aberrant functional
activation in the entorhinal cortex and hippocampus during both spatial (Reagh, Roberts,
Ly, Diprospero, et al., 2014; Stark et al., 2010) and non-spatial mnemonic discrimination
memory tasks that likely require pattern separation (Stark et al., 2013, 2010; Yassa et al.,
2011; Yassa, Stark, et al., 2010). It is well established that advanced age, even in healthy
adults, is associated with gray matter decreases in both cortical and subcortical regions.
Regions within the frontal lobes and hippocampus seem to be particularly sensitive to aging

(Jack et al., 1998; Raz et al., 1997). For example, in cognitively normal adults between the
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ages of 70 and 89, average hippocampal volume loss was 1.6% annually, with the hippo-
campal head showing greater volume loss than the body and tail (Jack et al., 1998). In
individuals with AD, this effect was even more pronounced with about a 4% annual reduc-
tion in hippocampal volume.

Several studies have compared behavioral performance between cognitively normal
younger and older adults on mnemonic discrimination tasks. Results from these studies
demonstrate preservation of behavioral performance for recognition memory of previously
seen stimuli, but a clear negative age-effect on discrimination of highly similar lures
(Holden & Gilbert, 2012; Reagh, Roberts, Ly, Diprospero, et al., 2014; Stark & Stark,
2017; Stark et al., 2010), consistent with reduced pattern separation possibly due to down-
regulated plasticity within the hippocampus. Notably, only two studies using pattern sepa-
ration tasks have included middle-aged adults (Stark et al., 2010; Williams et al., 2019).
Results from both of these studies demonstrate decreased performance on mnemonic dis-
crimination that begin in middle-age, particularly for high interference conditions. How-
ever, the study by Williams and colleagues did not examine the entire adult lifespan. They
instead chose to bin their participants in younger (18-25 years), middle-aged (40-55 years),
and older (60+ years), which ignores large spans of the adult lifespan, particularly late
young adulthood into early middle-age (26-39 years). They also declined to include indi-
viduals between ages 56-59. Therefore, additional studies are needed to better characterize
the effects of age on mnemonic discrimination across the entire adult lifespan. The exper-
iments described in Chapter 4 of this dissertation aim to cross-sectionally examine differ-

ences in mnemonic discrimination performance across the adult lifespan.



1.7'Aerobic exercise and greater cardiorespiratory fitness counteract aging-related

decreases in brain plasticity

Aerobic exercise has been identified as among the most effective protective factors to
promote healthy brain aging (Barnes et al., 2003; Brown et al., 2013; Burns et al., 2008;
Erickson et al., 2011; Lautenschlager et al., 2012) and attenuate both cognitive (Barnes et
al., 2003; Brown et al., 2013) and structural (Brown et al., 2013; Burns et al., 2008) decline
related to healthy aging and AD. Early work by Henriette van Praag and colleagues demon-
strated significant upregulation of AHN in the DG of young rodents given access to a run-
ning wheel or environmental enrichment and was related to improved performance on the
Morris Water Maze (van Praag, Christie, et al., 1999; van Praag, Kempermann, et al.,
1999). In a follow-up study comparing the effects of running on the proliferation, survival,
differentiation, and morphology of adult born neurons in younger and older mice, wheel
running attenuated AHN levels in older mice to the level of younger sedentary mice (van
Praag et al., 2005). Additionally, this exercise-induced boost in AHN was related to en-
hanced spatial learning. In the probe trial of the Morris Water Maze, mice in the running
conditions spent disproportionately more time in the proper quadrant than their age-
matched controls. Subsequent experiments have also shown promising effects of aerobic
exercise on attenuating negative age-effects. Converging evidence confirms that aerobic
exercise seems to reverse age-related effects on the genesis and proliferation of newborn
neurons in rodents (Nokia et al., 2016), and suggests that beyond promotion of cognitively

healthy aging, exercise interventions can mitigate cognitive decline and enhance
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performance on tasks of pattern separation (Creer et al., 2010; Dao et al., 2015; Vivar et
al., 2016). Together, findings from these studies suggest aerobic exercise has specific pos-
itive effects on hippocampal plasticity which can ameliorate age-effects and in turn, pro-
mote hippocampal-dependent memory.

Early work investigating the effects of improving CRF on cognition have focused
broadly on improved cognitive vitality primarily related to executive functioning rather
than on cognitive processes that are modulated by hippocampal plasticity mechanisms,
such as pattern separation (Barnes et al., 2003; Colcombe & Kramer, 2003). Recent work
in humans has been inspired by the known effects of aerobic exercise on hippocampal
plasticity from the rodent literature. In the last decade, researchers have begun to use hip-
pocampally-dependent cognitive tasks to probe whether CRF preferentially modulates age-
related memory decline. Cross-sectional experiments in older adults have demonstrated
that greater physical activity and CRF is linked to greater hippocampal volume (Erickson
etal., 2009; Varma et al., 2015) and improvements in functional connectivity in large scale
brain networks (Voss, Erickson, et al., 2010). Furthermore, greater amounts of physical
activity and higher levels of CRF have also been linked to better performance in both spa-
tial memory (Erickson et al., 2011) and associative memory tasks (Hayes et al., 2015).
Intervention studies in older adults provide compelling evidence that exercise can improve
cerebral blood flow to the hippocampus (Maass, Duzel, Goerke, et al., 2015), attenuate
age-related loss of gray matter volume in the hippocampus (Erickson et al., 2011; Rosano

et al., 2017; Smith et al., 2014), facilitate improved connectivity in the default mode
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network (Voss, Prakash, et al., 2010), and improve spatial memory (Erickson et al., 2011;
Voss, Prakash, et al., 2010).

Together, this research clearly suggests that aerobic exercise and CRF are positively
linked to hippocampal neuroplasticity in older age and may have broad consequences on
brain health. Substantial evidence points to the hippocampus as particularly receptive to
exercise-induced attenuation of age-effects, both structurally and functionally. Several
studies have shown that advanced age negatively impacts behavioral performance of spa-
tial (Holden & Gilbert, 2012; Moffat et al., 2006; Reagh et al., 2014; Stark et al., 2010) and
non-spatial (Ly et al., 2013) mnemonic discrimination tasks. However, no studies to date
have examined the relationship between CRF and mnemonic discrimination across the
adult lifespan, despite rodent work demonstrating that aerobic exercise produces a rescue
effect on hippocampal neuroplasticity that attenuates age-effects on fine discrimination
(Creer et al., 2010; van Praag et al., 2005).

Based on both rodent and human literature, it is conceivable that age-related reduction
in hippocampal plasticity and the consequential blunting effect on pattern separation may
be attenuated by aerobic exercise. However, to date, it is unclear how CRF-modulated cog-
nitive performance may change throughout the lifespan, as experiments that include mid-
dle-aged individuals are scarce. The goal of Chapter 4 in this dissertation is to characterize
how levels of CRF may relate to behavioral performance on mnemonic discrimination

tasks across the adult lifespan.

1.8!Motivation for the Experiments in this Dissertation
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Broadly speaking, the main objective of this dissertation is to better understand the
effects of both aerobic capacity and age on hippocampally-dependent memory. More spe-
cifically, I sought to i) investigate the relationship between aerobic exercise, cardiorespir-
atory fitness (CRF) and hippocampal subfield structure and function in young adults, and
ii) to examine how CRF may mitigate age-related decline in mnemonic discrimination
across adulthood. The conceptual framework for the experiments within this dissertation is
motivated by animal studies and computational models that suggest a specific effect of
aerobic exercise and higher CRF on hippocampal plasticity, which, in turn, supports pattern
separation mediated mnemonic discrimination performance.

In a series of three experiments, | tested the central hypothesis that CRF is linked to
hippocampal plasticity and is a modulating factor of behavioral performance in mnemonic
discrimination tasks. These experiments leveraged a combination of high-resolution struc-
tural and functional MRI, objective assessment of aerobic capacity, and behavioral tests of
pattern separation. Data from Chapters 2 and 3 were acquired from a longitudinal random-
ized controlled trial (RCT; NCT02057354) in healthy young adults (ages 18-35 years) as
well as older adults (ages 55-85 years). This dissertation focuses only on the young adult
data from the RCT. Chapter 2 focused on baseline functional magnetic resonance imaging
(FMRI) data from the RCT, and Chapter 3 elucidated structural and behavioral longitudinal
changes following a twelve-week exercise intervention program. In Chapters 2 and 3, |
used a novel mnemonic discrimination paradigm designed to tax pattern separation mech-
anisms at varying levels. In a separate, cross-sectional design described in Chapter 4, |

elucidated the relationships between CRF and behavioral performance across the adult
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lifespan (ages 18-83 years), using two established behavioral paradigms that rely on pattern
separation mechanisms.

Experiments 1 and 2, described in Chapters 2 and 3, respectively, employed a novel
delayed matching-to-sample task designed to conceptually task pattern separation mecha-
nisms. Stimuli in the experiment shared either a high, moderate, or low level of overlap
with one another. This allowed us to assess mnemonic discrimination at various demands
of overlap. Trials in which stimuli shared high objective similarity with a shared template
face thus create greater demands on pattern separation mechanisms to resolve interference.

