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ABSTRACT OF THE DISSERTATION

Early Life Unpredictability Alters Circuits Involved with Emotional and Cognitive Outcomes
By
Steven Jay Granger
Doctor of Philosophy in Biological Sciences
University of California, Irvine, 2022

Professor Michael A. Yassa, Chair

Decades of research have investigated the impact of the quantity and quality of
maternal care on the development of healthy cognitive and emotional function in both
human and rodent offspring. Emerging from this literature is the notion that the
(un)predictability of maternal signals in early infancy is an important factor influencing
the development of these systems. In animal models, exposure to unpredictable
patterns of maternal behavior alters brain circuit maturation and cognitive and emotional
outcomes, including impaired memory performance and anhedonia (the loss of pleasure
or lack of reactivity to pleasurable stimuli). However, whether exposure to such signals
in humans alters the development of brain pathways is unknown. In Chapter 2 of this
Dissertation, in mother—child dyads, we tested the hypothesis that exposure to
unpredictable maternal signals in infancy is associated with aberrant maturation of
corticolimbic pathways. We focused on the uncinate fasciculus, the primary fiber bundle
connecting the amygdala to the orbitofrontal cortex and a key component of the medial

temporal lobe—prefrontal cortex circuit. Using high angular resolution diffusion imaging,

XV



we discovered that higher maternal unpredictability during infancy was associated with
greater uncinate fasciculus generalized fractional anisotropy (a correlate of fractional
anisotropy with distinct advantages). In a separate experiment, Chapter 3 of this
Dissertation tested the hypothesized role of the uncinate fasciculus in adjudicating
between competing memory representations at retrieval. Using multimodal imaging, we
discovered that greater uncinate fasciculus integrity is associated with reduced
hippocampal dentate and CAS3 activity during correct discrimination of similar emotional
stimuli. Together, this work yields novel insight into neurobiological mechanisms of
vulnerability to cognitive deficits and advances our knowledge of the function of medial

prefrontal white matter connectivity with the temporal lobe.
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Chapter 1: Background and Significance

Origins of Research on the Impact of Early Life Environment on Emotional and
Cognitive Outcomes

In 2020, there was an estimated 52.9 million adults over 18 years old (roughly
21%) in the United States with some form of mental iliness (National Survey on Drug
Use and Health, 2020). The lifetime prevalence of any mental health disorder among
U.S. adolescents aged 13-18 was estimated to be 49.5% (National Survey on Drug Use
and Health, 2020; Merikangas, 2010). Major Depressive Disorder (MDD) is one of the
most prominent of all mental health disorders with an estimated 21 million adults in the
U.S. having at least one major depressive episode in 2020 (National Survey on Drug
Use and Health, 2020). While MDD is one of the most prominent mental health
disorders, it is also highly comorbid with anxiety disorders (Mineka et al., 1998) with the
prevalence of comorbidity with MDD as high as 60% of cases (Kaufman & Charney,
2000). Although reported in 2018, the most updated economic burden of Major
Depression is approximately $326.2 billion, a figure which is likely rising with the
addition of the COVID-19 pandemic and inflation (Greenberg et al., 2021). Due to the
human and economic costs of mental health burden, it is imperative to understand the
etiology and pathophysiology of cognitive and emotional deficits associated with mental

illness.

Major Depressive Disorder is accompanied by various pathological mood states
including (a) altered incentive and reward processing, evidenced by amotivation,
apathy, and anhedonia; (b) impaired modulation of anxiety and worry, accompanied by

oversensitivity to negative feedback; (c) inflexibility of thought and behavior in
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association with changing reinforcement contingencies; (d) altered integration of
sensory and social information, as evidence by mood-congruent processing biases; (e)
impaired attention and memory; and (f) visceral or somatic disturbances including
altered weight, appetite, sleep, and endocrine and autonomic function (Rolls, 2016;

Drevets, 2007; Gotlib & Hammen, 2009).

Interactions between environmental and genetic factors influence the
development of neurological changes that result in adolescent psychopathology
(McEwen et al., 2015, Jaworska-Andryszewska & Rybakowski, 2019; Heim et al., 2012,
Bale et al., 2010, Anderson et al., 2008). Of particular interest is the contribution of
environmental signals during sensitive and critical periods of development that
contribute to the neurobiological and behavioral characteristics observed in various
mental illnesses including depression (Hasler et al., 2004; Andersen et al., 2008). While
contemplated for generations prior, the first empirical evidence for the notion that early
life environment may influence the development of cognitive and emotional function
came from the pioneering work of John Bowlby. This work focused on the specific role
of the caregiver as a necessary component to develop healthy cognitive and emotional

function (Bowlby, 1952).

Patricia M. Crittenden writes in her Test of Time review entitled, Gifts from Mary
Ainsworth and John Bowlby, that Bowlby’s work planted three crucial stakes in the
ground to make way for the study and development of attachment theory (the theory
that healthy cognitive and emotional development is dependent on healthy interaction
between infants and their primary caregivers; Crittenden, 2017). First, in 1944, Bowlby’s

investigation of the lives of juvenile thieves led to the idea that extended separation from
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their mothers might have been one common factor in criminal behavior (Bowlby, 1944).
In 1949, Bowlby proposed the idea that family processes were perhaps a mediating
factor between extended separation and impaired emotional and cognitive function by
observing that children brought to guidance clinics signaled problems with their families
and the need for reconciliation with the family (Bowlby, 1949). Finally, in 1951, Bowlby
suggested that exposure to the bombing in WWII England was less dangerous to the
child’s psychological wellbeing than separation from their parents with the care of a
stranger (Bowlby, 1951; Crittenden, 2017). In 1968, Bowlby published his formal theory
of attachment in a work entitled Attachment and Loss. Volume I: Attachment where he
described attachment as ‘a lasting psychological connectedness between human
beings’ of which was evolutionarily conserved to promote survival in early life (Bowlby,

1969; Bowlby, 1983).

It wasn’t until the contributions from Mary Ainsworth that different patterns of
attachment were empirically investigated and described. In 1978, the results from the
“Strange Situation” experiment were detailed (Ainsworth et al., 1978). The “Strange
Situation” experiment consisted of close observation of a mother-infant dyad in a
laboratory setting and was designed to assess the quality of the child’s attachment to
the caregiver. More specifically, the experiment consists of multiple rounds of brief
maternal separation followed by the presence of a stranger who attempts to console the
infant while the mother is away. The infant’s behavior is systematically observed while
separated from the mother and left alone briefly, separated from the mother and cared
for by the stranger, and while reunited with the mother (Ainsworth & Bell, 1970). As a

result of this work, three predominant attachment styles were observed: secure (child



uses the mother as a secure base, is exploratory and happy), insecure-avoidant (the
child is not very explorative and is emotionally distant), insecure-ambivalent (the child is
anxious, insecure, and angry) (Ainsworth & Bell, 1970; Ainsworth et al., 1978). A fourth
attachment style was provided later by Main & Solomon known as insecure-
disorganized (the child is depressed, angry, completely passive, and non-responsive;
Main & Solomon, 1986). Of importance, it was proposed by Ainsworth, that different
attachment styles (or patterns of attachment) were mirrored by specific maternal care
qualities. This notion deemed “the caregiver sensitivity hypothesis”, suggested that
secure attachment styles were encouraged by mothers who are sensitive to their needs,
insecure-avoidant attachment styles were encouraged by mothers who were distant or
disengaged, and insecure-ambivalent attachment styles were encouraged by mothers
who were inconsistent, sometimes sensitive and sometimes neglectful (Ainsworth et al.,

1974).

The combined work by Bowlby and Ainsworth (as well as others) inspired a vast
amount of research on attachment theory and the impact of the quantity and quality of
maternal care on infant mental health outcomes. A recent meta-analysis captures the
breadth of research linking insecure attachment styles to impaired cognitive and
emotional outcomes later in life. This analysis, which was conducted across 643 effect
sizes and 123 independent samples, revealed a significant overall effect size (r = 0.31)
showing that insecure attachment to primary caregivers is associated with depression-
like phenotypes later in life (Spruit et al., 2020) adding to the existing literature that
robustly ties insecure attachment styles to internalizing and externalizing symptoms

(Colonnesi et al. 2011; Groh et al. 2017; Hoeve et al. 2012; Madigan et al. 2016; Lee &



Hankin, 2009).

The impact of absence of maternal care via maternal separation (Rutter, 1979;
Gunnar, 2010; Nelson et al., 2007) and lack of sensitive maternal care via exposure to
maternal depression and anxiety (Goodman, 2007; Murray et al., 2011; Dawson et al.,
2003; Feldman et al., 2009; Halligan et al., 2004; Beck, 1998; Verbeek et al., 2021) has
also been extensively studied. One of the most salient examples regarding the lack of
quality maternal care in humans comes from the study of Romanian orphans and the
research conducted by the Bucharest Early Intervention Project (Zeanah et al., 2003). In
1966, under the dictatorial rule of Nicolae Ceausescu, both abortion and contraception
were banned in Romania under the assumption that population growth would enhance
economic growth. In response to drastic increase in birth rates, many children were
abandoned to be raised in overcrowded and impoverished orphanages and institutions.
Investigation into children exposed to this environment showed institutionalized children
exhibited impaired responses to emotional stimuli assessed with electroencephalogram
recording (Parker et al., 2005), widespread disturbances in attachment (Zeanah et al.,
2005), impaired memory and cognitive/executive function (Bos et al., 2009), impaired
language development (Windsor et al., 2007), and displayed a variety of psychiatric
symptoms (Ellis et al., 2004; Bos et al., 2012). These effects mirrored the larger
literature that children raised in institutions are subject to greater risk for developmental
delays and mental health disorders including depression (MacLean, 2003). Attempts to
reverse these negative impacts were then causally investigated by randomized
controlled trials where institutionalized children were either assigned to continued

institutionalized care or foster care, the latter of which was shown to improve psychiatric



and developmental outcomes in previously institutionalized children (Vanderwert et al.,

2016; Nelson et al., 2007; Humphreys et al., 2015).

As a part of this literature, it was suggested that “for normal development to
occur, mammalian brains require an optimal level of environmental input, a so-called
‘expectable’ environment. Examples of an expectable environment might include
exposure to patterned light information, normal language exposure, and access to
responsive caregivers” (Nelson et al., 2007; Curtis & Nelson, 2003; Bruer & Greenough,
2001). This hypothesis originated from the observation that “children reared in
impoverished institutions are subjected to unfavorable caregiver-to-child ratios, highly
regimented routines, impoverished sensory, cognitive, and linguistic stimulation, and
unresponsive caregiving practices” (Nelson et al., 2007). Together, research from the
Bucharest Early Intervention project helped to identify the notion that in addition to
impoverished conditions, abuse, and neglect, whether or not maternal care was
expectable (predictable) or not (unexpected/unpredictable) may be important to

developing infant emotional and cognitive circuits.

Other work suggested that the relationship between Ainsworth’s sensitivity
hypothesis and insecure attachment styles is partially dependent on the perception of
maternal predictability (Ross & Hill, 2002; Hill et al., 1997). To assess early
environmental unpredictability, Ross and Hill (2000) developed The Family
Unpredictability Scale to retrospectively measure lack of consistency in family behaviors
and regulatory systems in childhood and suggest that environmental unpredictability
results in unpredictability schemas or the pervasive belief that people are undependable

and the world is chaotic. Ross and Hill suggested that seven interrelated schemas are
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generated by an unpredictable childhood environment including (1) lack of self-efficacy
(the belief that there will not be predictable outcomes due to their own behavior), (2)
external locus of control (unpredictable forces outside of one’s actions determine one’s
destiny), (3) helplessness (result of chronic external locus of control; others who may be
unpredictable must be relied on for desired outcomes), (4) causal uncertainty (one’s
beliefs about whether or not good and bad events that happen to oneself and others are
due to certain, predictable reasons), (5) interpersonal trust (unpredictable environments
result in a lack of interpersonal trust), (6) sense of coherence (the extent to which one
has a pervasive enduring feeling of confidence that one’s internal and external
environments are predictable and that there is a high probability that things will work out
as expected), and (7) future orientation (those who experience unpredictability will be
less future oriented; Ross & Hill, 2002). It is critical to note in this work that the
difference between maternal sensitivity, maternal consistency, and environmental
predictability is not well operationalized and while the authors suggest predictability
lends itself to different styles of attachment, it does not strongly establish a link between
environmental unpredictability and mental health outcomes but rather focuses on
establishing a link between environmental unpredictability and risk-taking behaviors. In
addition, it is unclear how or which kinds of unpredictability at certain developmental

windows may impact or aid the development of these schemas.

Of interest, the concept that specific types of maternal sensory signals may
contribute to the development of cognitive and emotional systems was not altogether
new at this time. In 1994, Myron Hoffer’s work highlighted the importance of patterning

and intensity of maternal stimulation in young rats as a result of experimental work



directed at early behavioral systems on which attachment is grounded (Hofer, 1994;
Walker et al., 2017). This theory, which birthed the concept of “hidden regulators” states
that the foundations of psychological attachment in early infancy are laid down through
a web of sensory and behavioral interactions that characterize the parent-infant
relationship and by the early emotion and physiological states that are induced by these
events (Hofer, 1994). Evidence for this idea came from Hofer (1973) showing that rats
separated from their mothers for 24 hours had reduced heart rates, slow movements,
and reduced body temperatures. However, exchanging maternal body heat with
thermoregulated heat through the cage floor resulted in hyperactive movements but no
change in heart rate. Hofer noticed that different aspects of a mother’s care appeared to
have relatively specific effects on the separated pups. In a series of experiments, he
showed that the reduced cardiac rate could be rescued by supplying milk during the
separation period, but milk did not change hyperactivity. Behavioral hyperactivity on the
part of the infant could however be rescued with the presence of a non-lactating foster
mother while not impacting infant heart rate (Hofer, 1973). Additional examples that
different stimuli and their patterns impact specific biological systems are briefly outlined
by Walker et al., (2017) which highlights evidence showing the role of maternal tactile
stimulation of pups in maintaining high levels of pups’ growth hormone and neural
proteins, maternal odor keeping stress hormones low, and warmth controlling
behavioral motor activity levels (Chatterjee et al., 2007; Eghbal-Ahmadi et al., 1999;
Hofer, 1973, 1984; Hostinar, et al., 2014). Together, this literature has been used as an
early basis for the idea that patterns of parental behavior, in addition to the “caregiver

sensitivity hypothesis” from Ainsworth and maternal deprivation originating from



Bowlby’s work, are key to maintaining homeostatic balance in specific systems (Walker

etal., 2017).

Another overlapping, non-mutually exclusive, and widely accepted theory
focuses on the notion that exposure to an abnormal early life environment induces
chronic stress. Increased adrenocortical hormone secretion, including cortisol, as a
mechanism for the link between abnormal early life environment and Major Depression
is one of the most consistent findings in neuropsychiatry (Juruena, 2014; McEwen,
2007; McEwen, 2008; Smith & Pollack, 2020; Koss & Gunnar, 2018). Early life stress
can come in many forms but can be defined as an emotional experience in response to
a stressor and can manifest itself by biochemical, physiological, cognitive, and
behavioral changes (Juruena, 2014). A stressor, as Juruena (2014) writes, is a physical
or imagined stimulus that disturbs or threatens to disturb homeostasis and can come in
many forms. Chen & Baram (2016) describe stress as a signal indicating a potential or
perceived threat (Calabrese et al, 2007; Joéls & Baram, 2009; Ulrich-Lai & Herman,

2009; McEwen & Gianaros, 2011).

It is important to note here, that the terminology ‘early life adversity’ has also
been used to describe the impact of abnormal early life environment and is often used
interchangeably with early life stress (Koss & Gunnar, 2018; Purewal et al., 2018; Van
Tieghem & Tottenham, 2018). Nelson & Gabard-Durnam (2020) attempt to adjudicate
between these two overlapping constructs by suggesting that adversity is best
considered through the lens of violations in the expectable environment (i.e.
experiences that are atypical such as patterned light diffused through a cataract) or

entirely absent (such as congenital deafness). In this fashion, not all forms of adversity
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are interpreted and/or encoded as stressful. Nelson & Gabard provide examples
including a scenario where a child may experience preparation for an exam as stressful,
but this would not be considered a form of adversity or perhaps in the instance of an
impoverished language environment where a child is exposed to fewer words and less
complex language may be a form of adversity, but it is in itself not stressful and does
not activate the stress response system. This is not to say that aberrant maternal care
does one or the other, rather, Nelson & Gabard suggest that aberrant maternal care
may act as both an adverse early life experience which can produce a stress response

albeit dependent on brain maturity and developmental history.

As briefly mentioned previously, aberrant early life experience that produces a
biological stress response can come in many forms. Studies have shown that lifetime
history of maternal depression and anxiety has been associated with increased baseline
infant cortisol levels which can be partially attenuated with prenatal maternal
psychotropic medication (Brennan et al., 2008). Maternal depression is well known to
induce a wide variety of impaired cognitive and emotional function (Ahun et al., 2020;
Cummings & Davies, 1994; Cicchetti et al., 1998). Insecurely attached infants show
larger increases in cortisol levels from the Strange Situation Procedure, an effect which
was augmented if the mothers had depressive symptoms (Luijk et al., 2010). Early life
maltreatment, abuse, and neglect are known to produce similar deviations in the
biological stress response involving hypothalamic-pituitary-adrenal (HPA) axis
disruption and is known to result in adolescent cognitive and emotional deficits
(Gonzalez, 2013; Cicchetti & Rogosch, 2001). Children raised in poverty are also highly

vulnerable to develop impaired cognitive and emotional function later in life, a
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relationship thought to be mediated by aberrant stress responses (Yoshikawa et al.,

2012; Blair & Raver, 2016).

Due to the various ways in which early life stress may be induced, some
researchers in the field have sought to determine how specific forms of childhood
adversity map onto specific symptom profiles underlying impaired cognitive and
emotional function in mental iliness; The Specificity Approach (Lumley & Harkness,
2007; Myman et al., 2003; Lui & Fisher, 2022). Lumley and Harkness (2007) provide
evidence that individuals who perceived their childhood adversity (whether it be
emotional maltreatment, physical abuse, or sexual abuse) as preferentially dangerous
presented with more anxious symptoms in adolescence. Individuals who perceived their
childhood adversity with themes of loss or worthlessness presented with more
anhedonic symptoms in adolescence (Lumley & Harkness, 2007). Data from the
Netherlands Study of Depression and Anxiety has shown that emotional neglect seems
to be differentially related to depression, dysthymia, and social phobia (Spinhoven et al.,
2010) furthering the idea that specific types of adverse experiences impact particular
developmental outcomes through distinguishable pathways (Lui & Fisher, 2022; Wyman

et al. 2003).

Early life adversity has also been assessed through the cumulative risk model
which approaches early life adversity as a composite of multiple risk factors (Evans &
Whipple, 2013). The Adverse Childhood Experiences (ACEs) questionnaire is a widely
used tool to measure the amount of cumulative early life adverse factors that
predispose impaired cognitive and emotional function later in life (Lanier et al., 2018;

Anda et al., 1999; Anda et al., 2006; Felitti et at., 1998; Hughes et al., 2017).
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HPA-axis dysfunction, as a result of early life adversity, has been extensively
studied (van Bodegom et al., 2017; McEwen et al., 2007). Briefly, it is thought that upon
exposure to a stressor, corticotrophin releasing hormone (CRH), also known as
corticotropin releasing factor or CRF, is secreted by the paraventricular nucleus of the
hypothalamus (as well as the hippocampus and central nucleus of the amygdala), the
hypothalamus in-turn releases adrenocorticotropic hormone (ACTH) which stimulates
the adrenals to release cortisol in humans and corticosterone in rodents (Stratakis &
Chrousos, 1995; van Bodegom et al., 2017). These corticosteroids are thought to bind
to glucocorticoid receptors (GR) in the hypothalamus and pituitary in a negative
feedback loop (de Kloet et al., 1993; Herman & Cullinan, 1997). CRH is thought to bind
to several G-protein coupled receptors in the cell membrane including CRHR1
(expressed in the prefrontal cortex, hippocampus, paraventricular nucleus of the
hypothalamus, and basolateral amygdala) and CRHR2 (expressed in the hypothalamus,
dorsal raphe nucleus, and medial nucleus of the amygdala; van Bodegom et al., 2017).
Corticosteroids readily cross the blood brain barrier having been released from the
adrenal cortex and bind to GR (canonically located in the hypothalamus and pituitary) or
mineralocorticoid receptors (MR; canonically located in the limbic system including
hippocampus) in the intracellular membrane to regulate gene transcription (van
Bodegom et al., 2017). Decades of research have sought to understand the impact of
CRH and corticosteroids as a mediating influence between chronic stress in early life
and its impact on hippocampal (Bale, 2011; Bagot et al., 2014), amygdala (Lupien et al.,
2016; Bohacek & Mansuy, 2016), and prefrontal cortex function and structure (Lupien et

al., 2016; McGowan et al., 2009; Liu et al., 1997; Bolton et al., 2018). These
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mechanisms include altered neurotransmitter exposure, gene transcription, or neuronal
differentiation within the key nodes of the stress circuitry (van Bodegom et al., 2017;
Chen & Baram, 2016). It is also worth mentioning that the biological stress response
involves more than the above-mentioned players and includes monoamines such as
serotonin, noradrenaline, and dopamine which work in concert with the neuropeptides

and steroids mentioned above (for review see Joéls & Baram, 2009).

Importantly, the effects of early life adversity on impaired emotional and cognitive
outcomes later in life are influenced by the age at which the adversity was experienced.
Bowlby was among the first to recognize this concept by providing evidence that the
period from 6 months to 3 years seemed to be critical for the formation of attachment
between mother-infant dyads finding that infants separated from their mothers past the
age of 3 did not recover as well (Michel & Tyler, 2005; Bowlby, 1969). Findings from the
Bucharest Early Intervention Project provided evidence that infants moved from
institutionalized care to foster care earlier (before the age of 2) resulted in improved

outcomes (Vanderwert et al., 2016; Nelson et al., 2007; Humphreys et al., 2015).

Broadly, it is generally thought that exposure to chronic early life stress (via
aberrant maternal care) during critical periods of development contribute to disruption in
brain development by several overlapping mechanisms including altered
neurotransmitter exposure, gene transcription, or neuronal differentiation within key
nodes of the stress circuitry (van Bodegom et al., 2017; Chen & Baram, 2016).
However, the outcomes of exposure to early life stress are critically dependent on
several aspects including the timing, quality, severity, and duration (Chen & Baram,

2016). To conclude, the quantity and quality of maternal care on cognitive and
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emotional outcomes has been extensively studied, however, relatively less research

has focused on the specific role of patterns of maternal care.

Maternal Sensory Unpredictability as a Novel Antecedents of Impaired Cognitive
and Emotional Function

Control LBN
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Figure 1: Top row of figures show Control (CLT) and LBN model. The LBN model consists of limiting
the nesting and bedding material available to the dam typically during postnatal day 2-9. The effect of
limited nesting material induces changes in maternal behavior currently captured as an entropy rate:
the measure of the degree to which a future behavior can be predicted from the current behavior. The
middle row shows the differences in the time-homogenous transition matrix to and from the following
behaviors: licking/grooming (LG), carrying pups (C), eating (E), nursing (N), nest building (NB), no
activity (O), or self-grooming (SG). In the control dam, in the most extreme case, there is a high
probability from transitioning to one behavior given another. In the dam exposed to LBN, in the extreme
case, there is a very low probability from transitioning to one behavior given another. The dam in this
case has a dispersed range of next possible behaviors following a given behavior. The bottom right plot
shows increase in entropy rate in LBN exposed animals compared to CLT animals. (Figure adapted
from Molet et al., 2016a and Bolton et al., 2019)
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More recently, research has focused directly on the influence of experiencing
predictable or unpredictable maternal sensory signals on cognitive and emotional
outcomes. Neurobiological and behavioral evidence for the developmental scenario in
which early life maternal unpredictability predisposes emotional vulnerability have been
primarily described in the rodent model of limited bedding and nesting (LBN; Gilles et
al., 1996). The LBN model is an experimental manipulation of simulated poverty in
which the amount of bedding material available to the dam is restricted during the
offspring’s early postnatal life (although variable, often occurring during postnatal day 2
to 9). The LBN model has been shown to produce fragmented behavior in dams
including an increase in the average number of epochs spent away from the pups and
decreases in average duration of licking and grooming bouts (Molet et al., 2016a). In
addition, the LBN model is also known to result in an increase in the unpredictability of
maternal transitions from behavior to behavior in interaction with their pups (Molet et al.,
20164, lvy et al., 2008). Importantly, while the LBN-model induces unpredictability of
maternal sensory signals, LBN leaves other qualities of maternal care such as the total
duration of nursing, the total duration of licking and grooming, and total duration of dam-

pup interaction undisturbed (Molet et al., 2016a; Arp, et al., 2016; Walker et al., 2017).

Maternal unpredictability induced via exposure to the LBN paradigm is captured
as an entropy rate: a scaler value describing the likelihood of transitioning from one
behavior given another. Figure 1 demonstrates the LBN model and resulting differences
in entropy values observed across groups. Here, separate matrices are shown for both

the Control and LBN-exposed animals that describe the differences in the time-
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homogenous transitional probability matrix to and from the following behaviors:
licking/grooming (LG), carrying pups (C), eating (E), nursing (N), nest building (NB), no
activity (O), or self-grooming (SG). These matrices are first composed of the raw counts
to and from the behaviors mentioned here and then converted to transition probabilities
within each cell. In the Control dam, one can observe that there is a high probability of
transitioning to one behavior given another. In the LBN-exposed dam, there is a low
probability of transitioning from one behavior to another. In other words, the LBN-
exposed dam displays a dispersed range of next possible behaviors following a given
behavior. These transitional probability matrices can be captured by a single value, an
entropy rate, using a Markov chain model described in Vegetabile et al. (2019). Larger
entropy values reflect greater unpredictability of transitions from one type of behavior to
another (Molet et al., 2016a).

In humans, a similar measure known as maternal sensory unpredictability has
been quantified to reflect the entropy rate in animals exposed to LBN. This measure
quantifies the unpredictability of tactile, auditory, and visual stimulus experienced by
children in early postnatal life based on one to two 10-minute naturalistic observation
periods occurring between 6 and 12-months post-partum. Similar to the LBN model, the
number of transitions to and from a given behavior is summarized in a time-
homogenous probability matrix. The degree of unpredictability of auditory, visual, and
tactile stimuli between mother-infant dyads is quantified using the same Markov chain
models as animals exposed to LBN and is described in Vegetabile et al. (2019). Similar
to the entropy rates quantified in animals, larger values indicate greater maternal

sensory unpredictability experienced by the infant within observation periods.

16



Research in both humans and rodents has shown that exposure to greater
unpredictable sensory signals during infancy is associated with memory deficits later in
life (Ivy et al., 2008, 2010; Molet et al., 2016b; Bath et al., 2017; Davis et al., 2017). In
rodents, pup exposure to unpredictable maternal behavior leads to abnormal maturation
of brain circuits involved with memory (Brunson, 2005; lvy et al., 2010; Guadagno et al.,
2016; Molet et al., 2016b; Walker et al., 2017). More specifically, rat pups exposed to
the LBN paradigm from post-natal day 2-9, showed augmented CRH expression in the
hippocampus assessed in middle age and impaired performance on the Morris water
maze. Impaired memory performance as a result of exposure to LBN was rescued by
peripheral administration of a CRF4 blocker which also prevented dendritic atrophy and
prevented reduced long-term-potentiation in the CA1 (lvy et al., 2010). In a separate
study, rat pups exposed to the LBN paradigm showed impaired object recognition at 12
months of age and impaired spatial memory performance assessed via a discrimination
index that compares time spent exploring the novel vs. familiar locations. These
behavioral deficits of pups exposed to LBN were accompanied by reduced dorsal
hippocampal volumes assessed through structural MRI and increased fractional
anisotropy of the CA1 assessed through ultra-high resolution diffusion MRI.
Interestingly, increased fractional anisotropy of the CA1 was histologically validated in
this investigation by providing evidence that animals exposed to LBN as a chronic early
life stressor had reduced dendritic arborization of the CA1 (Molet et al., 2016b). As an
aside, this work among others, served as an impetus for the utilization of high-resolution
diffusion imaging directed at the medial temporal lobe in Appendices B-C of this

Dissertation.

17



As a result of these impoverished conditions and changes in maternal behavior,
pups exposed to this early life environment have also been shown to exhibit symptoms
of anhedonia which include decreased sucrose preference and social play (Molet et al.,
2016a, Bolton et al., 2018a). One such study implemented the LBN paradigm from post-
natal day 8 to 12 and measured c-fos expression in the nucleus accumbens after a
social behavior test. As a response of early life exposure to LBN, rats displayed social
avoidance behavior measured as less time spent in a “social chamber” and decreased
c-fos expression in the nucleus accumbens shell and core at postnatal day 20-22 and
postnatal day 42-48 (Rincon- Cortés & Sullivan, 2016). Another study implemented LBN
from post-natal day 2-9 and investigated differences in pleasure-reward seeking. It was
found that rats exposed to LBN exhibited reduced voluntary chocolate intake as well as
administered lower doses of cocaine under lower reinforcement schedules. Further, rats
exposed to LBN in this study exhibited increased c-fos expression in the nucleus
accumbens core after cocaine administration. In this case, the authors attributed an
increased c-fos expression in the accumbens core to maintaining similar cocaine
demand elasticity to that of control animals (Bolton et al., 2018b). Additionally, animals
exposed to LBN showed impairment on a probabilistic reward learning task which
mirrored findings observed in human clinical populations (Kangas et al., 2022).

In addition, the LBN and analogous Scarcity model (a less severe impoverished
environment occurring usually from postnatal day 8-12) have been shown to produce a
wide variety of neurobiological changes including increased expression of c-fos, an
activity-dependent immediate-early gene and increased spine density in the amygdala

(Gaudagno et al., 2018, Guadagno et al., 2016, Raineki et al., 2012, Walker et al.,
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2017). Within the LBN model, abnormalities of the prefrontal cortex have also been
reported. Specifically, functional connectivity differences between the prefrontal cortex
and amygdala across adolescence and adulthood have been found as an outcome of
LBN occurring during postnatal day 8-12 (Yan et al., 2017). Additionally, it has been
reported that rats exposed to LBN during postnatal day 8-12 showed decreased c-fos
activity across the prefrontal cortex (including infralimbic) after a social behavior testing
paradigm (Rincon-Cortés & Sullivan, 2016). Histological evidence from this model has
indicated that there are layer specific dendritic reductions in the prefrontal cortex, a
relationship which is thought to be mediated by CRF-1 (Yang et al., 2015).

Pups exposed to unpredictable maternal care through the LBN paradigm show
increased plasma corticosterone levels (Rice et al., 2008). Importantly, exposure to
augmented maternal care (which relies on the brief separation of dam and pup) is able
to promote the overall time spent with rat pups, reverse exaggerated CRH expression in
the hypothalamus (Korosi et al., 2010), and reduce basal CRH expression (Plotsky &
Meaney, 1993; Plotsky et al., 2005; van Bodegom et al., 2017).

Although the amygdala, hippocampus, and several prefrontal cortical regions
have been implicated in studies of LBN, it is less clear as to how connections between
these regions might impact behavioral outcomes associated with impaired cognitive and
emotional function. One investigation from the LBN paradigm using ex-vivo high-
resolution diffusion imaging suggests that the amygdala-prefrontal cortex circuits
become hyperconnected as a result of early life maternal unpredictability and perhaps
also with more variability in the reconstructed white-matter connecting these two regions

(Bolton et al., 2018a). Thus, it is possible that differences in the top-down inhibitory
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control of the prefrontal cortex over limbic structures during synaptic pruning in
childhood leads to aberrant cognitive and emotional processes later in life (Anderson et
al., 2008). Whether the same corticolimbic circuits are impacted by unpredictable
maternal sensory signals in humans remains unknown.

Medial Temporal Lobe and Prefrontal White Matter: Association with Early Life
Adversity and Psychopathology

Bubbetal, 2018 @

Figure 2: Partial dissections of the human brain showing large white matter association
tracts that are most intricately linked with the development and presence of depressive
symptoms. (a) Adapted from Bubb et al., 2018. Shows a mid-sagittal cut of the human
brain with the anterior portion of the corpus callosum removed. In a, the cingulum
bundle is depicted which consists of two portions: the superior component (depicted as
‘a’) as well as the hippocampal cingulum (parahippocampal radiation; depicted as ). It
is important to note here, the cingulum is a large tract innervating multiple components
of cortex some of which are situated more medial to this cut, however, fiber projections
toward posterior parietal (retrosplenial) cortex are visible in this view. Other white matter
association tracts of interest are visible which include the body and column of the fornix
(‘c’). (b) Adapted from Leng et al., 2016. Shows the uncinate fasciculus bundle in
reference to the inferior longitudinal fasciculus (IFOF). It is clear that the uncinate
fasciculus and IFOF share overlapping prefrontal areas which make the dissociation of
the respective uncinate fasciculus and IFOF components difficult when it comes to
tractography. Further, tractography of the uncinate fasciculus often contains “falsely-
continuing” streamlines posteriorly and backwards along the IFOF axis. (c) Depicts the
general morphology of the uncinate fasciculus. Here it is important to note the tightly
packed portion of the uncinate fasciculus known as the uncus (packed/bending portion)
as well as the branching of the uncinate in the orbitofrontal cortex into a (dorso-) lateral
and fronto-polar (more ventral) component.

20



Decades of research have been dedicated to understanding the neurobiological
sequalae resultant from exposure to early life adversity. Although the amygdala,
hippocampus, and several prefrontal cortical regions have been implicated in studies of
early life adversity, it is less clear as to how connections between these regions might
be impacted. In rodents, amygdala-prefrontal connections are relatively slow to develop
and continue into adolescence with very rapid growth during the first 10 postnatal days
of life followed by synaptic pruning in adolescence (Cunningham et al., 2002; Johnson
et al., 2016). Interestingly, the development of glucocorticoid expression in the

prefrontal cortex follows a similar pattern (Andersen et al., 2008; Periman et al., 2007).

