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Abstract

Emotion regulatory ability (ER) is the capacity to independently modify the
duration or intensity of an affective response. The ability to regulate negative affect is
particularly important; heightened and poorly regulated negative affect is considered a
transdiagnostic risk factor for psychopathology. While it is known that the early
development of negative affect and accompanying emotion regulation skills are related to
subsequent mental health, the neural correlates of these processes remain poorly
understood. The current studies aimed to increase understanding in these areas. They
comprise secondary analysis of an existing longitudinal data set from University of
California at Irvine directed by Dr. Claudia Buss. Participants were 71 women recruited
during early pregnancy and their infants born after 34 weeks gestation. This data set
included measures of neonatal rs-fcMRI, infant behavioral observations at 6 and 24
months-of-age, maternal ratings of infant behavior at 6, 9, 12 and 24 months-of-age.
Mothers also rated aspects of the home and caregiving environment at 6-months-of-age.
Toddler executive function was assessed by standardized laboratory observations.

Three studies were conducted. As the ability to regulate negative emotionality is
of particular importance to future mental health, study 1 examined the neural correlates of
fear and sadness development over the first two years of life, using resting state
functional connectivity MRI (rs-fcMRI). Results revealed average developmental
patterns of change in fear and sadness involved an increase through the first year of life
followed by a decline through the second year of life. Interestingly, amygdala

coordinated functioning with the anterior insula (Am-Ins) related to fear development,
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while amygdala connectivity to the ventromedial prefrontal cortex (Am-vmPFC) was
associated with sadness development.

Study 2 evaluated the neural correlates of the emotional reactivity component of
emotion regulation in infancy, and how it related to emerging internalizing symptoms
(fear, sadness) in toddlerhood. Results indicated neonatal Am-mPFC connectivity was
associated with toddler emotion regulation (measured by coding of latency to distress
during the still-face paradigm), while Am-Ins connectivity failed to reach the threshold
for significance. Additionally, regional specificity was observed, such that stronger
amygdala connectivity to the ventral mPFC and primary sensory systems was associated
with weaker emotion regulation, while stronger amygdala connectivity to the more dorsal
mPFC and higher order systems was associated with greater emotion regulation. Results
also indicated greater emotion regulation in infancy was associated with less internalizing
symptomatology at 2-years-of-age. Moreover, emotion regulation in infancy also
statistically mediated a relationship between amygdala functional connectivity at birth
and future internalizing symptomatology.

Study 3 examined how emotion regulation in infancy may relate to regulatory
ability in toddlerhood, more broadly, beyond negative affect, by examining executive
functioning (measured by observation during the Minnesota Executive function scale,
spin-the-pots task and snack delay task) at 24-months-of-age. Results indicated that high-
reactivity (coded from the still-face paradigm) paired with high-regulation and low-
reactivity paired with low-regulation (coded from the still-face paradigm) at 6-months of
age predicted better executive function at 24-months-of-age. Moderating influences of

parental behavior and socioeconomic status on associations between infant emotional

xii



reactivity and toddler executive function did not meet the threshold for statistical
significance.

Together these three studies showcase the extent to which infants brain
functioning soon after birth and early emerging emotion regulation interact with
hypothesized environmental influences in predicting subsequent behavior and executive

functioning.
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Chapter 1: Introduction

1.1. What is Emotion regulation and why does it matter?

Emotion regulation (ER) is defined herein the ability to modify the intensity or
duration of an affective response (Gyurak et al., 2011). Typically there is an emotion
evoking stimulus, which is followed by some level of emotional arousal, which is then
emotionally regulated, see Figure 1a (Townsend et al., 2013). The level of emotionality
experienced paired with an individual’s ability to engage in effective regulatory

behaviors determines their emotion regulatory ability, see Figure 1b (Frick et al., 2017).

Emotion- Emotional Arousal

: : ot Emotion Regulation
evoking stimulus (Emotionality) &

Figure 1a. Emotion regulation follows a sequence of events. Typically there is an
emotion evoking stimulus, which is followed by some level of emotional arousal, whicih
is then emotionally regulated.

e : ' - ,
¢ 1 _,,A e —— ) © £ - = +

Intensity and frequency + Ability to engage in = Ability to modify the
of emotions regulatory behaviors — emotional response
(Emotionality) (Regulatory Ability) (Emotion Regulation)

Figure 1b. The level of emotionality experienced paired with an individual’s ability to
engage in effective regulatory behaviors determines their ability to modify their
emotional response.