Previous work in humans shows that the DG/CAS3 region seems to uniquely detect sub-
tle differences in similar lure objects, treating these as novel objects rather than repeats
(Bakker et al., 2008), indicating a pattern separation effect. A previous study found that
CAL had a graded response to increasing similarity in input, while the DG/CA3 was sen-
sitive to very small changes in input (Lacy et al., 2011), however this study used subjective
and not objective stimulus similarity. In Experiment 1, | used high-resolution fMRI opti-
mized for the medial temporal lobe to functionally determine the effect of parametrically
varying stimulus overlap on mnemonic discrimination and activation within the hippocam-
pal subfields in healthy, but sedentary, young adults. In addition, | examined how baseline
levels of CRF may modulate both hippocampal subfield activity and task performance in
sedentary young adults. The main objectives were to test the predictions that the hippo-
campal subfields, particularly the DG/CA2/3, support successful encoding and retrieval of
overlapping information, and this activity is modulated by stimulus similarity. Additional

predictions included that higher CRF is associated with better behavioral performance and
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greater hippocampal activity during mnemonic discrimination. Consistent with predictions,
the DG/CAZ2/3 was engaged during both the encoding and retrieval phases of the task. Crit-
ically, results demonstrated that during trials with highly similar stimuli, greater activity in
the DG/CAZ2/3 during retrieval was associated with better performance on the task. Behav-
iorally, higher-fit individuals performed better than lower-fit individuals, particularly when
stimulus similarity was low. However, the baseline levels of CRF in sedentary adults did
not modulate hippocampal subfield activity during the task.

In Experiment 2, described in Chapter 3, I examined volumetric changes within the
hippocampal subfields in response to improving CRF over a twelve-week exercise inter-
vention program. The primary hypotheses were that enhanced CRF would predict an in-
crease in hippocampal volume, specifically in the DG/CA3 subregion within the hippo-
campal head, and that improved CRF would relate to enhanced mnemonic discrimination
performance. Results confirmed that improving CRF was positively linked to a volumetric
increase specific to the head of the DG/CA3 in healthy young adults. In addition, there was
a positive relationship between change in CRF and mnemonic discrimination for highly
similar stimuli, particularly for individuals who were initially lower-fit.

Experiment 3, described in Chapter 4, tested the hypothesis that higher CRF attenuates
age-related effects on mnemonic discrimination performance in both the non-spatial and
spatial domains across the adult lifespan. Nearly all tasks in rodent models of fine discrim-
ination include spatial components or spatial contexts to test behavioral pattern separation
(Clelland et al., 2009; Creer et al., 2010; Sahay et al., 2011), whereas the vast majority of

human studies have used variants of the same object-based task (Bakker et al., 2008;
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Bernstein & McNally, 2019; Stark et al., 2013; Suwabe, Hyodo, Byun, Ochi, Yassa, et al.,
2017; Yassa, Stark, et al., 2010). Therefore, it is critical to elucidate the effect of age on
behavioral pattern separation across domains to better bridge the gap between rodent and
human models. To examine this, | employed two tasks that have previously demonstrated
DG/CA3 involvement during conditions that required disambiguation of overlapping in-
formation in both the spatial (Brown et al., 2010; Brown, Hasselmo, & Stern, 2014; Brown
et al., 2012) and non-spatial domains (Bakker et al., 2008; Kirwan et al., 2007). Im-
portantly, Experiment 3 included healthy adults between the ages of 18-83 years for a better
characterization of the impact of age on mnemonic discrimination across the adult lifespan.
Lastly, participants underwent a CRF assessment. This enabled us to elucidate how CRF
is associated with mnemonic discrimination performance across adulthood. Results from
Experiment 3 clearly demonstrated robust deleterious age-effects on behavioral perfor-
mance on mnemonic discrimination across both the spatial and non-spatial domains. Fur-
thermore, higher CRF was related to enhanced performance on non-spatial mnemonic dis-
crimination for the youngest adults only. In contrast, higher CRF partially attenuated age-
related deficits for spatial contextual discrimination, consistent with predictions.

More generally, the findings reported in this dissertation build on work done in animal
models, and extend previous work in older adult humans to suggest an important role for

CREF-related hippocampal neuroplasticity that is evident across the adult lifespan.
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CHAPTER 2!: Hippocampal subfield contributions to pattern separation and cardi-

orespiratory fitness in young adults



2.1lIntroduction

Computational models of memory suggest there is a delicate balance between orthog-
onally encoding similar memories or experiences into unique neural representations (pat-
tern separation) and reestablishing patterns of neural activity using partial or degraded in-
puts for retrieval (pattern completion) (Marr, 1971; O’Reilly & McClelland, 1994; Treves
& Rolls, 1994). When stimuli are less similar, both the neocortex and hippocampus provide
memory signals to discriminate between a studied and an unstudied item. When stimuli are
highly similar, the hippocampus enables pattern separation of highly similar items
(O’Reilly & Norman, 2002). Experimental work in rodents has provided neurobiological
evidence for the dentate gyrus (DG) and CA3 supporting pattern separation and completion
(Lee et al., 2004; Leutgeb et al., 2004; Neunuebel & Knierim, 2014), consistent with com-
putational theories of hippocampal function (Hasselmo et al., 2002; Hasselmo & Wyble,
1997; O’Reilly & McClelland, 1994).

fMRI studies in humans show that the first presentation of a novel stimulus elicits
greater hippocampal activity than presentation of a repeated stimulus, a phenomenon
known as repetition-suppression (Stern et al., 1996). In addition, high-resolution fMRI
studies have demonstrated that when presented with a stimulus that is similar, but not the
exact same as one previously shown, the DG/CAS3 region detects subtle differences, re-
flected by an increase in activation. This increased activation rather than a repetition-sup-
pression response is evidence for the DG/CA3 treating these similar lures as novel objects
rather than repeats (Bakker et al., 2008), indicating a pattern separation effect. Conversely,

the subiculum and CA1l demonstrate a repetition suppression effect with similar lure
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objects (Bakker et al., 2008), suggesting that these regions do not detect the subtle differ-
ences and treat similar lure objects like repeated stimuli. Previously, Lacy and colleagues
(2011) found that CA1 had a graded response to increasing similarity in input, while the
DG/CA3 was sensitive to very small changes in input. Work from our group has implicated
the hippocampal subfields and surrounding cortices in encoding and maintenance of over-
lapping representations of face pairs (same face, different facial expressions) compared to
non-overlapping stimuli (two different faces) during working memory (Newmark et al.,
2013). In particular, encoding of overlapping face pairs specifically recruited the DG/CA3
as well as CA1 and subiculum. CAL, together with the subiculum and surrounding medial
temporal lobe cortices were recruited for maintenance of overlapping information. Tradi-
tionally, behavioral pattern separation experiments in humans have used semantically re-
lated stimuli that have been deemed as subjectively more or less similar in order to test
mnemonic discrimination. This creates a disconnect from behavioral tests of pattern sepa-
ration in rodents, in which experimenters parametrically manipulate stimulus similarity in
an objective way (Creer et al., 2010; Kesner et al., 2011). Furthermore, the distinct contri-
butions of hippocampal subfields during mnemonic discrimination for objectively overlap-
ping stimuli remain unclear.

A hallmark feature of the hippocampus is its structural and functional neuroplasticity,
including the existence of adult hippocampal neurogenesis (AHN) specific to the DG sub-
region (Altman & Das, 1965; Eriksson et al., 1998; Kuhn et al., 1996). These highly excit-
able newborn neurons are theorized to support pattern separation (for review: Aimone et

al., 2014; Deng et al., 2010). AHN is tightly regulated by both environmental and biological
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factors (Kempermann et al., 1997; Nokia et al., 2016; van Praag, Christie, et al., 1999). For
example, in rodents, improving cardiorespiratory fitness (CRF) through wheel running has
been demonstrated to positively enhance plasticity in the hippocampus and the local cir-
cuitry (van Praag, Christie, et al., 1999; van Praag, Kempermann, et al., 1999). Further-
more, animal models demonstrated that upregulation of AHN either via aerobic exercise
(Creer et al., 2010) or inhibiting programmed cell death (Sahay et al., 2011) enhances per-
formance on putative pattern separation tasks. Conversely, knocking out AHN in rodents
leads to impaired spatial pattern separation on spatially proximal choices in both a two-
choice discrimination task using a touchscreen operant chamber and spatially proximal
choices in a radial arm maze task (Clelland et al., 2009). Together, this evidence supports
the theory that newborn neurons contribute to regulating pattern separation.

Studies in humans have shown a positive association between CRF and physical activ-
ity with both hippocampal volume and performance on memory tasks across the lifespan
(Bernstein & McNally, 2019; Chaddock et al., 2010; Erickson et al., 2009; Suwabe, Hyodo,
Byun, Ochi, Fukuie, et al., 2017). In a recent review of this work, VVoss and colleagues
suggested that relational memory tasks and mnemonic discrimination tasks that rely on
pattern separation may be the ideal avenue to more precisely measure the effects of CRF
on memory, offering a stronger link to rodent studies (Voss et al., 2019). To date, the few
studies that have linked CRF and mnemonic discrimination performance in young adult
humans have relied on tasks that use subjectively similar objects (Bernstein & McNally,
2019; Déry et al., 2013; Suwabe, Hyodo, Byun, Ochi, Yassa, et al., 2017), unlike studies

in rodents that rely on objective similarity between stimuli (Clelland et al., 2009; Creer et
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al., 2010). Moreover, examination of the link between CRF and hippocampal pattern sep-
aration with subfield-level resolution using fMRI is lacking.