The use of diffusion weighted imaging methods in humans has yielded many
insights into the development of white matter across the lifespan as well as provided
unique insights into the circuit mechanisms of early life stress and depressive
symptoms. Studies of white matter in early infancy have shown that white matter in
general is developing at high rates with increasing fractional anisotropy (FA;
representing the strength of diffusion) in many bundles continuing to develop into 30
years of age (Hermoye et al., 2006). Interestingly, specific white matter tracts
connecting the medial temporal lobe and the prefrontal cortex are among the latest to
develop (Asato et al., 2010; Olson et al., 2015). However, evidence points to very rapid
limbic white matter change in the first 2 years of life, possibly indicating a period of
sensitivity in which environmental stimuli could more drastically affect the development
of limbic white matter (Yu et al., 2020). One such white matter tract known as the
uncinate fasciculus is known to exhibit peak FA measures around the age of 35 whilst

also rapidly developing in the first years of life (Olson et al., 2015, Von der Heide et al.,
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2013; Simmonds et al., 2014; Yu et al., 2020).

The uncinate fasciculus is a largely understudied white matter pathway that
generally connects the orbitofrontal cortex (OFC) with the anterior medial temporal lobe
(Figure 2bc). It is a U-shaped fanning white matter bundle that is composed of three
components: the temporal, the insular, and the frontal segments (Ebeling & von
Cramon, 1992). Within the frontal segment, the uncinate fasciculus fans into three
dominant branches extending toward the lateral OFC, fronto-polar cortex, as well as
medially beneath the ventral striatum (Bhatia et al., 2012, 2017, 2018; Riva-Posse et al.,
2014; Vergani et al., 2016). Within the temporal component, the uncinate is known to
terminate in a variety of regions including the entorhinal/perirhinal cortices and the
basolateral amygdala (Ebeling & Von Cramon, 1992; Von Der Heide et al., 2013;

Thiebaut et al., 2012).

Although its function is poorly understood, some have suggested that the role of
the uncinate fasciculus is situated between episodic memory processes, language, and
socioemotional processing (Von Der Heide et al., 2013). While the functional
significance of the uncinate fasciculus is still in question, it clearly undergoes major
changes during development that are associated with psychiatric conditions and
outcomes including depression, anxiety, exposure to early life stress and maltreatment.
Children placed in Romanian orphanages who were exposed to severe socioeconomic
deprivation early in life were shown to have decreased FA of the uncinate fasciculus at
the age of 10 (Eluvathingal et al., 2006). In a similar study of socially deprived European
orphans, decreased uncinate fasciculus FA was associated with greater duration spent

in the orphanage (Govindan et al., 2010). In a large self-report study, decreases in
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uncinate integrity were associated with greater scores on the Childhood Trauma
Questionnaire (Hanson et al., 2015). Some studies have even shown that higher
sensitivity to early life stress (regardless of the amount of stress) predicted reduced
fractional anisotropy in the right uncinate fasciculus (Ho et al., 2017) and the amount of
parental depressive symptoms also resulted in increased mean diffusivity of the
uncinate fasciculus (Marroun et al., 2018). In general, these results suggest that early
life stressful events result in abnormalities in fractional anisotropy of the uncinate

fasciculus and poorer psychiatric outcome.

In studies of depression, the uncinate fasciculus appears to follow a very similar
pattern. Studies generally find that decreases in uncinate fasciculus FA are prominent in
those exhibiting depressive symptoms (Zhang et al., 2012; Vilgis et al., 2017;
Carballedo et al., 2012; Yang et al., 2017; Bhatia et al., 2018). One study found that
increases in FA were associated with better response to antidepressant treatment, a
relationship which was moderated by genetic factors implicated in depression (Tatham
et al., 2017). In contrast to these studies which suggest that decreased FA may be a
consequence of early life stress and may be associated with depressive symptoms,
other studies have reported opposing results. In one such study it was shown that
uncinate fasciculus FA was increased in a sample of individuals with treatment resistant
depression compared to healthy controls (Young et al., 2016). Additionally, it was found
that high depression severity predicted increased FA of the uncinate fasciculus, a
relationship which was moderated by both physical and emotional neglect (Tatham et
al., 2016). Similar findings have reported that specific facets of the diffusion signal,

primarily radial diffusivity (representing the diffusion perpendicular to the main axis of a
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tensor — typically thought to associated with degree of myelination), are in fact
increased in those exhibiting anticipatory anhedonia as well as depressive symptoms
(Yang et al., 2017; Zhang et al., 2012). While it is unclear whether the dysmaturation of
the uncinate fasciculus is the result of early life adversity, and whether it has a
directional influence on psychiatric outcomes remains unclear, evidence for
abnormalities in this specific pathway associated with both conditions is particularly

salient in the literature.

In addition to the uncinate fasciculus, there are several other pathways that are
also implicated in depression and aberrant early life experience. For instance, the genu
of the corpus callosum (Lu et al., 2013; Wise et al., 2016) and the cingulum bundle
(Figure 2a; Keedwell et al., 2012; Marroun et al., 2017; Henderson et al., 2013) have
been implicated in several studies of depression and early life stress. Of importance, it
was even found that reduced fractional anisotropy in the cingulum of adult females was
related to familial history of depression as well as low hedonic capacity (Keedwell et al.,
2012). While the genu (anterior segment) of the corpus callosum contains large
prefrontal cortex projections across hemispheres, the cingulum has more complex
connectivity. Like the uncinate fasciculus, it is a large white matter association tract
aggregating axons from several different projection areas (for review see Bubb et al.,
2018). From axon tracing studies, we know that the cingulum more specifically connects
the posterior MTL to several cortical regions including the prefrontal, orbitofrontal,
anterior cingulate, and retrosplenial cortex. Within the MTL, the cingulum in known to
originate from cell bodies in the perirhinal cortex as well as the subiculum (Wouterlood

et al., 1990; Van Groen et al., 1990; Shibata, 1993a; Shibata, 1993b.).
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It is important to note that all of the aforementioned studies of white matter in
humans do not dissociate between different portions of the white matter tracts of
interest based on the location of their cell bodies. Rather, methods of white matter
tractography as well as regions-of-interest based analysis lack the image resolution to
properly dissociate individual connections that make up a white matter bundle (i.e.
amygdala to the prefrontal cortex connection is found within a larger bundle containing
axons from different projections sites). The majority of white matter studies thus often
only refer to the white matter bundle as a whole without acknowledging their nuanced
connections. Although it is methodologically challenging to dissociate portions of white
matter bundles, it is possible that certain segments of the uncinate and cingulum play a
more prominent role in the etiology of anhedonia and depression. One study has
attempted to make such dissociations within the context of depression finding that
reductions in FA were found in the body, subgenual stem (extending toward ventral
striatum), and polar stem of the uncinate in depressed patients (Bhatia et al., 2018).
Although in this case, the uncinate was modeled using diffusion-tensor informed
tractography, new efforts are being made to more accurately delineate the uncinate’s
morphology using diffusion spectrum imaging (Leng et al., 2016).

Diffusion Weighted Imaging as a Method of Accessing Neuronal Structure on the
Macro and Microstructural Scale
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Figure 3: (a) The Tensor Model. Shows the primary eigenvector (e) and eigenvalue (A)
components of a 3-dimensional tensor ellipsoid. Of note, the measure of fractional
anisotropy is a summary measure of anisotropy (“diffusibility”) among all three primary
orientations of the tensor model. Other tensor-based measures include axial diffusivity
which is composed of the primary eigenvalue/eigenvector (A1). Radial diffusivity is the
averaged second and third components of the tensor ((A1+A2)/2). Finally, mean
diffusivity represents the average of all three eigenvalues ((A1+A2+A3)/3) and is thought
to relate to cellular density. (b) Shows one of the major limitations of the tensor model
depicting 4 different intravoxel patterns (non-parallel fibers) that result in the same
tensor model. The assumption of the tensor model is one primary direction of fibers
when in fact we know biological tissue is more complicated than this. Further, the tensor
model doesn’t account for free water diffusion or isotropic diffusion compartments within
a voxel. The use of other measures in areas of heterogeneous tissue structure (i.e.
bending intravoxel patterns such as the uncus of the uncinate fasciculus) is clearly
needed. (c) Shows one proposed solution, namely, the quantitative anisotropy model
that accounts for the isotropic (free isotropic component: min) as well as multiple fiber
orientations within the same voxel (i.e. QA+, QAz). Measures of generalized fractional
anisotropy can be calculated from this model and reconstruction techniques work for
many different types of sampling schemes. (Adapted from Jbabdi & Johansen-Berg,
2011 & Yeh et al., 2013).

Non-invasive neuroimaging is widely used as a tool to address questions in
translational neurobiology. In particular, diffusion-weighted imaging allows us to assess
differences in tissue microstructure, with the most popular method involving the use of
diffusion tensor imaging (DTI) to study white matter in the brain. All diffusion-weighted

imaging methods are based on the principle of Brownian motion, capturing the diffusion
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of water within compartments along specific orientations (Jones, 2008; Figure 3). We
can use DWI-based signals to construct models within voxels designed to represent the
constrained or unconstrained diffusion of water in different brain compartments.
Diffusion tensor imaging is one of the simplest models of this process where a 3-
dimensional tensor ellipsoid is used to represent the underlying diffusion properties,
allowing inferences about the underlying tissue properties (Feldman et al., 2014). DTI
uses metrics based on the diffusion tensor. As mentioned previously, fractional
anisotropy (FA) is a summary scalar measure based on three primary diffusion
directions (eigenvectors/eigenvalues) to capture the overall degree of anisotropy or
strength of diffusion across the entire voxel. The tensor’s individual components are
also used, namely axial and radial diffusivity, which represent diffusion along the
primary and averaged secondary and tertiary components, respectively (Figure 3a).
Although popular, DTI has several pitfalls including an inability to model crossing or
multiple fibers within voxels and it suffers from partial volume effects due to resolution
limitations (Alexander et al., 2007, Alexander et al., 2011; Jdabdi & Johansen-Berg,
2011). As demonstrated by Figure 3b, it is clear that multiple types of intra-voxel

structural patterns might produce the same tensor-based reconstruction.

The use and interpretability of DTl is still largely a developing field. With a wide
variety of data acquisition, processing, and reconstruction methods, there is very little
consensus in the use and application of the technology and a number of common
pitfalls (Jones & Cercignani, 2010) that make its use less than ideal for examining
complex white matter architecture. New methods based on diffusion weighted imaging

attempt to solve the shortcomings of the tensor-model by the use of “model-free”

27



methods designed to capture multiple fiber orientations by creating reconstructions
based on each of the diffusion sampling directions. Examples of these methods include
diffusion spectrum imaging (DSI) and high angular resolution diffusion imaging (HARDI)
which calculate the orientational distribution of diffusing spins to model multiple fibers
within each voxel. This results in much more anatomically plausible tractography (Tuch
et al., 2002; Wedeen et al., 2005). More recently, the use of multiple b-value (multi-
shell) high angular protocols (based on work by the Human Connectome Project) has
provided significant advances. Implementation of opposite phase encoding to correct for
magnetization-induced susceptibility distortions has also enhanced the quality of
acquired images (Andersson et al., 2003). These distortions are particularly relevant in
the prefrontal and medial temporal lobe cortices among protocols with a single-phase

encoding direction.

While modeling the diffusion signal at the single voxel level is an interesting
computational challenge, modeling the interpolation of the diffusion signal across
voxels, a technique known as diffusion tractography, is even more complex.
Tractography relies on the interpolation of diffusion signals from voxel-to-voxel which
ultimately results in 3-dimensional models of short- and long-range projection fibers.
When using tensor- derived measures to guide tractography algorithms there is a clear
oversimplification of biological tissue indicating only one predominant fiber orientation
per voxel. Modeling across voxels is thus likely to result in false-positive tracts that may
not be representative of the underlying white matter. New methods in deterministic
tractography refer to the use of quantitative anisotropy, which represents the strength of

diffusion among many primary fiber orientations accounting for the isotropic free-water
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component.

Several investigations have shown in phantom objects (microtubule objects of
known structure) that the accuracy of deterministic tractography aided by the use of
quantitative anisotropy resulted in more accurate modeling compared to FA aided
tractography (Yeh et al., 2013). Further, efforts are being made in the field to compare
across tractography methods to find the most accurate tractography algorithms to
delineate human white matter bundles. In one such study, the use of quantitative
anisotropy was found to produce fewer false-positive streamlines than over 96 different
methods released by more than 20 other research groups around the world (Maier-
Hein, 2017). Although the use of quantitative-anisotropy-informed-tractography has
shown promise in properly delineating some of the largest white matter bundles in the
brain, these techniques are still shown to produce false-fibers even within major white
matter tracts (Maier-Hein, 2017). Validation with known anatomy is always an important

step in these measurements.
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but has the advantage of being able to Figure 4. Adapted from Glenn et al., 2015
. showing the advantage of modeling and
model complex neural architecture (Glenn detecting anisotropy within tissue using GFA.

et al., 2015). In other words, GFA

represents the degree of preferential directional diffusion mobility, with the benefit of
being able to accommodate more complex diffusion profiles (Glenn et al., 2015). Figure
4 shows the differences and advantages of GFA compared to FA. As the fiber bundle
orientation (top row) gets more complex, FA values (shown in blue) are reduced toward
an anisotropy value of zero. GFA on the other hand is able to properly model fiber
bundles of greater complexity. It should be noted however that there is variation in the
accuracy to which GFA measures the degree of anisotropy across the type of tissue
being evaluated as well as the b-value at which the raw data are collected (Fritzche et
al., 2010; Gorczewski et al., 2008). Regardless of these issues, GFA is still used to
assess structural integrity of complex tissues in a clinical setting particularly when there

are heterogeneous fiber tissues (Koh et al., 2018; Yamada et al., 2018).

Overall, while the technique is still in its development stages, DWI is able to
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model white matter structure reasonably well and there is a general movement to move
toward the use of high-angular, multi-shell data acquisition as well as implement more
sophisticated “model-free” reconstruction techniques to model multiple fiber orientations
within single voxels. While methods such as electrophysiology and resting state
functional MRI can link regions together across time and even during task, they alone
cannot determine the actual pathway signals must traverse in order to reach their
destinations. Thus, the use of DWI as a complementary method has clear advantages,
although the interpretation of the diffusion signal and the inference to cellular
microstructure must be made with caution. Using variations of diffusion weighted
imaging it is possible to shed light on aberrant neural circuitry associated with a wide
variety of neurodegenerative and psychiatric diseases. Despite methodological
limitations, this Dissertation aims to use the best available processing techniques to
assess white matter connecting the medial temporal lobe and prefrontal cortex to

address the hypotheses in question.
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Approaches to Assess Memory and Interference Resolution
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Figure 5: (a) Depicts a simplified version of known medial temporal lobe circuitry
involved in episodic memory function. The lateral and medial entorhinal cortex are
thought to be important for object and spatial processing, respectively. The entorhinal
cortex communicates with the DG subfield of the hippocampus via the perforant
pathway. Mossy fibers extent from the DG toward the CA3 region of the hippocampus
which contains an autoassociative recurrent collateral network. (b) Of particular interest,
the DG is thought to be critical for the neural computation of pattern separation while the
CA3 is thought to contribute to both pattern separation as well as pattern completion
(Leal & Yassa, 2018).

While the structural connections between the PFC and MTL are implicated in
studies of early life stress and depression, the functional role of structural connectivity
between these regions in episodic memory processes is still under investigation.
Episodic memory is often defined as records of unique experiences and events that
guide adaptive behavior; a feature of the brain that is thought to be reliant on the
hippocampus (Milner et al., 1998; Squire et al., 2004). A key feature of episodic memory
is the ability to discriminate among highly similar experiences thus creating dissociable
experiences from one day to the next. Computational models suggest that the brain
uses a neural computation known as pattern separation to distinguish among highly

similar items during memory performance (Marr, 1971; O’Reilly & Norman, 2002). This

computation is thought to be heavily reliant on the dentate gyrus (DG) and CAS3 of the
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hippocampus and serves to create orthogonalized representations from similar inputs
(Yassa & Stark, 2011). More specifically, the DG is thought to be capable of pattern
separation while the CA3 region acts in an autoassociative network capable of both
pattern separation as well as pattern completion via its recurrent collateral network (see
Figure 5 for review). Pattern completion in this sense, refers to the process by which
incomplete representations are “filled in” based on previously stored information (Yassa
& Stark, 2011).

Animal and human studies have begun to examine the influence of cortical areas
in the pattern separation and completion process. Specifically, the entorhinal cortex
(EC) has shown prominent influence in the pattern separation process as an integrating
node that mediates the communication between the hippocampus and the rest of the
neocortex (Reagh et al., 2018). Further, specific regions of the entorhinal cortex are
known to have dissociable functions. Namely, the lateral EC (or the “content” pathway)
comprises information associated with object processing while the medial EC (“context”
pathway) comprises information associated with spatial/contextual processing
(Eichenbaum et al., 2012; Knierim & Neuneubel, 2016; Reagh et al., 2018; Knierim et
al., 2013). In addition, we know that the lateral and medial entorhinal cortex are
innervated by different cortical inputs. Specifically, evidence from rodents indicates that
the lateral entorhinal cortex is associated with cortical inputs including the orbitofrontal
cortex and the amygdala while the medial entorhinal cortex is associated with cortical
inputs such as the retrospenial cortex and postrhinal cortex, among others (Witter et al.,
2017). It is thought that the functions of each of these regions are, in part, due to their

connections with these cortical inputs. However, how these regions and their
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computations are altered as a result of early life stress and the white matter pathways

that may regulate them are still poorly understood.

Episodic memory disruption is a well-known outcome of the experience of
chronic stress and is associated with poorer mental health outcomes including
depression and anxiety among other disorders (Dillon & Pizzagalli, 2018; Pittenger,
2013; Leal & Yassa, 2018; Dalgeish et al., 2007; Williams et al., 2007). In a work
entitled, Mechanisms of Memory Disruption in Depression, Dillon & Pizzagalli (2018)
outline the impact of experiencing chronic stress on memory highlighting an overarching
theory which suggests stress suppresses hippocampal neurogenesis, inhibits dopamine
neurons, whilst sensitizing the amygdala. Dillon & Pizzagalli suggest that these
phenomenon impair pattern separation processes, disrupt the encoding of positive
experiences, and bias retrieval toward negative events.

Many labs have begun to investigate the pattern separation process in clinical
applications such as depression, anxiety, schizophrenia, mild cognitive impairment and
Alzheimer’s Disease (reviewed in Leal & Yassa 2018). Leal et al., (2014ab) made
significant contributions in understanding the link between pattern separation and
mental health outcomes providing evidence that those exhibiting depressive symptoms
presented enhanced discrimination of negative stimuli while also showing impaired
target recognition for neutral items (Leal et al., 2014a). These findings were
neurobiologically validated with evidence showing those with greater depressive
symptoms had reduced DG/CA3 and increased amygdala activity during discrimination
of negative items (Leal et al., 2014b). Other studies have demonstrated that those with

greater symptoms of anxiety exhibit impaired memory of negative stimuli (Tofalini et al.,
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2015; Inaba & Ohira, 2009) suggesting a cognitive affective bias that leads to
overgeneralization of negative emotional memories (Leal & Yassa, 2018; Kheirbek et
al., 2012; Balderston et al., 2017). Our recent work attempted to adjudicate between
seemingly opposing impacts of anxiety and depressive symptoms in a clinical
population (Granger et al., 2022; Appendix A).

In summary, episodic memory involves contributions from the medial temporal
lobe (MTL), prefrontal cortex (PFC), and their interactions (Eichenbaum, 2017; Preston
& Eichenbaum, 2013). Although contributions have been made to episodic memory
dysfunction in various psychopathologies, less it known how different types of adversity
experienced in early life may result in impaired mnemonic discrimination and what MTL-

PFC pathways may be involved.

Unanswered Questions Related to Circuits Involved with Emotional and
Cognitive Outcomes

A large literature has focused on the role of maternal care in shaping emotional and
cognitive outcomes, however, relatively less research has focused exclusively on the
role of patterns of maternal care. Chapter 2 of this Dissertation focuses on the role of
unpredictable patterns of maternal sensory signals as a novel type of adversity that
might predispose circuit dysfunction in MTL-PFC white matter. To determine the
behavioral relevance of changes in MTL-PFC white matter, we utilize a mnemonic
similarity task to probe episodic memory performance. Chapter 3 of this Dissertation is
directed at understanding the function of the uncinate fasciculus using an emotional
pattern separation paradigm. Each of the following Chapters attempts to address these

using state-of-the-art measures to assess white matter.
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Chapter 2: Impact of Early Life Maternal Sensory
Unpredictability on White Matter Associated with Episodic
Memory Performance and Neuropsychiatric Symptoms

All findings of this study have been published in Granger et al., (2021a)

Introduction

Experiences occurring during sensitive periods in early life are powerful factors
influencing brain development and cognition (Hasler et al., 2004; Andersen & Teicher,
2008; Short & Baram, 2019). Although it is clear that the quality of maternal care affects
the risk for offspring psychological disorders and neurobiological changes later in life
(Bowlby, 1950; Lebel et al., 2016; Glynn & Baram, 2019), relatively less is known about
how patterns of maternal behavior impact human development (Baram et al., 2012;

Davis et al., 2017).

Patterns such as unpredictability of maternal sensory signals during early
development are emerging as novel contributors to psychiatric illness later in life with
unique neurobiological signatures (Chen & Baram, 2016, Walker et al., 2017, Glynn &
Baram, 2019). It is possible that exposure to unpredictable maternal behavior results in
aberrant synaptic pruning that leads to compromised structural integrity of neural

circuitry vital to healthy cognitive and emotional processing (Glynn & Baram, 2019).

As mentioned in Chapter 1 of this Dissertation, across species, aberrant
maturation of amygdala—prefrontal circuits is well recognized as a key outcome of
exposure to stress (Burghy et al., 2012; Gee et al., 2013; Chen & Baram, 2016;
Tottenham & Galvan, 2016; Burgos-Robles et al., 2017). In rodents, amygdala-

prefrontal connections are relatively slow to develop and continue into adolescence with

36



very rapid growth during the first 10 postnatal days of life followed by synaptic pruning in
adolescence (Cunningham et al., 2002; Johnson et al., 2016). Interestingly, the
development of glucocorticoid expression in the prefrontal cortex follows a similar
pattern (Andersen at al., 2008; Perlman et al., 2007). Others have shown that
accelerated maturation of amygdala—prefrontal cortex functional connectivity may be an
adaptive response to early life adversity, which reprioritizes developmental goals to
match the demands of adverse early life environments (Gee et al., 2013). In humans,
the predominant anatomic connection between these two regions is the uncinate
fasciculus (Ebeling & Von Cramon, 1992). The uncinate is thought to be important for
episodic memory and has recently been hypothesized to play an important role in
adjudicating among competing memory representations during retrieval (Von der Heide
et al., 2013; Alm et al., 2016). Abnormal development of the uncinate could lead to
impairments in cognitive and emotional functions (Carballedo et al., 2012; Zhang et al.,
2012; Vilgis et al., 2017; Yang et al., 2017; Bhatia et al., 2018). Abnormal development
of the uncinate has been associated with early life adversity including a history of
institutionalization during childhood and paternal depressive symptoms (Eluvathingal et
al., 2006; Govindan et al., 2010; Hanson et al., 2015; Ho et al., 2017; Marroun et al.,

2018).

In this Chapter, we evaluate whether exposure to unpredictable maternal signals
in infancy is associated with uncinate integrity, measured between the ages of 9 and 11
years. To determine whether the observed effects were specific to the uncinate or are
general features of corticolimbic white matter, we conducted similar analyses in the

hippocampal cingulum, which shares the fronto-temporal connectivity of the uncinate
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but is spatially distinct (Bubb et al., 2018). As the functional output of brain circuits is a
combinatorial sum of the activity of each of their components (Redish & Gordon, 2017),
we also conducted analyses using the ratio of uncinate to hippocampal cingulum

connectivity as a measure of imbalance across these two pathways.

To determine the behavioral relevance of changes in white matter connectivity
associated with unpredictable maternal sensory signals, we focused on episodic
memory function, which we assessed by using the mnemonic similarity task (MST), a
well validated task (Stark et al., 2019) that is sensitive to the ability of the hippocampus
to discriminate among highly similar experiences (i.e., pattern separation), which is
thought to be a core facet of episodic memory (Marr, 1971; Yassa & Stark, 2011; Leal &
Yassa, 2018; Leutgeb et al., 2007). This task was chosen as we have previously shown
across species that greater unpredictability of maternal sensory signals in infancy is
associated with differences in memory function (Davis et al., 2017). Further, MST
performance is dependent on successful adjudication among competing memory
representations during retrieval, which is thought to be a core function of the uncinate

fasciculus (Von Der Heide et al., 2013; Alm et al., 2016).
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Materials and Methods

Table 1. Sample characteristics for mother/infant dyads (N = 73)

Characteristics Values
Maternal characteristics
Cohabitation status (% married or 84.9
cohabitating)
Education, years (SE) 16 (0.4)
Education (%)
High school or less 11.1
Some college, associate degree, or 28.7
vocational degree
4 year college degree 28.8
Graduate degree 23.3
Maternal race/ethnicity (%)
White/European/North African/Middle 49.3
Eastern
Asian 12.3
Hispanic white 30.1
Multiethnic/other 8.2
Maternal depression/anxiety (mean 6 SE)
STAI 17.2222 + 0.641
EPDS 4.95+0.612
Maternal sensitivity (mean 6 SE) 9.85+0.12
Income to needs ratio (mean 6 SE) 509.36 + 59.5
Maternal unpredictable sensory signals 0.81+ 0.018
(mean 6 SE)
Age at MRI scan (mean 6 SE) 9.92 £ 0.078
Sex 43 males, 30
females
Days between scan and MST completion 99 + 12.14

Participants A sample of 73 mother—offspring dyads (n = 30 females) from a
prospective, longitudinal, prenatal cohort participated. Initial maternal recruitment
criteria included the following: English-speaking, 18years old, nonsmokers, no evidence
of drug/alcohol use, and singleton pregnancy. Unpredictable maternal sensory signals

were assessed when the infants were 6 and 12 months of age, and the children
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participated in a single MRI scan between 9 and 11 years of age. Demographic

information for the full sample of participants is summarized in Table 1.

Measurement of unpredictability of maternal sensory signals -

Coding maternal sensory signals. Unpredictable maternal sensory signals were
coded from a free play dyadic interaction between a mother and her child, as described
in the study by Davis et al. (2019). Briefly, mothers were video recorded interacting with
their child in a semi-structured 10 min play episode at 6 and 12 months of age. Mothers
were given a standard set of age-appropriate toys and instructed to interact with their
infants naturally as if they were at home. Behaviors from the mother that provided
auditory, visual, or tactile sensory signals to the child were coded on a moment-to-
moment basis from the video recordings using The Observer XT 11 (Noldus). Auditory
signals included all maternal vocalizations, visual signals included maternal
manipulation of toy or object while the infant was visually attending, and tactile signals
involved all instances of physical contact (holding/touching) initiated by the mother.
Coders were blind to all other information on study participants. Interrater reliability was

calculated based on 20% of videos and averaged 89% (Davis et al., 2017).

Quantifying unpredictability of maternal sensory signals:

Unpredictability of maternal sensory signals were quantified by calculating the
entropy rate of the sequences of visual, tactile, and auditory maternal signals assessed
during the two 10 min naturalistic observation periods described above. The entropy

rate is determined as follows. We first identify all transitions among visual, tactile, and
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auditory maternal signals, accounting for all possible combinations of the different types
of sensory signals. As an example, if a mother was speaking (auditory) to her child and
then shows her a toy (visual) while labeling it (auditory), this would be classified as a
transition from auditory only to auditory and visual. The resulting transitions are then
modeled as changes in the state of a discrete-state first-order Markov process and the
entropy rate of that process calculated as described in the study by Davis et al. (2017).
We considered alternative strategies for calculating the entropy rate (e.g., based on
other Markov chain models; second order and third order) as well as a nonparametric
approach based on theoretical results relating data compression to unpredictability of
maternal sensory signals and found that results were highly consistent (Spearman’s
rank correlations for resulting unpredictability measures ranging from 0.91 to 0.98;
Vegetabile et al., 2019). The entropy rate measurement can be thought of as capturing
how random or uncertain a mother’s next behavior would seem to someone making a
guess based on previous observed behavior. Entropy rate can range from 0 (transitions
are perfectly predictable, e.g., speech is always followed by touch) to a maximum of
2.807 (unpredictable, the next observed behavior among them appears to occur at
random). The resulting unpredictability rates were calculated separately for each visit (at
6 and 12 months) and averaged. A comprehensive description of the calculation
regarding maternal unpredictability and the entropy rate quantification is described in
the study by Davis et al. (2019), and an R package for the calculation of entropy is

available at https://contecenter.uci.edu/shared-resources.
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Encoding indoor/outdoor? Retrieval old/new/similar?

Figure 6: The MST consists of two phases: an incidental encoding phase and a
retrieval (testing) phase. The incidental encoding phase consists of a series of 64
images where children are asked to indicate whether the items would appear indoor or
outdoor. Upon completion of the incidental encoding phase, children completed the
retrieval or testing portion of the MST. During test, children were presented with 32
target images (identical images that appeared during encoding), 32 foil images (images
that did not appear during encoding), and 32 lure images (variants of images presented
during encoding). Children were asked to indicate whether the presented object was
“old” (they had seen the image before), similar (the images were slightly different from
images presented during test), or “new” (images were novel and not seen during test).
Lure items were varied by similarity ratings on a scale from 1 to 5, with 1 being the most
similar (bin 1: most difficult to dis- criminate) and 5 being the least similar (bin 5: easier
to discriminate).

Episodic memory: mnemonic similarity task.

The MST was administered on average 99 + 12.13 days from the date of the MRI
scan. The MST consists of the following two phases: an incidental encoding phase and
a surprise memory test (Figure 6). During the incidental encoding phase, children are

presented with a series of objects appearing on the screen for 2.0 s (interstimulus
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interval, 0.5 s). At this time, the children were asked to rate the objects as being found
‘indoor” or “outdoor” via computer keyboard presses. A total of 64 images was
presented during the testing phase. During the retrieval (testing) portion, children were
presented with 32 target images (identical images that appeared during encoding), 32
foil images (images that did not appear during encoding), and 32 lure images (variants
of images presented during encoding). During the test, children were asked to indicate
whether the presented object was “old” (they had seen the image before), “similar” (the
images were slightly different from images presented during the test), or “new” (images
were novel and not seen during the test). Lure items were varied by similarity ratings on
a scale from 1 to 5 with 1 being the most similar (bin 1: most difficult to discriminate)
and 5 being the least similar (bin 5: easier to discriminate). Lure items were distributed
across bin similarity in the following way: bin 1 (6 items), bin 2 (7 items), bin 3 (7 items),
bin 4 (6 items), and bin 5 (6 items). As measures of performance, we calculated a lure
discrimination index (LDI), which is defined as the probability of indicating similar when
given a lure minus the probability of indicating similar given a foil. In this fashion, this
measure controls for response bias (indicating similar for every item). The LDI is used
as the index of episodic memory. We analyzed the low-similarity conditions (average,
L4 and L5) as previous research using the MST demonstrated that children this age
exhibit chance-level performance on the more difficult high-similarity conditions (Rollins
and Cloude, 2018). A significant advantage of the MST task is the concurrent ability to
assess traditional recognition memory by evaluating the recognition of target items
versus novel foils. We used performance on this recognition condition as a control to

determine the specificity of the relationship between hippocampal pattern separation
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and unpredictable maternal sensory signals.

Measurement of possible confounding variables:

To assess whether associations with unpredictable maternal sensory signals are
influenced by confounding factors, we evaluated maternal mental health, quality of
maternal care, and household income. These variables are further described below.
Maternal depression/anxiety. Symptoms of maternal depression and anxiety were
assessed at the two postnatal visits (at 6 and 12 months). The Edinburgh Postnatal
Depression Scale (EPDS; Cox et al., 1987) and State Anxiety Inventory (STAI;
Spielberger et al., 1983) were administered. Scores were standardized and then

averaged as an index of maternal mental health (Davis et al., 2019). Quality of maternal

care: maternal sensitivity. To determine whether the unpredictability of maternal signals
was associated with brain outcomes beyond more standard measures of quality of
maternal care, we evaluated a measure of maternal sensitivity during the same
observation period as the quantification of maternal unpredictability. Maternal sensitivity
was coded using a protocol developed for the Eunice Kennedy Shriver National Institute
of Child Health and Human Development (NICHD) Study of Early Child Care and Youth
Development (NICHD Early Child Care Research Network, 1999). Maternal behavior
was evaluated for sensitivity to non-distress, intrusiveness (reverse scored), and
positive regard (1 = not at all characteristic to 4 = highly characteristic). A sum of ratings
of sensitivity were calculated and used according to the NICHD Early Child Care

Research Network (1999).

Income-to-needs ratio.
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The income-to-needs ratio (INR) was determined by comparing household
income to the federal poverty line for a given year and a given household size. Ratios <
1.00 indicate that household income is below the federal poverty line; in contrast, a ratio

of 2 1.00 indicates income above the federal poverty level (Grieger et al., 2009).