While ER applies to both positive and negative affect, it is particularly important
for psychopathology development in the context of managing negative emotionality. This
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is in part because the ability to down regulate negative emotionality is tied to our ability
to cope with everyday distress (Riediger et al., 2011). Furthermore, difficulties regulating
negative emotionality comprise an important feature across many mental health disorders
including substance abuse (Weiss et al., 2015), eating disorders (Svaldi et al., 2012),
internalizing behaviors (Buehler et al., 2007) like anxiety (Cisler et al., 2010) and
depression (Berking & Wupperman, 2012), psychotic disorders (Kring & Caponigro,
2010), as well as ADHD (Nigg et al., 2020) and oppositional defiant disorder. Because
of its importance as a transdiagnostic risk factor for psychopathology, negative
emotionality is a research domain criteria (RDoC) domain (Gore & Widiger, 2018).
Moreover, signs of dysregulated negative affect in early childhood are a risk factor for
future psychopathology (Wakschlag et al., 2007).

Thus, improving ER skills is a target for interventions aimed at prevention and
symptom improvement for children and adolescents at-risk for (Cameron et al., 2018;
Houck et al., 2016), and those already diagnosed with mental illnesses (Thomson et al.,
2015). Already in infancy, regulatory difficulties are associated with emerging
maladaptive behaviors in childhood (Dale et al., 2011; Gustafsson et al., 2020). Though
this evidence needs further specification, childhood behavioral problems are costly
(Kohlboeck et al., 2014) and can lead to problems later in life (Jamnik & DiLalla, 2019;
Kassing et al., 2019; Narusyte et al., 2017). Thus understanding the early development of
negative emotionality and ER is of significant importance for supporting mental health

and improving prospects for early intervention and prevention.



1.2. The development and measurement of emotion regulation behavior

The emergence of ER occurs over the first year of life when infants go through
rapid cognitive and neural development (Gao et al., 2015). The ability to regulate
emotions initially emerges in the context of the caregiving relationship. This is a form of
extrinsic regulation, in which infants rely heavily on their caregivers to regulate their
emotional distress for them (Spanglar et al., 1994). Specifically, extrinsic regulation,
which occurs primarily in early life and also throughout development and adulthood,
refers to the intentional or automatic, yet effective support of regulation of one’s
emotions by another (Nozaki & Mikolajczak, 2020). This is in contrast to intrinsic
emotion regulation in which one regulates ones emotions alone, which emerges
increasingly with development (Gross, 2015; Nigg, 2017). By 9-weeks-of-age, infants
can communicate their emotional state to their caregiver through behavioral cues such as
gestures, facial expressions, crying and tone of voice (Legerstee et al., 1990). Given these
cues, a caregiver can act to accurately identify and respond to the infant’s needs
(Weinberg & Tronick, 1994) once again engaging in extrinsic regulation. During
development, emotion regulation gradually progresses from mostly extrinsic to
increasingly intrinsic.

Thus, over the first 6 months of life, infants may begin to rapidly develop their
own cognitive and behavioral strategies for intrinsic ER (Cole et al., 2004; Fox &
Calkins, 2003; Kopp, 1989; Poehlmann et al., 2011). This represents the early precursors
of intrinsic emotion regulation. In particular, attentional orienting, may emerge by 6-
months of age, allowing infants to orient and sustain their attention in a way that appears

strategic (Reynolds & Romano, 2016; Rothbart, 2011). This ability allows infants to
3



disengage from stressful stimuli and orient to more neutral or positive stimuli, thus
reducing their own levels of distress (Crockenberg & Leerkes, 2004). Infants may also
avert gaze when over or under-stimulated during face-to-face interactions to adjust
autonomic arousal (Field, 1981) and negative affect (Harman et al., 1997; Stifter &
Braungart, 1995). In addition to attentional orienting, infants can learn to employ other
emotion regulatory strategies including: self-soothing behaviors such as hand and foot
clasping, self-manipulation, non-nutritive-sucking and avoidance behaviors (Derryberry
& Rothbart, 1981; Thomas et al., 2017). These regulatory behaviors have also been
shown to cause reductions in negative affect (Stifter & Braungart, 1995). and can be
reliably measured through the use of observational coding systems and through parent
report measures (Garstein et al., 2003; Kostyrka-Allchorne et al., 2020; Leerkes et al.,

2012; Sullivan et al., 2015).