In Experiment 1 of this dissertation, we enrolled healthy young adults (ages 18-35
years, N = 50) to perform a mnemonic discrimination task while undergoing high-resolu-
tion fMRI and participate in a submaximal treadmill test for assessment of cardiorespira-
tory fitness (CRF). Our objectives were to test the predictions that i) increasing stimulus
similarity results in poorer behavioral performance for conditions with the highest level of
stimulus similarity, ii) activity in the DG/CA2/3 and CA1 regions differentially engage
during encoding and retrieval of overlapping information and are modulated by stimulus
similarity, and iii) inactive young adults with higher CRF levels have better behavioral
performance and greater relative hippocampal activity during the mnemonic discrimination

task than lower-fit individuals.

2.2IMaterials and Methods
2.2.1! Participants and study design

Data presented in this chapter (Experiment 1) come from baseline data collected as part
of a longitudinal exercise intervention program and registered as a randomized controlled
clinical trial (ClinicalTrials.gov; NCT02057354). Young adults were recruited from Bos-
ton University and the surrounding community (N=112), and seventy-eight were enrolled.
Eligible participants were English language speakers between the ages of 18 and 35 years
with normal or corrected-to-normal vision, reported no past or current neurological or psy-

chiatric disorders, and had no musculoskeletal, circulatory, or pulmonary conditions at the
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time of the study. Participants reported being sedentary prior to commencement of the
study, defined as less than 30 minutes three times per week of moderate intensity physical
activity over the previous three months (ACSM, 2014). Additional exclusionary criteria
included MRI contra-indicators (e.g. ferro-magnetic metal in or on the body that could not
be removed, claustrophobia), obesity, eating disorder, diabetes mellitus, pregnancy, pres-
ence of infection, diagnosis of kidney failure, liver disease, thyroid disease, cancer, use of
cardio- or psycho-active medication at time of study, alcohol or drug misuse or abuse, or
recreational smoking. Pre-screening was completed over the phone, followed by an in-
formed consent and full screening visit. All participants provided signed, informed consent
prior to participation in the study. Protocols and study procedures were approved by the
Boston University Medical Campus Institutional Review Board. Data reported in Experi-
ment 1 came from baseline measures of CRF and the baseline cognitive and MRI visit. (N
= 50). Longitudinal data following a twelve-week exercise intervention program are re-

ported in Chapter 3 of this dissertation.

2.2.2! Neuropsychological Assessment

Participants competed a neuropsychological assessment and were administered WAIS-
IV measures including digit span forward, digit span backward, and digit sequence to as-
sess short-term memory and working memory, respectively; Trail Making Test A and B
(TMT) to assess executive functioning, attention, visual search, and mental processing
speed; and the Victoria Stroop Test (VST) to assess response inhibition (Strauss et al.,

2006; Tombaugh, 2004). Time to completion for TMT A and B are recorded in seconds
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and TMT ratio was calculated by time in seconds to complete TMT B divided by time in
seconds to complete TMT A. VST ratio was calculated by time in seconds for the interfer-
ence condition divided by time in seconds for the dots condition. Lower scores for both

ratios indicate higher executive switching and better response inhibition.

2.2.3! CRF Assessment

The participants completed a submaximal-graded treadmill exercise test using a modi-
fied Balke protocol (ACSM, 2014; Cooper & Storer, 2001; Hagberg, 1994). Participants
were instructed to refrain from strenuous physical activity for at least 24 hours prior to the
test and to eliminate consumption of caffeine for three hours prior to the fitness assessment.
During the fitness assessment, participants wore heart rate (HR) monitors (Polar, model
H1) connected to a HR watch (Polar, model FT60). CRF was determined by estimating
maximal oxygen uptake (MO,wmax) based on the known linear relationship between heart
rate and oxygen uptake (MO,) (Wasserman et al., 2012). Oxygen uptake was predicted
from treadmill speed and grade at each minute of the test using standard, published equa-
tions (ACSM, 2014). Following a 3-minute warm-up, participants walked at a constant
speed with incremental increases in grade. Tests were terminated when each subject
reached 85% of age-predicted maximal heart rate (HRmax; (Tanaka et al., 2001)). This ter-
mination criterion was conservatively selected to be consistent with safety measures en-
acted for other participant cohorts (older adults ages 55-85 years; data not included in this
dissertation) in the clinical trial. Heart rate and blood pressure were monitored throughout

the test and at termination. Participants provided their rating of perceived exertion every
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three minutes using the Borg 6-20 scale (Borg, 1982). Oxygen uptake for each minute of
exercise was calculated using the American College of Sports Medicine (ACSM) metabolic
equation for gross MO, for walking (Equation 1):
\V0,=0.1mL/kg/min x S +1.8 mL/kg/min x S x G+3.5 mL/kg/min

in which MO,, S, and G, and 3.5 represent gross oxygen uptake (m¥(kg -min)), treadmill
speed (m/min), the percent of the treadmill grade expressed as a fraction, and the resting
oxygen uptake, respectively (ACSM, 2014). The calculated MO, was then plotted with its
corresponding HR at the end of each minute. From this, we calculated a linear regression
using individual subject’s predicted HRmax (Tanaka et al., 2001), allowing us to estimate

maximal aerobic capacity.

2.2.41 Mnemonic Discrimination Task
2.2.4.11  Task Materials and Stimuli

Subjects performed a delayed matching-to-sample task using novel face stimuli while
undergoing fMRI scanning. Stimulus presentation and participant response data were dis-
played and collected using EPrime 2.0 software (Psychology Software Tools, Pittsburgh,
PA). The stimulus set consisted of grayscale images of central facial features of non-fa-
mous faces by eliminating peripheral features (e.g. hair, clothes). We created ten runs con-
taining twelve trials per run and split the runs into two sets of five runs (Set A and Set B)
constituting 60 trials per set. Each set of stimuli were counterbalanced across participants
so half the participants performed Set A during baseline testing (described in the current

chapter) and Set B during follow-up testing after completion of a longitudinal exercise
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intervention (described in Experiment 2, detailed in Chapter 3). The other half of partici-
pants performed Set B followed by Set A. We present data from baseline only in the current
chapter.

Critically, stimuli within a trial were rendered more similar to one another by objective
manipulation using face morphing software (Fantamorph 5). All stimuli within a trial were
morphed to a trial-unique template at 10% similarity, 30% similarity, or 50% similarity
overlap to create three parametrically manipulated similarity conditions (Figure 2.1A). The
stimuli at the highest level of similarity have objectively greater representational overlap
with one another. Therefore, this condition in particular would theoretically rely on the DG
for successful resolution of interference. Trial condition was pseudo-randomized for each
run and participant so that an even number of each condition appeared in each run. Imme-
diately prior to beginning the task, subjects were given detailed instructions and performed
one practice run with a distinct set of stimuli. Response feedback was given for each trial
during the practice. During test, accuracy was summarized and displayed at the end of each

run.

2.2.4.2!  Task Procedure

Participants performed the delayed matching-to-sample task that relied on discrimina-
tion of similar stimuli for success while in the MRI scanner (see Figure 2.1B for example
trial). Each trial consisted of two face stimuli presented sequentially for two seconds (Sam-
ple 1: 2 s, Sample 2: 2 s) followed by a black background and grey silhouette of a face for

a ten-second delay period (Delay), and finally a third face stimulus presented for a total of
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two seconds (Test). All stimuli within a trial were morphed to a trial-unique template at
either 10% similarity, 30% similarity, or 50% similarity. Thus, for example, on a non-
match 30% similarity trial (Figure 3.4B), both Sample 1 and Sample 2 as well as the Test
face shared 30% of the stimulus features derived from their trial-unique template. Partici-
pants were instructed to make one of three button-press responses during the test face stim-
ulus presentation: 1) the test face displayed was the same face stimulus as Sample 1
(match), 2) the test face stimulus displayed was the same face stimulus as Sample 2
(match), or 3) the test face stimulus displayed a new face stimulus that was not previously
seen (non-match). A variable length (6-12 s) inter-trial interval separated each trial. Trials
were evenly split into match and non-match; match trials were split evenly across Sample

1 and Sample 2.

2.2.5! MRI Parameters and Subfield Segmentation

Imaging data were collected on a 3 Tesla Phillips Achieva MRI scanner equipped with
an 8-channel SENSE head coil at Boston University Center for Biomedical Imaging. A
high-resolution whole-brain structural T1-weighted magnetization prepared rapid acquisi-
tion gradient echo (MPRAGE; SENSitivity Encoding P reduction: 1.5, S reduction: 2; TR
=6.7ms, TE = 3.1 ms, flip angle = 9°, Field of View = 25 cm, Matrix Size = 256 1 254,
150 slices, resolution =0.98 mm ¥ 0.98 mm ! 1.22 mm) was acquired for each participant.
Additionally, coronal sections were obtained perpendicular to the long axis of the hippo-
campus in a structural T2-weighted image with higher in-plane resolution (SENSitivity

Encoding P reduction: 2, TR = 3000 ms, TE = 80 ms, flip angle = 90°, Field of View = 25
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cm, Matrix Size = 576 ! 450, 30 slices, resolution = 0.4 mm ! 0.4 mm ! 2.0 mm with a
slice gap of 0.6 mm).