Diffusion imaging protocol and processing

MRI were collected on a 3.0 tesla Philips Achieva scanner at the Neuroscience
Imaging Center at the University of California, Irvine, using a 32-channel head coil. The
diffusion-weighted imaging scheme consisted of six separate runs of 11 volumes
(including one b = 0 volume) each. The first two runs were collected using a b value of
500 s/mm2, the third and fourth runs were collected using a b value of 1000 s/mmz2, and
the fifth and sixth runs were collected using a b value of 2000 s/mm2. Thus, the final
scan consisted of a multishell sequence with 60 noncollinear directions and six BO
volumes. The following scanning parameters were used: direction of acquisition was
anterior to posterior, the field of view was 216 (Anterior-Posterior), 216 (Foot-Head),
151.2 (Right-Left); the scan resolution was 108 (10), 127 (y); number of slices = 84;
voxel size = 1.69 x 1.68 x 1.68 mm; TR = 11 502.76; TE = 89. Raw data were corrected
for motion and eddy currents using FSLs eddy program (Andersson & Sotiropoulo,
2016). Data were analyzed using DSI-Studio (http://dsi-studio. labsolver.org; July 26,
2017 build). Corrected data were then reconstructed using the DSI-Studio Q-spin
Diffeomorphic Reconstruction (QSDR) function, which uses a powerful diffeomorphic
algorithm to warp model-free orientation distribution functions (ODFs) to Montreal
Neurologic Institute (MNI) space (Yeh & Tseng, 2011). ODFs were reconstructed with

the default diffusion sampling length ratio of 1.25, which was sufficient to model
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crossing fibers at the intersection of the corticospinal tract and corpus callosum. This
value was additionally validated by varying the diffusion sampling length ratio at
intervals of 0.2 and visually examining this intersection using generalized g-sampling
imaging. Other reconstruction parameters included the following registration method:
norm 7-9-7, eightfold ODF tessellation, number of fibers resolved (5). Output resolution
was increased to 1 mm. Quality control for fit to the template space was implemented by
setting a criterion on R? at .0.6. Four subjects of the total of 73 were eliminated based
on these criteria, leaving a final sample size of 69 subjects (29 females). Subject head
motion was assessed by the eddy_movement_rms file exported from eddy (movement
relative to the previous volume) and included as a nuisance regressor. Subject T1-
weighted images were used for the quantification of intracranial brain volume. Structural
MPRAGE scans were collected at the time of the diffusion scan with the following
parameters: 1 mm isotropic resolution; 208 sagittal slices; field of view = 208 x 256 x
256 mm; flip angle=8°; TR = 8 ms; TE=3.7 ms; matrix size= 256 x 210 mm. Intracranial
volume was calculated using Freesurfer version 6.0 and used to rule out whether

differences in GFA were because of intracranial volume.

Region of interest-based approach

Masks of regions of interest (ROls) were obtained through the Johns Hopkins
white matter atlas (in MNI space), which is available within DSI Studio. Regions
included limbic white matter regions, namely, the uncus of the uncinate fasciculus and
the hippocampal cingulum bilaterally. Averaged generalized fractional anisotropy (GFA)

values were extracted for each ROl and averaged across hemispheres. GFA is one of
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several model-free diffusion measures and is known to correlate with fractional
anisotropy of the tensor model. GFA was used to assess the structural integrity of
complex tissues in a clinical setting, particularly when there are heterogeneous fiber
tissues (Koh et al., 2018; Yamada et al., 2018), and has been used in studies of
affective disorders (Chiang et al., 2016; Lo et al., 2017). However, it should be noted
that the accuracy of GFA depends on the type of tissue being evaluated as well as the b
value at which the raw data are collected (Tuch et al., 2002; Tuch, 2004; Gorczewski et

al., 2009; Fritzsche et al., 2010).

Statistical analysis

Covariates were identified based on theoretical links to either maternal behavior
or child outcomes. Covariates included in all analyses were child sex, maternal
depressive and anxiety symptoms, maternal sensitivity, and income-to-needs ratio.
Correlational analysis was conducted using Prism GraphPad 7 with two-tailed tests of
Pearson correlation coefficients. Multiple linear regression models were implemented
using RStudio to assess the association between unpredictable maternal sensory
signals and the integrity of the white matter tract (uncinate fasciculus and hippocampal
cingulum) after the consideration of covariates. Mediation analyses were conducted
using the “mediation” package in RStudio. Each mediation model was tested using bias-
corrected and accelerated procedures with 10,000 simulations. One case of missing
data were imputed for the measurement of maternal depression and anxiety using all

possible covariates and uncinate fasciculus GFA (Sinharay et al., 2001). Three cases of
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missing data were imputed for INR in a similar manner using all possible covariates

(including maternal depression/anxiety and uncinate fasciculus GFA).

Results
Exposure to unpredictable maternal sensory signals during infancy is associated

with higher uncinate fasciculus integrity at age 9-11 years First, we tested the

hypothesis that exposure to unpredictable maternal sensory signals in infancy is
associated with the integrity of the uncinate fasciculus in 9- to 11-year-old children using
GFA as our primary outcome measure. Exposure to unpredictable maternal sensory
signals during infancy predicted greater uncinate fasciculus GFA (r = 0.37, p = 0.0017;
Figure 7a). Multiple regressions with covariates (maternal depression/anxiety, maternal
sensitivity, income-to-needs ratio, and sex) did not change the association between
unpredictable maternal sensory signals and uncinate fasciculus GFA (b = 0.26, R?=
0.35, p = 0.020; Table 2). Sex was significant as an independent predictor of uncinate

fasciculus GFA. However, the sex by unpredictability interaction was nonsignificant.

48



0.10+ 0.08+
Females
—o— Males
0.09+
_ 0.074 )
o< a < . o .
™ s g = . . °
2 Go0.08 g$
28 3 . & ‘oo’ .
55 & 50.06- » e MO
c R - . *
g §0.074 g g I ¥ e}
= y g @ o . . i
& & o« bt
0.05+ - o
0.06~
0.05-1y T T T 1 0.04~"y T T T 1
04 0.6 0.8 1.0 12 0.4 0.6 08 1.0 12
Unpredictable Maternal Unpredictable Maternal
Sensory Signals Sensory Signals

Figure 7. Generalized fractional anisotropy results. A) A significant positive association
between exposure to unpredictable maternal sensory signals during infancy and mean
uncinate fasciculus GFA primarily in girls (r = 0.44, p = 0.016) 9—11 years of age. This
association was not significant in boys (r = 0.30, p = 0.057). B) No association between
exposure to unpredictable maternal sensory signals during infancy and mean
hippocampal cingulum GFA in girls (r =-0.29, p = 0.13) or boys (r = 0.15, p = 0.35) 9-11
years of age.

To rule out the possibility that age at scan and in-scanner head motion (derived
from eddy) were responsible for differences in uncinate fasciculus GFA, we included
them as nuisance regressors in an additional model with all previously mentioned
covariates. The association between unpredictable maternal sensory signals and
uncinate fasciculus GFA (b = 0.26, R? = 0.38, p = 0.017) remained significant after
accounting for age and head motion. Additionally, neither age, subject head motion, nor
their interaction predicted uncinate fasciculus GFA. Additionally, intracranial volume did
not predict uncinate fasciculus GFA (r = -0.023, p = 0.85). Finally, including age and
intracranial volume (calculated from T1-weighted images) as covariates in our analyses

did not alter the statistical significance of the relationships between unpredictable

maternal sensory signals and uncinate fasciculus GFA.
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Because the functional output of brain circuits is a combinatorial sum of the
activity of each of their components, we conducted similar analyses in the hippocampal
cingulum bundle, a second component of the corticolimbic circuit that connects the
connects the medial temporal lobe (MTL) with the PFC via a posterior pathway through

the retrosplenial cortex (Bubb et al., 2018). While unpredictable maternal sensory

Table 2. Unpredictability of maternal sensory signals related to increased uncinate fasciculus GFA
accounting for possible covariates

Regression Model R? F B Standardized 3 SE(B) P-value
Overall Model 0.35| 6.73
Unpredictability of 1.34x10? 0.26 5.62x107° 0.020
maternal sensory
signals
Maternal depression 5.054x10™ 0.065 7.96x10™ 0.53
anxiety
Maternal sensitivity -1.56x10 -0.21 8.041x10™ 0.057
Income-to-needs ratio -1.01x 0° -0.066 1.60x10° 0.53
Sex -6.30x10°® -0.39 1.67x103 0.00036

signals did not significantly predict hippocampal cingulum GFA (r = -0.0026, p = 0.98;

Figure 7b), the sex by unpredictability interaction was marginally significant (Table 3; b

=-1.22, R? =0.052, p = 0.086). The directionality of the associations identified in the

uncinate fasciculus and marginal interaction with sex in the cingulum prompted us to

ask whether the two findings are related to an imbalance in the integrity or maturation of

these two circuits. We calculated a simple ratio measure of uncinate fasciculus
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/cingulum GFA to capture this imbalance. We found a significant association between
the unpredictability of maternal sensory signals and the ratio of uncinate fasciculus GFA

to hippocampal cingulum GFA (r = 0.28, p = 0.018; Figure 8a).

Corticolimbic circuit imbalance is associated with impaired episodic memory
performance Based on prior work across species (Davis et al., 2017), we hypothesized

that the unpredictability of maternal sensory signals would be associated with worse
performance on cognitive tasks. In the current study, we used the LDI to assess
episodic memory performance. Interestingly, we observed that unpredictable maternal
sensory signals did not significantly predict impaired episodic memory performance (r =
0.022, p = 0.86). We then probed whether the observed circuit changes related to
unpredictable maternal sensory signals were associated with episodic memory

performance.

Table 3. Results of interaction model with unpredictability of hippocampal cingulum GFA predicted by
unpredictability of maternal sensory signals, sex, and their interaction.

Regression Model | R? F B Standardized 3 SE(B) P-value

Overall Model 0.052 | 1.18

Unpredictability of 0.025 0.59 0.015 0.11
maternal sensory
signals
Sex 0.013 1.024 0.0084 0.12
Sex*unpredictability -0.018 -1.22 0.010 0.086
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Figure 8. Results of uncinate fasciculus /cingulum ratio analyses. A, Shows the
statistically significant positive association between unpredictable maternal sensory
signals and the ratio of anterior MTL-PFC connectivity (uncinate fasciculus GFA) to
posterior MTL—PFC connectivity (hippocampal cingulum GFA; r = 0.28, p = 0.018). B,
The marginally significant association between a greater ratio of anterior MTL-PFC
connectivity to posterior MTL-PFC connectivity and impaired lure discrimination on low-
similarity lure items (r = -0.23, p = 0.058). C, D, The results of the mediation analyses. b
values represent the coefficient for the arrows effect. ¢’ represents the direct effect, and
c represents the total effect of unpredictable maternal sensory signals on low-similarity
lure dis- crimination. C, Shows the significant indirect effect of the ratio of uncinate
fasciculus GFA to hippocampal cingulum GFA mediating the association between
unpredictable maternal sensory signals and low similarity lure discrimination. D, The
nonsignificant indirect effect of the ratio of uncinated fasciculus GFA to hippocampal
cingulum GFA mediating the association between unpredictable maternal sensory
signals and recognition performance is statistically significant at p < .05.

Uncinate fasciculus GFA was not significantly associated with episodic memory
performance assessed with the LDI (r = -0.091, p=0.46). However, we found that
decreased hippocampal cingulum GFA was marginally associated with lower LDI (r =

0.22, p = 0.072). A higher uncinate fasciculus/cingulum GFA ratio was also marginally
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associated with lower LDI (r = 0.23, p = 0.058; Figure 8b). The interaction between sex
and the uncinate fasciculus /cingulum ratio in association with LDI did not reach

statistical significance (b = 1.28, p = 0.13).

We observed a significant indirect association through which higher levels of
unpredictable maternal sensory signals was associated with a higher uncinate
fasciculus /cingulum GFA ratio, which, in turn, was associated with worse LDI. In
separate mediation models, neither uncinate fasciculus GFA (indirect effect = -0.061, ClI
=-0.24 t0 0.097, p = 0.44) nor cingulum GFA (indirect effect = -0.0008, Cl = -0.088 to
0.11, p = 0.99) were significant mediators of the association between unpredictable
maternal sensory signals and LDI; however, the uncinate fasciculus/cingulum GFA ratio
measure was a marginally significant mediator of the association between unpredictable
maternal sensory signals and LDI (indirect effect = -0.10, p = 0.049, Cl = -0.28 to -
0.0081; Figure 8c). Critically, this association was specific to lure discrimination and did
not generalize to general recognition memory; the indirect association was not
statistically significant with the recognition memory outcome (indirect effect = -0.063, p =

0.31, Cl = -0.27 to 0.034; Figure 8d).

Discussion

There are three key findings of this study. First, we show that infant exposure to
unpredictable patterns of maternal-derived sensory signals is associated with greater
integrity of the uncinate fasciculus in late childhood. Second, this finding is specific to
the uncinate fasciculus and is not present in the hippocampal cingulum. Last, we find

that the ratio of uncinate fasciculus (anterior MTL-PFC connectivity) to hippocampal
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cingulum GFA (posterior MTL—-PFC connectivity; Figure 9) mediates the association
between experiencing greater unpredictability of maternal sensory signals and impaired
performance on an episodic memory task. Together, these data suggest that one
possible consequence of early life unpredictability is desynchronized maturation of two
key corticolimbic pathways resulting in selective impairments in episodic memory tasks
requiring nuanced and fine-tuned MTL— PFC connectivity. Such findings are consistent
with those of other studies, suggesting that these connections are vulnerable to early

life adversity (Gee et al., 2013; Tottenham & Galvan, 2016).

Unpredictable maternal sensory signals have been identified as a novel type of
early life adversity, associated with reduced memory and executive functioning (Davis,
2017, 2019) an association that has been observed in independent cohorts, such as
FinnBrain (Karlsson et al., 2018; Davis, 2019). Evidence that patterns of sensory input
contribute to the maturation of brain pathways has been previously shown in rodents
(Molet et al., 2016a; Bolton et al., 2018b) and affects emotional (Walker et al., 2017) as
well as cognitive circuits (Chen & Baram, 2016). Here we provide evidence that
corticolimbic circuits are associated with infant exposure to unpredictability from the
mother in early life and that imbalance among these circuits serves as a possible
mechanism explaining differences in cognitive function observed here and in previous

studies (Davis, 2017, 2019).

Past literature on the association of uncinate fasciculus with various types of
early life adversity report mixed results. For example, several studies have found
reductions in fractional anisotropy associated with early life maltreatment and

deprivation (Eluvathingal et al., 2006; Govindan et al., 2010; Hanson et al., 2015; Ho et
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al., 2017). In contrast, other studies reported increased diffusion properties of the
uncinate fasciculus in premature infants exposed to prenatal maternal stress
(Lautarescu et al., 2019) and among adults exposed to childhood trauma (Tatham et al.,
2016). Discrepancies may be because of differences in the type of adversity and
developmental stage at assessment, and none of these prior studies evaluated
unpredictability. We focus on unpredictability as a type of early adversity that has been
associated with long-term consequences for development (Glynn et al., 2018, 2019;
Howland et al., 2020; Norafia-Zhou et al., 2020). Patterns of sensory signals are known
to shape the development of neural circuits involved in sensory systems, and we show
that circuits involved in cognitive functions also may be affected. Further, almost all
previous studies have quantified the integrity of the uncinate fasciculus using tensor-
based measures such as fractional anisotropy, axial, and radial diffusivity. These
measures rely on the tensor model, which assumes a single fiber orientation per voxel
and does not properly account for fiber crossing, bending, or twisting (Alexander et al.,
2001). A strength of our approach of modeling multiple fiber orientations using
orientation distribution functions is possibly more likely to approximate microstructural
properties of complex neural tissue than the tensor model (Gorczewski et al., 2009;

Fritzsche et al., 2010; Yamada et al., 2018).

Anatomically, the uncinate fasciculus is a U-shaped, fanning white matter bundle
with complex structure (Ebeling & von Cramon, 1992; Bhatia et al., 2012, 2017, 2018;
Riva-Posse et al., 2014; Vergani et al., 2016) and a number of termination points in the
medial temporal lobes (Ebeling & Von Cramon, 1992; Thiebaut de Schotten et al., 2012;

Von Der Heide et al., 2013). It has only recently been visualized using Q-space imaging
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methods that model the U-shaped uncus and orbitofrontal cortex branching and turning
patterns (Leng et al., 2016; Bhatia et al., 2017). Developmental studies have shown that
white matter rapidly develops during early infancy, with MTL-PFC pathways like the
uncinate (as well as cingulum) continuing to develop until the age of 35 years (Hermoye
et al., 2006; Asato et al., 2010; Von der Heide et al., 2013; Simmonds et al., 2014;
Olson et al., 2015). In animal models, a very similar pattern exists as the amygdala—
prefrontal connection is relatively slow to develop and continues into adolescence with
very rapid growth during the first 10 postnatal days of life followed by synaptic pruning in
adolescence (Cunningham et al., 2002; Johnson et al., 2016). Although histologic
evidence is needed to truly determine the significance of age-related increased
anisotropy across maturation, evidence points to very rapid limbic white matter change
in the first 2 years of life, possibly indicating a period of sensitivity in which
environmental stimuli could more drastically affect the development of limbic white
matter (Yu et al., 2020). In contrast to the association with the uncinate fasciculus, early
life exposure to unpredictability was not related to integrity in the cingulum bundle,
which is in contrast with previous reports suggesting that this pathway is vulnerable to

early life adversity (Choi et al., 2009; Huang et al., 2012; El Marroun et al., 2018).

The function of the uncinate fasciculus is still not well understood, although
recent studies have suggested that it plays a role in episodic memory, and in particular
the adjudication among similar mnemonic representations during retrieval (Von Der
Heide et al., 2013; Alm et al., 2016). It is well established that episodic memory involves
the MTL, the PFC, as well as their interactions (Jones & Wilson, 2005; Van Kesteren et

al., 2010; Preston & Eichenbaum, 2013; Brincat & Miller, 2015; Eichenbaum, 2017).
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Further, the ability to adjudicate among competing memory representations is thought to
rely on hippocampal pattern separation. With this in mind, our primary behavioral
outcome measure (LDI) was based on the mnemonic similarity task, which is designed
to assess hippocampal pattern separation. Our results provide evidence that an
imbalanced ratio of uncinate connectivity to cingulum connectivity is related to impaired
performance on the mnemonic similarity task. Additionally, our mediation analyses
suggest that this imbalanced connectivity, a possible indicator of imbalanced
maturation, is a putative mechanism that links the experience of unpredictable maternal

sensory signals early in infancy to impaired memory function in childhood.

The ratio of integrity parameters of the uncinate fasciculus to cingulum was a
mediator in the association between unpredictable maternal sensory signals and
performance in our task. This should not be surprising, as both of these projections
comprise components of the corticolimbic brain circuitry, which is critical for executing
complex behaviors such as memory. Notably, the overall function of the circuit can be
thought of as the combinatorial sum of the function and connectivity of its distinct
components (Redish & Gordon, 2017). Thus, whereas augmented maturation of a
single component or a deficit in another in and by itself may not suffice to distort circuit
function, their combined existence may be synergistic, leading to unbalanced functional

output (Figure 9).
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Figure 9. Anterior and posterior MTL-PFC circuits in humans. The circuit schematic
summarizes our results demonstrating that (1) the anterior MTL—-PFC pathway (i.e., the
uncinate fasciculus in green lines), which connects the amygdala and rhinal cortex
directly to the orbitofrontal cortex is enhanced in relationship to the increased
unpredictability of maternal sensory signals and (2) the posterior MTL-PFC pathway
(i.e., the cingulum in red and white), which connects the hippocampus and rhinal cortex
with the retrosplenial cortex as well as medial prefrontal and orbitofrontal cortex is not
related to the increased unpredictability of maternal sensory signals. These aberrations
in circuitry are consistent with a developmental scenario, primarily in female children 9—
11 years of age, in which unpredictable maternal sensory signals bias connectivity in
favor of the anterior pathway at the expense of the posterior pathway and possibly lead
to episodic memory dysfunction.

In conclusion, our findings demonstrate that infant exposure to unpredictable
patterns of maternal care is associated with imbalanced maturation of the uncinate

fasciculus and the cingulum detected during childhood, and that this imbalance may be
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associated with deficits in memory function. This is consistent with our prior work in
rodents showing that early life unpredictability leads to increased structural connectivity
of the amygdala to prefrontal cortex pathway in rats (Bolton et al., 2018b) and to deficits
in hippocampal memory (Molet et al., 2016b). This study, along with future
investigations, will yield novel insight into neurobiological mechanisms of vulnerability to

cognitive deficits as a result of unpredictable early environments.

Chapter 3: Function of the Uncinate Fasciculus in Emotional

Pattern Separation
All findings of this study have been published in Granger et al., (2021b)

Introduction

Episodic memory — memory for facts and events — involves contributions from
the medial temporal lobe (MTL), prefrontal cortex (PFC), and their interactions
(Eichenbaum, 2017; Preston & Eichenbaum, 2013). While a considerable imaging
literature in humans has focused on the MTL, relatively few studies have examined the
role of white matter pathways connecting the MTL to the PFC in supporting episodic

memory computations.

One such anatomical connection, the uncinate fasciculus, is a major white matter
bundle connecting the MTL to the orbitofrontal cortex (OFC) in primates. This particular
connection forms an “anterior pathway” by which the MTL can communicate with the
PFC. Although often described as innervating the hippocampus, human dissection and

axonal tracing studies in primates indicate that this bundle more accurately innervates
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the basolateral amygdala (BLA) and the entorhinal cortices of the MTL and projects to a
number of prefrontal regions including the OFC (Figure 10; Ebeling & Von Cramon,

1992; Von Der Heide et al., 2013; Thiebaut de Schotten et al., 2012).

In humans, abnormalities of the uncinate fasciculus have been implicated in
psychiatric disorders characterized by emotional dysregulation such as major
depression and anxiety, as well as in response to early life stress and maltreatment
(Eluvathingal et al., 2006; Hanson et al., 2015; Ho et al., 2017; Taylor, et al., 2007,

Zhang et al., 2012; Olson et al., 2015).

While the exact functional role of the uncinate fasciculus remains unclear, it is
broadly thought to be involved in episodic memory, language, and socio-emotional
processing (Von Der Heide et al., 2013). Von Der Heide et al., (2013) provide a review
of the origins of research on the uncinate fasciculus derived from humans and monkeys
with selective ventral frontal lobe and anterior temporal lobe damage writing that the first
theory of the uncinate fasciculus in episodic memory function was derived from
Markowitsch (1982) who wrote “The task of the uncinate fascicle will be to guide and
channel this information flow to the prefrontal cortex and to transmit preprocessed
information back to the temporal cortex for the final act of representation”. This
hypothesis was followed by studies in monkeys showing that performance on
conditional rule learning tasks were impaired after uncinate fasciculus transection or
transection of the connecting tissue within the orbital and ventral prefrontal cortex and
inferotemporal cortex. In one such study, bilateral resection of the uncinate fasciculus in
cynomolgus monkeys resulted in impairment in a visuomotor conditional rule learning

task requiring monkeys to discriminate between two digitally presented stimuli and
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provide the appropriate motor response for reward delivery. In this experiment, in order
to receive a reward, monkeys had to learn to respond to one of two stimuli presented
one at a time on the screen. If stimulus A was presented, monkeys had to touch and
maintain contact with the stimulus for 1 second before the reward was delivered. If
stimulus B (a different multicolored pattern) was presented the monkey was required to
tap the stimulus 8 times in order to receive a reward. Errors across 10 different stimulus
pairs before and after surgery were calculated. Monkeys displayed more errors in
discriminating motor responses to the two stimuli after uncinate fasciculus transection.
In several follow-up experiments, this study also showed that the deficit observed in this
task was not related to mild motor impairment nor visual impairment (Eacott & Gaffan,
1992). In rhesus macaques, selective ablation of the orbital/ventral prefrontal cortex and
inferotemporal cortex (regions connected by the uncinate fasciculus) resulted in
impaired performance on a conditional rule learning task that required animals to
associate two of 8 digital stimuli with a particular corner location on a screen in order to
receive reward (Bussey et al., 2002). More specifically, animals were tasked with
correctly recalling which of the four choice locations were paired with each one of the
highly similar target objects. Interestingly, object—-reward association learning, reversal
learning, configural learning, and delayed matching-to-sample are unimpaired by
uncinate fasciculus disconnection in monkeys (Von der Heide et al., 2013; Eacott &
Gaffan, 1992; Gaffan & Eacott, 1995; Gutnikov et al., 1997). One hypothesis derived
from this work was suggested by Alm et al., (2016) which purports that these conditional
rule learning tasks require a great deal of retrieval competition and therefore the

uncinate fasciculus may play a role in adjudicating among competing episodic memory
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representations at retrieval. In order to test this notion in humans, Alm et al., (2016)
employed the use of diffusion tensor imaging to assess uncinate fasciculus integrity and
correlated structural measures with three separate tasks to assess retrieval competition.
In experiment 1, young adults learned to associate names with faces through feedback
provided at the end of each trial. Here the faces contained retrieval competition and it
was found that structural measures of uncinate fasciculus integrity were associated with
performance on this task. In experiment 2, participants learned to associate fractal
images with cued locations through feedback provided at the end of each trial. Here
retrieval competition was manipulated among fractals and uncinate fasciculus structural
measures were associated with performance on this task. In experiment 3, participants
were asked to recall unique faces in a paradigm that required low retrieval competition
among faces. Integrity measurements of the uncinate fasciculus were not associated

with performance on this task (Alm et al., 2016).

Competition among memory traces during retrieval could be mediated, at least in
part, by pattern separation. This process is defined as the neural computation used to
orthogonalize overlapping similar stimuli, a process that particularly involves the dentate
gyrus and CA3 regions of the hippocampus (Yassa & Stark, 2011; Leal & Yassa 2018;
Leutgeb et al., 2007). Functional MRI studies have noted pattern separation related
activity in the DG/CAS region during incidental encoding of similar lure items (Bakker et
al. 2008; Lacy et al., 2010) as well as explicit performance of mnemonic discrimination
tasks (Yassa et al., 2010; Reagh et al. 2018). These tasks require participants to
determine during retrieval if items highly similar to the previously encoded items are

“‘new” or “old”, which requires suppression of interference from competing memory
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representations. In the context of emotional memories, we have previously shown this
process extends to the amygdala (Leal et al., 2014a; Zheng et al. 2019). Given this prior
work, we reasoned that tasks assessing pattern separation would be particularly well-
suited to understanding the impact of the uncinate fasciculus connection on emotional
episodic memory discrimination. However, its role in this process has never before been

investigated.
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Figure 10: Circuitry of orbitofrontal connectivity with the medial temporal lobe subfields
via the uncinate fasciculus. The uncinate innervates both the lateral amygdala and
cortices of the MTL. The cortices of the MTL feed into the hippocampal subfields of DG,
CA3, and CA1 via multiple pathways one of which includes the perforant path. The
perforant pathway feeds into the DG/CA3 subfields where the neuronal computation
known as pattern separation is thought to occur. In this manner, the uncinate fasciculus
is a possible direct route of inhibitory information to these regions.

Using multimodal neuroimaging, we tested the hypothesis that the uncinate
fasciculus may play a role in regulating mnemonic discrimination specifically for
emotional items by modulating BOLD fMRI activity in the DG/CAS3 region, which, would
predict emotional discrimination performance. To assess the structure of the uncinate
fasciculus, we implemented a new method to anatomically track the pathway using non-
tensor-based deterministic tractography and utilized a model-free diffusion metric

(normalized quantitative anisotropy — nQA) designed to capture the degree of diffusion
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among primary fiber orientations accounting for partial volume effects inherent in the
tensor model (Yeh et al., 2013). To assess the functional role of the DG/CAS3 region of
the hippocampus, we used high-resolution (1.5 mm isotropic) BOLD fMRI capable of
resolving hippocampal subfields, while participants performed the emotional
discrimination (i.e. pattern separation) task (Figure 11). The outcome measure was the
“lure discrimination index”, a measure of how well participants are able to discriminate

among similar emotional and neutral scenes, corrected for response bias.

Materials and Methods

Participants

Table 4. Participant Demographics and Neuropsychological Results.

N =27 (15 female) Mean (1£SD)
Age 21 +£3.38

Beck Depression Inventory-ll 10.55+11.48
RAVLT Immediate Recall 12.59 + 1.97
RAVLT Delayed Recall 11.63 + 3.44
Digit Span Forward 11.96 £+ 1.85

Digit Span Backward 8.29 + 2.03
Mini Mental State Exam 29.22 £ 0.97
Trails Making Test A 19.58 + 5.31
Trails Making Test B 45.59 + 11.91

A total sample of 27 participants (15 female) were recruited from Johns Hopkins
University and received monetary compensation for their participation. Informed consent
was given by all participants and all procedures approved by the Johns Hopkins
University Institutional Review Board. Subjects were administered a neuropsychological
battery which is summarized in Table 4. All participants were screened against major

medical or psychiatric morbidities, substance abuse history, and additional criteria of
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MRI contraindications like metal in the body. Results of the fMRI analysis of this dataset
were previously published in Leal et al. (2014b) with the exception of a single subject

who did not complete the DWI scan.

Imaging data collection

All data were collected on a 3 Tesla Philips scanner. We collected an ultrahigh-
resolution structural MPRAGE scan that we developed for accurate delineation of
hippocampal subfields and high-resolution diffeomorphic alignment (0.55 mm isotropic
resolution; 273 sagittal slices, field of view = 240 x 240 mm, flip angle = 9, TR/TE =
13/5.9 ms, matrix size = 448 x 448, inversion pulse Tl = 1110 ms). SENSE parallel
imaging was used in two directions (2 x 1.5). The SAR (<10%) and PNS (<75%) were
within required limits based on the scanner-calculated values. Task-activated functional
data were collected and processed in the same manner as Leal et al. (2014b). Briefly,
these data were collected with a high-speed EPI single-shot pulse sequence (1.5 mm
isotropic, 19 oblique axial slices parallel to the principal axis of the hippocampus, field of
view = 96 x 96 mm, flip angle = 70, SENSE parallel reduction factor = 2, TR/TE =
1500/30 ms, matrix size = 64 x 64. Diffusion weighted imaging were collected with an
echo planar imaging sequence. The data were 3 mm isotropic, TR/TE = 6800/67 ms, 65
slices, 32 non- collinear directions, one B0, b-value = 700 s/mm2. Diffusion MR data

were collected during the same scan session as the fMRI scanning.

Emotional pattern separation task

The emotional pattern separation task consists of an incidental encoding phase

where subjects are instructed to rate the valence of each image from positive, negative,

65



or neutral based on a priori ratings outlined in Leal et al. (2014a). Subjects were later
tested during the “Old/ New Recognition” portion of the task. In this portion, foils (new
images), targets (same images), and high and low similarity lures were presented.
Subjects were asked to make “Old” or “New” recognition judgments (Figure 11). In this
case, correctly identifying that a lure item was “New” is termed as a Correct Rejection
(CR) and falsely claiming that a lure item is “Old” would be termed a False Alarm (FA).
We assessed behavioral discrimination on this task by quantifying a lure discrimination
index (LDI) which measures performance on the task accounting for response bias:
P(“New”|Lure) — P(“New”| Target) or lure correct rejections minus target misses. This
was calculated for high and low similarity lures across the three valence types. This is a
measure we have frequently employed in the past as it accounts for response bias (e.g.
Leal et al. 2014a; Reagh et al., 2018). LDI of highly similar lure items was chosen in this
case because of the uncinate fasciculus’ purported role in adjudicating between similar

items during retrieval.

Functional MRI image analysis

Task data were analyzed using the open source package Analysis of Functional
Neuroimages (AFNI) (Cox, 1996) and are previously described in detail in Leal et al.
(2014b). Briefly, images were corrected for slice timing and subject motion censoring
motion of 3- of rotation or 2 mm translocation in any direction relative to prior
acquisition. Upon processing for motion we then registered our functional images to the
structural (MPRAGE) using AFNI/s 3dAllineate program. We use Advanced
Normalization Tools (Avants et al., 2011) which implements a robust diffeomorphic

algorithm to warp structural scans to a common template based on the entire sample.
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The same transformations were then applied to the functional data. Finally, behavioral
vectors were created based on trial type orthogonalizing trials unique in emotion,
similarity, and behavioral decision. These vectors there then used in a deconvolution
approach based on multiple linear regression and the resulting fit coefficients (betas)
estimated activity versus novel foils as an implicit baseline for a given time points and
trial type in a voxel was calculated. We used the sum of the fit coefficients over an
expected hemodynamic response of 3—12 s after trial onset as the model’s estimate of
response to each trial type as described in Leal et al. (2014b). Finally, fit coefficients
were extracted using a region of interest approach for the DG/CA3 and CA1 subfields of

the hippocampus according to Leal et al. (2014b).

Diffusion weighted imaging analysis

Diffusion data were processed for eddy correction using FSLs eddy_correct and
analyzed using DSI-Studio (http://dsi-studio.labsolver.org). Individual subject data were
then processed using DSI-Studios Q-Spin Diffeomorphic Reconstruction (QSDR)
method which calculates the orientational distribution of the density of diffusing water in
MNI space (Yeh & Tseng, 2011). All subjects met the criterion of fitting to the template
space by obtaining an R-squared value of greater than 0.63 as suggested by the
software developers. QSDR was chosen as the reconstruction method in order to
overcome several limitations of the tensor model. First, QSDR provides reconstruction
in a template space allowing the creating of standardized “regions-of-avoidance” to filter

out known false-projecting fibers. Second, QSDR allowed for the computation of
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orientation distribution functions rather than tensor-based computation of diffusion
signals. This is important because the orientation distribution functions calculated with
this method are presumed to resolve partial volume fractions, model crossing-fibers,
and are thought to result in more accurate deterministic tractography (Yeh et al., 2013;
Maier- Hein, 2017). Our tractography protocol included a customized region- of-
avoidance by merging three intersecting planes (one axial, one coronal, one sagittal)
with a sphere over the striatum and nucleus accumbens complex (Figure 12). The use
of this region allowed us to filter out false projections along the inferior longitudinal
fasciculi and projections extending medially toward the striatum and anterior cingulate
cortex. We included bilateral uncinate fasciculus regions from the Johns Hopkins White
Matter Atlas available through DSI-Studio as “seed regions” and Brodmann’s areas 11
and 47 as “end regions”. The tractography settings were: seed count = 500,000,
threshold index = QA, FA threshold = 0.0, seed plan = “0, initial direction = “0”,
interpolation = “0”, step size = “0”, turning angle = “55”, smoothing = 0.6, min length = 0,
max length = 150. The tractography protocol was repeated for the left and right
hemisphere separately by using the left or right uncinate seed region in each iteration.
In order to quantify the integrity of the resulting streamlines we used the model-free
measure of normalized quantitative anisotropy (nQA) to quantify the degree of diffusion
along principle orientations on an ODF. This measure is thought to more accurately
represents the degree of diffusion among principal axonal directions within a single
voxel rather than fractional anisotropy (FA), which is a singular tensor-based measure
that does not account for multiple orientations. The nQA measure also accounts for the

isotropic component of diffusion and, similar to FA, is normalized on a scale from 0 to 1
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and reflects greater diffusivity among primary fiber orientations (Yeh et al., 2013; Yeh, et
al., 2010). Together, these methods allowed for consistent modeling of the uncinate

fasciculus in a standardized and automated way with no manual intervention.