1.3. Neural connections support emotion regulation ability

With regard to neurobiology, the hypolathalamic-pituitary adrenal (HPA-axis)
plays an important role in the early development of emotional reactivity and regulation
(Gunnar & Quevedo, 2007). Infants are born with a functioning stress response system,
which allows them to react to changes in their internal or external environment already at
birth (Jansen et al., 2010). The HPA axis is first activated by the hypothalamus, which
receives input from higher order brain regions and the amygdala. The hypothalamus
produces cortisol-releasing hormone (CRH) which stimulates production of
adrenocorticotrophic (ACTH) hormone from the anterior pituitary. ACTH is then

released into general circulation where it stimulates cells in the adrenal cortex to produce
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cortisol (Stansbury & Gunnar, 1994). The final product of the HPA axis, the release of
cortisol into the blood stream, exerts a wide array of endocrine, immune and metabolic
effects on most cells in the infant’s body, and results in the increased availability of

glucose (Chrousos & Gold, 1992; Chrousos & Kino, 2009).

Changes in salivary cortisol in response to a stressor are often used as a measure
of cortisol reactivity (Stansbury & Gunnar, 1994). Following the onset of a stressor, it
takes 10-15 minutes to produce a rise in circulating cortisol levels and 20-30 minutes for
peak stress concentrations to be reached in the plasma (Stansbury & Gunnar, 1994).
During the first 5-10 minutes after exposure to a stressor, the infant must appraise the
stressor and engage in emotion regulation as needed, which may increase or decrease the
cortisol response. Typically a greater increase in cortisol release following a stressor is
interpreted as a sign of increased reactivity (Laurent et al., 2016). Alternatively, an
increase following stress and a subsequent return to baseline is viewed as a sign of
overall regulation (Jansen et al., 2010; Stansbury & Gunnar, 1994; Ursache et al., 2014).
Thus measurement of salivary cortisol changes during ER in infancy may provide a
window into how physiological systems support emerging ER already in the newborn

period.

For infants 0-2 months-of-age salivary cortisol increases can be reliably seen in
response to noxious stimulation or handling (Gunnar, 1992). From 2-6 months of age,
noxious stimuli still reliably cause increases in cortisol, however psychosocial stressors
do not reliably result in a cortisol response (Gunnar, 1992). Consistent cortisol reactivity
to psychosocial stress decreases even more when infants are 12-24 months-of-age (Jansen

et al., 2010). By the end of the first year of life, the infant’s attachment quality to its
5



caregiver appears to buffer HPA axis activity, such that infants with insecure attachments
are more likely to experience increases in cortisol than their securely attached
counterparts (Gunnar & Quevedo, 2007; Gunnar et al., 1996, 2009). These findings
suggest that from infancy through early childhood HPA activity in response to negative
stress is dampened due to the protective role of caregivers (Gunnar & Quevedo, 2007;
Gunnar et al., 2009). Though it is difficult to assess HPA activity as an indicator of stress
reactivity and regulation in infants, at 6-months-of-age observational tasks can be used in
an attempt to elicit negative emotional challenge and concomitant increases in cortisol

(Gunnar et al., 2009; Provenzi et al., 2016).

One commonly used observational task is the still-face paradigm (Gunnar et al.,
2009). During this paradigm mother and infant first engage in a face to face play
interaction, next mothers are asked to face the infant with a blank face for a 2-minute
interval; this is followed by a recovery period (Adamson & Frick, 2003). The still face
paradigm has been associated with an increase in cortisol magnitude in a subset of studies
(Crockett et al., 2013; Feldman, 2003; Haley & Stansbury, 2003; Provenzi et al., 2016).
Thus, though difficult, increases in cortisol in response to certain psychosocial stressors

are possible.

Little is known about the specific brain regions and systems which support very
early emerging ER in humans. EEG studies conducted in the first year of life reveal right
frontal asymmetry, greater activity in the right frontal hemisphere than the left, is linked
to greater negative emotion reactivity (Calkins et al., 2002), and lower ability to regulate
negative affect (Fox, 1991; Smith et al., 2016). However, these studies do not speak to

whether specific brain regions and patterns of connectivity, which have been shown to
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play a critical role in ER from childhood to adulthood, such as the amygdala (Banks et
al., 2007; Erk et al., 2010; Phillips et al., 2003b; Taylor & Liberzon, 2007; Townsend et

al., 2013) play a similar role in early emerging ER.