For each participant, a total of 150 functional blood-oxygen level dependent (BOLD)
echo-planar imaging volumes were collected in each of the 5 scanning runs, resulting in
750 functional images. BOLD images were acquired using a partial-volume high-resolu-
tion T2*-sensitive echo planar imaging (EPI) sequence with an in-plane resolution of 1.5
mm?, slice thickness of 1.5 mm and slice gap of 0.3 mm. BOLD images were acquired
using optimization methods to examine the medial temporal lobe, as in our previous work
(Nauer et al., 2015), and aligned parallel to the hippocampal long axis (TR = 2000 ms; TE
= 25 ms; flip angle = 70°; Field of View = 180 ! 240; matrix size =120 ! 160; 20 slices
per volume; SENSE P reduction = 2.5).

Pre-processing of neuroimaging data were performed using the Analysis for Functional

Neurolmaging (AFNI version 19.1.00; https://afni.nimh.nih.gov/) software. Using the

standardized afni_proc.py pipeline, functional images were corrected for slice timing, sub-
ject motion, global spikes in signal, and aligned to structural MRI scan. High in-plane T2
structural scans were aligned to an anatomical template using Advanced Normalization
Tools (ANTSs), which uses the SyN algorithm to warp each individual’s anatomical scan to
a template space (Avants et al., 2008; Yushkevich et al., 2015). The resulting transfor-
mation parameters were then applied to the functional data. Due to excessive motion and
other processing errors, data from six participants were excluded, giving a final N = 50 for
inclusion in this study. We specified regions of interest (ROIs) as DG/CA2/3, CA1, and

subiculum using Anatomical Segmentation of Hippocampal Subregions (ASHS) software
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(Yushkevich et al., 2015) and the publicly available young adult 3T Princeton template
(Hindy et al., 2016). The young adult Princeton template delineated between DG and re-
gions CA2/3, however, we combined these regions in ITK-snap following ASHS segmen-
tation. Regions CA2 and CA3 are not possible to anatomically separate given the current
resolution. This approach of collapsing across DG/CA2/3 for functional data analyses is
consistent with previous studies by our group (Brown et al., 2014; Nauer et al., 2015;
Newmark et al., 2013) and others that utilized similar BOLD voxel sizes (Bakker et al.,
2008; Lacy et al., 2011). Thus, it should be noted that this region is termed DG/CA2/3 in
chapter 2 of this dissertation due to the ASHS naming convention, however, the same re-
gion is termed DG/CAZ3 in chapter 3. Regions of interest (ROIs) are shown in Figure 2.2
and include hippocampal subfields DG/CA2/3, CAl, and subiculum. Normalized func-

tional data were smoothed in template space using a 3mm Gaussian kernel.

2.2.6! Statistical Methods

Statistical analyses were conducted using R (3.5.0). Continuous variables were sum-
marized by means and standard deviations. Sex differences for demographic, neuropsy-
chological, and physiological data were analyzed using Welch two-sample t-tests. Simple
correlations were performed using Pearson’s r. Repeated-measures ANOVA and linear
mixed effects models were used to investigate relationships between physiological and

cognitive data and included sex, age, and education as covariates.

2.2.6.1!  Fitness Analysis
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CRF was operationalized using estimated \M\O,max (mL/kg/min). All analyses incorpo-
rating CRF include age and sex as covariates to partially account for known age and sex
differences in MO,max values. For fitness group comparisons, we separated the partici-
pants into higher-fit or lower-fit groups based on the median MO,max for our sample by

SEX.

2.2.6.2!  Mnemonic Discrimination Task Analysis

The primary outcome variables for the mnemonic discrimination task were corrected
accuracy and d’ sensitivity index. Corrected accuracy was defined as the difference be-
tween the rates of correct responses (hits) during a match trial (e.g. response of “1” when
the test face stimulus matched the first face stimulus in the trial) minus incorrect responses
(false alarms) on non-match trials (e.g. response of “1” or “2” when the test face stimulus
was new). Borrowing from signal detection theory, we additionally used the sensitivity
index d’, defined z[hit rate] — z[false alarm rate]. The d’ score is a sensitivity measure of
the distance in standard deviation units between an individual participant’s hit rate (rate of
correctly identifying a target stimulus as “old”) and false-positive rate (type | error)
(Macmillan & Creelman, 1991). Several recent studies have analyzed behavioral pattern
separation through the lens of signal detection theory, and suggest that d” may be a useful
measure to distinguish between previously encoded “old” stimuli and novel or lure “new”
stimuli (DeFord et al., 2019; Loiotile & Courtney, 2015; Stark et al., 2015). Higher d’
values indicate greater sensitivity to detection. Both corrected accuracy and d’ analyses

remove any potential effect of subject response bias. We utilized multiple regression to
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analyze the effects of CRF and stimulus similarity on task performance, including sex, age,

and education as covariates.

2.2.6.3! fMRI Analyses

We created two separate general linear model (GLM) analyses within AFNI, using the
afni_proc.py pipeline on each participant’s concatenated runs. In the first analysis, we col-
lapsed across similarity levels to investigate differences in activity during correct and in-
correct trials over the sample + delay period as well as the test period. We’ve previously
demonstrated that in delayed matching-to-sample tasks, activity in the medial temporal
lobe (MTL) in response to the sample stimulus demonstrates continued elevation into the
delay period, likely reflecting ongoing encoding across the delay (Nauer et al., 2015). Be-
cause it is not possible to separately analyze Sample 1 and Sample 2 in our study given the
non-differential overlap of the hemodynamic responses to Sample 1 and Sample 2, we
modeled the sample period across both using a square-wave (boxcar) function extending
over both TRs and into the delay period. The TR between the end of our regressor and the
test period was left unmodeled to reduce collinearity (Schon et al., 2004).

In our first GLM, we modeled the test period using four separate regressors: match
correct, match incorrect, non-match correct, and non-match incorrect. Because during sam-
ple + delay it is impossible for the participant to know whether the trial will be a match
trial or non-match, we modeled accuracy but not trial type (match, non-match), resulting
in a total of 6 separate regressors. In the second analysis, we constructed a GLM with 6

separate regressors for each combination of similarity (50%, 30%, 10%) and task
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component, (sample + delay, test), ignoring trial type to elucidate differential activity as
similarity level increases. For both GLMs, we included regressors for six motion vectors
derived from motion correction preprocessing steps. Functional volumes that exceeded 0.5
mm frame displacement but were below the exclusion threshold of 3 mm were censored
from the analyses, as well as any functional volumes immediately before or after the cen-
sored volumes. We used the afni_proc.py pipeline (AFNI) to convolve all regressors of
interest with a canonical hemodynamic response function (double gamma), and decon-
volve BOLD data using 3dDeconvolve. Deconvolution estimates the hemodynamic re-
sponse on a per voxel basis using ordinary least squares regression and the resultant fit
coefficients (i.e., beta weights) reflect the amplitude of the signal change for each contrast.

Second-level univariate analyses were completed with t-tests using 3dttest++ and cor-
rected for multiple comparisons using 3DClustSim in AFNI. The 3DClustSim program
works by computing the residuals of the model at each voxel at the group level, and then
via 10,000 permutations, it computes the probability of generating a Type 1 error at defined
p-values and alpha-levels, and determines the cluster size threshold at each false positive
rate for each p-value. Using this output, we threshholded all analyses at p<.01 per-voxel
and alpha of .05. At these levels, the corresponding cluster-size threshhold that we applied
for the contrasts of interests ranged from 12 to 40 contiguous voxels for multiple compar-
ison correction.

In addition to the univariate analyses, we analyzed the data using an ROI approach. We
masked each subjects’ data using the anatomical ROIs, and calculated mean beta coeffi-

cients for each trial type of interest for each region within individual participants from the
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two univariate GLMs. This ROI approach allowed us to compare activity within each ROI
across different aspects of the task, in addition to comparing average activity between the

higher and lower-fit groups.

2.3!Results
2.3.1! Demographic, physiological, and neuropsychological information

Participant demographic information, neuropsychological data, and physiological data
are summarized in Table 2.1. On average, female participants in our sample were slightly
younger than male participants (Agewomen = 25.42 + 3.3 years; Agemen = 28.23 £ 3.7 years;
t(29.16) = 2.68, p < .05; participant range 20 — 35 years). Our sample was highly educated
with mean years of education at 17.06 = 1.9. We found no sex difference in education
(Educationwomen = 17.09 + 1.7 years; Educationmen = 17.0 + 2.3 years; t(24.9) = -.14. p >
.05).

For measures of CRF, women had marginally lower estimated VO,max values than
men (MO,max women = 34.94 + 6.4 (L'mint); MO,max men = 38.76 + 7.02 (L!mint); (29.85)
= 1.88, p =.07; Figure 2.3A), consistent with previous reports demonstrating men, on av-
erage, have higher O,max than women (ACSM, 2014). In our sample, estimated VO,max
values were moderately right-skewed (skewness = 0.59, Figure 2.3B). This was expected,
given that participant recruitment was aimed to engage sedentary individuals for eventual
enrollment into a randomized clinical exercise training program (detailed further in Chap-
ter 3). Due to the moderate skewness of the CRF data at baseline, rather than using esti-
mated MO,maxas a continuous variable, we chose to categorize our participants into lower-
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fit and higher-fit groups using a median split by sex (Niower-fit = 27, Nhigner-fit = 23). For men
and women, the median MO,max in our sample was 36.5 and 33.8 mL/kg/min, respec-
tively.