Statistical Analysis

All statistical analyses were conducted using Prism GraphPad 7 and R-studio.
We conducted all correlational analysis in Prism 7 computing two-tailed Pearson
correlation coefficients with 95% confidence intervals. Unlike our previous work, we did
not choose an arbitrary cutoff to be used for a binary classification of “healthy” and
“depressed” as we did not recruit a clinically assessed sample. Instead, multiple linear
regressions were used to assess the influence of Beck Depression Inventory-Il (on a
continuous basis) on relationships between behavior, fMRI, and diffusion measures and
were conducted in R-studio. Bootstrap analysis were conducted in R-studio using the
Boot package with 1000 repetitions. 95% confidence intervals are reported. Statistical
values were considered significant at an alpha level of 0.05. Since we only tested
targeted hypotheses and used a priori planned comparisons, correction for multiple

comparisons was not necessary (Rothman, 1990; Saville, 1990).

Results

Uncinate fasciculus integrity predicts DG/CA3 activity during emotional lure
discrimination

To test the hypothesis that uncinate fasciculus structural integrity is associated
with MTL subregional activation profiles involved in discrimination of highly similar lures,
we used normalized quantitative anisotropy (nQA) to quantify the uncinate fasciculus
and the average of beta coefficients of signal in the DG/ CA3 region during correct
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discrimination as our variables of interest. Here we separately assessed the magnitude
of this relationship (between uncinate fasciculus integrity and DG/CA3 activity) in highly
similar negative, neutral, and positive correct discrimination trials within each
hemisphere. We investigated each hemisphere separately as recent investigations
modeling the uncinate fasciculus using diffusion spectrum imaging have reported
hemispheric differences (Leng et al., 2016). We focused on highly-similar lures as prior
work suggested that DG/CA3 signals are particularly sensitive to this more challenging
condition (Leal et al., 2014b). We found a significant negative correlation between left
uncinate fasciculus nQA and left DG/CAS activity for highly similar negative (r = - 0.41,
p = 0.035) and positive (r = — 0.44, p = 0.022) but not neutral (r = 0.12, p = 0.55) CRs
(Figure 13a—c). To rule out the possibility of individual points having a large contribution
to the aforementioned effects we conducted bootstrap analysis with 1000 simulations.
The 95% confidence interval for the Pearson correlation coefficient bootstrap effect of
the relationship between left uncinate fasciculus nQA and left DG/CAS activity for
negative CRs ranged from - 0.69 to - 0.12 (SE = 0.14). The 95% confidence interval for
the Pearson correlation coefficient bootstrap effect of the relationship between left
uncinate fasciculus nQA and left DG/CA3 activity for positive CRs ranged from — 0.82 to
- 0.11 (SE = 0.18). As a result of these analyses, we then tested if the slope of the
relationship between uncinate fasciculus integrity and DG/CA3 activity during
‘emotional” CRs was significantly different the relationship between uncinate fasciculus
integrity and DG/CAS3 activity during neutral lure discrimination. We found that the slope
of the relationship between uncinate fasciculus integrity and DG/CAS activity during

negative correct rejections was significantly different than the slope of the relationship
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between uncinate fasciculus integrity and DG/CA3 activity during neutral lure CRs (Z =
2.057, p = 0.040). Similarly, we found that the slope of the relationship between
uncinate fasciculus integrity and DG/CAS3 activity during positive correct rejections was
significantly different than the slope of the relationship between uncinate fasciculus
integrity and DG/CAS3 activity during neutral lure CRs (Z = 2.22, p = 0.027). These data
suggest that lower integrity of the left uncinate fasciculus is associated with higher
levels of activity in the left DG/CA3 during correct emotional but not neutral
discrimination, suggesting a possible role in limiting the activity of this subregion during

emotional conditions.
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Figure 11: Schematic of the emotional pattern separation task. The left side of the
image shows the incidental encoding phase of the task where participants are asked to
rate images as “negative”, “neutral”, or “positive”. On the right side of the image is the
memory portion of the task. This phase, known as the Old/New Recognition phase
shows participants several variants of previously seen images (lures), as well as
repeated images (repeats), and never before seen images (foils). Subjects are asked to
make “old” or “new” judgements during the trial and response times are recorded.

72



Figure 12. In-vivo dissection of the uncinate fasciculus derived from model-free QSDR
and deterministic tractography in the template space. (a) The “region-of- avoidance” is
depicted in yellow, uncinate fasciculus “seed region” depicted in purple, and “end”
region in blue containing merged Brodmanns areas 11 and 47. (b) The resulting
uncinate fasciculus tractography for the left hemisphere. The tractography shows
branching in the prefrontal cortex region as anatomical studies suggest. We also
provide tractography results for 6 random subjects viewed from a sagittal perspective in
the template space. Here we show the consistent nature of the custom protocol in
modeling of this complex pathway. In each of the subjects the U-shaped fanning bundle
is clearly seen with individual difference in the amount of branching in the prefrontal
cortex.
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Figure 13. Relation between structural integrity (nQA) predicting BOLD activation of
DG/CAS during correct lure discrimination trials. The top row (a—c) shows left uncinate
fasciculus nQA predicting left DG/CA3 BOLD activity during highly similar lure correct
rejections. Specifically, we show that greater left uncinate fasciculus nQA predicts
decreased DG/CA3 BOLD response during the correct discrimination of (a) negative (r =
- 0.41, p = 0.035) and (c) positive (r = — 0.44, p = 0.022) highly similar lure items but not
(b) neutral (r=0.12, p = 0.55). (d—f) Shows the corpus callosum as our negative control.
We show there is no relationship between corpus callosum nQA and average left and
right DG/CAS activity during the correct discrimination of (d) negative, (e) neutral, and (f)
positive highly similar lure items.
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Figure 14. Relationship between DG/CA3 BOLD response during highly similar lure
discrimination and lure discrimination behavior. Here left DG/CA3 activity during high
similarity CRs is inversely related with lure discrimination for (a) negative (r = - 0.42, p-
value = 0.029), but not (b) neutral or (c) positive stimuli.

As the uncinate fasciculus has been previously implicated in psychiatric disorders
characterized by emotional disturbances, we asked if this effect could be related to
symptoms of depression. Using the Beck Depression Inventory Il (BDI-II) we quantified
depressive symptoms in all participants and included the overall score in a regression
model (BDI-Il and uncinate fasciculus nQA predicting DG/CA3 activity). We found that
the relationship between left uncinate fasciculus nQA and left DG/CAS3 activity for highly
similar negative lure correct discrimination trials remained significant (B =- 1.8, p =
0.048) after accounting for BDI-II scores (B = - 0.0029, p = 0.46). Similarly, the
relationship between left uncinate fasciculus nQA and left DG/CAS activity for highly

similarly positive items remained significant (B = — 1.94, p = 0.032) after accounting for

BDI-Il scores (B = — 0.0045, p = 0.24).

In order to assess the specificity of our findings, we conducted several additional
control analyses. First, we asked whether this relationship between activation and white
matter is specific to the uncinate fasciculus or if it is a general feature of white matter

connectivity. We tested the relationship between general connectivity and DG/CA3
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activity using the corpus callosum as a control pathway. Specifically, we tested if corpus
callosum nQA predicted averaged DG/CA3 response during high similarity negative,
positive and neutral lures. We found that none of the relationships were statistically
significant (Figure 13d—f). Second, we asked whether the relationship between uncinate
fasciculus nQA and DG/CAS3 activity generalizes to other hippocampal subfields. We
tested whether uncinate fasciculus integrity was associated with CA1 activity and found
left uncinate fasciculus nQA did not predict with the responses of the left CA1 subfield
during highly similar lure correct rejection trials of any valence (Supplementary Table
1a). Additionally, these effects seem specific to the left hemisphere. Right uncinate
fasciculus integrity did not predict right DG/CA3 nor CA1 activity during highly similar
lure discrimination for any valence type (Supplementary Table 1b). Finally, to test the
specificity of uncinate fasciculus nQA predicting DG/CAS3 activity during highly similar
emotional lure discrimination, we asked whether uncinate fasciculus nQA also predicted
DG/CAS activity during low similarity lure correct rejections. Left uncinate fasciculus
nQA did not predict DG/CAS activity for negative (r = 0.084, p = 0.68), neutral (r = 0.21,
p = 0.28), or positive (r = 0.15, p = 0.45) low similarity correct rejections.

Uncinate fasciculus Integrity, DG/CA3 functional activity, and lure discrimination
performance

Given the relationship between uncinate fasciculus integrity and DG/CAS3 activity
during correct rejections of emotional stimuli, we asked whether left uncinate fasciculus
integrity was directly associated with lure discrimination performance. We found that
uncinate fasciculus integrity did not directly predict lure discrimination performance. We
then asked whether the relationship between DG/CAS3 subfield activity during

discrimination of highly similar lure was associated with overall performance on those
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trial types. Past work in our group and others has suggested that higher levels of activity
in the DG/CAS3 region is associated with overgeneralization errors. We found a
significant negative correlation between left DG/CAS3 activity during correct
discrimination of negative stimuli and the lure discrimination index on the same trials (r =
- 0.42, p = 0.029, Figure 14). We once again assessed whether depressive symptoms
impacted this relationship by including BDI-Il score as a regressor and found that that
the relationship between left DG/CAS3 activity and negative LDI remained significant (B =

- 0.31, p = 0.039) after accounting for depressive symptoms (B = 0.00089, p = 0.76).

Discussion

In this study, we tested the hypothesis that the integrity of the uncinate fasciculus
is associated with medial temporal lobe dynamics during an emotional pattern
separation task. This stems from the observation that prefrontal cortex modulation of
MTL signaling is implicated in memory processing (Jones & Wilson, 2005; Kim et al.,
2011; Brincat & Miller, 2015; Van Kesteren et al., 2010), however, the exact pathways
by which this modulation occurs in humans have remained elusive. Studies in rodents
have been hindered by the major species differences in PFC anatomy as well as the
absence of certain anatomical connections that are present in primates, thus this study

offers novel insight into human MTL-PFC interactions.

Accounting for depressive symptoms, we found that in the left hemisphere, lower
uncinate fasciculus integrity predicted greater activation of the DG/CAS3 subfield of the
hippocampus during emotional (positive and negative but not neutral) highly similar
correct discrimination trials. To our knowledge, this is the first demonstration that

differences in uncinate fasciculus integrity may be associated with alterations of
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functional activity in the DG/CAS3 subfields of the hippocampus during discrimination of

similar information.

In addition to providing a link between uncinate structure and DG/ CA3 activity,
we found that greater left DG/CAS3 activity during highly similar negative correct
rejections was related to poorer memory performance for highly similar negative items
(i.e. higher rate of false alarms). Although at first this result seems surprising, given
what is known about the role of DG/CAS in pattern separation, a finding of increased
activation in DG/CAS3 linked to poor performance has been previously reported in older

age (Yassa et al., 2011; Sinha et al., 2018).

An interesting possibility is that the increased activation is related to CA3's
recurrent collateral network which is thought to play a role in pattern completion (or
overgeneralization in the case of a discrimination task). While the noted activity
occurred during the correct trials, pattern completion is assumed to occur also during
lure discrimination (i.e. “recall to reject”). Here, much like the data in older adults, higher
levels of DG/CAS3 activity during correct lure discrimination is linked to poorer overall
memory performance at the individual subject level. Overall, this suggests that greater
activation in this subfield is associated with worse cognitive outcomes. That said, other
work has shown that a within- subject increase in DG/CAS activity as a function of mild
aerobic exercise is associated with enhanced discrimination (Suwabe et al. 2018),
however this finding also was associated with increased functional connectivity with
regions involved in high precision recollection of memories (e.g. retrosplenial cortex,
angular gyrus). Given this evidence, it is possible that there is an inverted U-shaped

dose-response relationship where activity in DG/CA3 needs to be held in balance, with
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too much or too little activity being associated with worse outcomes. This particular topic

should be subject to further investigation.

Our analysis of lure discrimination performance provides evidence that while the
structural integrity of the uncinate fasciculus is not related to lure discrimination, it is
possible that the impact of this MTL-PFC bundle on memory is directed by its impact on
DG/CAS function. Further research is needed in order to test this hypothesis
appropriately. The lack of correlation between uncinate integrity and discrimination
performance is consistent with other results from Bennett et al. (2015), who found no
link between uncinate integrity and object discrimination performance. Instead, the
authors found a relationship between the fornix and performance, a relationship that
was consistent across young and older adults. The possibility that the uncinate’s impact
on behavior is mediated by functional signals in the DG/CA3 is consistent with a top-

down modulatory control from the PFC to the MTL during discrimination.

Although we tested a focused hypothesis about the uncinate fasciculus and
checked its specificity against a control pathway (the corpus callosum), one possible
limitation is that other pathways might influence these emotional memory processes. In
general, the relative contribution of the uncinate fasciculus, cingulum, and fornix
bundles in innervating their respective targets within the medial temporal lobe are poorly
understood in humans. The 3-dimensional structures of these pathways have not been
extensively resolved in humans or non-human primates. Along these lines, it is possible
that information flow is segregated according to information content and valence.
Signaling involving emotional items could be reliant on OFC integration and thus be

communicated via the uncinate fasciculus, whereas signaling involving non-emotional
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items could be reliant on mPFC (or other PFC region) integration and thus be
communicated via the cingulum or fornix. This may be too simplified, as it is not
currently known whether these pathways innervate overlapping subdivisions of the PFC,
and it is unclear what the functional consequences of these dissociations may be.
Another possible limitation is the relatively small sample size collected in this
investigation. While we provide additional statistical analysis to demonstrate these
results are not sensitive to outliers, it is still unclear how these results would generalize

in larger clinically-assessed populations.

One issue is the difficulty of even modern tractography algorithms and data
acquisition schemes to accurately and non-invasively model even the largest white
matter bundles with sufficient accuracy in humans (Maier-Hein, 2017). Tractography of
the uncinate fasciculus is a particularly challenging endeavor due to its branching and
turning pattern and the possibility for false continuation medially toward the striatum and
posteriorly along the inferior fronto-occipital fasciculus and inferior longitudinal
fasciculus. In this manner, the use of more sophisticated tractography algorithms that
might account for multiple fiber orientations within each voxel might aid in the
delineation of this morphologically complex fiber. To address these issues we used
normalized quantitative anisotropy, a measure that resolves multiple fiber orientations
within a voxel and appropriately accounts for the isotropic component of diffusion, which
addresses partial volume confounds. We combined this approach with anatomical
regions of avoidance consisting of three intersecting planes and a sphere over the
striatal area to ultimately generate a highly reproducible scheme for tractography of the

uncinate fasciculus while avoiding common false continuations with respect to anatomy.

80



In this study, we have shown that decreased uncinate fasciculus integrity is
associated with greater activity of DG/CA3 during emotional lure discrimination and that
greater DG/CA3 activity is associated with poor performance on an emotional pattern
separation task. As a result of this finding, we hypothesize that these results reflect a
possible scenario in which the uncinate fasciculus mediates important top-down control
from the OFC to the MTL which is critical for processing of emotional memories, but that
the relationship between uncinate fasciculus integrity and behavior is mediated by

functional activation of the hippocampal network.

Together our results suggest that uncinate fasciculus integrity may be a marker
for emotional and cognitive health, which is consistent with prior work implicating the
uncinate fasciculus in emotional dysregulation conditions including major depressive
disorder and anxiety (Zhang et al., 2012), as well as work linking uncinate fasciculus
integrity with early life stress and maltreatment (Eluvathingal et al., 2006). Future
studies are needed to determine whether these effects manifest beyond emotional
discrimination tasks or if there are alterations in the relationship between uncinate

fasciculus and functional signals across the lifespan.

Chapter 4: Summary and Synthesis of Findings
This Dissertation is directed at investigating altered circuits as a result of
exposure to maternal sensory unpredictability and is comprised of two major
experiments focused on the white matter that connects the medial temporal lobe and

prefrontal cortex. The first experiment is targeted at investigating the impact of
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experiencing maternal sensory unpredictability in infancy on MTL-PFC white matter
later in adolescence. The second experiment is targeted at the investigation of the
function of the uncinate fasciculus in episodic memory functioning in adults.

In the first investigation, we determined that maternal sensory unpredictability
was associated with augmented uncinate fasciculus GFA. This effect remained after
controlling for several other confounding factors of early life adversity including maternal
depression/anxiety, maternal sensitivity, income-to-needs ratio, and sex. To determine
the specificity of this finding and because the functional output of a brain circuit is a
combinatorial sum of the activity of each of their components, we asked if maternal
sensory unpredictability was also associated with a second white matter bundle, the
hippocampal cingulum. Hippocampal cingulum GFA was not associated with maternal
sensory unpredictability. However, we did find an association between greater maternal
sensory unpredictability and an increased uncinate to hippocampal cingulum GFA ratio
suggesting an imbalance of this medio-frontal white matter circuit as a result of maternal
unpredictability in infancy. The behavioral relevance of this circuit was assessed with
the lure discrimination index from the mnemonic similarity task. Using this task, we
provide evidence that a greater uncinate to hippocampal cingulum GFA imbalance
mediated the relationship between greater somatosensory unpredictability and impaired
mnemonic separation performance. Together, in Chapter 2, we provide a key
mechanistic link between experiencing this form of early life adversity and episodic
memory impairment in humans.

The second major investigation of this Dissertation was directed at investigating

the function of the uncinate fasciculus and pursue its hypothesized role in adjudicating
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between competing memory traces (Alm et al., 2016). To investigate this question,
Chapter 3 focused on parsing the 3-dimensional uncinate fasciculus using deterministic
tractography aided by quantitative anisotropy. This work provided the first evidence that
in the left hemisphere, greater uncinate fasciculus integrity predicted reduced activation
of the DG/CAS3 subfield of the hippocampus during emotional (positive and negative but
not neutral) highly similar lure discrimination trials. Of importance, this relationship was
only true for high similarity lures and uncinate fasciculus integrity was not associated

with activity of the CA1 subfield.

Accelerated Development of the Uncinate Fasciculus

One question which was not extensively discussed in Chapter 2 of this work is
how the imbalanced white matter connectivity might occur. Researchers in the field who
have investigated the impact of maternal deprivation on amygdala-prefrontal cortex
resting state functional connectivity have observed more adult-like, or accelerated,
functional connectivity between these two regions and have hypothesized that
accelerated development of this pathway may be an adaptive response which
reprioritizes developmental goals to match the demands of an adverse early life
environment (Gee et al., 2013). Here | refer to an adaptive response as a
neurobiological or behavioral response made by an organism in order to increase
evolutionary fitness.

While the explanation suggested by Gee et al., (2013) is reasonable, it does not
address the cognitive or neurobiological sequalae that might lead to this adaptation of

developmental processes and constitutes a different form of early life adversity.
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Research in animal models has sought to determine if corticosterone and the receptor
mediating its impact (glucocorticoid receptor; GR) are solely responsible for deficits in
hippocampal structure as a result of maternal unpredictability (Bolton et al., 2020). This
work employed the LBN model and RNA-sequencing and provided evidence for a
myriad of genes in dorsal hippocampus that were differentially expressed between the
control and LBN-exposed animals. More specifically, at a false discovery rate of 0.05,
this investigation found 35 genes that were significantly upregulated and 107 genes that
were significantly repressed in dorsal hippocampus as a result of exposure to LBN.
Interestingly, these gene clusters were thought to be broken into two distinct groups
namely it appeared that genes involved in maintenance of membrane potentials and
neuronal firing were repressed whereas genes contributing to cell metabolism and
oxidative stress were augmented (Bolton et al., 2020).

It has been shown that neonatal stress exposure induced from the LBN paradigm
from postnatal day (PND) 1 to 7 in rats accelerated the development of the amygdala
assessed via 2-deoxyglucose (2-DG) autoradiography (Moriceau et al., 2009). This
finding was further corroborated by showing that corticosteroid infusion into the
amygdala of rats reared in normal conditions produced similar effects (Moriceau et al.,
2006) and blocking the impact of early life stress exposure from PND 1-7 with a
corticosteroid receptor antagonist prevents accelerated amygdala maturation (Moriceau
et al., 2009). Male mice exposed to early weaning (known to induce a biological stress
response) showed precocious accumulation of galactosylceramide, a myelin

constituent, in the amygdala (Ono et al., 2008).

Due to these findings, one might hypothesize that numerous epigenetic
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modifications or activation of CRF-expressing neurons of the uncinate fasciculus may
be responsible for the observed increases in GFA values in the uncinate fasciculus in
humans. In other words, one might hypothesize that the mechanisms of augmented
amygdala maturation and myelination described previously might extent to its neurons
that project to the prefrontal cortex or perhaps there is a myriad of genes that are
upregulated to enhance the myelination of the uncinate fasciculus over development
which is responsible for the observed increase in GFA in the current work or increased

streamline count shown in animals exposed to LBN (Bolton et al., 2018Db).

One challenge in investigating this question is the ability to compare the
amygdala-prefrontal cortex white matter across species. Tractography derived from
diffusion weighted imaging of animals exposed to LBN shows a potential disparity in the
morphology of the uncinate fasciculus across species or perhaps may point out that
different tractography protocols can produce differing results. The predominant
difference in this cross-species approach to the amygdala-prefrontal cortex white matter
being that in animals the amygdala and prefrontal cortex was defined as ‘regions-of-
interest’ (streamlines must pass through each region) whereas this work in humans
(from the protocols in Chapter 3) used a combination of regions of avoidance to avoid
falsely projecting streamlines and seed region of the uncinate fasciculus from a pre-
existing atlas. The other possibility is that there is a cross-species difference where the

morphology of the uncinate fasciculus simply does not exist in rodents.

While this study was among the first to employ the use of the metric of GFA as
an outcome of early life adversity, other studies have shown reductions of FA values as

a result of prolonged institutionalized care (Eluvathingal et al., 2006; Govindan et al.,
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2010) and reductions of FA in individuals who have shown a higher sensitivity to early
life stress (Ho et al., 2017). Figure 3 of this Dissertation shows the possibilities of how
FA values can be low whilst generalized fractional anisotropy values can be high in the
context of complex underlying tissue. Thus, another possibility is that low fractional
anisotropy values of other studies that largely operationalize the uncinate fasciculus
from FA-aided tractography (and not GFA of the uncus) may be due to the inability of
fractional anisotropy to properly model complex underlying white matter across the
various portions of the uncinate fasciculus. Regardless of this distinction, this type of
criticism is reflective of a broader need for histological confirmation of diffusion signals

across tissue types for both humans and rodents.

In response to this notion, Appendices B and C of this Dissertation are directed
at advancing the study of diffusion imaging in humans by taking advantage of high-
resolution sequences. This work, although it may seem tangential to the primary goals
of this Dissertation, is designed to mirror findings in animal models that compared
histological tissue properties of the CA1, DG, and perforant path with diffusion metrics.
In these works, we show that high-resolution imaging yields novel insights into
hippocampal subfield structure that maps onto work in animals that compare diffusion
metrics with histology. It's possible one future direction of uncinate fasciculus work in
humans would be to adapt the high-resolution sequences used in Appendices B-C to
focus on the anterior MTL in order to more accurately parse and image the uncinate

fasciculus in humans as a result of exposure to novel early life adversities.

Additional potential explanations for observing increased or accelerated

development of the uncinate fasciculus in response to exposure to maternal sensory
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unpredictability may be derived from other works. In introducing a novel tool to
retrospectively assess environmental unpredictability Glynn et al., (2019) refer to
complementary conceptual models that recognize unpredictability as a primary and
unique determinant of development from an evolutionary-developmental perspective.
This literature and its seminal theory proposed by Ellis et al., (2009) purports that
environmental harshness and unpredictability are fundamental dimensions that
influence an individual’s life-history traits (characteristics determining growth, aging, and
parental investment; Liu & Fischer, 2022; Belsky et al., 2012). In a review entitled
Theory and Measurement of Environmental Unpredictability, Young et al., (2020)
discuss possible ways in which environmental unpredictability can be described in
statistical terms, the mechanisms in which organisms detect environmental
unpredictability, and what information triggers a response from an individual once
unpredictability is detected. This work suggests two potentially overlapping hypotheses
about the proximate mechanisms evolved to detect environmental unpredictability. One
of which, the authors suggest, is a statistical learning approach where organisms
respond to the statistical patterns of change in its environment and suggest that cue
reliability (the extent to which experiences or events provide information about current
or future environmental conditions) is an important property. In this model, the statistical
structure of cues over time is integrated to build predictions of the organism’s
environment. Further, an organism responds to environmental unpredictability when it
detects a prediction error. Predictability is necessary in order to build predictions and
consequently detect and respond to prediction errors. In the case of experiencing an

unpredictable environment, it is possible that the statistical structure and unreliability of
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cues over time from the environment may impair the function of prediction error
signaling ultimately changing the organism’s frequency of adaptive responses. One
suggestion is that when predictions are constantly violated a flurry of prediction errors
ensues resulting in many adaptive responses. This literature suggests that when
individuals perceive their environment as more unpredictable (unpredictability in this
sense perhaps detected by many prediction errors and adaptive responses over time)
they are more likely to adopt faster or accelerated life history strategies to promote
evolutionary fitness (Belsky et al., 2012). Importantly, this theory of accelerated
development (driven by accumulated prediction errors perhaps) is similar to the theory
proposed by Gee et al., (2013) which suggested that accelerated development of the
amygdala-prefrontal cortex connection is an adaptive response which reprioritizes
developmental goals to match the demands of an adverse early life environment. The
literature on unpredictability and statistical learning theory has also provided evidence
that faster life history strategies are related to internalizing and externalizing
psychopathology symptoms (Del Giudice, 2014; Hurst & Kavanaugh, 2017; Liu &
Fischer, 2022). Despite this overlap in literatures, there are several limitations to the
cue-reliability and statistical learning perspective proposed by Young et al., (2020) as a
mechanism for how environmental unpredictability can be described and influence
developmental outcomes. More specifically, this theory does not take into account the
developmental timing and sources of exposures to environmental unpredictability and
does not address the specific biological or cognitive mechanisms that mediate response
to unpredictability beyond the suggestion that cue-reliability and prediction error may be

involved.
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Neuro-Computational Model for the Influence of Maternal Sensory Unpredictability on
Cognitive and Emotional Outcomes

Aside from both the literature of maternal sensory unpredictability and the
developmental-evolutionary statistical learning theory of Ellis et al., (2009) and Young et
al., (2020) there is a rich literature describing the cognitive, computational, and
neurobiological mechanisms of prediction error. Incorporating or coalescing these
literatures with the findings of maternal sensory unpredictability has important
implications when considering anhedonia as a primary outcome of exposure to

unpredictability in early life.

The historical roots of this literature are embedded in reinforcement learning
(Rescorla & Wagner, 1972) and the role of dopamine (DA) in computing a reward
prediction error (RPE; the difference between an actual and expected reward; Schultz,
2016). Generally speaking, dopaminergic neurons in the ventral tegmental area (VTA)
are known to increase their firing rate when a reward occurs without a prediction,
maintain firing rates in response to a reward that was predicted but increase firing in
response to the cue signaling the reward, and decrease their firing rate in response to
the absence of a reward when it is expected (Schultz et al., 1997; Schultz, 1997,
Schultz, 2016; Watabe-Uchida et al., 2017). In addition, as greater time elapses
between the reward-predicting cue and reward, dopaminergic response to the cue is
reduced--a phenomenon known as temporal discounting (Kobayashi & Schultz, 2008).
These firing rate properties and prediction error mechanisms are thought to facilitate
new learning and adaptive responses when predictions are not met. It is important to
note that recent research of the prediction error calculating properties of these

dopaminergic neurons suggest that dopamine acts as a generalized prediction error
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mechanism (all sensory prediction errors) and not necessarily dependent on the

associational binding of rewarding stimulus (Gardner et al., 2018).
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Figure 15. Simplified computational model for reward prediction error (adapted from
Deporrois et al., 2019). (a) Shows the recurrent excitation of PFC signaling the response to
the conditioned stimulus. After many trials, (n = 50) the PFC is able to hold the response to
the cue (tone) for an interval delay until the outcome (water reward in this case) is presented
(b) Shows GABA neurons activation to inhibit DA activity. (c) Shows PPTg activity signaling
the presentation of reward (d) DA VTA neurons compute a subtraction between actual and
expected reward and are regulated by GABAergic VTA neurons. Here “n” refers to the
number of trials or pairings of associated stimuli (tone and water delivery). This functional
neuronal network is able to replicate and produce the dopaminergic activity when a reward
presentation is not predicted (n=1; DA neurons increase there firing in response to reward).
After some predictable pairings of cue and reward, DA neurons shift their response to an
‘expectation’ signal firing in response to the cue predicting the reward (n = 50). When the
reward is omitted, DA neurons reduce their firing rate. This model serves as an example of
how (un)predictability engages the reward system.

There have been several computational models proposed to explain the
prediction error firing properties of these neurons, many of which incorporate the
associational binding of neutral cues and rewarding outcomes. A recently proposed
computational model for RPE firing suggests an integration of important upstream
regions and local inhibitory dynamics that influence the responsivity of RPE neurons in
the ventral tegmental area (VTA). The model by Deporrois and colleagues incorporates

the dynamics of four neuronal populations including “glutamatergic (from PFC and

90



PPTg) and cholinergic (from PPTQ) inputs to VTA DA and GABA neurons, as well as
local inhibition of DA neurons by GABA neurons” which are thought to “encode reward
expectations with a persistent cue response proportional to the expected reward”
(Deporrois et al., 2019; Cohen et al., 2012; Eshel et al., 2015; Tian et al., 2016). Put
simply, the PFC explicitly integrates the reward predicting stimulus (i.e. a tone) while the
PPTg responds phasically to the reward itself (i.e. a water reward). Recurrent-excitation
of the PFC mimics electrophysiological recordings in monkeys during delayed-match-to-
sample tasks where the PFC maintains its activity to the cue until the subsequent
stimulus is presented thus maintaining the cue in working memory (Funahashi et al.,
1989).

Both of these signals converge on VTA DA neurons that compute the difference
(subtraction) between the actual and expected rewards or outcomes. GABAergic
neurons in the VTA aid DA neurons by inhibiting DA neurons when a reward is
expected (Eshel et al., 2015). DA VTA neurons themselves then synapse on the PFC to
provide a negative feedback loop which modulates PFC recurrent excitation. Using this
network architecture and optogenetic simulation, Deporrois and colleagues provide
evidence that this simplified network is able to reproduce many of the firing properties of
RPE DA neurons. It is important to note that this is only one model of many that work to
compute RPE responses and there are certainly more regions involved in its calculation.
Thus, both predictability and unpredictability engage the reward system, however, the
history of cue-reliability or cue-outcome pairings shifts the dynamics of the reward
system to act as an expectation signal (firing in response to the cue with learning) or

error signal.
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With respect to the neuro-computational model of prediction error described
above, one possibility is that unpredictable maternal sensory signals during sensitive
periods of brain development result in impaired synaptic tuning of the prediction error
mechanisms that involve the reward system described above. In other words, perhaps
cue-reliability or cue-outcome predictability is necessary for the tuning of neurons that
are involved in prediction error signaling. This type of consideration is interesting
considering the link between maternal sensory unpredictability and anhedonia in
animals as measured by sucrose preference and social play (Bolton et al., 2018b; Molet
et al., 2018) as well as impaired reward learning as measured by performance on a
probabilistic reward learning task (Kangas et al., 2022).

The idea that early life experience results in synaptic tuning and modification of
neurons to respond to specific input comes from the Nobel Award winning work of
Hubel & Wiesel (1959;1962) which provided the first basis for the notion that the
development of feature selectivity (the ability of neurons to respond to specific patterns
of input such as lines of a particular orientation or sounds of a specific frequency) in
visual and auditory systems are dependent on visual and auditory input (respectively)
during critical periods. Bienenstock, Cooper, and Munro (BCM; Bienenstock, et al.,
1982; Law & Cooper,1994) proposed one of the most poignant and lasting
mathematical theories for the development of feature selectivity in visual cortex
indicating that a combination of long-term potentiation and long-term depression
facilitate the developmental change from low feature selectivity (before environmental
input or in the case of monocular deprivation) to high feature selectivity (after

environmental input or when the eye is receiving sequences of patterns of different line
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orientation). In this manner, the BCM theory provides a distinguishable benefit from
Hebbian-based plasticity mechanisms by providing a mechanism for some connections
to become weaker and creates an upper-bound for how strong connections can become
(cells that fire together, wire together but not indefinitely). An example simulation

derived from the BCM Theory is shown in Figure 16.
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Figure 16. Adapted from Bienenstock, Cooper, and Munro (1982). An example of the functionality of
the BCM-theory in developing feature selection of neurons in the visual cortex. This mathematical
formulation is able to replicate the development of feature selectivity through experience dependent
‘tuning’ of cortical neurons that respond to lines of particular orientation but not other lines. Before
learning (or in the example of the closed eye), there is very low feature selectivity for any line
orientation. After learning (in the example of the open eye) and as a result of tuning via the BCM theory
the neuron increases its response to a particular (in this case) vertical line (via LTP) while selectivity
reducing its firing rate to lines of similar but different line orientations (via LTD). This model was
proposed to address the saturation issue of Hebbian Plasticity; where there is no proposed mechanism
to selectivity weaken synapses.

In the case of an infant exposed to maternal sensory unpredictability (where the

probability of transitioning from one behavior to another is low), one possibility is that

93



there is also a relative deficit in cue-outcome pairings (a deficit in cue-reliability) or an
array of other behaviors following a given behavior resulting in a lack of timely cue-
outcome pairing over time in early infancy (Figure 17a). Baram et al., 2013 outline this
conceptualization providing the example that measuring maternal unpredictability is
similar to asking “whether smiling always follows eye contact (in humans) or grooming
always follows nursing (in rodents)”. Thus, as feature selectivity of visual and auditory
system is dependent on environmental input of patterns of lines and tones, perhaps the
development of feature selectivity of the prediction error system (where the evolved
feature is to integrate sensory input through learning and calculate prediction errors)
might require predictable environmental signals to develop the ability to properly
organize and respond to the statistics of the environment.