During adulthood, amygdala functional connectivity, in particular, plays a central
role in moderating negative emotionality (Bebko et al., 2015; Denny et al., 2015; Mulej
Bratec et al., 2015). Thus examining amygdala functional connectivity soon after birth in
relation to emerging negative emotionality and emotion regulation represents a natural
starting point for the current studies. Some studies indicate that the down regulation of
negative emotional experiences occurs through the recruitment of specific frontal regions,
such as the medial prefrontal cortex (mPFC), which is associated with reduced amygdala
reactivity (Frank et al., 2014; Gyurak et al., 2011). This is known as top-down processing
(Rauss & Pourtois, 2013). Moreover, greater amygdala-mPFC (Am-mPFC) functional
connectivity has been associated with increased ER skills in children (Pitskel et al., 2011)
and adults (Phillips et al., 2003a). In contrast, stronger functional connectivity between
the amygdala and the insula (Am-Ins), has been associated with poor ER skills, which
manifest as normative and pathological anxiety (Bebko et al., 2015; Roy et al., 2013a3;
Stein et al., 2007) and other disorders characterized by emotion dysregulation (e.g.
bipolar disorder, substance use disorders) (Townsend et al., 2013; Wilcox et al., 2016). It
is likely that Am-Ins connectivity plays a role in identifying salient stimuli and
interacting with other brain systems to facilitate flexible responding (Menon & Uddin,

2010; Seeley et al., 2007).

However, there are exceptions where recruitment of frontal regions is associated

with maladaptive outcomes in adolescents (Forbes et al., 2009, 2010) and amygdala
7



reactivity is associated with adaptive outcomes in adults (Taylor et al., 2006; Yamamoto
et al., 2017). For example, in some instances, increased amygdala engagement has been
associated with increased emotion regulation in adults (McRae et al., 2012; Nelson et al.,
2015). In infancy, research suggests increased Am-Ins connectivity plays a role in the
normative development of negative emotionality, a dispositional tendency to react to
events with negative affect (Patrick 1994), as assessed by parental self-report (Graham et
al., 2016). While these findings in older human samples and animal models are a
potentially useful reference point there is a large developmental gap between this age
group and infancy and how amygdala connectivity at birth in relates to a behavioral

indicator of emerging emotion regulation in infancy remains unknown.

Previous work suggests potential developmental continuity in neural circuitry
associated with ER, as soon after birth stronger Am-Ins and Am-mPFC functional
connectivity are already associated with greater fear and fear balanced by cognitive
capacity at 6-months-of-age (Graham et al., 2016). Additionally, another study suggests
that increased white matter structural integrity between the amygdala and orbital frontal
cortex at 3-months-of-age may allow for greater emotion regulation capacity at 9-
months-of-age (Banihashemi et al., 2020). Similarly in children, bilateral activity in the
orbital frontal cortex has been associated with increased emotion regulation behavior
(Lévesque et al., 2004). This pattern of connectivity related to greater ER has also been
shown in adults (Ochsner et al., 2004), once again suggesting potential continuity in the

neural circuitry support ER.

Multiple higher order brain systems also work together to facilitate ER (Rey et al.,

2016). Specifically, functioning within the default mode network (Rey et al., 2016; Tozzi
8



etal., 2017; Xie et al., 2016), salience (McLaughlin et al., 2015; X. Wu et al., 2016) and
dorsal attention networks (Viviani, 2013) support ER skills in adults. Similarly in
adolescence, connectivity within the salience network supports ER (McLaughlin et al.,
2015). Because immature forms of these large scale brain systems exist already in the
newborn period (Gao, Alcauter, Elton, et al., 2015; Gao, Alcauter, Smith, et al., 2015), it
may be that coordinated functioning within and between brain regions in these networks
contributes to emerging ER skills. In fact, recent work already shows connectivity
between default mode network regions in infancy are associated with increased negative
emotionality (Graham et al., 2015), and decreased regulatory behavior (Kelsey et al.,
2020). These findings interestingly mirror findings in children and adults implicating the
involvement of the default mode network in emotional reactivity and regulation (Pan et
al., 2018; van der Horn et al., 2016; Xie et al., 2016) once again suggesting potential
continuity in neural circuitry support emotion regulation from infancy to adulthood.
While the studies cited above have used diffusor tensor imaging, and resting state
functional connectivity magnetic resonance imaging (rs-fcMRI) to examined specific
brain connections and networks, respectively, in relation to emotion regulation, rs-fcMRI
has yet to be used to examine amygdala connectivity soon after birth in relation to an
observational measure of emotion regulation in infancy. Given the central role of
amygdala functional connectivity in moderating negative emotionality in adulthood
(Bebko et al., 2015; Denny et al., 2015; Mulej Bratec et al., 2015) and given the
potentially continuity in neural circuitry supporting emotion regulation from infancy to
adulthood, examining amygdala connectivity soon after birth in relation to emerging