We found no sex differences in resting heart rate (HRan = 81.79 £ 8.9 beats per minute,
t(25.53) =.76, p > .05), and a trend towards higher body mass index in men compared to
women (BMI men = 26.68 + 3.6; BMI women = 24.42 + 4.9; p = .07). Participant performance
on all neuropsychological measures fell within the normal ranges (Strauss et al., 2006). We

present these results in Table 2.1 for thorough characterization of our study’s sample.

2.3.2! Behavioral mnemonic discrimination results

To investigate the effect of the parametric manipulation of stimulus similarity, we en-
tered the behavioral data into a rm-ANOVA with stimulus similarity (10%, 30%, 50%) as
the within-subject factor and included age, sex, and education as covariates. Both the dis-
tribution of corrected accuracy as well as mean accuracy for each similarity level are pre-
sented in Figure 2.4A and 2.4B, respectively. Results indicated a main effect of stimulus
similarity (F(, 98) = 51.45, p <.001, "™ = .51; Figure 2.4B). Tukey post-hoc testing identi-
fied that all three conditions were significantly different from one another (p < .001 for all
comparisons) such that accuracy was highest for the 10% condition (mean = .64 + .2),
followed by the 30% condition (mean = .45 *.25), and lowest for the 50% condition (mean
=.21 + .26). This confirmed our hypothesis that accuracy decreased as stimulus similarity,

and thus interference, increased.
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In addition, we investigated the effect of similarity manipulation on sensitivity index
(d” = z[hit rate] — z[false alarm rate]). The distribution of d” rates and mean d’ scores are
presented in Figure 2.4C and 2.4D, respectively. Using d’ as the dependent measures, we
used a rm-ANOVA to analyze the data with similarity level (10%, 30%, and 50%) as the
within-subject factor and included age, sex, and education as covariates. The results indi-
cate a main effect of stimulus similarity (F, 0s) = 37.94, p <.001, """ = .44; Figure 2.4D),
with individuals performing significantly worse in the 50% similarity condition (mean =
.72 = 1.1) compared to the two lower interference conditions (mean 30% = 2.63 £+ 1.7;
mean 10% = 2.67 £ 1.4; p < .001). In contrast, d’ did not significantly differ between the

two lower interference conditions (p =.99).

2.3.3! Interactions between CRF and stimulus similarity on performance

We added CRF level as a predictor to the behavioral rm-ANOVA models, including an
interaction term between CRF level and similarity to discern if CRF level differentially
enhances performance on the task based on condition. Results demonstrated that CRF level
did not significantly predict performance based on the metric of corrected accuracy (F(1,45)
=0.4,p>.05, "™ =.007; Figure 2.5A and Figure 2.5B), while similarity condition remained
highly significant (F) = 50.6, p < .001, *** = .51). The interaction term between CRF
level by similarity condition did not significantly predict corrected accuracy (F,9) = .23,
p > .05, ™" =.005).

In contrast, adding CRF level as a predictor for the sensitivity metric (d”) revealed that

individuals in the higher-fit group performed better than lower-fit individuals, indicated by
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a significant main effect of CRF level (Fu4s = 4.1, p < .05, "™ = .07; Figure 2.5C and
Figure 2.5D). Similarity condition remained significant (F9) = 38.3, p <.001, " = .44),
but the interaction term between CRF level by similarity condition did not reach signifi-
cance (F,9) = 1.5, p > .05, "™ =.03). Follow-up t-tests for each condition between higher-
fit and lower-fit groups within similarity condition revealed that the higher-fit group had
significantly higher d” scores for the 10% similarity condition (higher-fit: 3.14 £+ 1.32,
lower-fit: 2.20 £ 1.41; t(47.8) = 2.43, p < .05; Figure 2.4D), but there were no difference
between the d” scores in the 30% similarity condition (higher-fit: 2.9 £ 1.79, lower-fit: 2.32
+ 1.49; t(46.5) = 1.30, p > .05) or the 50% similarity condition (higher-fit: .76 £ 1.13,

lower-fit: .68 £ 1.07; t(47.8) = .24, p > .05).

2.3.41 fMRI results
Effect of accuracy and trial type — Univariate results

Our first analyses of the functional data contrasted Correct > Incorrect trials during the
sample+delay period at pcorr < .05 and pcorr < .01. No significant clusters of activity were
found for this comparison. The remainder of analyses focused on the test period. We sep-
arated match and non-match trials at test, because non-match trials have an additional load
for disambiguation (e.g. 3 overlapping faces compared to 2 for match trials), and thus may
also require reliance on the DG/CA2/3 for successful performance. A comparison of Cor-
rect matcH > Incorrect matcH demonstrated significant activation with a peak in the left body
of CA1 extending into DG/CA2/3 (k =13, z = 2.78, pcorr < .01, # <.05; Figure 2.6, top; 6
voxels in CAl, 7 voxels in DG/CAZ2/3). During non-match trials, a Correct non-maTcH >
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Incorrect non-matcH contrast yielded a significant cluster in the right anterior DG/CA2/3
that extended into CA1 and subiculum (k = 15 voxels, z = 3.32, pcorr < .01, # <.05; Figure

2.6, bottom; 11 voxels in DG/CAZ2/3, 3 voxels in subiculum, 1 voxel in CA1).

Effect of accuracy and trial type — ROI results

Using an ROI approach, we extracted the mean beta weights by region separately for
correct and incorrect trials during sample+delay and test. At test, we further separated
match and non-match trials. We compared the activity associated with correct trials and
incorrect trials in each region to baseline using t-tests, and then compared the activity
among the ROIs at each task component (sample+delay, test) using ANOVAs. During the
sample+delay period, the DG/CA2/3 was actively engaged compared to baseline (t(99) =
3.41, p <.001), whereas both the CA1 and subiculum did not differ in activity compared
to baseline (CA1: t(99) = -.11, p > .05; subiculum: t(99) = -.41, p > .05; Figure 2.7, top).
However, the relative activity of the DG/CA2/3 was not significantly different between
correct and incorrect trials (paired t(49) = .11, p > .05). This suggests that the DG/CA2/3
is preferentially activated during encoding and maintenance of overlapping stimuli and is
not modulated by accuracy.

During test, activity was reduced compared to baseline in DG/CA2/3 (t(199) = -4.51,
p <.001) and subiculum (t(199) = -3.92, p <.001), but not different from baseline in CAl
(t(199) = -1.54, p > .05; Figure 2.7, bottom). Using a 3x2x2 ANOVA on activity during
test, we specified ROl (DG/CA2/3, CA1, subiculum), accuracy (correct, incorrect), and

trial type (match, non-match) as within-subject factors to determine differential activity in
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ROIs during different trial types and the relationship to accuracy. This analysis revealed a
significant main effect of accuracy (F1,204) = 8.73, p < .01, "™ =.03) such that correct trials
were associated with greater overall BOLD activity (p = .007). Trial type (i.e. match vs.
nonmatch at test) did not significantly predict BOLD signal (F49) = .05, p > .05, "™ <
.001), nor did we find any significant interactions between trial type by ROI (F,98) = .71,
p>.05, """ =.003), trial type by accuracy (F204) = .01, p>.05, """ <.001), or a three-way
interaction between ROI by trial type by accuracy (F,204) = .80, p > .05, " =.005). This
indicates that there was no differential activity in any ROI by trial type, but better perfor-

mance was associated with elevated BOLD activity in the ROISs.

Effect of Similarity Condition — Univariate results

Next, we reanalyzed the functional data to elucidate possible effects of similarity level
on subregional activity in the hippocampus. First, in our univariate approach, we contrasted
activity for each condition (50%>30%, 50%>10%, and 30%>10%) during the two different
components of the task (sample+delay, test). In this analysis, we included both correct and
incorrect trials to increase statistical power. Univariate contrasts during sample+delay
yielded no significant clusters of activity in any of the condition comparisons. During the
test period comparing 50% > 10% trials, there was significant negative cluster peaking in
left DG/CA2/3 extending into subiculum and CAL (k = 56, z = -4.07, pcorr < .05, # < .05;
Figure 2.8, top), indicating this region has significantly greater activity during retrieval of
the 10% similarity condition compared to the 50% similarity condition. In comparing the
30% > 10% trials at test, there is a negative cluster in a similar region of the left DG/CA2/3
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extending into subiculum and CA1 (k = 33 voxels, z =-2.61, pcor < .05, # <.1; Figure 2.8,

bottom), though this does not survive stricter alpha corrections to # < .05.

Effect of Similarity Condition — ROI results

Using an ROI approach, we extracted the mean beta weights for each similarity condi-
tion (10%, 30%, 50%) during each task component (sample+delay, test; Figure 2.9). We
compared the activity in each region during the task component to baseline using t-tests.
During the sample+delay period, the DG/CA2/3 is actively engaged compared to baseline
(t(149) = 3.08, p < .01), whereas both the CA1 and subiculum do not differ in activity
compared to baseline (CA1: t(149) = -1.4, p > .05; subiculum: t(149) =-.95, p > .05). To
examine differential activity in ROIs across similarity conditions during each task compo-
nent (sample+delay, test), we ran two separate 3x3 ANOVAs, specifying ROI (DG/CA2/3,
CAL, subiculum) and similarity condition (10%, 30%, 50%) as within-subject factors. Dur-
ing sample+delay, there was a significant main effect of ROI (F(,98) = 8.82, p <.001, **" =
.35; Figure 2.9, top). We found no main effect of similarity condition (F,98) = .79, p > .05,

=.05), and no interaction between similarity condition by ROI (F,196 = 1.02, p >.05,

=.02), indicating that there was not differential activity in any ROIs across similarity
conditions. Bonferroni-corrected multiple comparisons confirmed that during sample+de-
lay, DG/CAZ2/3 activity was significantly greater than both CAl (p < .01) and subiculum
(p <.01).