Going back to the model proposed by Deporrois et al., (2019), a functioning
adult-like prediction error system integrates the associational binding of cues and
outcomes over time and “holds them” in working memory via the prefrontal cortex after
a history of cue-outcome pairings. In other words, consistent cue-outcome or cue-
reward parings or a large number of trials (n=50; Figure 15a) are needed for the PFC to
“‘learn” to hold this recurrent excitatory activity. One possibility is that during early
development the lack of cue-reliability through intervening stimuli may result in an
inability of the prediction error circuitry to develop the feature selectivity of responding
and holding cues in working memory thus interrupting the recurrent-excitation and
attractor state of the PFC (see Figure 17b curves for “Normal PFC Recurrent Activity”

vs. “Interrupted PFC Recurrent Activity: High Entropy Mothers”).
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Figure 17. (a) The Top Panel shows predictable (low entropy) maternal sensory input to the infant. Here
the probability of transitioning from any given behavior to another behavior is high. In the probability
matrix, ‘A’ represents an auditory stimulus, ‘T’ represents a tactile stimulus, ‘V’ represents a verbal
stimulus, and ‘NS’ represents “no state”. Combinations of these behaviors are also included as a discrete
event. It is possible that predictable mothers provide predictable sensory cues and sensory outcomes (in
this example the sensory outcome is a rewarding stimulus) over early development. This predictability
between cue and outcome engages the prediction error mechanisms of the brain to ‘tune’, develop
feature selectivity, and detect and respond to prediction error accordingly. The Bottom Panel shows an
unpredictable (high entropy) mother. Here, an infant exposed to an unpredictable mother may be
exposed to a relative global deficit in cue-outcome pairings or a lack of timely cue-outcome pairings via
intervening stimuli. This may be a likely possibility given that the probability of transitioning from one
behavior to another is low across the transition probability matrix from which entropy is calculated. The
outcome is the possibility of an attenuated synaptic efficacy of reward circuits involved in prediction error.
(b) This panel explores the change in synaptic tuning of specific components of the prediction error
system as a result of experiencing a lack of timely cue-outcome (cue-reward) pairings and presence of
intervening stimuli via a low probability of transitioning from one behavior to another. Here two
overlapping possibilities may exist where infants with high entropy mothers may be exposed to the
presence of intervening stimuli thereby disrupting prefrontal cortex (PFC) recurrent excitation that ‘learns’
to look for the corresponding outcome. The lack of timely cue-outcome pairing might also impair the
ability of dopaminergic neurons to ‘shift’ their activity to respond to cues that signal an expected outcome.

As mentioned previously, it is also possible that maternal sensory unpredictability
results in a lack of timely cue-outcome (or cue-reward) pairing as a result of
experiencing a large probability of other behaviors given any single behavior. One
aspect of this notion is the potential for a variable time interval between cue stimulus
and the time elapsed between the outcome which may result in an inability to learn
about the structure of events (including rewards) more generally. Evidence for this has
been shown in animal studies where rodents working under variable-interval
reinforcement schedules failed to learn the timing and predictability of a reward over
time whereas rodents working under the fixed-interval schedule did learn the timing of
reward (Hernandez et al., 2007). Thus, perhaps what is being adapted as a result of
exposure to somatosensory unpredictability is the tuning curves that specify the
temporal window between cue and outcome.

Fiorillo et al., (2008) describe the temporal precision of reward prediction in

dopamine neurons suggesting that individuals are able to respond to rewards at
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variable times after cue presentation. Fiorillo and colleagues suggests that there is a
‘basis set’ of temporal windows that enable reward expectation at different time
intervals. These time intervals resemble a gamma function where there is a robust
neuronal ‘expectation signal’ to rewards near the cue presentation, then smoothly tailing
off as time goes on (see Figure 17b curve for “Normal Reward Expectation’). In this
case, individuals are most sensitive to rewards presented not too quickly but also not
too long after the presentation of the reward-predicted cue. These neurons are only
activated through the shifting of dopaminergic activity towards the actual onset time of
the cue after learning (n = 50 from Figure 15d).

Together then perhaps during the critical period of dopaminergic development
(when maternal sensory signals are thought to impact reward responsiveness) the
“default” shape of these temporal windows are adjusted or adapted. If reliable pairings
are less likely, this shape will have a less-pronounced peak and fatter/longer tails (see
Figure 17b curve for “Aberrant Reward Expectation: High Entropy Mothers”). This notion
is similar to the lack of proper environmental input in the development of visual feature
selectivity (Figure 16). This developmental framework and incorporation of prediction
error mechanisms in maternal sensory unpredictability could predict a few things. First,
that individuals exposed to maternal sensory unpredictability may generally develop
persistently lower reward expectations as evidence by reduced dopaminergic activity in
response to a lack of timely cue-outcome pairings (Figure 17b curve for “Aberrant
Reward Expectation: High Entropy Mothers”). In this case, the tuning or feature
selectivity of the prediction error neurons may be compromised over development. In

other words, it’'s possible that unpredictability which induces a relative deficit in cue-
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outcome pairings results in an inability or reduction in the ability of dopamine neurons to
‘shift’ their response to respond to the cue and predict the outcome.

Second, this developmental framework and incorporation of prediction error
could describe a mechanism where individuals exposed to maternal sensory
unpredictability may be impaired in learning the structure of transitions more generally.
Rouhani et al., (2020) provide evidence that reward prediction errors create event
boundaries in memory and were among the first to hypothesize that these RPE-induced
event boundaries lead to mnemonic separation (facilitated by the DG) of subsequent
experiences from what came before (Rouhani et al., 2020). This fits well with the notion
that a prediction error results in the need for an adaptive response or for new learning to
occur. In adults, it is hypothesized that people adjust their learning rates to the overall
volatility of the environment which consequently blunts prediction errors in noisy
(unpredictable) environments and enhances prediction errors in stable (predictable)
environments (Behrens et al., 2007). Thus, in an unpredictable early life environment
(where volatility is high) perhaps the sensitivity to naturally-occurring event boundaries
is reduced (Siefke et al., 2019). When event boundaries are highly uncertain, the
contingency between actions and outcomes is also highly unpredictable which results in
persistently lowered expectations of reward. Thus, when large rewards are received,
they are taken to be isolated, non-contingent events, with little predictive value for future
gain (effectively discounting future rewards). Jiang et al., (2015) outline the possibility
that when transition structure is more uncertain it becomes more optimal to plan fewer
steps ahead — in other words, to have a steep discount factor. Thus, either of these

above models predicts less “lookahead” activity in these subjects, and commensurate
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effects on risk-seeking and exploration commiserate with the findings of Ross & Hill
(2002) mentioned in the introduction of this Dissertation.

Critically, this developmental and neuro-computational framework that bridges
the literature of maternal sensory unpredictability and the statistical learning theory of
Ellis et al., (2002) and Young et al., (2020) has important implications as an explanatory
factor for developing the outcome symptom of anhedonia in Major Depression which

has a similar behavioral phenotype.

For instance, adult subjects with depression underestimate the frequency of
positive feedback and reinforcement received over time (Nelson & Craighead, 1977;
Pizzagalli, 2014). Similarly, children expressing greater depressive symptoms showed
decreased ratings of the probability of positive events happening in the future when
events referred to the self (Muris & van der Heiden, 2006). In a sample of adults with
depression, subjects predicted fewer positive outcomes in the future, relative to controls
and those with anxiety (Miranda & Mennin, 2007). Pizzagalli (2014) suggests that
depressed subjects contain “a perception of the past which is characterized by an
underestimation of positive reinforcements received, whereas their future is colored by a
reduced expectation of positive reinforcement”. Together, the developmental
mechanisms described above which provide a link between maternal sensory
unpredictability and (reward) prediction error are a possible and important feature given
that not receiving expected reward has been extensively tied to depression as well as
the amygdala-prefrontal cortex connection (Rolls, 2016; Holland & Gallagher, 2004;

Beck, 2008; Drevets, 2007; Eshel & Roiser, 2010; Harmer & Cowen, 2013; Price, 2012).

To conclude, a single work that coalesces the ideas of how the brain detects
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unpredictability and a consideration of how unpredictability impacts the development of
the reward circuits responsible for prediction error and their link to anhedonia as a
specific outcome is not currently represented in the literature. The union of these ideas
may also have important implications for the altered development of some circuits but
not others. It is also important to note that the plasticity mechanism mentioned above is
not mutually exclusive from other works that highlight the role of CRF in the plasticity of
the reward system as a result of exposure to early life maternal unpredictability (Birnie
et al., 2019). The plasticity mechanism mentioned above is also complementary to work
that has made analogy between the hierarchical nature of visual, auditory, and memory
circuit development and the impact of somatosensory unpredictability in shaping the
development of emotional brain systems (Birnie & Baram, 2022; Birnie et al., 2019).
One future direction based on this Dissertation would be to provide such an
amalgamation as it has important implications for the field of neuropsychiatry and the

pathophysiology of mental iliness.

Uncinate Fasciculus Associated with DG/CA3 Activity During Emotional Pattern
Separation

In Chapter 2 of this Dissertation, emphasis was placed on the cingulum bundle
which shares the role of connecting the MTL with the PFC. In Chapter 2, because the
functional output of brain circuits is a combinatorial sum of the activity of each of their
components (Redish & Gordon, 2017), we also conducted analyses using the ratio of
uncinate to hippocampal cingulum connectivity as a measure of imbalance across these

two pathways. In Chapter 3 of this Dissertation, we asked if the relationship between
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greater uncinate fasciculus integrity and reduced DG/CAS activity during emotional lure
discrimination was a general feature of white matter connectivity. We found that corpus
callosum integrity did not predict DG/CAS3 activity during highly similar lure

discrimination for any emotional valence.
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Figure 18. Summary of circuitry under investigation in this work. Results of Chapter 2
provide evidence for the link between experiencing early life maternal sensory
unpredictability and imbalanced uncinate fasciculus-hippocampal cingulum integrity.
Results of Chapter 3 show the link between reduced uncinate fasciculus integrity and
greater DG/CAS3 activity during emotional lure discrimination. Appendix B investigates
the integrity of MTL gray matter nodes in older adults. Appendix C investigates the
structural connectivity within the MTL including a novel approach at detecting the
perforant pathway using diffusion imaging.

Despite this nuance, it would be interesting to consider a more comprehensive

approach to disentangling the contributions of the uncinate fasciculus and cingulum
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bundle and their subcomponents to episodic memory processes and regions depicted in
Figure 18. Using diffusion spectrum imaging of the uncinate fasciculus, one
investigation was able to identify and parse 2 predominant fanning sections of the
uncinate fasciculus that terminate in different areas within the frontal segment. This
investigation provided evidence that the cortical innervation of the uncinate fasciculus to
and from the temporal lobe includes the middle frontal gyrus including Brodmann'’s
areas 10 and 11 and the inferior frontal gyrus including the pars triangularis
(Brodmann’s area 45) and the pars orbitalis (Brodmann’s area 47), excluding the pars
opercularis (Brodmann'’s area 44; Leng et al., 2016). Histological evidence has shown
that in the temporal lobe the uncinate fasciculus is thought to innervate the temporal
pole including the basolateral amygdala, perirhinal, and the rostrolateral entorhinal
cortex (Ebeling & Von Cramon, 1992; Von Der Heide et al., 2013; Thiebaut et al., 2012;
Leichnetz & Astruc, 1975).

In comparison, the cingulum is connected to a wide array of cortical regions
including the orbitofrontal, prelimbic, anterior cingulate, and retrospenial cortices (Bubb
et al., 2018). Within the MTL, histological evidence has shown that the cingulum fibers
innervate the subiculum, CA1, medial entorhinal, parahippocampal, and perirhinal
cortices (Figure 15; Bubb et al., 2018; Wouterlood et al., 1990). From the perspective of
diffusion weighted imaging, some investigators have proposed to divide the cingulum
into several distinct portions. Budisavljevic et al., (2015) suggest that the cingulum can
best be divided into a dorsal and ventral component. The dorsal component reflecting
the white matter connecting the cingulate gyrus and the ventral component being

composed of the hippocampal cingulum both subcomponents however include fibers
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projecting toward the retrosplenial cortex. Jones et al., (2013) suggest the cingulum can
be divided into three units that represent different bundles along both the anterior-
posterior and medial-lateral axis. These three subdivisions include the subgenual
(located anterior, medial, and dorsal in comparison to the retrosplenial), retrosplenial
(located posterior and ventral in comparison to the subgenual), and parahippocampal
division (located along the hippocampal axis projecting to the retrosplenial cortex when
restricted and anterior cingulate when unrestricted; Jones et al., 2013). Some
histological evidence suggests that almost all prefrontal regions contribute at least some
fibers to the cingulum (Heilbronner & Haber, 2014; Bubb et al., 2018). Fiber tracing
studies in marmoset monkeys provide evidence that the orbitofrontal cortex fibers
projected through the uncinate fasciculus but also joined the cingulum bundle
(Leichnetz & Astruc, 1974). Together, this work highlights the two routes in the
marmoset by which the prefrontal cortex reaches the entorhinal and subicular areas; the
first being the uncinate fasciculus projecting to the lateral entorhinal cortex (among
others) and the second being the cingulum which projects to the medial entorhinal
cortex and subiculum (among others; Leichnetz & Astruc, 1974).

Other researchers in the field have outlined the relative contributions of the
prefrontal cortex inputs to the medial temporal lobe in the context of episodic memory
performance proposing the Posterior-Medial Anterior-Temporal (PMAT) Framework
(Ritchey et al., 2015; Ranganath & Ritchey, 2012). This framework suggests that the
contributions of the posterior-medial system (connected via the cingulum) and the
anterior-temporal system (connected via the uncinate) subserve distinct roles in

memory processing and cognition. More specifically, the PMAT Framework suggests
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that the posterior-medial system (composed of the parahippocampal cortex, medial
entorhinal cortex, retrosplenial cortex, precuneus, angular gyrus, anterior thalamus,
medial prefrontal cortex, and cingulate cortex) has extensively been linked to memory
for the context of an event or the memory for spatial information (Norman & Eacott,
2005; Vann & Aggleton, 2002; Libby et al., 2014; Reagh & Yassa, 2014; Ritchey et al.,
2015). Conversely, the anterior-temporal system (composed of the anterior temporal
cortex, lateral entorhinal cortex, perirhinal cortex, amygdala, and orbitofrontal cortex) is
thought to be involved in visual object or item recognition, associative memory, and
affective processing (Ritchey et al., 2015). As mentioned in Chapter 1 of this
Dissertation, our laboratory previously investigated the dissociable function of the
medial and lateral entorhinal cortex providing some of the first evidence in humans that
the medial entorhinal cortex is involved in the mnemonic discrimination of spatial lure
items whilst the lateral entorhinal cortex is involved in taxing the mnemonic
discrimination of objects (Reagh & Yassa, 2014). This dissociation also extended to
perirhinal and parahippocampal cortex whilst the DG/CA3 demonstrated signals
consistent with resolution of mnemonic interference across domains. Importantly, the
PMAT framework mentioned above does not consider or mention the possible impact of
differences in integrity of the nuanced white matter subserving this dissociation and
instead focuses on the role of each gray matter region.

In considering this framework, one future direction stemming from the work of
this Dissertation would be to reproducibly and systematically parse subcomponents of
the uncinate and cingulum using advanced DWI methods including high-spatial high-

angular resolution images, and quantitative anisotropy informed tractography. If these
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bundles and their subcomponents can be parsed reproducibly, it would be interesting to
test their roles in supporting both spatial and object mnemonic discrimination processes
and what subcomponents might be more influential in each condition. If this could be
accomplished one could ask: which component of uncinate morphology (the middle
frontal gyrus and inferior frontal gyrus subdivisions) and cingulum morphology (the
subgenual, retrosplenial, parahippocampal subdivisions) might contribute to spatial or
object mnemonic discrimination processes? Does integrity of the restricted
parahippocampal division of the cingulum which connects the MTL with retrospenial
cortex contribute more to spatial mnemonic discrimination processes than the
unrestricted parahippocampal division which extends to the prefrontal cortex? In
addition, it would be interesting to know if differences in uncinate fasciculus or cingulum
microstructural or macrostructural integrity would impact the activation of not only the
DG/CAS subfield but also the lateral and medial entorhinal cortices using a task that
manipulates emotional valence, as well as object and spatial lure discrimination. One
approach would be to pursue these kinds of questions with adapted high resolution
diffusion imaging methods similar to those of Appendices B-C. In general, investigations
involving both the uncinate fasciculus and cingulum in episodic memory function rarely
co-occur and further study is an exciting research direction based on the findings of this

Dissertation.

Conclusion
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To conclude, this work provides evidence that an imbalance of MTL-PFC
connectivity is associated with a novel operationalization or form of early life adversity
and mediates the association of this early life adversity with episodic memory
impairment where adjudication between stimuli is necessary. This Dissertation then
provides the first evidence that uncinate fasciculus integrity is associated with DG/CA3
subfield activity during the mnemonic discrimination of highly similar emotional (stimuli
of the positive and negative valence) but not neutral stimuli. Together, this work
mobilizes new and exciting research avenues within the discipline of diffusion weighted
MRI and applies them to concepts within the fields of early life adversity and episodic
memory.

While not a direct link to the work at hand, the Appendices provided in this
document are influenced by Chapters 2 and 3 and in some fashion might inform future
research in the work described here. This work is able to provide insight into the
structure and function of gray matter nodes of the MTL as a function of age. The
published work in Appendix A recognizes the comorbidity of memory dysfunction in
clinical populations and the influence of symptoms clusters (negative affect, anhedonia,
somatic anxiety, and cognitive anxiety) on episodic memory performance in clinical
populations. Together, with the addition of Appendices A-C, this work provides a
comprehensive example of the impact of diffusion weighted MRI in transdiagnostic
neuroscience research and yields new insights to the etiology of cognitive and

emotional impairment associated with exposure to early life adversity.
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Appendix A: Latent anxiety in clinical depression is

associated with worse recognition of emotional stimuli
This appendix in its entirety is published as Granger et al., (2022)

Granger, S. J., Adams, J. G., Kark, S. M., Sathishkumar, M. T., Chen, I. Y., Benca, R. M.,
McMillan, L., Janecek, J. T., & Yassa, M. A. (2022). Latent anxiety in clinical depression
is associated with worse recognition of emotional stimuli. Journal of affective
disorders, 301, 368-377.

Introduction
Major depressive disorder (MDD) is one of the most pressing public health

challenges facing our society today. As many as 17.3 million adults in the United States

18 years and older were thought to have at least one major depressive episode in 2017

(NIMH, 2017). Characterized by depressed mood, loss of pleasure or interest, fatigue,

insomnia, and suicidal ideation, MDD is also highly comorbid with anxiety disorders

(Mineka, Watson, & Clark, 1998). As the prevalence of comorbidity of anxiety disorders

with MDD may be as high as 60% of cases (Kaufman & Charney 2000) an extensive

effort is being made to take a more dimensional approach to understanding the
comorbid profiles of these mental illnesses. Prior work has explored both the constructs
of depression and anxiety in large clinical cohorts using exploratory factor analyses to
uncover latent clusters of variables from the Beck Anxiety Inventory (BAl) and Beck

Depression Inventory-IlI (BDI-Il) scales. These investigations yield evidence of a

tripartite model of depression and anxiety (consisting of negative affect, low positive

affect, and physiological hyper-arousal) and theorize that while these constructs share
general negative affect, they can perhaps be differentiated based on the basis of factors

specific to each syndrome (Lee et. al., 2016, Clark & Watson, 1991).
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Cognitive affective biases have been well documented in MDD (Murrough et al.,
2011; Chamberlain & Sahakian, 2006), can be detected even during remission and are
associated with persistent psychosocial impairment (Conradi et al., 2011; Hasselbalch
et al., 2011; Lam et al., 2014). Prior work has reported memory disturbances in
depression and anxiety (Pittenger, 2013; Dillon & Pizzagalli, 2018; Leal & Yassa, 2018).
Evidence has linked both MDD diagnosis as well as depressive symptom severity to
augmented memory for negative items both in terms of recognition (Bai et al., 2017;
Hamilton et al., 2008) and discrimination (Leal et al., 2014a), as well as reduced
specificity of autobiographical retrieval (Dillon & Pizzagalli, 2018; Dalgleish et al., 2007,
Williams et al., 2007). Other studies have demonstrated that those with greater
symptoms of anxiety exhibit impaired memory of negative stimuli (Tofalini et al., 2015;
Inaba & Ohira, 2009) suggesting a cognitive affective bias that leads to
overgeneralization of negative emotional memories (Leal & Yassa, 2018; Kheirbek et
al., 2012; Balderston et al., 2017).

We have previously shown that individuals with more depressive symptoms show
augmented memory discrimination for negative items (Leal et al., 2014a) and exhibit
unique neurobiological signatures which include reduced hippocampal dentate
gyrus/CA3 activity and increased amygdala activity during the correct discrimination of
highly similar negative (but not neutral) items (Leal et al., 2014b). These results were
consistent with other literature on depression that find evidence of a negativity bias (for
review see Haas & Canli, 2008; Hasler et al., 2004) and functional and structural
differences in the amygdala (MacMillan et al., 2003; Sheline et al., 2001; Whalen et al.,

2002) and the hippocampus (Stockmeier et al., 2004).
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Given prior work, there is uncertainty as to how greater depressive symptoms
can be associated with augmented negative memory performance while greater anxiety
symptoms can be associated with impaired negative episodic memory performance
given that these two constructs are often comorbid and present together. Prior work,
however, did not take into consideration the comorbidity of depression and anxiety, and
the presence of subthreshold anxiety symptoms. In this investigation, we used
exploratory factor analysis, applied to the BDI and BAI to uncover latent constructs of
anxiety and depression in a clinically assessed cohort. We then tested the association
of individual factors with memory performance, focusing on two primary outcome
measures including target recognition (TR) assessing gist or generalized knowledge
and Lure Discrimination Index (LDI) assessing detail knowledge or high precision

memories (Norman, 2010; Yonelinas et al., 2010; Leal et al., 2014a).

Methods

Participants

Participants were recruited in collaboration with the department of Psychiatry and
Human Behavior at the UC Irvine Medical Center and compensated for their
participation. Participants were of 79 young adults (58 female) aged 18 to 41 years-old.
This sample was comprised of 22 healthy participants (14 female) and 58 participants
with a clinical diagnosis (44 females; see Clinical Diagnosis section). All procedures
were in accordance with protocols approved by the UC Irvine Institutional Review
Board. All participants provided informed consent prior to participation in the study.

Participants were pre-screened before enrollment in the study for the presence of active

138



depressive symptoms. These participants filled out a version of the Beck Depression
Inventory without question nine (related to suicidality) online as part of their eligibility
pre-screening. A score of 16 or higher on the pre-screening BDI-II determined eligibility
to enroll in the study group. A matched sample of healthy control participants were
recruited and had to satisfy the inclusion criterion of a BDI score less than 12. Once
enrolled in the main study, the full version of the Beck Depression Inventory (BDI-Il) was
administered in person during the first study visit along with the Beck Anxiety Inventory
(BAI) and other mood and sleep questionnaires. This in person administration of the
BDI-Il was used in all of our calculations. Table A1.1 describes the sample

demographics.

Table A1.1. Participant demographics (N=79). The subgroup of participants able to
complete the emotional pattern separation task is denoted by n.

Full SampleN = 79n = H(Healthy)N = 22n = D(Depression)N = 29n = D + A(Depression + Anxiety)N = 18n O(Other)N = 10n
73 20 28 =18 =7
Age 23.21 £5.71 26.38 £ 6.78 2261 +5.18 20.91 +3.76 22.46 + 5.59
(1 missing) (1 missing)
Sex 58 Female 14 Female 23 Females 15 Females 6 Females
21 Male 8 Male 6 Males 3 Males 4 Males
Trails A 37.83 + 22.20 36.27 + 25.00 37 +22.83 38.83 +19.74 41.88 + 20.67
Trails B 39.31 + 22.38 39.50 + 24.43 36.55 + 21.27 43.17 + 18.66 39.91 + 28.77
MMSE 28.87 £ 1.19 28.73 £ 1.16 28.97 + 1.09 28.78 £1.17 29.10 + 1.66
BDI-II 23.23 + 15.05 4.86 + 5.79 29.1 + 8.33 34.17 £ 11.43 26.90 + 15.23
BAI 16.67 + 13.12 3.96 + 3.89 20.9 +10.20 24.00 +12.22 19.20 + 16.86
RAVLT Immediate 12.63 + 2.35 12.32 +2.21 13.69 + 1.47 11.33 + 2.99 12.6 + 2.41
Recall
RAVLT Delayed Recall 12.58 + 2.69 12.5 +£2.99 13.45 +£1.74 11.50 + 2.75 12.2 + 3.65
Digit Span Forward 11.04 + 2.46 10.73 + 2.43 11.62 + 2.58 10.22 + 2.32 11.50 + 2.17
Digit Span Backward 7.70 £+ 2.51 7.59 + 2.42 8.41 + 2.63 6.78 + 2.39 7.5+ 2.27

Structured Clinical Interview (SCID)

As part of the study procedure, all participants underwent a two-hour semi-
structured clinical interview with a clinician (1.Y.C. or R.B.) as outlined by the Structured
Clinical Interview for DSM-5 Research Version (SCID-5-RV). The SCID-5-RV is a semi
structured interview guide for making the major Diagnostic and Statistical Manual of
Mental Disorders (DSM-5) diagnoses. After completing this clinical interview, the
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clinician completed an accompanying summary sheet to determine the participant’s
current and past diagnoses. The summary sheet additionally allowed the clinician to
indicate whether a participant met sub-threshold criteria for any relevant diagnosis. In
the DSM-5 there are often multiple criteria or symptom types that need to be met in
order to meet the full diagnosis requirements. A sub-threshold diagnosis was marked if
the participant met a number of the criteria outlined in the DSM-5 corresponding to a
particular disorder but did not meet ALL of the criteria necessary for a full diagnosis

under the DSM-5.

Clinical Diagnosis

In order to incorporate the SCID diagnoses into the analysis, we used a tag
system to simplify the variety of clinical diagnoses. Healthy (H) participants (N = 22)
underwent the full SCID Interview and had no history of psychopathology or clinical
diagnosis. Participants whose SCID diagnosis revealed a past, subthreshold or active
unipolar depression were designated with a Depression (D) tag (N=29). For this sample,
every participant with the “D” tag had a history of Major Depressive Disorder, a small
subset (n=3) also had a comorbid Persistent Depressive Disorder diagnosis and one
(n=1) had a comorbid Premenstrual Dysphoric Disorder diagnosis. The tag D+A
(depression comorbid with anxiety; N=18) was given to participants who were eligible
for the “D” tag but also had clinically identifiable anxiety. We considered this to be any
participant with an active threshold or sub-threshold anxiety disorder or obsessive-
compulsive disorder. In this population, this included Generalized Anxiety Disorder

(n=6), Agoraphobia (n=2), Panic Disorder (n=5), Social Anxiety Disorder (n=4), Specific
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Phobia (n=7), Obsessive-compulsive Disorder (n=7). Obsessive-compulsive disorder
(included in the obsessive-compulsive and related disorders), was previously
considered an anxiety disorder in the DSM-4. While it now has its own chapter in the
DSM-5, these disorders are still considered to be closely related. Remaining
participants receiving a SCID diagnosis that did not include an element of unipolar
depression were tagged with the “Other” designation (“O”; N=10). These participants
were included despite not having a depression diagnosis to increase sample size and
examine the effect of symptom severity even in the absence of a depression diagnosis.
A full description of all clinically relevant diagnoses derived from the SCID for each

participant is described in Table A1.2.
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Table A1.2. Table of Diagnosis and comorbidities
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Emotional Pattern Separation (EmoPS) Task

The Emotional Pattern Separation task was administered on a subsample of 73
participants. The task consisted of a study phase and a test phase. The study phase
consisted of 149 trials. In each trial a randomized series of emotional and non-emotional
scene images were presented at the center of the screen with a black background for
2500ms each, separated by an inter-stimulus interval of 500 ms (fixation cross) (Figure

A1.1a).
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Figure A1.1. (a) The emotional pattern separation paradigm. During study
participants are asked to rate the valence of the images either positive, negative, or
neutral. During test, participants are asked to make “old” or “new” judgements. Images
are varied from study such that some images are slightly altered ‘lures’, other images
are novel ‘foils’, or repeated (targets). Images are varied as a function of emotional
valence (positive, negative, neutral) as described in our previous work (Leal et al.,
2014a, 2014b). (b, c) No difference between clinically assessed groups on emotional
pattern separation performance for (b) lure discrimination and (c) target recognition
(TR).

Participants were asked to identify the valence associated with each image
(Negative, Neutral, Positive). The subsequent test phase consisted of 291 trials. During

these trials participants viewed stimuli which were either (1) seen once before during
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the study phase (targets), (2) stimuli that were similar to ones seen in the study phase
but not identical (lures), and (3) novel images never seen before (foils). Targets, lures,
and foils were evenly distributed across the three emotional valences. Participants were
asked to indicate via button press whether they believed the items were “Old” or “New”.
They were explicitly told that “Old” images had to be the exact same image they had
seen in the previous encoding phase. Images were characterized a priori for emotional
valence (negative, neutral, positive), arousal (very calming to very exciting), and
similarity (median split of similarity ratings into “high” and “low”) (Leal et al., 2014).

Behavioral performance on the task was quantified using two key measures. First
we quantified target recognition (TR) using d-prime, a standard discriminability index
that quantifies target hit rate, while correcting for false alarms. It is operationalized as
z(Target Hit rate) — z(Foil False Alarm rate). Additionally, we calculated a lure
discrimination index (LDI) operationalized as p(“New”|Lure) — p(“New”| Target) which
quantifies lure discriminability and corrects for a “New” response bias. Extreme hit and
false alarms rates (for lures and foils) were corrected following the methods of Stanislaw
and Todorov (1999).

Two versions of the task were administered due to change in software. Twenty-
six participants completed the task administered via version one conducted on MATLAB
(RRID:nIx_153890, Version R2010a, Natick, MA) software with PsychToolbox version
3.0. Forty-seven participants completed the task using version 2 conducted using
PsychoPy. Task versions varied slightly in the size of the images used. In addition, the

PsychToolbox version of the task was conducted with visual confirmation of the study
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responses. Additional analyses are included in Figure A1.2 to rule out any behavioral

differences between task versions.
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Figure A1.2 No significant difference in task performance across the Old and New task
versions. (a) We found no difference (F2,213 = 0.26, P = 0.77) on performance on
Target Recognition (TR) across task versions. (b) We found no difference (F2,213 =
0.98, P = 0.37) on lure discrimination performance across valence.

Statistical Analysis

Exploratory Factor analysis were conducted on questions derived from the BDI-II

and BAI using the ‘Psych’ toolbox available in R (https://rstudio.com). Verimax rotated

principal components were used. Similar to Lee et al. (2018) we allocated items to a
specific factor using the criterion of a loading of more than 0.30 on the corresponding
factor and items were excluded if the difference of the factor loading was less than 0.10
for a particular item. We tested if continuous measures of anxiety (BAl), and depression
(BDI-II), as well as Factors 1 through 5, were normally distributed using the Shapiro-
Wilk normality test from the ‘stats’ package in R (Royston, 1995). The results confirmed
no continuous measure of depression, anxiety, nor the factor scores were normally

distributed. As such, Spearman’s correlation coefficients (rs) were calculated using R to
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evaluate the relationships between continuous measures of anxiety and depression and
memory performance. Multiple linear regression analyses were conducted in R to
account for confounding variables including age and sex in the relation between anxiety
and depression and memory performance. Standardized beta coefficients are reported
in-text and were calculated using the ‘Im.beta’ package in R. Two-way ANOVA was
used to determine differences in task performance across versions and task
performance as a function of clinical diagnosis. To ensure Multiple comparisons were
corrected for within-family (emotional valence) bivariate analyses of the factor relation to
emotional pattern separation behavior using the Benjamini-Hochberg procedure
implemented in R (Benjamini & Hochberg, 1995). Bootstrap analysis were conducted
using the Boot package available in R-Studio with 1000 repetitions and 95% confidence

intervals are reported.

Results

Overall EmoPS Performance Does not Vary by Clinical Diagnosis

We first asked if behavioral performance differed as a function of clinical
diagnosis. There was no significant interaction between diagnosis and emotional
valence for LDI performance (F4,180 = 0.50, P = 0.74; Figure A1.1b) or TR performance
(Fa,180=0.89, P = 0.47; Figure A1.1c). Across the whole sample, LDI performance was
significantly different (F2216 = 5.40, P = 0.005; Figure A1.3.a) with participants
performing worse for positive stimuli compared to neutral (adjusted P = 0.0034). We
found no behavioral difference in TR across emotional valence for all participants (F2216

=1.50, P = 0.22; Figure A1.3b).
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Figure A1.3. Emotional pattern separation performance for all participants on lure
discrimination (LDI; a), target discriminability normalized by lure false alarm rate (b), and
target discriminability normalized by foil false alarm rate (c).

For all subsequent analyses, we chose to focus on the negative and neutral
items and not consider the positive items as they were not well-matched to the negative

for arousal ratings, however, results with positive stimuli are represented for reference

in Figure A1.4.
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Figure A1.4. Correlations among Factors 1 through 5, LDI, Target Recognition (TR) as
well as age and sex. Observationally, we note that negative TR is related to several
Factors. Additionally, we identify that age as well as sex (males = 1, females =0) are
inversely related to greater Factor totals. *Indicates P < 005. ** Indicates P < 0.01.
***Indicates P < 0.001.

Anxiety Symptom Severity is Associated with Impaired Memory Performance for
Negative Items

We first explored the degree to which anxious and depressive symptoms, across

all participants, were related to one another using the cumulative inventory totals from

150



the BAI and BDI-Il inventories. We found a strong association between scores on BDI-II

and BAI across all participants (rs = 0.80, P < 0.0001; Figure A1.5.).
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Figure A1.5. Clinical diagnosis plotted as a function of BDI-Il inventory and BAI
inventory total scores.