emotion regulation represents a natural starting point for the current studies.
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While continuity in emotion regulation neural circuitry between infancy and
adulthood appears at least partially to be the case, there are also likely systems involved
in emotion regulation that are unique to infancy. Given the emergence of adult-like visual
and sensorimotor functional networks early in infancy (Gao et al., 2015), and given that
emotion regulatory behavior involves rudimentary processes like shifting visual attention
and thumb sucking (Braungart-Rieker & Stifter, 1996), it is possible that amygdala
connectivity to sensory processing and integration regions plays a key role in emotion
regulation in infancy. It is also likely that specific sensorimotor responses play a lesser
role in adulthood, for example, non-nutritive sucking, which is an adaptive mechanism in
infancy that does not normatively persist into adulthood (Festila et al., 2014; Field &
Goldson, 1984). However, attentional control (orienting and executive attention in
particular) appears to play a key role in emotion regulation in both infancy and adulthood
(Crockenberg & Leerkes, 2004; Posner et al., 2012; Posner & Rothbart, 1998; Viviani,
2013). The anterior-insula-centered-salience functional network emerges in early infancy
and supports executive attention (Gao et al., 2017; Posner et al., 2012). Moreover, the
ability to anticipate the location of a stimulus is linked to emotion regulation from 6-7
months-of-age, showcasing the importance of orienting as a control system in infancy

(Posner et al., 2012).

1.4. Using Rs-fcMRI to study the brain soon after birth

Resting state-functional magnetic resonance imaging (Rs-fcMRI) is a powerful
tool that allows for the non-invasive study of functional and structural infant brain

characteristics during natural sleep. Rs-fcMRI provides information about how the brain
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is intrinsically functionally organized. Structurally, subcortical structures of the brain can
be measured in three-dimensional voxel space, which allows for the characterization of

the volumetric size of different subcortical brain structures. Additionally grey matter and
white cortical brain matter can be delineated, allowing for the characterization of amount

of myelination, cortical thickness or sulci depth (Glasser et al., 2013).

Rs-fcMRI allows the measurement patterns of connectivity across the brain,
allowing us to see individual connections between brain regions as well as large-scale
network connections in the brain at rest. With this information we are able to determine
how brain functional connectivity is associated with infant behavior and other aspects of
infant physiology. Rs-fcMRI is measured based on correlations between spontaneous
fluctuations in the blood oxygen level dependent (BOLD) signal between different brain
regions (Biswal et al., 1995). The BOLD signal indirectly measures activity in the brain

and relies on the magnetic properties of hemoglobin in the blood (Ogawa et al., 1990).

For infant studies in particular, rs-fcMRI offers several advantages over other
forms of neuroimaging. First and foremost, rs-fcMRI, based on low-frequency
fluctuations in the BOLD signal across the brain, can measure activity across the brain in
the absence of any task (Murayama et al., 2010). This allows for the measurement of
resting state functional connectivity during natural sleep. Rs-fcMRI also allows for a
more complete representation of brain regions involved (Fox & Raichle, 2007) while
task-based fMRI may only activate a limited number of connectivity patterns in a
particular domain, with each task activating specific brain regions. Moreover, because
scans are conducted during natural sleep, there are even more limitations on the types of

tasks that can be given to the infant during the scan, which limits the number of regions
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that can be activated in a particular behavioral domain. Furthermore, rs-fcMRI allows for
the comparison of functional neural connections across development (Dosenbach et al.,
2007; Fair, 2010; Fair et al., 2012). Moreover, rs-fcMRI allows for the measurement of
brain connections and systems associated with complex behaviors later in life, which may
provide a window already in the neonatal period to patterns of brain organization later

relevant for psychiatric disorders (Graham, Pfeifer, Fisher, Lin, et al., 2015).