Next, we wanted to determine if sample+delay period activity was differentially related
to performance across the similarity condition in the DG/CAZ2/3. Activity in DG/CA2/3
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during sample+test did not correlate with performance, measured using corrected accuracy
(10% condition: r = -.01, t(48) = -.07, p > .05; 30% condition: r = -.03, t(48) = -.25, p >
.05; 50% condition: r = -.06, t(48) = -.47, p >.05) or d’ (10% condition: r = -.11, t(48) = -
.78, p > .05; 30% condition: r =- .26, t(48) =-1.9, p > .05; 50%condition: r = -.11, t(48) =
-.73, p > .05).

During test, activity was reduced compared to baseline in both the DG/CA2/3 (t(146)
=-3.12, p <.01) and subiculum (t(146) = -3.5, p <.001), but not CA1 (t(146) = .08, p >
.05; see Figure 2.9). Using a 3x3 ANOVA on activity during test, we specified ROI
(DGI/CA2/3, CA1L, subiculum) and similarity condition (10%, 30%, 50%) as within-subject
factors to determine differential activity in ROIs across similarity conditions. This revealed
a significant main effect of ROI (F 96 = 6.94, p < .01, *™ = .20; Figure 2.9, bottom), but
no main effect of similarity condition (Fp,%) = 1.58, p > .05, *** = .07), nor an interaction
between similarity condition by ROI (F,102) = .73, p > .05, **" = .02), indicating there was
no differential activity in any ROIs by similarity condition during the test period. Bonfer-
roni-corrected multiple comparisons confirmed that during test, activity in both DG/CA2/3
and subiculum was reduced compared to CA1 (pcai-sub < .05, pcat-paicaziz = .06), but there
was not a difference in the average activity between DG/CA2/3 and subiculum (p = .88).

Next, we wanted to determine if test period activity was differentially related to perfor-
mance across the similarity condition in either the DG/CA2/3 or subiculum. Test activity
in the DG/CA2/3 and subiculum positively correlated with discriminability (d”) perfor-
mance in the 50% condition only (DG/CA2/3: r = .36, t(47) = 2.6, p < .05, Figure 2.10;
subiculum: r = .39, t(47) = 2.9, p < .01, Figure 2.10). In addition, activity within the
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subiculum showed a marginal positive correlation with corrected accuracy in the 50% con-
dition (t(47) = 1.8, p = .08, Figure 2.10). This suggests that successful disambiguation of

highly overlapping stimuli at retrieval is supported by the DG/CA2/3 and subiculum.

2.3.5! Relationship between CRF level and BOLD activity

Lastly, we wanted to determine if CRF level modulated BOLD activity during the task.
Average betas are graphed separately for higher-fit and lower-fit individuals for each ROI
across all aspects of the task in Figures 2.11 and 2.12. Using our ROI approaches above,
we added CRF level as an additional factor into each of our statistical models.

First, we examined if CRF level had an interactive effect with accuracy on ROI activity
at the sample+delay period by performing a 3x2x2 ANOVA, specifying ROl (DG/CA2/3,
CAL, subiculum), accuracy (correct, incorrect) as within-subject factors and CRF level
(higher-fit, lower-fit) as a between-subject factor. We found no effect of CRF level on
BOLD activity (F48) =.001, p > .05, "™ <.001), and no interactive effects between CRF
level by accuracy (Fi48 = 1.15, p > .05, "™ =.04), CRF level by ROI (F96) = 1.09, p >
.05, """ =.07), or a three-way interaction between CRF level by ROI by accuracy (F,96) =
1.00, p > .05, "™ =.02). To determine if CRF level modulated BOLD activity during test,
in a 3x2x2x2 ANOVA, we added CRF level (higher-fit, lower-fit) as a between-subjects
factor, and retained ROl (DG/CA2/3, CA1, subiculum) trial type (match, non-match), and
accuracy (correct, incorrect) as within-subject factors. Results demonstrated no main effect
of CRF level on BOLD activity during test (F4s) = .08, p > .05, ™" =.001), and no inter-

active effects between CRF level by ROI (Fee6) = .41, p > .05, """ =.002), CRF level by
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trial type (F48 = .05, p > .05, "™ <.001), CRF level by accuracy (F(1,2s8) = .26, p >.05, "™
=.001), nor any significant three or four way interactions with CRF.

To determine if CRF level differentially modulated BOLD activity in any ROIs across
similarity conditions, we performed separate 3x3x2 ANOVAs for sample+delay and test.
In each model, we again specified ROI (DG/CA2/3, CAL, subiculum) and similarity con-
dition (10%, 30%, 50%) as within-subject factors, and added CRF level (higher-fit, lower-
fit) as a between-subject factor. During sample+delay, we found no significant main effect
of CRF level (F@48 = .01, p > .05, ™™ =.003). We found no interactive effects between
CRF level by similarity condition (F,9) = 1.9, p > .05, **" = .11), CRF level by ROI (F,0)
= 2.4, p >.05), nor a significant three-way interaction between CRF level by ROI by sim-
ilarity (F@,192) = 2.07, p > .05, **" = .04). Similarly, at test, we found no main effects of CRF
(F,47) = 1.18, p > .05, **" = .15). There were no significant interactions between CRF level
by ROI (Fe4 = .01, p >.05, "™ < .001), CRF level by similarity condition (Fe4 = 1.7, p
> .05, "™ =.08), nor was there a significant three-way interaction between CRF level by
ROI by similarity condition (F,88) = 1.03, p > .05, """ =.02).

These results indicate that CRF level did not differentially modulate activity based on
accuracy or trial type. Furthermore, CRF level did not differentially modulate activity in
any of the hippocampal ROIs at either component of the task for the different similarity

conditions.

2.41Discussion
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In Experiment 1, we created parametrically manipulated stimuli to various levels of
similarity to determine the effect on behavioral performance and measure differential re-
sponses of the hippocampal subfields during encoding and retrieval. Behavioral results
demonstrate a clear negative association between increasing stimulus similarity both on
corrected accuracy and d” measured sensitivity. In a univariate analysis of the functional
data comparing across similarity levels at test, we demonstrated that the DG/CA2/3 and
CAL support correct performance on the mnemonic discrimination task for both match and
non-match trials. In a comparison across similarity conditions, these same regions were
more active during the lowest interference condition (10% similarity) compared to moder-
ate (30% similarity) or high interference (50% similarity) during retrieval. Using an ROI
approach, there was elevated activity only in the DG/CA2/3 during the sample+delay, but
activity was not modulated by similarity level. During the test period, activity in both the
DG/CA2/3 and subiculum were significantly reduced compared to baseline and did not
differ across the similarity conditions. Critically, we found that activity during test in both
the DG/CA2/3 and subiculum on the high interference condition (50% similarity) posi-
tively correlated to mnemonic discrimination performance. Lastly, we found that although
higher-fit young adults demonstrated greater sensitivity during mnemonic discrimination
task performance, CRF level did not functionally modulate activity in the hippocampal

subfields during the task.

2.4.1! Parametrically varying stimulus similarity impacts mnemonic discrimination per-

formance



! 52

Consistent with our predictions, and in line with previous work using subjectively sim-
ilar stimuli (Lacy et al., 2011), we found that increasing stimulus similarity via objective
parametric manipulation led to decreased behavioral performance. For corrected accuracy,
we found a graded effect of stimulus similarity such that each successive level of interfer-
ence reduced performance. This suggests that increasing the shared features of stimuli in-
troduced greater levels of interference, leading to disrupted performance. Our behavioral
results also demonstrated a significant impact of high similarity interference on d’ sensi-
tivity. Unlike corrected accuracy, at lower and moderate levels of similarity overlap (10%
and 30%), there was no difference in d” scores. However, we found a significant decrease
in d’ sensitivity scores only when similarity was high (50% condition).

These behavioral results are consistent with previous work from our group, which has
also demonstrated decreased performance on memory tasks requiring disambiguation of
overlapping elements (Cohen et al., 2018; Newmark et al., 2013; Ross et al., 2013). In two
previous experiments, participants were shown two faces during sample that were either
the same face with different facial expressions (overlapping condition) or two different
faces (non-overlapping condition), a brief delay, followed by a test face. During test, par-
ticipants responded whether the test face matched either of the first two faces or was a non-
match (Newmark et al., 2013; Ross et al., 2013). Behavioral performance was higher for
the condition with lower interference (non-overlapping) than on trials with greater inter-
ference (overlapping). Recently, we have also demonstrated that retrieval success of con-
text-dependent sequences is reduced as the number of overlapping elements increases, even

when these associations had been previously well-learned (Cohen et al., 2018). We extend
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this work by demonstrating that mnemonic discrimination performance scales with the ob-

jective similarity of non-spatial stimulus features.