We then asked if depression and anxiety scales were associated with LDI and
TR for negative and neutral items. We found that greater depressive symptoms were
not associated with LDI for negative (rs = -0.14, P = 0.22) or neutral (rs =-0.055, P =

0.65) items. Similarly, total anxiety symptoms were not associated with LDI for negative
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(rs =-0.19, P =0.10) or neutral (rs =-0.10, P = 0.39) items. We found that more

depressive symptoms (rs = -0.25, P = 0.032; Figure A1.6a) and more anxiety symptoms

(rs =-0.31, P =0.0081; Figure A1.6c) were associated with lower TR for negative items.
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Figure A1.6. Association between BDI-Il (a, b) and BAI (c, d) inventory totals and target
recognition (TR) for negative (a, c) and neutral (b, d) items.

The relationship between depressive symptoms and lower TR for negative items

did not remain significant after accounting for age and sex (8 =-0.22, P = 0.11).

However, the relationship between anxiety symptoms and lower TR for negative stimuli
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did remain significant after accounting for age and sex (f =-0.35, P = 0.0088). We then
tested if depression or anxiety was related to TR for neutral items. Neither depressive
symptoms (rs = -0.087, P = 0.51; Figure A1.6b) nor anxiety symptoms (rs =-0.11, P =
0.36; Figure A1.6d) were associated with TR for neutral items. Interestingly, the
relationship between symptoms of anxiety and lower TR for negative stimuli was driven
by targets hit rate for negative stimuli (rs = -0.37, P = 0.0013) and not false alarm rate (rs

= 0.020, P = 0.87).

Exploratory Factor Analysis and Relation to Clinical Diagnoses

As a result of the strong association between depressive and anxious symptoms
we sought to determine if sub-clusters of symptoms were more strongly associated with
difference facets of emotional memory performance. Utilizing the full sample (N=79) we
found that the Kaiser-Meyer-Olkin measure (0.85) and Barrett’s test of sphericity
(approximate Chi-square = 876.55, 661 degrees of freedom, P < 0.0001) provided
evidence that the use of the exploratory factor approach was appropriate for these data
and that 5 factors were sufficient. Factor analysis revealed that the following 5 factors
explained approximately (59%) of the variance. We note that some factors include
symptoms that may typically be associated with other clinical constructs. Factor 1
(Negative Affect) is composed of 6 items from the BDI-Il which include “Pessimism”,
“Past Failure”, “Self-dislike”, “Self-criticalness”, “Suicidal thoughts or wishes”,
“Worthlessness”. Factor 2 (Anhedonia-like) is composed of 8 items from the BDI-II

LT LTS LTS

which include “Loss of pleasure”, “Punishment feelings”, “Loss of energy”, “Irritability”,

“Crying”, “Loss of interest”, “Concentration difficulty”, “Tiredness or fatigue”. Factor 3
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(Somatic Anxiety) is composed of 7 items from the BAI including “Feeling hot”, “Dizzy

or lightheaded”, “Feeling of choking”, “Faint lightheaded”, “Face flushed”, “Hot/cold

sweats”, “Difficulty breathing”. Factor 4 (Cognitive Anxiety) is composed of 5 items on

”

the BAI and one item on the BDI-Il which include “Unable to relax”, “Fear of worst
happening”, “Unsteady”, “Nervous”, “Fear of losing control”, “Changes in sleeping
pattern”. Factor 5 (Somatic Anxiety) is composed of 3 items on the BAI which include
“Wobbliness in legs”, “Hands trembling”, “Shaky unsteady”. The factor loadings are
summarized in Table A1.3. In order to quantify the external validity of the item factor
identities calculated in our sample, we quantified a normalized mutual information (NMI)
score representing the degree of consistency of our results with previously published
reports. In direct comparison to item factor identities of a large (n=406) clinical
population, we report a NMI of 0.67 indicating moderate overlap within the clustering of

BAI and BDI-Il questions across samples (Lee et al., 2018). Factor scores were

quantified by summing respective items within each factor.
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Table A1.3. Exploratory factor analysis on 42 items from the BDI-Il and BAI.

Inventory Identity Items Factorl Factor2 Factor3 Factor4 Factor5 Uniqueness
D Pessimism 0.77712804 0.26485042 0.24539489 0.13132086 0.18068717 0.2158115
D Past.Failure 0.72389638 0.28607047 0.15753857 0.21679833 0.04211347 0.3205434
D Self.Dislike 0.82989106 0.17227467 0.21814166 0.18228313 0.16831923 0.1724534
D Self.Criticalness. 0.64141483 0.41729106 0.04350299 0.27373267 0.1111219 0.325283
D Suicidal. Thoughts.or.Wishes 0.50809463 0.25129772 0.19716152 0.17658526 -0.0708959 0.6036264
D Worthlessness 0.76938677 0.27262725 0.23716295 0.14848121 0.19582645 0.2170714
D Loss.of .Pleasure 0.39160704 0.74175296 0.10688447 0.25363353 0.25373843 0.1563097
D Punishment.Feelings. 0.15389157 0.51866528 0.41344227 0.38453728 0.07981183 0.3821329
D Loss.of .Energy 0.30080003 0.66582562 0.34871762 0.12285838 0.05939576 0.3259721
D Irritability 0.19712994 0.69748212 0.31468192 0.19986512 0.15477788 0.3117314
D Crying 0.3797373 0.51038543 0.33966752 0.23245771 0.08895584 0.4179916
D Loss.of.Interest 0.498363 0.67982493 0.11051959 0.17688203 0.15742587 0.2211836
D Concentration.Difficulty. 0.34972679 0.61252432 0.37267319 0.24507253 0.14257013 0.2832343
D Tiredness.or.Fatigure 0.43846048 0.54759452 0.19561457 0.25802558 0.11055606 0.3908366
A Feeling.hot 0.06833009 0.28447635 0.54870155 0.15790325 0.09230075 0.5798775
A Dizzy.or.lightheaded 0.17921664 0.29255929 0.45197241 0.20154835 0.31058593 0.5409226
A Feeling.of.choking 0.27931474 0.04698573 0.61724742 0.12018748 0.24938522 0.4621248
A Faint...lightheaded 0.10020839 0.16722285 0.58430755 0.1223727 0.20330428 0.5642958
A Face.flushed 0.07680063 0.29889648 0.52385807 0.33669589 0.01042321 0.51686

A Hot.cold.sweats 0.16979326 0.17184826 0.60430486 0.1738053 0.08897877 0.5383305
A Difficulty.in.breathing 0.13198328 0.17879972 0.5613848 0.31377414 0.31635837 0.4369234
A Unable.to.relax 0.36887081 0.42389236 0.1115699 0.61417268 0.27255906 0.2203042
A Fear.of.worst.happening 0.35786713 0.1422663 0.27689994 0.75375787 0.09252536 0.198305
A Unsteady 0.12037013 0.23477716 0.37798279 0.5345359 0.40700198 0.336145
A Nervous 0.36023396 0.41327091 0.26772248 0.60153356 0.19531759 0.227773
A Fear.of.losing.control 0.26797756 0.12804534 0.33455202 0.47816862 0.14844334 0.5491919
D Changes.in.Sleeping.Pattern 0.1413271 0.33987445 0.30367662 0.45596967 0.04537547 0.5623314
A Wobbliness.in.legs 0.14593026 0.11333084 0.17566114 0.04102021 0.68420866 0.4651598
A Hands.trembling 0.19485941 0.10195464 0.39229553 0.21331583 0.67657523 0.2944797
A Shaky...unsteady 0.19484544 0.16675031 0.33721594 0.41908604 0.59418618 0.2918279
A Terrified.or.afraid 0.30510065 0.0837911 0.51328803 0.55796227 0.13328116 0.3073458
A Heart.pounding.racing 0.1930554 0.27914337 0.38177393 0.4551212 0.34185197 0.4150663
A Fear.of.dying 0.28820349 0.00985847 0.35279735 0.13337594 0.09094666 0.766345
A Scared 0.23180329 0.13712659 0.56696583 0.52408894 0.19122457 0.2947798
A Indigestion 0.21175663 0.30901897 0.38752316 0.03652352 0.0933679 0.6994472
D Indecisiveness 0.46768346 0.4038309 0.29903708 0.32355287 0.18977075 0.3880737
D Changes.in.Appetite 0.42127916 0.37261221 0.22696136 0.16330213 0.12367281 0.5902289
D Loss.of.Interest.in.Sex 0.19114233 0.20696626 0.00992127 0.0111293 0.06832415 0.9158702
A Numbness.or.tingling -0.0629523 0.33115013 0.07546944 0.44474363 0.46753476 0.4642973
D Agitation 0.34320327 0.40338675 0.12151812 0.29733925 0.09631173 0.6070728
D Guilty.Feelings 0.37364309 0.38201784 0.26216535 0.34768085 0.21968799 0.4765714
D Sadness 0.54186282 0.49744825 0.3999217 0.16048047 0.09065003 0.2650229
SS Loadings 6.166 5.806 5.322 4.671 2.717

Proportion of Variance Explained 0.15 0.14 0.13 0.11 0.06

Cumulative Variance Explained 0.15 0.29 0.41 0.52 0.59

We then asked if factors from our exploratory factor analysis were able to
distinguish among different clinical diagnoses (H, D, D+A, and A). We found a
significant main effect of factor (F4,330= 56.35, P < 0.0001), clinical diagnosis (F2,330 =
147.6, P < 0.0001), as well as a significant factor x clinical diagnosis interaction (Fs 330=
8.41, P < 0.0001). Post-hoc comparisons revealed that Factors 1 (Negative Affect), 2
(Anhedonia), 3 (Somatic Anxiety), and 4 (Cognitive Anxiety) were able to distinguish the
H and D groups as well as H and D+A groups (Figure A1.7). No factor was able to

distinguish the D and D+A group. Factor 5 (composed from 3 questions from the BAI)
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was not sufficient to dissociate the H from clinical groups (D, D+A). Due to this analysis,

we decided not to include Factor 5 in subsequent analyses.
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Figure A1.7. Factor analytics dissociate healthy from psychiatric diagnoses as well as
those with anxiety from those with comorbid depression. ****Indicates P < 0.0001,
***Indicates P < 0.001, **Indicates P < 0.01, *Indicates P < 0.05.
Factor Relation to EmoPS Performance

We then sought to determine if latent factors of anxiety and depression were
associated with impaired EmoPS performance. In separate analyses, we correlated
each factor with EmoPS performance for negative and neutral stimuli correcting for

multiple comparisons within family using the Benjamini-Hochberg procedure.
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First, we found that greater total scores for Somatic Anxiety (rs = -0.24,
unadjusted P = 0.038; Figure 5c¢) and Cognitive Anxiety (rs = -0.27, unadjusted P =
0.019; Figure A1.8d) were associated with impaired negative TR. The association
between Somatic Anxiety and negative TR performance was significant after accounting
for age and sex (B =-0.27, P = 0.036). Similarly, the association between Cognitive
Anxiety and negative TR performance was significant after accounting for age and sex
(B =-0.33, P =0.020). However, after correcting for multiple comparisons, neither
Somatic Anxiety (adjusted P = 0.077) nor Cognitive Anxiety (adjusted P = 0.077) were
significantly associated with negative TR performance. In addition, we note that greater
measures of Negative Affect (rs = -0.20, unadjusted P = 0.082; Figure A1.8a) and
Anhedonia-Like factors (rs = -0.21, unadjusted P = 0.074; Figure A1.8b) were marginally

associated with impaired negative TR.
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Figure A1.8. (a—d) Show the relationship between Factors 1-4 and Target Recognition
(TR) for negative items. (e—h) Show the relationship between Factors 1—4 and TR for
neutral items. p indicates p-value prior to correcting for multiple comparisons. P
indicates p-value after correcting for multiple comparisons.
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As a result of the non-normal distribution of Somatic Anxiety scores and
Cognitive Anxiety scores and to ensure these effects were not driven by individual
points having a large effect we conducted bootstrap analysis with 1000 simulations. The
95% confidence interval for the Spearman’s correlation coefficient bootstrap effect for
the relationship between Somatic Anxiety and negative TR ranged from -0.46 to -0.045
(SE = 0.11). The 95% confidence interval for the Spearman’s correlation coefficient
bootstrap effect for the relationship between Cognitive and negative TR ranged from -
0.45 to -0.03 (SE = 0.11). No Factor was associated with negative or neutral LDI after
correcting for multiple comparisons (Figure A1.9).
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Figure A1.9: (a-d) Show the relationship between Factors 1-4 and LDI for negative
items. (e-h) Show the relationship between Factors 1-4 and LDI for neutral items.

Discussion

There are three key findings in this study. First, our exploratory factor analysis

provides evidence that symptoms of anxiety and depression may be broken into
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constituent components namely Negative Affect, Anhedonia-Like symptoms, Somatic,
and Cognitive Anxiety. Second, we find that factors from our exploratory factor analysis
are able to dissociate clinical diagnoses from healthy controls, however, diagnoses of
depression and depression comorbid with anxiety are not differentiable in this small
sample using these latent factors. Third, we find that greater symptoms of anxiety are
associated with impaired recognition for negative items but not neutral items. The
contributions of anxiety and depression to emotional episodic memory disruption have
long been a target of investigation in humans, however, most work has focused on sub-
clinical symptoms and the comorbidity of anxiety and depression symptoms are often
left untested (Dillon & Pizzagalli, 2018).

A general framework for the episodic memory dysfunction in depression
suggests a negativity memory bias or augmented memory for negative material (Dillon
& Pizzagalli, 2018; Leal et al., 2014; Burt et al., 1995) whilst also displaying impaired
recollection or “overgeneralized” autobiographical retrieval (Dalgleish et al., 2007;
Williams et al., 2007). These performance differences are often coupled with volumetric
and functional differences in the hippocampus (Stockmeier et al., 2004) as well as
amygdala (MacMillan et al., 2003; Sheline et al., 2001; Whalen et al., 2002). We have
previously shown in an undiagnosed sample that individuals reporting a high frequency
of depressive symptoms show augmented discrimination for negative items (Leal et al.,
2014a). We have also shown that higher depressive symptoms were associated with
augmented amygdala activity and attenuated DG/CAS activity during correct

discrimination of negative items compared to neutral items (Leal et al., 2014Db).
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In this investigation, we provide evidence that symptoms of anxiety are associated with
impaired recognition for negative stimuli and not neutral stimuli. This relationship also
persists after accounting for age and sex. However, across the whole sample,
continuous measures of depression and anxiety were highly correlated, which suggests
that multiple regression on its own may not be the most suitable method for capturing
the effects of depressive symptoms when highly comorbid with anxiety.

To address this concern, we implemented the use of exploratory factor analysis
to uncover latent constructs of anxiety and depression and to determine whether
symptoms could be meaningfully clustered together. We identified 5 factors, two
composed of questions derived from the BDI-Il generally reflecting Negative Affect
(Factor 1) and Anhedonia-like symptoms (Factor 2) and 3 composed of questions
derived largely from the BAI (Factor 3/5: Somatic Anxiety/hyperarousal; Factor 4:
Cognitive Anxiety). While we note we were able to derive factors that included largely
separable factors of depression and anxiety, we note that factor 4 (Cognitive Anxiety) is
composed of 5 items from the BAI and 1 item (changes in sleeping pattern) from the
BDI-II. This approach has been previously used to test the hypothesis that coexisting
symptoms of anxiety and depression (derived from the BAI and BDI-Il) can be
differentiated into a tripartite model including general negative affectivity (NA), anxiety
(physiological hyper-arousal), and depression (low positive affectivity) (Lee et al., 2018;
Clark et al., 1991). In this sample, we demonstrate considerable overlap in the
clustering of item-factor identities compared to previously published reports (Lee et al.,
2018) and note that questions related to BDI and BAI largely clustered onto separate

factors.
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While we found that our item-factor identities were comparable with other
investigations and were able to dissociate healthy participants from clinical groups (D,
D+A), we did not find evidence that our factors were able to dissociate individuals with a
depression diagnosis alone from those with depression and a comorbid anxiety disorder
indicating similar degree of negative affect, anhedonia-like symptoms, cognitive and
somatic anxiety across clinical groups. Thus, it is possible that while similar factor
constructs have been successful at separating clinical depression and anxiety
diagnoses (Lee et al., 2018), the factor identity approach in this investigation is not
capable of dissociating depression and depression with comorbid anxiety symptoms.
One possibility is the prevalent presence of subsyndromal or subthreshold anxiety in
depression which may make the distinction based on factors and symptoms more
difficult.

Regardless of this distinction, we used these factors to determine if specific
aspects of depression or anxiety were associated with impaired recognition for negative
stimuli. We found that both constructs of anxiety, including somatic anxiety/hyperarousal
as well as cognitive anxiety, were associated with impaired recognition of negative
stimuli but not neutral stimuli. We also report a marginally significant relationship
between anhedonia related symptoms (Factor 2) and impaired recognition for negative
stimuli (at the corrected level).

The hypothesis that anxiety-like symptoms are related to impaired episodic
memory dysfunction has been tested before. Notably, experimentally induced
symptoms of anxiety in both humans and animal models suggest an effect of

overgeneralization and impaired memory performance. For instance, animals who have
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undergone fear conditioning freeze when exposed to a similar but not identical operant
chamber (Kheirbek et al., 2012). In humans, experimentally induced symptoms of
somatic anxiety (via shock expectancy) were associated with impaired performance on
a pattern separation task (Balderston et al., 2017). Others have suggested that anxiety
leads to overgeneralization through impairments in pattern-separation mediated
mechanisms (Sahay et al., 2011; Leal et al., 2018). However, here we show for the first
time that clinical levels of cognitive and somatic anxiety, distinguished from depressive
symptoms, are related to impaired recognition memory for negative stimuli in a clinical
sample.

In a recent review, Dillon & Pizzagalli (2018) suggest that while depressive
symptoms have been linked with augmented pattern separation for negative stimuli, it is
possible that impaired pattern separation may be a feature in depressed individuals who
also express comorbid anxiety. The current study suggests that anxiety is associated
with worse recognition recognition rather than worse discrimination, after accounting for
depressive symptoms. This performance pattern is consistent with the notion that
anxiety impairs episodic memory function for negative stimuli (Tofalini et al., 2015;
Inaba & Ohira, 2009).

Certainly, the interplay between depression and anxiety may be even more
complex and includes factors such as the duration of expression of each type of
symptom or the age of onset of symptoms. For example, we have previously shown that
post-encoding stress in healthy individuals is able to enhance the discrimination of
negative stimuli but not neutral stimuli (Cunningham et al., 2018). Similarly, also in

healthy adults, an exaggerated noradrenergic response elicited by viewing threatening
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images yielded augmented memory performance for negative but not neutral items
(Segal and Cahill, 2008). Perhaps memory performance is a function of severity of
psychiatric morbidity. In this case, we may observe augmented discrimination of
negative events early in subclinical levels of depression, however as depression
progresses, stress levels become more elevated and the storage of negative
experiences accumulates, subsequently leading to impaired discrimination or
recognition as the disease progresses and the comorbidity with anxiety becomes more
established, similar to the theory proposed by Dillon & Pizzagalli (2018).

It is hypothesized that the EmoPS task used in this investigation engages a
neuronal computation known as pattern separation which is thought to be heavily reliant
on the dentate gyrus (DG) and the CAS3 regions of the hippocampus (Yassa & Stark,
2011). The CAS is thought to maintain a balance between storing new experiences
using pattern separation and re-instantiating previously stored experiences using
“pattern completion”. The latter function in particular is thought to be reliant on the
recurrent collateral network of the CA3 (Yassa & Stark, 2011; Rolls, 2007). One
possibility is that the relation between greater anxiety and impaired recognition for
negative stimuli may be attributed to impaired CA3 function. In animals, chronic stress is
thought to induce preferential loss of CA3 apical dendrite length and branching as well
as dendritic spine density (Sousa et al., 2000; Magarifios & McEven, 1995; Magarifios
et al., 1996; Vyas et al., 2002; Soetanto et al., 2010). Similar evidence has been found
in ex-vivo samples in humans of those with clinical depression, namely decreased
dendrite and spine densities in the CA3 region (Soetanto et al., 2010), although we note

that these histological effects are not entirely specific to the CA3 region with other
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studies finding differences in the amygdala (Vyas et al., 2003), prefrontal cortex (Radley
et al., 2004) as well as other regions. The stress-induced loss of CA3 connectivity in
particular could impair its ability to process input from the entorhinal cortex thereby
leading to an impairment in pattern completion or recognition. This could potentially
explain the failure of recognition we observe in individuals with high levels of anxiety.
Future research could test the hypothesis that CA3 function may be a mechanistic
contributor to the recognition failure in anxiety.

One potential limitation of this study is the use of a clinical sample with mixed
pathology that includes varying levels of depression and anxiety. While this may be
more representative of the population, it does make interpretations more difficult with
respect to depression alone, anxiety alone, or comorbid depression and anxiety given
the smaller sample sizes. Additionally, we note that while our sample did contain a
group of subjects with clinical history of depression and history of clinically diagnosed
co-morbid depression and anxiety, continuous measures of symptoms were not
sufficient to dissociate the two. Additionally, we note that we did not explicitly test the
relationship between symptom severity and memory discrimination or recognition of
positive stimuli. This was intentionally the case for two reasons. First, our prior work
focused on the differences between negative and neutral stimuli specifically (Leal et al.,
2014ab). Second the positive stimuli were not matched for arousal ratings compared to
the negative images and thus would be difficult to compare. Future work could perhaps
examine a different kind of positive stimulus such as stimuli that elicit stronger hedonic

value.
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In conclusion, we provide evidence that symptoms of anxiety, controlling for co-
morbid depression, are associated with impaired recognition for negative stimuli. Our
exploratory factor analysis revealed that this relationship is present in both somatic and
cognitive symptoms of anxiety. These results are consistent with a dimensional
understanding of psychiatric pathology and pave the path to more mechanistic studies

to understand the neural mechanisms of memory impairment in anxiety and depression.
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Appendix B: Hippocampal dentate gyrus integrity revealed
with ultrahigh resolution diffusion imaging predicts memory
performance in older adults

This appendix in its entirety has been submitted to Hippocampus and is under minor revision.
Granger, S. J., Colon-Perez, L., Larson, M. S., Bennet, L. J., Phelan, M., Keator, D. B.,
Janecek, J. T., Sathishkumar, M. T., Smith, A. P., McMillan, L., Greenia, D., Corrada, M.
M., Kawas, C. H., Yassa, M. A. Hippocampal dentate gyrus integrity revealed with
ultrahigh resolution diffusion imaging predicts memory performance in older adults. /n
Review at Hippocampus.
Abstract
Medial temporal lobe (MTL) atrophy is a core feature of age-related cognitive
decline and Alzheimer’s Disease (AD). While regional volumes and thickness are often
used as a proxy for neurodegeneration, they lack the sensitivity to serve as an accurate
diagnostic test and indicate advanced neurodegeneration. Here, we used a
submillimeter resolution diffusion weighted MRI sequence (ZOOMit) to quantify
microstructural properties of hippocampal subfields in older adults (63-98 years old)
using tensor derived measures: fractional anisotropy (FA) and mean diffusivity

(MD). We demonstrate that the high-resolution sequence, and not a standard resolution

sequence, identifies dissociable profiles for CA1, dentate gyrus (DG), and the collateral
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sulcus. Using ZOOMit, we show that advanced age is associated with increased MD of
the CA1 and DG as well as decreased FA of the DG. Increased MD of the DG,
reflecting decreased cellular density, mediated the relationship between age and word
list recall. Further, increased MD in the DG, but not DG volume, was linked to worse
spatial pattern separation. Our results demonstrate that ultrahigh-resolution diffusion
imaging enables the detection of microstructural differences in hippocampal subfield

integrity and will lead to novel insights into the mechanisms of age-related memory loss.

Introduction

Episodic memory decline and medial temporal lobe (MTL) atrophy are prominent
changes associated with age-related cognitive decline (Gomez-Isla et al., 1996; Price et
al., 2001; Braak and Braak, 1991; Jack et al., 1999). Early sites of structural atrophy
include the hippocampus (Fox and Freeborough, 1997; Sabuncu et al., 2011), including
specific subfields such as the dentate gyrus (DG; Ohm, 2007; Yassa et al., 2011, Dillon
et al., 2017) and CA1 (Csernansky et al., 2005; Csernansky et al., 2000), as well as the
adjacent entorhinal cortex (Gomez-Isla et al., 1996). On a cellular level, structural
alterations including reduced neuron count and reduced dendritic arborization are a
core biological phenomenon associated with age-related cognitive decline that signal
tissue destabilization (Zarow et al., 2005; Ohm, 2007). In humans, changes in regional
volumes and thickness are most commonly used as a proxy for large scale structural
atrophy and neurodegeneration (Marquez and Yassa, 2019), however, they do not
provide any insights regarding microstructural MTL neurodegeneration hallmarks like
cellular loss nor dendritic arborization. It has been suggested that the study of volumes

lack the specificity to stand alone as an accurate diagnostic test to distinguish normal
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aging from Alzheimer’s Disease (AD) and usually indicate an advanced stage of
neurodegeneration providing little room for targeted interventional therapy (Teipel et al.,
2013; Frisoni et al., 2010; Whittaker et al., 2019). Therefore, there is substantial need
for sensitive and specific markers of microstructural atrophy due to aging and aging-
related pathologies. These potential new biomarkers should provide improved
quantification of the microstructural changes that underlie gross volumetric decline and

provide insight into cellular atrophy in humans.

Measures derived from diffusion weighted MRI (dMRI) are emerging as strong
candidates for novel non-invasive biological markers of hippocampal tissue
microstructural organization (beyond the study of volumes) in animal studies across
pathologies. Changes in tensor-derived measures in the CA1 and DG subfields of the
hippocampus have been related to several gray matter insults in mouse models of
amyloid accumulation (Whittaker et al., 2019; Daianu et al., 2015), status epilepticus
(Salo et al., 2017), early life stress (Molet et al., 2016), and hippocampal sclerosis
(Crombe et al., 2018), and indicate change on a cellular level. Importantly, dMRI metrics
do not reflect cell-type specificity nor does dMRI currently have the resolution to
observe diffusion at a single-cell level. Instead, dMRI metrics indicate difference among
different types of tissue. Here our use of the terms microstructure and microstructural

properties refer to the ability of dMRI to measure tissue differences within each voxel.

In humans, the use of dMRI measures as sensitive markers of hippocampal

integrity in aging, mild cognitive impairment, and Alzheimer’s Disease has been studied,
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however, has only scarcely been applied to hippocampal subfields possibly due to
image resolution or the use of whole hippocampus instead of subfield anatomical
segmentation (Colon-Perez et al., 2015; Reas et al., 2017; Mak et al, 2017; Kantarci et
al., 2005; Muller et al., 2007; Dyrba et al., 2015). We have previously shown that the
use of ultrahigh resolution dMRI in humans can uncover in vivo microstructural
properties of white matter that are otherwise impossible to visualize using sequences
with standard image resolutions (Yassa et al., 2010). Thus, it is possible that the use of
ultrahigh resolution dMRI in humans is critical to uncover new and robust biomarkers of
microstructural properties of gray matter within the MTL and hippocampal subfields that

are not otherwise palpable using standard image resolutions.

In this investigation, we employ a state-of-the-art ultrahigh resolution dMRI
sequence (0.67 x 0.67 x 3mm) to quantify the microstructural features in MTL regions in
a cohort of older adults (63-98 years old). Using diffusion tensor derived measures of
mean diffusivity (MD) and fractional anisotropy (FA) we demonstrate the utility of this
sequence by comparing its performance against a standard diffusion imaging sequence
(1.7 mm isotropic). We assessed FA and MD in two hippocampal subfields (DG and
CA1) and quantified relationships with age and episodic memory function, using a word
list recall test (Rey Auditory Verbal Learning Test; RAVLT) that is often used to identify
age-related memory impairment (Estévez-Gonzalez et al., 2003). We also tested
whether FA and MD in these subfields was related to performance on a spatial pattern
separation task that is known to rely on the integrity of the DG (Marr et al. 1971; Yassa
et al. 2011; Reagh et al. 2014). We focused on the DG and CA1 as they are both

critical for episodic memory processes and are known to be impacted by aging and AD
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(lanov et al., 2017; Burger, 2010; Small et al., 2004; Yassa et al., 2010).

Methods

Participants

Participants were recruited from two separate cohorts (Young-Old and Oldest-
Old) at the University of California, Irvine to allow us to examine a large range of ages
from 60-100 for a total sample of 78 participants (54 female, mean age 80.18).
Demographic and cognitive performance data of the two cohorts are summarized in
Table 1. Recruitment criteria for the Young-Old (age range 63-86) included being
between the ages of 60 and 86, speak fluent English, had adequate visual and auditory
acuity for neuropsychological and computerized testing, good health with no disease(s)
expected to interfere with the study, willing and able to participate for the duration of the
study and in all study procedures including MRI, and had normal cognition defined as a
Clinical Dementia Rating of 0 and Mini-Mental State Examination Score of 27 or higher.
All procedures were in accordance with protocols approved by the UC Irvine Institutional
Review Board. Recruitment criteria for the Oldest-Old (age range 93-98) was largely the
same, except for testing visual and auditory acuity and the MMSE cutoff. Oldest-Old
participants were screened for visual and auditory impairment as part of initial medical
screening. We note that roughly one-third (9 participants) were diagnosed with
Cognitive Impairment with No Dementia (CIND) and the average MMSE score for the
Oldest-Old was lower than the Young-Old (25.54 compared to 28.15). For reference, we
also report scores on the Clinical Dementia Rating Scale Sum of Boxes (CDR Sum of

Boxes). Twelve participants from the Young-Old cohort did not complete CDR.
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Table A2.1. Participant Demographics

Full sample Young-Old Oldest-O1d

N 78 52 26
S Female 54 Female 38 Female 16

X Male 24 Male 14 Male 10
Age 80.18 + 10.61 73.48 £5.56 93.59 +1.95

g (Range 63.22 - 98.31) (Range 63.22 - 86.00) (Range 90 — 98.31)
Years of education 16.18 £2.50 16.58 £2.22 15.38 +2.87
Cognitive Impairment * 9 CIND 0 CIND 9 CIND
RAVLT Delayed Recall 9.46 £ 4.26 11.42+3.21 5.54 £3.31
Mini Mental State Exam 27.28 +£2.45 28.15+1.42 25.54+3.10
Completed SPS task 53 36 17

n =66 n =40 n=26
CDR Sum of Boxes 0.12+0.35 0.025 +0.11 0.27+0.51
Range (0.0-2.0) Range (0.0-0.5) Range (0.0-2.0)
* CIND — Cognitive Impairment No Dementia
MR Image Acquisition

All neuroimaging data were acquired on a 3.0 Tesla Siemens Prisma scanner at

the Facility for Imaging and Brain Research (FIBRE) at the University of California,

Irvine. A high-resolution 3D magnetization-prepared rapid gradient echo (MPRAGE)

structural scan (0.8mm isotropic voxels) was acquired at the beginning of each session:

repetition time (TR) = 2300ms, echo time (TE) = 2.38ms, FOV =192, 256, 256mm, flip
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angle = 8 degrees. In addition, a T2-weighted high-resolution hippocampal sequence
was acquired: TR/TE = 5000/84ms, flip angle = 17 degrees, FOV = 190, 105, 198mm,
voxel size = 0.42 x 0.42 x 2.4mm. The ultrahigh-resolution diffusion sequence was
collected as oblique coronal slices parallel to the principal axis of the hippocampus with
the following parameters: TR/TE = 3500/75ms, FOV = 180, 71, 66mm, voxel size = 0.67
x 0.67 x 3mm, bandwidth = 1696 Hx/Px, echo spacing = 0.69ms, EPI factor = 40, TX
acceleration = 2.0, total approximate run time = 3 minutes 42 seconds. These
parameters were optimized by Siemen’s scanner interface. The sequence consisted of
two b = 0 s/mm2 volumes and a total of 60 diffusion weighted volumes acquired as 30
non-collinear directions repeated twice at a b-value of 1000 s/mm2. This sequence
(ZOOMit) utilizes inner volume excitation to reduce the field of view and in-plane
resolution (Blasche et al., 2012). Here we oriented the FOV of the ZOOMit sequence
along the long axis of the hippocampus in hopes to more accurately sample MTL tissue.
Upon acquiring the MPRAGE image, trained scanner technicians placed the bottom
edge of the square FOV “ON” or along the hippocampal body from a sagittal view. The
center of the box was then placed over the hippocampus to cover the entire body of the
hippocampus. The MPRAGE was checked to ensure that the FOV covered both the left
and right hippocampus in its entirety. In this manner, by orienting the FOV along the
hippocampus, we hope to minimize partial volume effects across regions given the 3mm
slice thickness projects within hippocampal layers rather than across hippocampal
layers. More information on this protocol as well as example MPRAGE and T2-weighted
images are supplied in Figure A2.1. A whole brain diffusion sequence was also acquired

with the following parameters: TR/TE = 3500/102ms, FOV =218, 221, 189 mm, voxel
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size = 1.7 mm isotropic, bandwidth = 1698 Hz/Px, echo spacing = 0.71ms, EPI factor =
110, total approximate run time = 8 minutes and 6 seconds. The sequence consisted of
7 b =0 s/mm2 volumes and two b-values of 1500 s/mmz2, 3000 s/mm2 each with 64
diffusion weighted volumes. To make the ZOOMit and whole brain sequence more
comparable, we removed all volumes where b=3000 s/mm2 from the whole brain
sequence. All vector orientations were automatically generated by Siemen’s Prisma

software.

Figure A2.1. (a) Sagittal view of the isotropic (0.8 mm3) MPRAGE. (b) Coronal view of
the high resolution (0.4 x 0.4 x 2mm) T2-weighted image acquired parallel along the long
the long axis of the hippocampus. (c) An example of the FOV placement for the ZOOMit
sequence also acquired parallel to the long axis of the hippocampus. Upon acquiring the
MPRAGE image, trained scanner technicians place the bottom edge of the square FOV
“ON” or along the hippocampal body from a sagittal view. The center of the box is then
placed over the hippocampus to cover the entire body of the hippocampus. The MPRAGE
was checked to ensure that the FOV covered both the left and right hippocampus in its
entirety.

Medial Temporal Lobe Subfield Segmentation in Native Diffusion Space
We parsed the subfields of the medial temporal lobe using T1 and T2-weighted
images and the Automated Segmentation of Hippocampal Subfields (ASHS; Yushkevich

et al., 2015) pipeline to automatically label the T2-weighted images. This method
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implements joint label fusion and correcting learning and is a highly accurate method in
automatically deriving hippocampal subfield volumes and cortical subregions in the
medial temporal lobe. Using ASHS, we calculated the volumes for the following
subregions bilaterally in native T2 space: CA1, CA2, CA3, DG, subiculum, sulcus, BA35,
BA36, and PHC. For all volumetric analyses, volumes were averaged across hemisphere.
To query microstructural differences beyond volume, we used the ANTSRegistrationSyn
program offered by Advanced Normalization Tools (ANTS; Avants et al., 2011; Klein et
al., 2009) to warp the T2 and associated ASHS regions into the first BO of the partial FOV
ultrahigh-resolution diffusion sequence (Figure A2.2) as well as the first BO of the whole
brain multi-shell diffusion scan. We preprocessed both the high resolution sequence and
whole brain sequence using eddy_correct. We quantified motion by calculating the
average Euclidian distance in the linear transformation from each subbrick to the first BO

volume prior to any motion correction for each dMRI scan.
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T2in b =0 underlay b = 0 underlay MD underlay

Figure A2.2. MR images of 3 randomly selected subjects (S1-3). Here we provide the ASHS
regions of interest with an underlay of the T2-weighted image warped to the b = 0 space, the
ASHS regions with the b = 0 volume as an underlay, the ASHS regions with the MD image as an
underlay, and the ASHS regions with the FA image as an underlay. We provide each image type
for each subject for the high resolution ZOOMit sequence as well as the whole brain sequence.

Computation of Tensor-Based Metrics

We calculated fractional anisotropy (FA) and mean diffusivity (MD) maps using
FSL’s DTIfit. Fractional anisotropy and mean diffusivity values for each medial temporal
lobe subfield (bilaterally) from ASHS output were calculated and averaged across

hemispheres using AFNIs 3dmaskave command. This process was completed for both
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the ultrahigh resolution dMRI sequence and the whole brain dMRI sequence. For
dissociating tissue from non-tissue samples, we compared the sulcus, CA1, DG, and
rhinal cortex (defined as averaging BA35, BA36, ERC, and PHC). One subject was
removed from the MD whole brain analysis and two subjects were removed from the FA

whole brain analysis as clear outliers.

Neuropsychological Testing

Our primary outcome measure in this investigation was performance on the Rey
Auditory Verbal Learning Memory Test (RAVLT; Rey 1964) to measure the acuity of
verbal memory. Administration of the RAVLT consisted of an examiner reading a list of
15 words, after which the subject was asked to repeat as many words as they could
remember (in any order). This study/test trial was be repeated for a total of 5 learning
trials (Learning Trials, A1-A5) that were then followed by an immediate recall of a
distractor list (B1), then immediate recall of the original list of 15 words (Immediate Recall,
AG). The subject was then tested 20 minutes later (Delayed Recall, A7), followed by a
recognition test. The RAVLT and delayed recall component is a well-established
benchmark for testing and dissociating normal aging, MDI, and Alzheimer’'s Disease
(Estevez-Gonzalez et al., 2003; Jedynak et al., 2012).

Spatial Pattern Separation Task

Table A2.2 Participant Demographics Completing Spatial Pattern Separation Task

Full sample Young-Old Oldest-Old

N 53 36 17
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Female 38 Female 28 Female 10

Sex Male 15 Male § Male 7
Age 80.08 + 10.48 73.68 +£5.54 93.64 + 1.56
g (Range 63.22 - 97.00) (Range 63.22 - 86.00) (Range 91.00 - 97.00)
Years education 16.3 £2.27 16.56 £2.12 15.76 £2.54
Cognitive Impairment * 5 CIND 0 CIND 5 CIND
RAVLT Delayed Recall 9.151+4.49 11.11 +3.50 5+3.45
Mini Mental State Exam 27.19+2.57 28.06 = 1.47 25.35+3.39
n=42 n=25 n=17
CDR Sum of Boxes 0.14 +£0.40 0.04+0.14 0.29+0.59
Range (0.0-2.0) Range (0.0-0.5) Range (0.0-2.0)

* CIND — Cognitive Impairment No Dementia

In a subset of participants (n=53, Table A2.2), we administered the spatial
pattern separation task (Figure A2.8a) to probe DG function specifically. This task has
been used previously to assess dentate-gyrus dependent pattern separation (Reagh et
al., 2014). During incidental encoding, subjects were asked to rate objects as either
‘Indoor’ or ‘Outdoor’ as objects appeared in various positions on the screen. For the
Young-Old cohort, each trial lasted 2.5 seconds with a 0.5s ISI. In the Oldest-Old
cohort, each trial was self-paced due to concerns regarding motor speed. The Oldest-
Old cohort was instructed to respond as soon as they were able. For both cohorts, 160
items were presented during incidental encoding. During test, 40 target images (objects
appearing in the same location as encoding), 80 lures (same objects in slightly different
locations), and 40 pseudo-foil images (objects originally presented in one corner

location at study and in another corner location at test) were presented. Lure images
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were binned as either large move (low similarity, 40 images) or small move (high
similarity, 40 images). Pseudo-random images were the only set to appear in the
corners of the screen. During test, participants were asked if the object was in the “Old
Location” or in a “New Location”. We quantified a Lure Discrimination Index (LDI) for
highly similar lure items which measures performance on the task accounting for
response bias: P(“New Location”|Lure) — P("New Location”|Target) and did not consider
the pseudo-foil images in these analyses. This measure is frequently employed as it not
only accounts for response bias but is also sensitive to changes in ageing (Reagh et al.,
2018; Reagh et al., 2015; Stark et al., 2015). Here we chose the high-similarity lure bins
under the assumption that the ability to adjudicate between stimuli with greater
interference (greater similarity) would be more sensitive to aging. We excluded
participants who couldn’t respond to more than 75% of the test phase of the task.
Additionally, all participants who had a negative LDI were eliminated under the
assumption of the response being entirely driven by response bias or inattention to the
task instructions. Exclusion based on these criteria let to a final subsample of 53

participants.

Statistical Analysis

Statistical analyses were computed using a mixture of Prism 7, R-Studio
Software, and Python. K-means clustering was implemented using Python using
sklearn.cluster to identify 4 clusters (selected a priori), with a random state initialization
of 0. Normalized mutual information scores were calculated in Python to compare the

known identities of regions with the clusters identified from K-means. Regression
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models were completed using R-Studio Software and standardized beta coefficients are
reported in-text. All correlational analyses were done using two-tailed tests of Pearson
correlation coefficients. To assess the impact of the bimodal distribution of age on
measures of DG MD and DG volume, we compared the slopes of DG MD and DG
volume using a simple test of slopes. Mediation analyses were conducted using the
mediation package in R, each model was tested using bias corrected and accelerated

(BCa) bootstrapping with 5000 replications.

Results

Ultrahigh-resolution diffusion MRI detects subregion-specific gray matter diffusion
profiles

We first tested the hypothesis that the ultrahigh resolution dMRI approach (0.67 x
0.67 x 3mm) will reveal microstructural features of hippocampal subfields and rhinal
cortical subregions that would be otherwise indiscernible using traditional diffusion
imaging methods. We used k-means clustering to compute and label clusters of FA and
MD values from the hippocampus (CA1 and DG), rhinal cortex, and collateral sulcus
(the latter as a control). Using data derived from the ultrahigh-resolution sequence, we
calculated the overlap between the labels derived from k-means clustering and known
anatomical labels (CA1, DG, rhinal cortex, or sulcus). We obtained a normalized mutual
information (nMI) score of 0.623, indicating a moderate overlap in the k-means cluster

label (Figure A2.3b) and known anatomical label (Figure A2.3a).
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Figure A2.3: (a) Shows the FA and MD data for each area of interest: CA1 (in blue), DG
(in green), rhinal cortex (in yellow), and sulcus (in black) derived from the high-resolution
DWI sequence. (b) Shows the same data points categorized into 4 clusters via
unsupervised K-means clustering. We note the large degree of visual overlap
(Normalized mutual information score =0.623). (c) Shows the actual FA and MD data
plotted for each area of interest: CA1 (in blue), DG (in green), rhinal cortex (in yellow),
and sulcus (in black) derived from the whole brain DWI sequence. (d) Shows the same
data points clustered into 4 clusters using unsupervised K-means clustering. Here we
note the minimal degree of overlap between the actual data and predicted data identities
(Normalized mutual information score = 0.242)

To determine whether these regions were differentiated by their FA values, we
compared regional FA values CA1, DG, rhinal cortex, and sulcus using one-way
ANOVA. We found a significant difference across regions (F2, 308 = 700.8, P <
0.0001). Tukey’s multiple comparison test revealed each region contained significantly
different FA values than the other (Figure A2.4a). Similarly, we compared MD values in

each of the same regions and found a significant difference across regions (F3,308 =
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342.3, P <0.0001). Tukey’s multiple comparisons revealed that each region contained
unique MD values except for MD values of the CA1 and rhinal cortex (adjusted p = 0.99;
Figure A2.4b). These analyses demonstrate that the medial temporal lobe regions could

be discerned based on their microstructural properties, agnostic to their anatomical

label.
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Figure A2.4. (a-b) Diffusion data of the high-resolution dwMRI sequence. (a) Shows
fractional anisotropy values of the CA1, DG, rhinal cortex, and sulcus of the high-
resolution scan. Using one-way ANOVA, we found a significant difference in region (F2,
308= 700.8, p <0.0001) and all Tukey’s post-hoc comparisons were statistically significant.
(b) Shows mean diffusivity values of the CA1, DG, rhinal cortex, and sulcus of the high-
resolution scan. There was a statistically significant difference between regions (F3 308 =
342.3, p < 0.0001) however, there was no statistically significant difference between the
CA1 and rhinal cortex (adjusted p = 0.994). (c-d) Shows the FA and MD values derived
from the whole brain sequence for the CA1, DG, rhinal cortex and sulcus. (c-d) Diffusion
data of the whole brain dwMRI sequence. (c) Shows fractional anisotropy data of the CA1,
DG, rhinal cortex and a significant difference between regions (F3,300=95.96, p <0.0001),
however, FA values of the CA1 and rhinal cortex were not statistically different (adjusted
p =0.99). (d) Shows mean diffusivity data of the CA1, DG, rhinal cortex and DG. We found
a difference between regions (F3304 = 50.71, p < 0.0001), however, values of the CA1
and DG were not statistically significant (adjusted p = 0.93).

To determine whether the same information could be gleaned from traditional
whole brain DWI imaging, we repeated the same analyses as above with 1.7 mm
isotropic data acquired during the same sessions for the same participants. The overlap
between the labels derived from k-means clustering and known anatomical labels
resulted in a nMI score of 0.242 indicating very minimal overlap between K-means
cluster identity (Figure A2.3d) and known anatomical identity (Figure A2.3c). Similarly,
we tested weather these regions were differentiated by their FA values. One-way
ANOVA revealed a significant difference between regions (F3 300 = 95.96, p < 0.0001),
however post-hoc analysis revealed that FA values derived from the CA1 were not
statistically different than FA values of the rhinal cortex (adjusted p =0.99, Figure
A2.4c). We then compared MD values in each of the same regions and found significant
difference across regions (F3,304 = 50.71, p < 0.0001), however, post-hoc analyses

revealed that MD values derived from the CA1 were not statistically different than MD

valued derived from the DG (adjusted p = 0.93, Figure A2.4d).
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Higher MD and lower FA in the dentate gyrus are associated with increased age

We then asked if these microstructural properties derived from the ultrahigh
resolution dMRI were associated with increasing age. In the DG, we found a negative
association between age and FA (Pearson r = -0.47, p <0.0001; Figure A2.5c), as well
as positive association between age and MD (Pearson r = 0.66, p < 0.0001; Figure
A2.5d). In the CA1, we found a significant positive association between age and MD
(Pearson r = 0.52, p < 0.0001; Figure A2.5b. The relationship between age and CA1 FA

was not significant (Pearson r = -0.13, p = 0.26; Figure A2.5a).
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Figure A2.5. (a-b) Shows the results of CA1 structural differences across the age range. (c-d)
Show the results of DG structural differences across the age range. (a) Shows the non-significant
relation between age and CA1 FA (r = -0.13, p = 0.26). (b) Shows the positive relation between
age and CA1 MD (r=0.52, p <0.0001). (c) Shows the negative association between age and DG
FA (r = -0.47, p <0.0001). Finally, (d) shows the positive relation between age and DG MD (r =

0.66, p <0.0001).
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Importantly, we note that our sample contains a bimodal distribution of age as
data were collected from two cohorts (63- 86 and 90-98 years old). To ensure that our
findings were not driven by one particular age group, we assessed the difference in the
slope of the relationship between age and the diffusion measures reported above
across the two age groups. As a result, we investigated the relation between age and
DG MD, age and DG FA, and age and CA1 MD within each age range separately. We
found that there was no difference (Z = -0.96, p = 0.34) between the slope of the
relation between age and DG MD in the young cohort (8 = 1.50 x 10-6, p = 0.023)
compared to the slope of the relation in the old cohort (f = 5.73 x 10-6, p = 0.20). We
found no difference (Z = -0.34, p = 0. 74) between the slope of the relation between age
and DG FA in the young cohort (B = -0.00095, p = 0.0014) and the slope of the relation
between age and DG FA in the old cohort (8 =-0.001386, p = 0.2834). Similarly, we
found no difference (Z = -0.75, p = 0.45) between the slope of the relation between age
and CA1 MD (B = 8.52 x 10-7, p = 0.18) compared to the slope of the relation in the old

cohort (B =4.49 x 10-6, p = 0.36). These analyses are further described in Figure A2.5..
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Figure A2.5. Given the bimodal distribution of age and our evidence of age-related
differences in DG FA, DG MD, and CA1 MD we tested the relation between age and DG
MD, DG FA, and CA1 MD in each age group separately. (a-c) We found no difference (Z
=-0.34, p = 0. 74) between the slope of the relation between age and DG FA in the young
cohort (B = -0.00095, p = 0.0014; a) and the slope of the relation between age and DG
FA in the old cohort (B = -0.001386, p = 0.2834; b). (c) Shows the distribution of the
difference between the predicted DG FA values for the Oldest-Old cohort using the slope
of the line from the young cohort. (d-f) shows there was no difference (Z =-0.96, p = 0.34)
between the slope of the relation between age and DG MD in the young cohort (8 = 1.50
x 108, p = 0.023; d) compared to the slope of the relation in the old cohort (B =5.73 x 10-
6, p = 0.20; e). (f) Shows the distribution of the difference between the predicted DG MD
values for the Oldest-Old cohort using the slope of the line from the young cohort. (g-i)

188



Shows no difference (Z = -0.75, p = 0.45) between the slope of the relation between age
and CA1 MD (B =8.52 x 107, p = 0.18; g) compared to the slope of the relation in the old
cohort (B = 4.49 x 10, p = 0.36; h). (f) Shows the distribution of the difference between
the predicted CA1 MD values for the Oldest-Old cohort using the slope of the line from
the young cohort

Increased dentate gyrus MD predicts worse performance on word list delayed recall
Aging is associated with episodic memory decline (Burke & Barnes, 2006; Levine
et al., 2002; Mark & Rugg, 1998). In particular, the Rey Auditory Verbal Learning Test
(RAVLT) delayed recall measure has been used in the past to assess general
hippocampal integrity with age (Rey 1964; Estevez-Gonzalez et al., 2003; Jedynak et
al., 2012). We tested the hypothesis that increased DG MD and decreased FA would
predict age-related impairments in RAVLT delayed recall performance. We found that
DG MD (Pearson r = -0.54, P < 0.0001; Figure A2.6a) was a significant predictor of
delayed recall, however, DG FA was borderline (Pearson r = 0.21, p = 0.064; Figure

A2.6b).

a) b)

20 20—
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Delayed Recall
Delayed Recall
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Figure A2.6. Here we report the results of DG MD, FA, and volume predicting delayed
recall performance. (a) Shows the significant association between DG MD and delayed
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recall performance (r = -0.54, p < 0.0001). (b) Shows the non-significant but trending
relation between DG FA and delayed recall performance (r = 0.21, p = 0.064).

To ensure that these effects are not driven by in-scanner head motion, we
assessed whether average Euclidean distance moved during the ultrahigh-resolution
scan was associated with DG MD and found the effect to be not significant (Pearson r =
0.16, p = 0.16). To ensure that these effects were not driven by DG volume we asked if
DG MD predicted delayed recall performance while regressing out the effects of DG
volume. We found that DG MD (3 = -0.393, p = 0.00025) was associated with delayed
recall performance accounting for DG volume (B = 0.32, p = 0.0021). Although, we note
that DG MD and DG volume are related to one another (r = 0.45, p < 0.0001).

To assess the impact of confounding variables such as age and sex, we used
multiple regression with age, sex, and DG MD as predictors and RAVLT delayed recall
as the outcome. We found that both age (B =-0.42, p = 0.00066) and DG MD (8 = -
0.26, p = 0.030) were independent predictors of delayed recall. Sex was not a
significant predictor, although the effect was borderline or trending towards significance
(B =-0.15, p = 0.098). Given the correlated structure across age, DG MD, and delayed
recall performance, we conducted mediation analyses in an effort to understand
whether changes in DG MD are a neurobiological mechanism that mediates the
relationship between age and episodic memory performance. We found that DG MD
mediated the relationship between age and RAVLT delayed recall. The bootstrapped
unstandardized indirect effect was -0.069 and the 95% confidence interval ranged from

-0.13 to -0.0082. The indirect effect was statistically significant (p = 0.029; Figure A2.7).
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This result suggests that increased DG MD may serve as a mechanistic biomarker for

age-related episodic memory decline.

2.63x106%** | DG MD -2.61x10%*
Age | Delayed
e | -0.24%** Recall

Figure A2.7 Results of structural equation (mediation) model shows DG MD is a
statistically significant mediator between age and delayed recall performance (Indirect
Effect = -0.069*, C.I. = -0.13 to -0.0082). *Indicated p < 0.05, ** indicates p < 0.01, ***
indicates p < 0.0001

Higher DG MD predicts worse performance on a spatial pattern separation task

While the RAVLT can be used to assess general episodic memory and has been
used to index hippocampal function more broadly, the DG is specifically associated with
pattern separation, a neurocomputational mechanism by the brain reduces overlap
across experiences and store them as unique memories (Marr et al. 1971; Yassa et al.
2011). We have previously developed a spatial pattern separation task (Reagh et al.
2014) to assess age-related changes in spatial memory and demonstrated that it
engages the hippocampal DG preferentially over other subfields (Reagh and Yassa,
2014; Reagh et al. 2018). This task was administered to a subset of the participants in
the current study (n=53). As in our prior work, the lure discrimination index (LDI) was
used as the principal behavioral outcome measure of interest. We replicated our
previous finding of decreased LDI as a function of age (Pearson r =-0.32, p = 0.019).

We also show that target recognition (no spatial displacement) is associated with age
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(Pearson r =-0.31, p = 0.022). Next, we tested the relationship between DG MD and
LDI and found that increased DG MD was associated with worse LDI (Pearsonr = -
0.39, p = 0.0051; Figure A2.8b), but not with target recognition (Pearson r =-0.22, p =
0.12). We then tested if DG volume was related to LDI, the relation between DG volume
and LDI was not a statistically significant (r = 0.12, p = 0.40; Figure A2.8c). Similar to
the RAVLT analysis, we asked if increased DG MD was a mediator of the relationship
between age and LDI. We found a marginally significant effect whereby DG MD
mediated the relationship between age and LDI (indirect effect = -0.0026, C.I. = -0.0063

to 0.00013, p = 0.076).
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Figure A2.8 In a subset of participants, we tested whether DG MD might also predict
performance on a Spatial Pattern Separation Task. (a) The Spatial Pattern Separation
Task. During incidental encoding, subjects are shown a series of objects placed in
different spatial locations on a screen. Subjects are asked during incidental encoding to
rate the images as appearing as “Indoor” or “Outdoor”. During test, targets or objects
appearing in the same location as encoding are presented as well as lures which present
the same objects in slightly different locations. Here subjects are asked if the object was
in a “New Location” or “Old Location”. (b) There is a statistically significant association
between DG MD and LDI on the spatial task (r =-0.39, p = 0.0051). (c) However, there is
not a statistically significant association between DG volume and LDI (r = 0.12, p = 0.40).

Discussion

There are four major findings of this study. First, we show that the ultrahigh

resolution dMRI sequence outperforms the standard resolution whole brain dMRI
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sequence in detecting subtle microstructural differences between MTL regions. Second,
we show that increased age is associated with distinct microstructural changes within
the CA1 (increased MD) and DG (decreased FA and increased MD). Third, we show
that increased MD in the dentate gyrus mediates the relationship between advanced
age and episodic memory impairment. Finally, we provide evidence that DG MD derived
from the ultrahigh-resolution sequence may offer critical information regarding the role
of DG in spatial pattern separation. Overall, the approach described in this article
provides enhanced sensitivity to regional microstructural differences in the MTL which
enhances our ability to elucidate the neural mechanisms of age-related cognitive
decline and AD.

We demonstrate that CA1, DG, and surrounding cortex have unique diffusion
profiles and that the discrimination of these profiles is improved with the use of the
ultrahigh resolution dMRI sequence. Our data-driven approach was able to more
accurately cluster unlabeled FA and MD data points according to their true anatomical
labels in the ultrahigh sequence compared to the standard isotropic resolution
sequence. Interestingly, our evidence suggests that the CA1 and DG are dissociable
based on measures of FA and MD derived from the ultrahigh-resolution sequence, but
not the whole brain sequence. More specifically, we provide evidence that the CA1 and
DG of the hippocampus contain different FA and MD values such that the CA1 contains
greater FA and lesser MD compared to the DG. While direct histological evidence is
needed to validate this claim, it is possible that the pyramidal cell layer contributes to
greater FA in the CA1 as compared to the granule and mossy cells that constitute the

DG (McKiernan et al., 2017; Amaral et al., 2007). Interestingly, the directionality of these
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signals is consistent with prior research in animals (Stolp et al., 2018) suggesting cross-
species consistency of these profiles and that they might map onto cytoarchitectural and
cellular differences within these regions (Stolp et al., 2018; Wu & Zhang, 2016). These
analyses serve as a benchmark of the ability of ultrahigh resolution dMRI to differentiate
between hippocampal structure and surrounding cortices using the collateral sulcus as
an additional indicator.

Investigations attempting to dissociate hippocampal subfields based on diffusion
profiles have predominantly been done in rodents and have been to some extent related
to histological tissue properties (Stolp et al., 2018; Wu & Zhang, 2016). In humans,
possibly due to resolution limitation (Colon-Perez et al., 2015), investigations have
mainly studied diffusion properties of the hippocampus as a whole (Mak et al., 2017;
Reas et al., 2017) with only a few studies segmenting hippocampal body into either
anterior/posterior segments (Fjell et al., 2019) or along the head and tail (Hong et al.,
2010). A few investigations have probed hippocampal subfield diffusion properties as
they relate to aging and memory processes in vivo, however, these approaches had not
been benchmarked for sensitivity to subfield differences (Radhakrishnan et al., 2020;
Yassa et al., 2011). However, one study using data derived from the Human
Connectome Project implemented non-negative matrix factorization to identify
components or groupings of similar FA and MD values of the MTL (Patel et al., 2020).
Using this method, they were able to identify numerical partitions of the medial temporal
lobe that contain clusters of similar MD and FA values; however, it is unclear how the
identifiable partitions map onto known subfields of the hippocampus. Another study

using the ADNI dataset investigated the use of diffusion imaging within subfields to
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improve the detection and prediction of AD using MD (as well as volumes) of
hippocampal subfields, however they did not report subfield-specific patterns of
association with cognitive performance (Hett et al., 2019). Our current work is distinct
from past contributions in that it demonstrates clear subfield-specific diffusion feature
profiles and provides evidence for subfield-specific features predictive of memory
performance.

Ultrahigh resolution diffusion imaging has previously been used to quantify
directional anisotropy in specific white matter pathways (e.g., the perforant path), which
was not possible using traditional approaches (Yassa et al., 2011). In the current
investigation we improved on this method by using the ZOOMit scan procedure which
utilizes inner volume excitation to increase the in-plane resolution (Blasche et al., 2012)
in a limited field of view (in this case positioned along the hippocampal axis) under the
assumption that we might also be able to detect differences in gray matter
microstructure that might otherwise not be detectable. Variants of this sequence have
primarily been used for imaging deep small organs including the prostate, spinal cord,
pancreas, and optic nerve (Liney et al., 2015; Saritas et al., 2008; Sim et al., 2020;
Seeger et al., 2018). Interestingly, only a handful of studies have implemented the
ZOOMit sequence in brain tissue and have provided evidence of distinct advantages
over their standard sequence counterparts. For instance, some evidence shows that the
ZOOMit acquisition applied to BOLD contrast may be superior to conventional BOLD
sequences in detecting hand-motor cortex (Fang et al., 2020). Additionally, the use of a
structural ZOOMit sequence (paired with EEG) has been shown to facilitate localization

of epileptic foci in patients whose focal cortical dysplasia went previously undetected
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using standard structural sequences (Aydin et al., 2017). Here, we demonstrate the
utility and feasibility of this approach to identify hippocampal subfield-level
microstructural property profiles, which was not possible with standard diffusion
sequences, and further validate the approach using anatomical a-priori knowledge as
well as by testing associations with hypothesized cognitive outcomes. The relevant
main anatomical a priori knowledge used here is that the collateral sulcus would provide
a diffusion profile consistent with non-tissue (unrestricted free diffusion profile, hence
lower FA and higher MD compared to tissue samples).

In addition to providing evidence of regionally specific diffusion properties, we
show that increased MD within CA1 and increased MD and decreased FA in DG are
associated with age. In this investigation, we note that the measures of FA and MD
were calculated from within subject-specific subfield volumes, thus, changes of FA and
MD inherently yield additional information regarding tissue microstructural organization
across the aging spectrum that may supplement gross volumetric changes. In addition
to showing an effect of age, we also show that DG volume and DG MD are associated
with memory performance as assessed by the delayed recall portion of the RAVLT,
relationships that persisted after accounting for age and sex. Additionally, our structural
equation modeling analyses suggest that DG MD mediates the relationship between
age and delayed recall performance, suggesting a putative mechanism for age-related
episodic memory decline. While the cell type specificity in the interpretation of greater
MD is unclear, this metric captures restricted diffusion and can generally be thought of
as inversely related to “cellularity” or cellular density (Yeh et al., 2017). In other words, a

smaller number of cells results in greater unrestricted diffusion (greater MD). While this
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could potentially signify cellular loss in the DG, which is consistent with the volumetric
decline we also observe with age, this interpretation remains speculative.

The DG is thought to play an important role in the neurocomputational process
known as pattern separation, or the process by which similar experiences are encoded
using distinct memory traces (Yassa & Stark, 2011). Recently, we have shown that
spatial pattern separation is compromised in aged-impaired groups (Reagh et al., 2013).
To further probe DG function, we asked whether DG MD was related to performance on
a spatial pattern separation challenge. Here, we provide evidence that increased DG
MD is associated with impaired spatial pattern separation performance whereas DG
volume was not. Unlike the RAVLT, pattern separation tasks tend to be specific to DG
impairment (Leal and Yassa, 2018), thus this directed test of the relationship between
DG MD and spatial pattern separation performance provides further specificity. It is
important to note that the diffusion profiles observed and their relationships with
memory measures occur in the absence of clinical dementia as this is a nondemented
sample of older adults. Our results suggest that microstructural alterations in the DG
may be a more sensitive biomarker of age-related memory loss than DG volume or
overall hippocampal volume.

A limitation of this study is the use of tensor derived measures which are
susceptible to partial volume effects and in gray matter can lead to difficulty in
interpretation (Assaf et al., 2018; Alexander et al., 2007, Alexander et al., 2011; Jdabdi
& Johansen-Berg, 2011). While our approach employing high in-plane resolution limits
the degree of partial volume averaging compared to sequences of standard voxel

resolution, the single tensor characterization of DTI is another source of volume
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averaging which we did not address with this work. Model-free reconstruction methods
such as NODDI (Zhang et al., 2012) and ActiveAx (Alexander et al., 2010) have shown
promise in alleviating the limitations of DTl and have successfully detected
microstructural differences associated with amyloidosis (Colon-Perez et al., 2019) and
aging pathology in humans in the hippocampus (Reas et al., 2017; Radhakrishnan et
al., 2020). However, such model free methods typically require multiple b-shells, which
was not the case with our ZOOMit acquisition. Future work using this ultrahigh
resolution sequence may incorporate several diffusion weightings to probe
microstructural integrity more thoroughly.

In addition, we note that in this investigation there were multiple differences in
scan parameters across the ZOOMit dMRI sequence and whole brain dMRI sequence
and the impact of these differences were not systematically evaluated. Indeed, the
whole brain dMRI sequence is superior in terms of the number of sampling directions.
Thus, we suggest that the high resolution of the ZOOMit sequence as well as its
acquisition plane along the principal axis of the hippocampus could potentially serve to
both limit partial volume effects and enhance the spatial fitting of ASHS regions to the
native diffusion space. Future work is needed to systematically investigate how
differences in number of non-diffusion weighted images, number of diffusion weighted
images, b-value, scan resolution, and acquisition plane may impact the quantification of
hippocampal subfield diffusion profiles and their association with age-related cognitive
decline. In addition, we note in this investigation eddy_correct was used rather than

eddy, future research should seek to both preprocess high resolution data with eddy as
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well as to implement opposite phase encoding in order to correct for magnetization
induced susceptibility distortions.

Finally, it is possible that slight differences in the alignment of the ZOOMit FOV
during acquisition could have some impact on these results. While we took measures to
mitigate operator differences in FOV alignment along the hippocampus with standard
operator protocols and training we note that this possibility is not completely excluded.

In conclusion, we have shown using the ZOOMit ultrahigh resolution dMRI
sequence that hippocampal subfields contain unique and dissociable diffusion
properties. We have shown that these diffusion properties become compromised with
increased age and compromised integrity of the DG may mediate the link between age

and impaired episodic memory function.
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Appendix C: Reduced structural connectivity of the medial
temporal lobe including perforant path-related connectivity is
associated with aging and memory impairment
This appendix in its entirety has been submitted to Neurobiology of Aging and is under review.

Granger, S. J., Colon-Perez, L., Larson, M. S., Bennet, L. J., Phelan, M., Keator, D. B.,
Janecek, J. T., Sathishkumar, M. T., Smith, A. P., McMillan, L., Greenia, D., Corrada, M.
M., Kawas, C. H., Yassa, M. A. Reduced structural connectivity of the medial temporal

lobe including perforant path-related connectivity is associated with aging and memory
impairment. In review at Neurobiology of Aging.

Introduction

It is estimated that currently 5.8 million individuals have Alzheimer’s Disease
(AD) in the U.S. By 2050 this number is expected to increase to approximately 13.8
million (Hebert et al., 2013), therefore, it is critical to develop new, sensitive, and
specific biomarkers to determine early pathological signs of aging and AD.

Episodic memory decline and medial temporal lobe (MTL) atrophy are markedly
the most prominent and earliest pathological changes associated with age-related
cognitive decline including Alzheimers Disease (Gomez-Isla et al., 1996; Price et al.,
2001; Braak and Braak, 1991; Jack et al., 1999).

A key circuit of interest within the medial temporal lobe originates from the

entorhinal cortex, one of the earliest sites of accumulation of AD-related tau pathology
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(Desikan et al., 2010; Desikan et al., 2011; Desikan et 2012; Eskildsen et al., 2013).
Functionally, the entorhinal cortex has shown prominent influence in episodic memory
processes as an integrating node that mediates the communication between the
hippocampus and the rest of the neocortex (Reagh et al., 2018). Structurally, the
entorhinal cortex is known to connect to the dentate gyrus (DG) and CA3 subfields of
the hippocampus via a white matter bundle that perforates through the subiculum; the
perforant path (Witter, 2007). The integrity of the perforant path is critical for normal
hippocampal functioning, is vulnerable to the effects of aging, and is compromised with
AD as well as normal aging (Witter et al., 1989; Witter and Amaral, 1991; Witter, 2007;
Hyman et al., 1986; Yassa et al., 2010).

There have been several attempts to study this connection using non-invasive
diffusion MRI which consist of studies using ex-vivo MTL tissue samples and high
angular resolution diffusion imaging (HARDI) protocols that require extensive scan
times (Augustinack et al., 2010; Mollink et al., 2019; Colon- Perez et al., 2015; Beaujoin
et al., 2018). Our research team has also previously demonstrated that this path can be
evaluated in a rudimentary way on in-vivo diffusion weighted imaging (DWI) scans with
sufficiently high spatial resolution (Yassa et al. 2010). While we have previously found
that tensor-solved signals increase along the medial-lateral axis of the alveus which
might correspond to the perforant path, the 2-dimensional nature of this method isn’t
sufficient to rule out other white matter that project along the anterior-posterior axis of
the MTL such as the fornix, cingulum bundle, and stria terminalis. In other words,

previous attempts to image the perforant pathway in studies of aging have not resolved
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connectivity and integrity based on respective gray matter targets of known anatomical
origin consistent with perforant pathway anatomy.

In this investigation, we employ the use of a novel high-resolution (0.67 x 0.67 x
3mm) DWI (ZOOMit) sequence to quantify the structural connectivity of the MTL in a
sample of 51 older adults (63 to 98 years old, 32 female). Here we utilized data from
two separate cohorts of older adults to make up our sample, the Young-Old group (n =
33, ages 65-86, 21 Female) and the OId-Old group (n = 18, ages 90 to 98, 11 Female).
To attempt to delineate the 3-dimensional structure of MTL pathways, we implemented
quantitative-anisotropy informed tractography which has been shown to reduce the
number of false-positive streamlines compared to a simulated ground truth in global
competition (Maier-Hein, et al., 2017) and improve FA-aided deterministic tractography
of phantom objects (Yeh at al., 2013). As a measure of memory performance, we
focused on the Rey Auditory Verbal Learning Test (RAVLT) delayed recall performance.