2.4.2! Hippocampal subregions support accurate task performance, but are not differen-
tially engaged across similarity levels

We hypothesized that hippocampal subregions would differentially engage during en-
coding and retrieval of overlapping information, and that this engagement would both be
modulated by stimulus overlap and related to performance. Guided by previous work in
rodents demonstrating higher sensitivity of place cell remapping in CA3 compared to CA1
(Leutgeb et al., 2004), and work in humans showing different response functions for CAl
and DG/CAZ3 to increases in the subjective similarity of inputs (Lacy et al., 2011), we pre-
dicted that activity in CA1 would increase as stimulus similarity objectively increased. We
further predicted that DG/CAZ2/3 activity would be highly active across all similarity types,
but particularly in conditions with the highest stimulus similarity.

Our results were partially consistent with these hypotheses, as we demonstrated com-
parable heightened activity during sample+delay in the DG/CA2/3 across all similarity
conditions in our ROI analysis. This suggests a specific role for the DG/CA2/3 during en-
coding of objectively overlapping stimuli. This is consistent with a previous study in our
group that demonstrated hippocampal activity in DG/CAS3 supported encoding of overlap-
ping face representations during short-term memory (Newmark et al., 2013). Studies from
our group (Brown et al., 2014, 2010, 2012; Brown & Stern, 2014; Cohen et al., 2018; Ross

et al., 2009) and others (Agster et al., 2002; Kumaran & Maguire, 2006) have shown
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hippocampal involvement during disambiguation of long-term memories. Together with
previous studies using delayed matching-to-sample paradigms (Newmark et al., 2013; Ross
et al., 2013), our results provide evidence of hippocampal involvement, particularly
DG/CA2/3, during successful encoding and maintenance of overlapping information over
a short period of time. Furthermore, this is also in line with rodent work, in which para-
metrically manipulating stimulus similarity demonstrated that the hippocampus mediates
pattern separation accuracy during working memory (Kesner et al., 2011).

We also sought to relate differential activity in the subregions to task performance. We
predicted that higher activation, predominantly in the DG/CA2/3 during the test, would be
positively related to better mnemonic discrimination of highly similar stimuli. We sepa-
rated out match and non-match trials during the test period because computational pro-
cessing likely differs between the two conditions. For example, non-match trials include a
new, but overlapping, stimulus presented at test. Rejecting similar lures (e.g. correctly iden-
tifying a test face as “new” on a non-match trial) may depend on pattern separation pro-
cesses because one must adequately represent the differences between previously seen
highly similar stimuli and the new lure. In addition to this, the comparison process during
test likely also engages retrieval of the details of previously seen sample stimuli via pattern
completion mechanisms. Some computational models theorize that the hippocampus may
resolve high interference when presented with a similar lure by employing a “recall-to-
reject” strategy (Norman & O’Reilly, 2003). Presentation of a new item during test triggers
pattern completion recall of a similar target, prompting detection of feature mismatch and

subsequent correct response of “new” to the lure stimulus. Under this supposition,
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successful responses on match trials likely engage these pattern completion mechanisms
when there is a registered match between the sample and test stimuli of a given trial.

Comparing correct to incorrect non-match trials at test, we found a cluster of higher
activation located in the right anterior portion of the DG/CA2/3 and minimally extending
into CA1 and subiculum. This predominately DG/CAZ2/3 activation is consistent with DG-
supported pattern separation and CA3-related pattern completion (Hasselmo et al., 2002;
Hasselmo & Wyble, 1997; O’Reilly & McClelland, 1994). This suggests that anterior
DG/CA2/3 may work in concert with surrounding circuitry to support mnemonic discrim-
ination to resolve interference. During match trials at test, the correct vs. incorrect compar-
ison yielded a cluster of activation peaking in the left body of CA1, with the remainder of
voxels extending into DG/CA2/3. One theorized functional role of CA1 in the processing
of similar stimuli is that it works as a match/mismatch detector (Hasselmo & Schnell, 1994;
Lisman & Grace, 2005) to compare input that it receives from both the entorhinal cortex
and CAS3. Our result is in line with this concept, suggesting that presentation of a previously
seen face may trigger DG/CAZ2/3 supported retrieval of the faces seen during sample and
downstream comparison of sample and test stimuli by CA1.

In our analysis comparing across similarity conditions, univariate results demonstrated
greater activity in the lower interference condition (10% similarity) compared to the two
higher interference conditions (30% and 50% similarity) in the left DG/CA2/3 extending
into subiculum and CAL. Because we chose to include both correct and incorrect trials, it
is plausible that the activity favoring the lower interference condition in our contrasts is

confounded by a higher number of accurate trials in the lowest interference condition (10%
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similarity) compared to the higher interference conditions (30% and 50% similarity) and
not related to differential activity driven by similarity condition. Indeed, upon further in-
spection, the location of these clusters anatomically align with the cluster demonstrating
greater activity for correct match trials (see Fig. 2.6 top and Fig 2.8). Our interpretation of
the univariate results is that the activation is more likely driven by the high accuracy and
greater number of accurate trials in the 10% similarity condition than higher interference
conditions. Additionally, our ROI analyses do not support differential activity across con-
ditions in any of the subregions during sample+delay or at test. Instead, the ROI results
lend evidence that these clusters of activation were likely driven by accuracy rather than
similarity condition.

To examine this, we tested whether there was a relationship between ROI activity and
task performance for any of the similarity conditions. At lower levels of stimulus overlap,
resolution of interference likely depends less on the hippocampus and more on neocortical
structures (O’Reilly & Norman, 2002). In contrast, successful resolution of higher stimulus
overlap is theorized to particularly engage the DG/CAS3 circuitry. Therefore, we predicted
that activity in the DG/CA2/3 would positively correlate with task performance, particu-
larly in conditions of high interference. Consistent with these predictions, we found that in
the highest interference condition only (50% similarity), activity in the DG/CA2/3 and su-
biculum during test positively correlated with task performance as measured by d’ sensi-
tivity. There was a positive trend between performance in corrected accuracy and

DG/CA2/3 and subiculum activity in the 50% condition, although this did not reach
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significance. In contrast, we found no evidence of a correlation between performance on
the mnemonic discrimination task and ROI activation in the 10% or 30% similarity condi-
tion.

Anatomically, the final step of information processing in the polysnaptic pathway of
the hippocampus is projection from CA1 to the subiculum, where, in the standard view,
information exits via projections to the deep layers of the entorhinal cortex (for review, see
van Strien et al., 2009). Beyond acting as a primary output from the hippocampus back to
the entorhinal cortex, the function of the subiculum is understudied. However, there is ev-
idence suggesting a more complex picture of the subiculum than as a simple output struc-
ture (Sharp & Green, 1994; Witter, 2006), including evidence of subicular contributions
during delayed-nonmatch-to-sample tasks in rodents (Deadwyler & Hampson, 2004). We
did not have specific predictions regarding the response of the subiculum to this task nor
how activity in this region would relate to accuracy. In our ROI analyses, we did not find
activity in the subiculum during the sample+delay period that was related to subsequent
accuracy or modulated by similarity condition. However, during the test period, we found
activity in the subiculum during the high overlap condition (50% similarity) was signifi-
cantly positively related to performance on sensitivity for mnemonic discrimination and
marginally related to corrected accuracy. These results are consistent with previous high-
resolution fMRI experiments in humans that have demonstrated a possible role for the su-
biculum in accurate encoding and later retrieval of faces and scenes (Newmark et al., 2013;
Preston et al., 2010). Additionally, in a recent experiment in which participants performed

mnemonic discrimination for objects and scenes, volumes in both the DG/CA3 and
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subiculum positively related to mnemonic discrimination performance (Stark & Stark,
2017). Together with previous work, our results further the possibility that the subiculum
is involved in the accurate retrieval of highly similar stimuli.

Based on previous literature in rodents (Leutgeb et al., 2004) and humans (Duncan et
al., 2012; Lacy et al., 2011), we predicted that activity in CA1 would increase in a stepwise
fashion as stimulus similarity objectively increased. In our univariate comparisons of cor-
rect vs. incorrect trials, we found activity in the right anterior CA1 and left body of CA1
supports accurate responses on non-match and match trials, respectively. This is consistent
with previous work in our group, suggesting that CA1 might work in concert with the local
circuitry to accurately support processing of high-interference information (Newmark et
al., 2013; Schon et al., 2016). In comparing across similarity conditions in our ROI analy-
sis, we found no significant activity in CA1 during sample+delay or test, and activation did
not differ across similarity conditions. Furthermore, activity in CA1 did not correlate with
behavioral performance on the mnemonic discrimination task. This finding was contrary
to our predictions of CA1 activity based on previous fMRI studies in humans demonstrat-
ing a linear increase in CA1 activity associated with increasing similarity of features in an
environment (Duncan et al., 2012) and subjective similarity between items (Lacy et al.,
2011). It is important to note several distinctions and limitations in study design that may
have contributed to this result. The immediate presentation of Sample face 1 followed by
Sample face 2 in our study creates collinearity between the two stimuli, thus we cannot
separately model them in analyses of the functional data. Therefore, we cannot compare

activity of the first presentation of a stimulus (e.g. Sample 1) to a subsequent presentation
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of the same stimulus (e.g. match test face). Previous fMRI experiments on mnemonic dis-
crimination have demonstrated a repetition-suppression effect across hippocampal ROIs
when comparing activity between first presentation of a stimulus and subsequent presenta-
tion (Bakker et al., 2008), which we cannot repeat in the current design. It is also important
to note that in previous analyses of hippocampal subfield contributions during mnemonic
discrimination have employed masking techniques at a subject-by-subject level, causing
the final extracted voxels in each ROI to be inconsistent in number and anatomical location
across the participant sample (Lacy et al., 2011; Yassa et al., 2011; Yassa, Stark, et al.,
2010). Here, we chose to extract the average activity across the entire ROI for consistency
across subjects. Future experiments should leverage a behavioral task design which allows
direct voxel-wise comparison between novel, non-overlapping stimuli, repeated stimuli,
and objectively varied overlapping stimuli to further delineate subregional contributions to
encoding and retrieval.