We hypothesized that MTL structural connectivity would decline in older adults
and in association with reduced delayed recall performance, and further, we
hypothesized that perforant pathway-like connectivity (between the entorhinal cortex
and dentate gyrus) would be selectively impaired in older adults and in association with

reduced verbal memory performance.

Methods

Participants
Participants were recruited in two separate cohorts (Young-Old and OId-Old) at

the University of California, Irvine and given appropriate compensation for their
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participation. Relevant demographic and RAVLT performance data are summarized in
Table A3.1. Recruitment criteria for the Young-Old (age range 63-86) included being
between the ages of 60 and 86, speak fluent English, had adequate visual and auditory
acuity for neuropsychological and computerized testing, good health with no disease(s)
expected to interfere with the study, willing and able to participate for the duration of the
study and in all study procedures including MRI, and had normal cognition defined as a
Clinical Dementia Rating of 0 and Mini-Mental State Examination Score of 27 or higher.
Recruitment criteria for the OId-Old was largely the same, with the exception of testing
visual and auditory acuity. Instead participants were screened for visual and auditory
impairment as part of an initial medical screening. The Old-Old cohort (age range 90-
98) were referred by an existing longitudinal cohort (The 90+ Study; Paganini-Hill et al.,
2016) as non-demented as established by their closest visit with a neurologist. We note
that approximately 5 individuals were diagnosed with Cognitive Impairment with No
Dementia (CIND) from the Old-Old cohort. CIND was evaluated based on protocols
from the existing longitudinal cohort study (Peltz et al., 2012). Briefly, CIND diagnosis
was decided during a multidisciplinary case conferring session upon death where
impairment in the memory domain or two or more other cognitive domains were
established for diagnosis.

Table A3.1. Participant Demographics. *Indicates statistically significant t-test between
Young-old and Old-old groups. T Indicates marginally significant difference

Age'

80.34 £ 10.76

73.23 £5.48

93.39+£2.36

Sex

32 Females, 19
Males

21 Females, 12
Males

11 Females, 7
Males
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MMSE* 26.82 +2.75 27.88+1.52 24.89 +3.43

Delayed Recall 9.67 +3.86 11.64 +£2.73 6.056 +£2.90
Performance*
Years of 15.8 +2.66 16.42 £1.98 14.67 £ 3.36
Education*
Clinical Diagnosis 5 CIND 0 CIND 5 CIND

*CIND - Cognitive Impairment No Dementia

Imaging Acquisition Parameters

All neuroimaging data were acquired on a 3.0 Tesla Siemens Prisma scanner at
the Facility for Imaging and Brain Research (FIBRE) at the University of California,
Irvine. A high-resolution 3D magnetization-prepared rapid gradient echo (MPRAGE)
structural scan (0.8mm isotropic voxels) was acquired at the beginning of each session:
repetition time (TR) = 2300ms, echo time (TE) = 2.38ms, FOV =192, 256, 256mm, flip
angle = 8 degrees. In addition, a T2-weighted high-resolution hippocampal sequence
was acquired: TR/TE = 5000/84ms, flip angle = 17 degrees, FOV = 190, 105, 198mm,
voxel size = 0.42 x 0.42 x 2.4mm. The high-resolution diffusion sequence (ZOOMit) was
collected as oblique coronal slices perpendicular to the long axis of the hippocampus
with the following parameters: TR/TE = 3500/75ms, FOV = 180, 71, 66mm, voxel size =
0.67 x 0.67 x 3mm. The sequence consisted of two b = 0 s/mm? volumes and a total of
60 diffusion weighted volumes acquired as 30 non-collinear directions repeated twice at
a b-value of 1000 s/mm?. This sequence (ZOOMIit) utilizes inner volume excitation to

reduce the field of view and in-plane resolution (Blasche et al., 2012).

209



Medial Temporal Lobe Subfield Segmentation in Native Diffusion Space

T1 and T2-weighted images were used to parse the medial temporal lobe using
the Automated Segmentation of Hippocampal Subfields (ASHS) pipeline to
automatically label the T2-weighted images. This method implements joint label fusion,
corrective learning, and is a highly accurate method in automatically deriving
hippocampal subfield volumes and cortical subregions in the medial temporal lobe
(Yushkevich et al., 2015). Using ASHS, the volumes for the following subregions were
generated bilaterally: CA1, CA2, CA3, DG, subiculum, ERC, BA35, BA36, and PHC.
The collateral sulcus and miscellaneous binary masks generated by ASHS were
excluded from analysis as they represent MTL areas of non-tissue. In order to query
medial temporal lobe structural connectivity, we used ANTSRegistrationSyn (Avants et
al., 2009; Klein et al., 2009) to warp the T2 and associated ASHS regions to the first BO
of the partial FOV high resolution diffusion sequence (Figure A.3.1a). We preprocessed
the ZOOMit sequence using FSLs eddy_corrrect. We quantified motion by calculating
the average Euclidian distance in the linear transformation from each sub-brick to the

first two b = 0 s/mm2 volume prior to any motion correction.
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Figure A.3.1. QA-informed whole-brain tractography in the partial FOV high
resolution GQI space. (a) Here we show a coronal section of the ASHS ROls in the
subject-specific GQI space with the entorhinal cortex (in pink) and the DG (in yellow).
(b) The results of the whole brain tractography a coronal view. (c) A coronal-oblique
view of the entorhinal cortex ROI (pink), and DG (yellow) for a single subject with the
T2-weighted image in GQI space as the underlay. Blue streamlines here represent the
streamlines that connect or ‘end’ in the entorhinal cortex and DG. These streamlines are
representative of those extracted from the whole brain tractography generated with
similar tracking parameters with the added filter of the entorhinal cortex and DG as ‘end’
regions through DSI-Studio’s GUI interface.

Tractography and Calculation of Network Measures

Tractography and network-based analyses were conducted using DSI-Studio
(http://dsi-studio.labsolver.org; Fang-cheng Yeh. (2019, March 14). The b-table was
checked by an automatic quality control routine to ensure its accuracy (Schilling et al.,
2019). The diffusion data were reconstructed using generalized g-sampling imaging
(Yeh et al., 2010) with a diffusion sampling length ratio of 1.3. A quantitative anisotropy-

informed deterministic fiber tracking algorithm (Yeh et al., 2013) was used. A seeding

region was placed at the whole brain (within the partial field of view). The ga threshold
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was randomly selected. The angular threshold was 65 degrees. The step size was
randomly selected from 0.5 voxel to 1.5 voxels. The fiber trajectories were smoothed by
averaging the propagation direction with 60% of the previous direction. Tracks with
length shorter than 0 or longer than 600 mm were discarded. A total of 10,000,000
seeds were placed. Topology-informed pruning (Yeh et al. 2019) was applied to the
tractography with 1 iteration(s) to remove false connections. The resulting restricted
FOV tractography can be visualized in Figure A.3.1b. Observationally, the tractography
generated via GQI in DSI-Studio software resulted in visually discernable structures
including decussating optic chiasm. We further tested if GQI was sufficient at modeling
crossing fibers by temporarily “deleting” the fibers decussating at the optic chiasm in
subjects whose optic chiasm was discernable and within the field of view using DSI-
Studio functions. Upon temporary deletion of the left hemisphere optic nerve, both
nerves could be visualized on the other side of the optic chiasm. Upon temporary
deletion of the right hemisphere optic nerve, both nerves could be visualized on the
other side of the optic chiasm. This visualization technique allowed us to conclude that
our diffusion sampling length ratio was appropriate in order to model crossing fibers
given the normal protocol for choosing this value relies on the observation of crossing
fibers at the intersection of the corticospinal tract and corpus callosum which was not
available in the current field of view.

In order to query structural connectivity features of the resulting tractography we
implemented DSI-Studio’s use of the Brain Connectivity Toolbox (Rubinov & Spourns,

2010; https://sites.google.com/site/bctnet/). The number of streamlines ‘ending’ within
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each ASHS node pair was used as the edge weight. The average left, right, and

bilateral connectivity matrices are displayed in Figure A.3.2.

a) Average Right Hemisphere Connectivity b) Average Left Hemisphere Connectivity c) Average(L and R) MTL Connectivity

PHC F 6000 PHC - F L%OC PHC -
BA36 I BA36 I BA36

5000 |- 4000
BA35 = BA35 | r BA35

ERC b [4000 grc t ERC
- 3000

SuB r L 3000 SUB I SUB

CA3 b cA3 ! 2000 g
- 2000

DG r DG + 06 -
1000
1000
CA2 t cA2 t cAz
CA1 o r 0 CA1 F 0 CA1
- L

T T T T T T T T T T
CA1 CA2 DG CA3 SUB ERC BA35 BA36 PHC CA1 CA2 DG CA3 SUB ERC BA35 BA36 PHC CA1 CA2 DG CA3 SUB ERC BA35 BA36 PHC

Figure A.3.2. Number of streamlines connecting regions within the medial
temporal lobe. (a) Shows the average number of streamlines connecting right
hemisphere MTL regions. (b) Shows the average number of streamlines connecting left
hemisphere MTL regions. (c) Shows the averaged (left and right) hemisphere MTL
connectivity. Left and right hemisphere connectivity values were averaged within
individuals and then across individuals to obtain the average connectivity. All adjacency
matrices are symmetric across the bottom left to top right diagonal. Visually observable
is the apparently large number of streamlines connecting the CA1 and DG of the
hippocampus. Other large connectivity’s are between BA35 and BA36.

We chose to quantify graph density as a simple summary measure of overall
connectedness which is calculated as the proportion of node-to-node connectivity
weights that surpass an arbitrary threshold. Graph density was calculated from all
ASHS nodes including the CA1, CA2, CA3, DG, subiculum, ERC, sulcus, BA35, BA36,
and PHC. Four different thresholds (0.01, 0.001, 0.0001, 0.00001) were chosen to
determine if overall “connectedness” of the MTL was associated with aging and episodic
memory decline. To better understand ERC projections to the hippocampus to

determine which node pair were implicated in aging and memory decline we chose the

following regions: ERC, CA1, CA2, CA3, DG, and subiculum.
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Neuropsychological Testing

Our primary outcome measure in this investigation was performance on the Rey
Auditory Verbal Learning Memory Test (RAVLT; Rey, 1964). The RAVLT is used to
evaluate the quality of verbal memory and is a well-established benchmark for testing
and dissociating normal aging, MCI, and Alzheimer’s Disease (Estevez-Gonzalez et al.,
2003). The RAVLT was administered by an examiner who was instructed to read a list
of 15 words, after which the subject was asked to repeat as many words as they could
remember (in any order). This study/test trial was repeated for a total of 5 learning trials
(Learning Trials, A1-A5) and were then followed by an immediate recall of a distractor
list (B1), then immediate recall of the original list of 15 words (Immediate Recall, AG).
The subject was then tested 20 minutes later making up the Delayed Recall portion. In
this investigation we chose the delayed recall measure due to prior work using the
tensor signal (Yassa et al., 2010) and relation to hippocampal deficits, aging and
Alzheimer’s Disease (Stark, 2007). In addition to Delayed Recall, we also quantified
performance on the Mini-Mental State Exam (MMSE) to assess general cognitive status

and include as a covariate in later regression analyses.

Statistical Analysis

Statistical analyses were computed using a mixture of GraphPad Prism 7 and R
Software (https://www.R-project.org/). Multiple linear regression analyses were
completed using R. All correlational analyses were done using two-tailed tests of
Pearson correlation coefficients (alpha set to 0.05). ANOVA were completed using

GraphPad Prism 7 and corresponding post-hoc analyses were conducted using Sidak’s
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multiple comparisons test. Benjamini-Hochberg procedure was used to correct for

multiple comparisons for node-by-node analyses (Benjamini & Hochberg, 1995).

Results

MTL Graph Density Associated with Age and Delayed Recall Performance

We first sought to determine if MTL graph density within each hemisphere was
dependent on the assigned arbitrary threshold. We computed graph density using four
different thresholds (0.01, 0.001, 0.0001, 0.00001) and evaluated if the threshold
impacted the connectedness of each graph. Using two-way analysis of variance, we

found a main effect of threshold (F (3, 400) = 344.2, P < 0.0001; Figure A.3.3).
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Comparing Graph Density
Across Thresholds
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Figure A.3.3. Difference in graph density as a function of threshold. Using two-way
ANOVA, we report a main effect of threshold indicating an increase in graph density as
threshold moves from more conservative (higher threshold: 0.01) to less conservative
(lower threshold: 0.00001). As a result of this analyses we chose to use the threshold of
0.001 to test if difference in MTL structural graph density changes with increased age
and impaired memory performance.

Post-hoc comparisons revealed no significant difference between left and right
hemisphere graph density within each threshold. Observationally, we note that the
graph density in each hemisphere reached an asymptote at 0.0001 which may possibly

be too liberal of a threshold. As a result of this and the lack of difference between
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hemispheres, we removed analyses with graph density calculated at the smallest

threshold (0.00001) and averaged graph densities across the left and right hemisphere

for future analyses.

We then tested if average MTL graph density was reduced in the Old-Old cohort
compared to the Young-Old cohort. We found a main effect of age group (F1, 147) =
18.30, P < 0.0001) and a main effect of threshold (F2, 147y = 308.8, P < 0.0001). Post-
hoc analyses revealed that the Old-Old cohort exhibited decreased graph density (t =

3.32, P = 0.0034) compared to the Young-Old cohort only for the 0.01 threshold (Figure
A.3.4).

1.0

0.8

e

Graph Density
o
(-]
1

0.4~

3 Young -Old
- [ Oid-Old
0.2 T T T
0.01 0.001 0.0001

Threshold

Figure A.3.4. Difference between Young Old and Old Old MTL Graph Density. We
report a main effect of age group (F (1, 1477 = 18.30, P < 0.0001) and threshold (F (2, 147) =
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308.8, P < 0.0001). Post-hoc analysis revealed that the Old-Old cohort exhibited
decreased graph density (f = 3.32, P = 0.0034) compared to the Young-Old cohort only
for the 0.01 threshold.

We then asked if the graph density of the MTL was associated with performance
on the Delayed Recall portion of the RAVLT. We found a significant positive relation
between the average graph density and RAVLT Delayed Recall performance for each

threshold (0.01: r = 0.38, P = 0.0054; 0.001: r = 0.45, P =0.001; 0.0001:r=0.42,P =

0.0021; Figure A.3.5).
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Figure A.3.5. Relation between MTL structural graph density and delayed recall
performance. We found that the association between graph density and delayed recall
was statistically significant for the (a) 0.01 threshold (r = 0.38, P = 0.0054), the (b) 0.001
threshold (r = 0.45, P = 0.001), and the (c) 0.0001 threshold (r = 0.42, P = 0.0021).
Entorhinal Cortex and DG Streamlines associated with Age

As a result of the differences in MTL graph density across age groups and in
association with delayed recall performance, we then sought to test if there were
specific connections within the MTL that were responsible for these differences. We
focused on streamlines connecting the ERC with hippocampal subfields including CA1,
CA2, DG, CAS, and subiculum (SUB).

We tested if there were differences between the Young-Old and OId-Old age

groups on a node-by-node basis correcting for multiple comparisons using the
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Benjamini-Hochberg method (n = 15). Benjamini-Hochberg corrected t-tests (n = 15;

Figure A.3.6) revealed that the number of streamlines between the CA1-Subiculum (t =
2.69, corrected P = 0.048; Figure A.3.6b), entorhinal cortex-DG (t = 3.73, corrected P =
0.0074; Figure A.3.6¢), and entorhinal cortex-CA1 (t = 3.40, corrected P = 0.010; Figure

A.3.6d) were decreased in the Old-Old age group compared to the Young-Old age

group.
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Figure A.3.6. Results of t-test (p-values in color) on a node-by-node basis
between Young-old (n = 33) and old-old (n=18). (a) Shows all comparisons between
young-old and old-old age groups. (b) shows the statistically significant difference
between the CA1 and SUB connection between young-old and old-old. (c) Shows the
statistically significant difference between the ERC and DG connection between young-
old and old-old. (d) Shows the statistically significant difference between the
connectivity of the ERC and CA1 region between young-old and old-old. *Indicate
significant differences at the Benjamini-Hochberg corrected level. T indicates significant
difference at the uncorrected level.

We note here that there are several different node-by-node differences at the
uncorrected level between the DG - CA1 (t = 2.14, uncorrected P = 0.038; Figure

A.3.7a), subiculum - DG (t = 2.01, uncorrected P = 0.047; Figure A.3.7b), ERC - CA3 (t
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= 2.32, uncorrected P = 0.025; Figure A.3.7c), and ERC-subiculum (t = 2.14,

uncorrected P = 0.038; Figure A.3.7d).
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Figure A.3.7. Significant results in node-by-node structural connectivity analysis
between young-old and old-old age groups at the uncorrected level (1). (a) At the
uncorrected level, there is a difference with old-old showing fewer number of
streamlines connecting the DG and CA1 (t = 2.14, uncorrected P = 0.038). (b) At the
uncorrected level, the old-old age group had fewer streamlines connecting the
subiculum and DG (t = 2.01, uncorrected P = 0.047). (c) The old-old cohort also had
fewer streamlines connecting the entorhinal cortex and CA3 subregion of the
hippocampus (t = 2.32, uncorrected P = 0.025). (d) Lastly, at the uncorrected level, the
old-old cohort exhibited fewer number of streamlines connecting the entorhinal cortex
and subiculum (t = 2.14, uncorrected P = 0.038).
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In addition to testing if there was a node-by-node difference across age groups,
we also tested if age as a continuous variable was associated with changes in
connectivity of ERC-hippocampal subfields on a node-by-node basis. After correcting
for multiple comparisons, we found that age was associated with decreased structural
connectivity of the entorhinal cortex — CA1 connection (r = -0.44, corrected P = 0.008,
Figure A.3.8b) as well as the entorhinal cortex — DG connection (r = -0.50, corrected P =
0.003; Figure A.3.8c).
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Figure A.3.8. Results of correlation (correlation coefficients in color) of age
predicting streamline number on a node-by-node basis. (a) Shows correlation
coefficients for all comparisons. (b) Shows ERCxCA1 streamline number declines with
advanced age (r = -0.44, corrected P = 0.008). (c) Shows ERCxDG streamline number
declines with advanced age (r = -0.50, corrected P = 0.003).

It is possible that these differences may be biased based on a relative increase in
streamlines. To address this we normalized the streamline count for each subject based
on the maximum streamline (edge weight) count. The association between age

(continuous) and entorhinal cortex — CA1 connectivity persisted after adjusting for the

maximum graph edge weight (r = -0.36, P = 0.0086; Figure A.3.9a). Similarly, the
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association between age and entorhinal cortex — DG connectivity persisted after

adjusting for the maximum graph edge weight (r = -0.45, P = 0.0009; Figure A.3.9b).
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Figure A.3.9. Connection edge weight adjusted by graph edge weight maximum
(connection density). (a) Shows the significant relation between age and entorhinal
cortex-CA1 connection density (r = -0.36, P = 0.0086) (b) Shows the significant relation
between and entorhinal cortex — DG connection density (r = -0.45, P = 0.0009).

Entorhinal Cortex and DG Streamlines associated with Delayed Recall Performance

We then asked if particular nodes were associated with delayed recall
performance. After correcting for multiple comparisons, we found that fewer streamlines
connecting the CA1 and DG (r = 0.38, corrected P = 0.039; Figure A.3.S1b), entorhinal
cortex and subiculum (r = 0.40, corrected P = 0.039; Figure A.3.S1c), entorhinal cortex
and DG (r = 0.37, corrected P = 0.039; Figure A.3.51d) were associated with reduced

delayed recall performance.
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Figure A.3.S1. Relation (correlation coefficients) between the average MTL
Connectivity and delayed recall performance. (a) Shows on a node-by-node basis
the correlation coefficients of the relation between node-node connectivity and RAVLT
Delayed Recall Performance. (b) Shows the significant association between reduced
CA1-DG structural connectivity and impaired delayed recall performance (r = 0.38,
uncorrected P < 0.01). (c) Shows the significant association between reduced entorhinal
cortex-subiculum structural connectivity and impaired delayed recall performance (r =
0.40, uncorrected P < 0.005). (d) Shows the significant relation between reduced
entorhinal cortex-dentate gyrus structural associated with impaired delayed recall
performance (r = 0.37, uncorrected P < 0.01). * Indicates statistically significant
correlation at the Benjamini-Hochberg corrected level. T Indicates significant at the
uncorrected level.

The relationship between reduced CA1 and DG connectivity and reduced
delayed recall performance did not persist (8 = 0.19, P = 0.11) after accounting for
MMSE, sex, years of education, and average subject in-scanner head motion. However,
the relationship between reduced entorhinal cortex — DG connectivity and reduced
delayed recall performance did persist (B = 0.25, P = 0.024) after accounting for MMSE,
sex, years of education, and subject motion. Similarly, the relationship between reduced

entorhinal cortex-subiculum structural connectivity persisted (8 = 0.27, P = 0.013) after
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accounting for MMSE, sex, years of education, and subject motion. Relationships
between delayed recall and node-by-node connectivity that are statistically significant at

the uncorrected level are summarized in Figure A.3.S2.
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Figure A.3.S2. Significant associations between number of streamlines and
delayed recall performance connecting node pairs at the uncorrected level (1). (a)
Shows significant relation between the number of streamlines connecting the CA1-
subiculum and delayed recall performance at the uncorrected level (r = 0.33, R? = 0.11,
uncorrected P = 0.016). (b) Shows the significant relation between the entorhinal cortex
and CA1 subregion of the hippocampus and delayed recall performance (r = 0.32,
R?=0.10, uncorrected P = 0.023). (c) Shows the significant relation between the number
of streamlines connecting the entorhinal cortex and CA3 subregion of the hippocampus
and delayed recall performance (r = 0.29, R?= 0.083, uncorrected P = 0.0405).

Similar to the node-by-node analysis with age, we then asked if the association

between node pairs and delayed recall performance was driven by the graph maximum.
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To address this, we normalized the streamline count for each subject based on the
maximum streamline (edge weight) count. We found that the relationship between
entorhinal cortex — DG (r = 0.34, P = 0.015; Figure A.3.S3a) and entorhinal cortex —
subiculum (r = 0.31, P = 0.028, Figure A.3.S3b) and delayed recall performance

persisted after normalizing for the maximum graph edge weight.
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Figure A.3.S3. Normalized connection density by graph maximum. (a) Shows the
entorhinal cortex-dentate gyrus connectivity strength normalized by the subject
maximum. The resulting connection density measure is associated with delayed recall
performance (r = 0.34, P = 0.015). (b) Shows the entorhinal cortex-subiculum
connection density with is also associated with delayed recall performance although
possibly driven by the outlier (r = 0.31, P = 0.028).

To address the possibility that a single outlying point is responsible for the
positive relationship between entorhinal cortex — subiculum and delayed recall
performance we removed that subject and found that the relationship between
entorhinal cortex — subiculum connectivity became marginally significant (r = 0.24, P =
0.092). As the CA1 — DG connection was not significant after accounting for covariates

and was the maximum graph edge weight for all but 5 subjects, we excluded this

connection from this analysis.
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Entorhinal Cortex — DG Connectivity Moderates the Association Between Age and

Delayed Recall Performance

As a result of the relationship between the entorhinal cortex — DG connection
with age and delayed recall performance, we then asked if the entorhinal cortex — DG
connectivity moderated the associated between age and delayed recall performance.
We found that entorhinal cortex — DG connectivity moderated the association between

age and delayed recall performance (B = 2.072, P = 0.034).

Discussion

There are three major findings of this study. First, we provide evidence that
structural connectivity within the MTL is reduced in the Oldest-Old and reduced MTL
structural connectivity is associated with memory decline. Second, out of all possible
entorhinal projections, we provide evidence that streamlines ending in the entorhinal
cortex and DG are reduced in the Oldest-Old and reduced in those with memory
decline. Finally, we provide evidence that entorhinal cortex - DG connectivity mediates
the relationship between age and delayed recall performance.

The perforant pathway, as first visualized by Ramon y Cajal, is thought to
originate in layer Il and Ill of the entorhinal cortex and traverse the pyramidal cell layer
of the subiculum in order to innervate the dentate gyrus and CA3 subfields of the
hippocampal formation (Ramoén y Cajal, 1911; Lorente de N6, 1993; Witter, 2007). It is

also understood that the entorhinal cortex projects to a number of other regions
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including the subiculum (Witter, 2006) and CA3 subfields of the hippocampus (Steward
and Scoville, 1976; Witter and Amaral, 1991), as well as CA1 and CAZ2 regions
(Desmond et al., 1994; Steward, 1976; Steward and Scoville, 1976; Witter, 2007; Naber
et al., 2001; Baks-Te-Bulte et al., 2005).

Evidence from rodent studies have shown that the integrity of the perforant path
declines in normal aging (Geinisman et al., 1992; Smith et al., 2000). Histological
studies from ex-vivo human data suggest that perforant path integrity is associated with
AD-pathology (Hyman et al., 1986) and is compromised in those with mild cognitive
impairment (Scheff et al., 2006). Extending these findings, using histology from ex-vivo
human data, our colleagues have shown that perforant path synaptic loss is related to
cognitive impairment and AD-pathology in humans over 90 years old (Robinson et al.,
2014).

With the goal of translating these findings to create an early and detectable
biological marker of age-related cognitive decline, our laboratory was the first to
measure perforant path integrity using in-vivo ultra-high-resolution diffusion weighted
imaging targeted at the medial temporal lobe. In this investigation, we used a
submillimeter diffusion-weighted imaging sequence to detect anisotropy along the
orientation of the perforant path using a composite measure of tensor-derived signals
(Yassa et al., 2010). Using this method, we were able to show that the diffusion strength
of the perforant path (compared across the medial-lateral axis of the medial temporal
lobe) decreased in older adults. As a control, we selected the alveus (forming the
anterior portion of the fimbria/fornix), which did not show the same decrease in diffusion

parameters associated with age and memory impairment. Critically, this finding
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improved previous work that did not utilize sufficiently high voxel resolution to observe
the perforant path (Kalus et al., 2006; Rogalski et al., 2009). While our prior work was
the first investigation of diffusion anisotropy of the perforant path in-vivo and provided
an association with aging and episodic memory performance, others in the field have
suggested that this method partially or indirectly captures the perforant pathway (Zeineh
et al., 2012) based on its consideration of the perforant path in the 2-dimensional
coronal plane rather than with respect to the 3-dimensional morphology of this pathway.
In other words, our previous attempt to image the perforant pathway did not resolve
connectivity and integrity based on respective gray matter targets of known anatomical
origin consistent with perforant pathway anatomy.

In the last decade, other researchers in the field have begun to address these
issues using tractography. The perforant path has now been investigated using excised
human and non-human primate tissue scanned with high angular resolution diffusion
imaging (HARDI) protocols at high magnetic field strengths to resolve 3-dimensional
images of the perforant path (Augustinack et al., 2010; Mollink et al., 2019; Colon-
Perez et al., 2015; Beaujoin et al., 2018; Zeineh et al., 2017). A smaller number of
studies have investigated the perforant path in humans using in-vivo tractography
derived from high-resolution diffusion imaging. One such study implemented high-
resolution diffusion imaging to visualize the perforant path using fractional anisotropy-
aided deterministic tractography (Zeineh et al., 2012). In this investigation, using
resampled 1.5mm isotropic data (final resolution 0.7mm isotropic) from 6 human
subjects, the authors were able to visualize the perforant path in-vivo operationalized as

streamlines connecting the entorhinal cortex with the DG/CA3, CA1, and subiculum.
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While this investigation provided one of the first in-vivo 3-dimensional
visualizations of entorhinal-hippocampal projections in the high-resolution space, the
question remains as to which specific entorhinal-hippocampal projection declines with
age and memory decline. To address this issue in this investigation, we focused on
improving the existing tractography work, by implementing quantitative anisotropy (QA)
informed deterministic tractography (Yeh et. al., 2013). It has been shown that QA-
informed tractography improves the accuracy of deterministic tractography of
microtubule phantom objects and is less affected by partial volume effects compared to
the tensor model (Yeh et al., 2013). In addition, the use of quantitative anisotropy was
found to produce fewer false-positive streamlines compared to over 96 different
methods released by more than 20 other research groups around the world (Maier-
Hein, 2017). In this investigation, by employing the use of generalized g-sampling (GQlI)
imaging, QA-aided deterministic tractography in the native diffusion space and seeding
the high resolution sequence with 10,000,000 seeds (10x the suggest amount for whole
brain analysis), we were able to generate a robust model of structural connectivity
(Figure A.3.1a). This was made possible by the use of the high-resolution diffusion
imaging sequence (ZOOMit; voxel size = 0.67 x 0.67 x 3mm) acquired parallel to the
long axis of the hippocampus. This robust tractography derived from ZOOMit, along with
acquisition of high-resolution T1 and T2-weighted imaging data, allowed for
harmonization with ASHS to delineate MTL regions (see methods). Together, this
harmonization approach allowed us to quantify the number of streamlines ending
between MTL regions in order to determine which specific entorhinal projection was

associated with aging and memory decline.
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Using these methods to improve upon prior work, we provide evidence that MTL
structural connectedness (graph density) was reduced in those at advanced age.
Interestingly, this difference was only apparent for the most restrictive arbitrary
threshold of 0.01. Here it is possible that the difference is only apparent at this more
restrictive threshold as it might contribute to the removal of spurious streamlines of low
count across the network. However, we provide evidence that reduced MTL structural
connectedness (across all thresholds) was associated with reduced RAVLT delayed
recall performance. Together these results seem to suggest that the degree of white
matter connecting the medial temporal lobe is an additional indicator of age-related
cognitive decline.

As a result of this first analysis, we then asked which specific entorhinal
projections to the subiculum and hippocampal formation were more vulnerable to the
effects of aging and cognitive decline. We found that the connectivity of the CA1-
subiculum, entorhinal cortex- DG, and entorhinal cortex-CA1 were diminished in those
at advanced age. Similarly, we then asked which specific connections between the
entorhinal cortex and hippocampal formation were associated with episodic memory
decline. We found that reduced connectivity between the CA1 - DG, entorhinal cortex-
subiculum, and the entorhinal cortex -DG was related to impaired delayed recall
performance.

However, only the relationships between memory performance and entorhinal
cortex-subiculum and entorhinal cortex — DG persisted after accounting for sex, MMSE,
years of education, and average subject head motion. These relationships also

persisted after accounting for the maximum subject streamline count. Here we note that
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our usage of the terminology ‘persists’ refers to the ability of the connectivity regressor
and corresponding p-value to surpass our arbitrary threshold of alpha. A more general
interpretation of these results would suggest that entorhinal — DG connectivity is
associated with delayed recall performance when MMSE, years of education, and
motion are accounted for. Importantly, we note that the entorhinal cortex — DG
projection is the only node-to-node connection that is both reduced in the Oldest-Old
and is reduced in those with episodic memory decline.

We have previously reviewed the functional significance of different entorhinal
projections in the context of computational theories of DG and CAS3 functioning (Yassa
& Stark, 2011). It is hypothesized that the direct entorhinal projection to the DG provides
input for sparse coding granule cells of the DG to perform pattern separation; a process
whereby input is orthogonalized to create unique representations. These newly
separated representations are then “collected” by CA3 to reduce interference and
support new learning through the mossy fiber pathway (Marr, 1971; Blackstad et al.,
1970; Yassa & Stark, 2011). The direct entorhinal projection to CA3 is thought to
provide a cue for recall (Rolls, 2007). This theory has been supported by selective
lesioning of the mossy fiber pathway which impaired encoding but not retrieval where
lesioning of the direct entorhinal — CA3 pathway impaired retrieval but spares encoding
(Lee & Kesner, 2004; Yassa & Stark, 2011). Thus, it is tempting to speculate that our
findings of reduced entorhinal cortex- DG connectivity would yield impairment in
encoding new representations or impairment of pattern separation processes. Indeed,
additional research using the fractional anisotropy methodology we have previously

developed (Yassa et al., 2010) has found that the perforant path integrity is associated
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with behavioral pattern separation performance (Bennett & Stark, 2016; Yassa et al.,
2011). However, this work is also subjected to the criticism laid out by Zeineh et al.
(2012) as it does not measure the perforant pathway with respect to its gray matter
targets and 3-dimensional morphology. Rather, diffusion was accessed locally between
the entorhinal cortex and subiculum at a 45-degree angle. Here, we extend this body of
work by providing the novel finding that entorhinal cortex — DG streamlines, in particular,
decline with aging and are associated with episodic memory performance.

One limitation of this work is that we observed the largest streamline count for
most subjects between the CA1 and DG which anatomically is not thought to have a
reciprocal connection. In general, future studies should seek to compare the accuracy of
streamlines derived from high-resolution diffusion imaging with histological methods
from ex-vivo samples that implement anterograde and retrograde tracing. In animal
models, one such study has been conducted recently that compared in-vivo 0.1Tmm
resolution tractography with ex-vivo viral tracing (Wu & Zhang, 2016). This investigation
found evidence of remarkable similarity between tractography and the viral tracer data
in terms of their spatial projection patterns, and also found false positive streamline
connectivity between the CA1 and DG of the hippocampus (Wu & Zhang, 2016). Similar
techniques should be employed with excised human tissue with the high resolution
sequence to better understand the 3-dimensional accuracy of this work.

Another possible limitation of this work is the use of a single shell (single b-value)
DWI sequence. It is possible that the implementation of the ZOOMIit high resolution
sequence adapted to include a multishell diffusion weighted imaging would enhance the

tractography results. It is possible that this adaptation would enable the quantification of
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separate streamlines projecting from different portions of the entorhinal cortex such as
the lateral (“content”) and medial (“context”) pathways which are known to support

different functions (Knierim et al., 2013; Reagh & Yassa, 2014).

Conclusion

In this investigation we provide evidence that the number of streamlines that
connect the entorhinal cortex and DG are associated with aging and episodic memory
performance. These analyses advance the study of white matter within the medial
temporal lobe by supplying 3-dimensional specificity to our previous work (Yassa et al.,
2010). Future study should seek to determine if multi-shell acquisition would be able to
yield direct visualization of the perforant path using similar state-of-the-art MTL

segmentation and tractography procedures.
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