Together, our functional results demonstrate that successful performance on this task
recruits the hippocampal subfields, and may particularly rely on DG/CA2/3. Additionally,
the current experimental approach allowed us to manipulate demands on pattern separation
and pattern completion processes. However, we recognize that it did not allow us to com-
pletely isolate these processes from one another, and we were therefore unable to defini-
tively characterize activity under these terms. Future work should utilize paradigms de-
signed to tease apart the voxel-wise patterns of activity during presentations of parametri-
cally similar stimuli in an effort to isolate separation and completion mechanisms more

thoroughly both within the hippocampal subfields and across the whole brain.



2.4.3! Baseline levels of CRF in sedentary young adults do not modulate task-related hip-
pocampal activity

Substantial evidence from rodent studies have established aerobic exercise upregulates
hippocampal plasticity, including increasing adult neurogenesis within the DG (Pereira et
al., 2007; van Praag, Christie, et al., 1999; van Praag, Kempermann, et al., 1999; van Praag
et al., 2005; Vivar et al., 2016). While newborn neurons make up a small population of the
granule cell population in the DG, they exhibit higher excitability and enhanced long-term
potentiation with lower thresholds compared to their mature counterparts (Schmidt-Hieber
et al., 2004). In accordance with computational models (for review: Aimone et al., 2014;
Deng et al., 2010), experimental work in rodents shows that the high excitability of exer-
cise-induced newborn neurons functions to support enhanced mnemonic discrimination of
similar stimuli via pattern separation mechanisms (Bolz et al., 2015; Creer et al., 2010).
Recent studies have extended these theories to humans by demonstrating relationships be-
tween physical activity, exercise-induced changes in hippocampal volume, and perfor-
mance on memory tasks in older adults (Best et al., 2017; Erickson et al., 2009, 2011;
Kleemeyer et al., 2016; Rosano et al., 2017; Ten Brinke et al., 2015).

Based on this previous literature, we predicted higher CRF levels in healthy young
adults would modulate hippocampal function and enhance performance on a mnemonic
discrimination task. Results indicated a behavioral enhancement of stimuli discriminability
for higher-fit individuals. Interestingly, this was particularly true for the lowest interference

condition, and despite a lack of CRF level effect on modulation of functional activity in
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the hippocampal subregions during mnemonic discrimination. We did not find an effect of
higher CRF on performance at the highest level of interference (50% similarity). These
findings are consistent with a recent behavioral study in young adults demonstrating that
higher-fit young adults performed significantly better than lower-fit individuals on discrim-
ination of moderate, but not highly, subjectively similar stimuli (Suwabe, Hyodo, Byun,
Ochi, Fukuie, et al., 2017). Together with this study, our results suggest that CRF, a phys-
iological measure of aerobic capacity, is associated with mnemonic flexibility in healthy
young adults.

It is important to note that the data presented here are from inactive, sedentary young
adults prior to randomization into an exercise training program described in Chapter 3.
Inactivity criteria were defined as less than 30 minutes three times per week of moderate
intensity physical activity over the previous three months (ACSM, 2014). Despite meeting
this criteria, CRF level across our participants was varied (Figure 2.3A), although skewed
towards lower-fit (Figure 2.3B). It is well-known that there are large interindividual vari-
ations in CRF levels for sedentary individuals, as well as in response to exercise training
(Bouchard & Rankinen, 2001), and that genetics partially explain this heterogeneity
(Bouchard et al., 1999). A series of experiments have shown that rodents which have been
genetically bred to have a higher or lower response to exercise training demonstrate dis-
tinctly diverse changes in in MO,uax following the same exercise training (Koch et al.,
2013) and that exercise-induced AHN is preferentially increased in rodents genetically pre-
disposed to respond to training (Nokia et al., 2016). Additionally, it is critical to note that

non-trained rodents from both groups demonstrate comparable exercise capacities (Koch
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et al., 2013) and similar number of newborn neurons at baseline (Nokia et al., 2016). To-
gether, these studies demonstrate a genetic predisposition for aerobic trainability related to
levels of AHN, but do not provide any indication whether rodents demonstrate innate het-
erogeneity in CRF the way humans do. Our prediction of CRF-related enhanced DG/CA2/3
activity was predominantly anchored in the plausibility that higher-fit individuals may have
greater number of highly excitable newborn neurons. While it is possible that there are not
differing levels of AHN in humans related to CRF, this is currently unknown. This high-
lights a need for cross-species studies to determine the degree to which findings from ro-
dent studies can be reliably extended to humans.

Of the growing literature on exercise and the brain, only a fraction of studies have used
task-related fMRI to examine modulatory effects of CRF and aerobic exercise on brain
activation. One recent study demonstrated that a ten-minute acute, single bout of mild aer-
obic exercise results in a rapid increase in functional connectivity between DG/CA3 and
neocortical regions including left angular gyrus, left fusiform gyrus, and left parahippo-
campal cortex during correct rejection of similar lures (Suwabe et al., 2018). This increase
in functional connectivity was further related to enhanced mnemonic discrimination per-
formance. Interventional studies have shown conflicting results on modulating activity
through exercise training. For example, a six-week study in young adult males demon-
strated intervention-related increases in activation within the left anterior hippocampus
during a paired-associates task (Wagner et al., 2017). In contrast, results from an eight-
week exercise intervention in low-active healthy young adults demonstrated a marginally

significant decrease in hippocampal activity during associative memory despite no
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behavioral changes across time, leading the authors to suggest that improving CRF may
enhance neural efficiency in low-fit individuals (Gourgouvelis et al., 2017). Our results
suggest that CRF levels in sedentary young adults do not modulate hippocampal activity
during mnemonic discrimination. However, given our behavioral results, it is likely that
CRF level may relate to enhanced behavioral performance via other mechanisms.

Several studies involving longer-term exercise interventions have focused on the rela-
tionship between increasing CRF and large-scale network connectivity. Previous work has
shown exercise-induced increases in resting state functional connectivity between the hip-
pocampus and prefrontal cortex in young adults (Stillman et al., 2018), greater connectivity
between the hippocampus and anterior cingulate in older adults (Burdette et al., 2010),
greater connectivity within the default mode network (DMN) and frontal executive net-
work in older adults (Voss, Prakash, et al., 2010), and increased coupling between DMN
and orbitofrontal cortex in older adults (Flodin et al., 2017). In a subset of the participants
within the current study, we have recently shown that baseline CRF predicts effective con-
nectivity, a measure of causal influence, from the hippocampus to brain regions associated
with the DMN including ventromedial prefrontal cortex, left lateral temporal cortex, and
posterior cingulate cortex (Kronman, Kern, Nauer et al., under revision, 2019). Together
with data presented here, this suggests that although CRF levels in sedentary young adults
does not locally modulate activity in the hippocampus, CRF may influence large-scale
brain networks at rest. Future work should elucidate how hippocampal-cortical network
connectivity may be related to enhanced mnemonic flexibility during memory tasks, and

the degree to which this can be modulated by changes in CRF.
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In conclusion, results from Experiment 1 demonstrate a clear negative impact of para-
metric increasing stimulus overlap on mnemonic discrimination performance. Higher lev-
els of CRF were related to enhanced discrimination performance, particularly in lower in-
terference conditions. Functionally, we showed that the DG/CA2/3 and CA1 support accu-
rate performance on mnemonic discrimination in both match and non-match trials. Fur-
thermore, while stimulus overlap did not differentially engage ROIs, activity in the
DG/CA2/3 and subiculum at test positively correlated to mnemonic discrimination perfor-
mance during high interference. Together, these results demonstrate that successful mne-
monic discrimination is supported by the hippocampus in healthy young adults. In addition,
our results add to a handful of studies that have examined the relationship between CRF
and functional brain activation, and suggest that baseline levels of CRF in sedentary indi-
viduals may not modulate hippocampal activation during mnemonic discrimination. How-
ever, future work should include both active and inactive individuals to further investigate
the relationship between CRF level and hippocampal function. A subset of participants
from this current study underwent a 12-week exercise training intervention and completed
post-intervention MRI, fMRI, and behavioral testing. Experiment 2, described in the next
chapter of this dissertation, focuses on longitudinal changes in hippocampal subfield struc-
tures and the relation to behavioral performance on mnemonic discrimination following

the intervention.
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All participants (N = 50) Men (N = 17) Women (N = 33)
Demographics
Age (years) ? 26.38 (3.6) 28.23 (3.6) 25.42 (3.2)
Education (years) 17.06 (1.9) 17.00 (2.3) 17.1(1.7)
Physiology
Est. MO,max (L!min?) P 36.24(6.8) 38.76 (7.02) 34.94 (6.4)
Range Est MO,max (L!min') - 27.5-53.7 25.1-514
CRF (10 P 35.68 (27.8) 33.0 (28.9) 37.06 (27.6)
BMI (kg!m™) P 25.2 (4.6) 26.68 (3.6) 24.42 (4.9)
Resting