1.5. Influence of the caregiving environment on the development of emotion

regulation

A caregiver’s ability to accurately identify and respond to the infant’s needs,
known as caregiver responsivity, is particularly important for the development of ER
(Crockenberg & Leerkes, 2004; Leerkes & Crockenberg, 2003; Morris et al., 2017,
Thomas et al., 2017). This form of extrinsic regulation presumably must be present if
intrinsic regulation is ever to develop. In early infancy, infants are almost completely
reliant on their caregivers for the regulation of their emotions. During this time, infants
can use behavioral cues such as tone of voice, gestures, facial expressions and
vocalizations to express their emotional state to their caregiver, who then, through timely
and accurate responses to the infant’s needs, can regulate the infant’s emotions
(Weinberg & Tronick, 1994). Caregivers can aid in the regulation of infant emotion by
encouraging infants to redirect attention from distressing or novel stimuli, by responding
accurately to the infants expressed need, or by motivating a positive interaction
(Crockenberg & Leerkes, 2004). Responsive caregivers can effectively reduce infant

distress in emotion-filled contexts; these interactions may teach infants strategies for
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reducing their own emotional arousal in future situations, (previously noted as intrinsic
regulation (Leerkes et al., 2009; Nigg, 2017). As a result, infants of relatively more
responsive mothers may show more regulatory behaviors, in the absence of maternal
input, than infants of relatively less responsive mothers (Frick et al., 2017a; Haley &

Stansbury, 2003; Leerkes & Crockenberg, 2003).

In addition to influencing infant behavior, the caregiving environment influences
infant physiology. Specifically, the caregiving environment can influence associations
between infant positive emotionality and prefrontal and occipital cortical networks, such
that more maternal mental state-talk is associated with greater infant positive
emotionality and greater resilience of prefrontal and occipital cortical networks (Hanford
et al., 2018). Additionally, differences in amount of maternal care in early life in rodent
models have been shown to alter gene expression, particularly impacting the transcription
of proteins regulating brain formation and function in the hippocampus (Weaver et al.,
2006). Moreover, recurrent maternal care in early life may support the expression of
genes involved in later attenuation of the stress-response (Fenoglio et al., 2006). Lastly,
infants of more responsive caregivers may be better able to regulate their physiological
response to stress, in the form of heart rate, when exposed to stressors (Haley &
Stansbury, 2003). Thus the caregiving environment appears to play a key role in the

emergence of infant emotion regulation behavior and underlying physiology.

Maternal depressive symptomatology, primarily through its effects on maternal
responsivity, also appears to be important for the development of emotion regulation
partly due to interfering with her responsivity. Depressed mothers are more likely to

express lower sensitivity, inconsistent support of infant engagement, and a restricted
13



range of affective expression (Weinberg & Tronick, 1998). These qualities can create
difficultly for development of adequate regulatory behaviors. Thus, infants of depressed
mothers may express higher negative emotionality and less mature regulatory strategies
(Feldman et al., 2009). Depressed mothers may also rate their infants as more difficult
than non-depressed mothers in self-report questionnaires (Leerkes & Crockenberg, 2003;
McGrath et al., 2008), thus maternal depressive symptomatology is an important
covariate in studies with self-report measures. Maternal depressive symptoms may also
impact physiology underlying infant emotion regulation. Findings from an EEG study,
indicate that infants of depressed mothers show significantly lower frontal asymmetry
scores than infants of non-depressed mothers, potentially indicative of early patterns of
depressive symptoms (Dawson et al., 1997). Similarly, in a more recent EEG study,
maternal depressive symptomatology was specifically associated with greater relative
right-frontal alpha asymmetry in newborns (Gustafsson et al., 2018) and maternal
depression predicted infant behavior. Additionally, maternal prenatal depression has been
associated with infant negative affect (Gustafsson et al., 2018). Therefore infants of
depressed mothers may have neural connectivity patterns potentially indicative of risk for

future depression, and lower emotion regulation ability.

1.6. Executive function as a marker for future mental health and academic success

Executive function and its precursors constitute an important early emerging
indicator of capacity for successfully engaging in academics and social functioning (Blair
& Razza, 2007; Carlson et al., 2004; Mulder et al., 2017). As expressed by adulthood,

executive function can be defined as a set of cognitive abilities involved in purposeful,
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flexible, goal-directed behavior (Miyake et al., 2000). One model of executive function
by adulthood is composed of three closely related, but distinct factors: inhibitory control
(the ability to inhibit a prepotent response), working memory (the ability to retain and
manipulate relevant information for the task at hand), and shifting (the ability to
disengage from irrelevant tasks and reengage in relevant tasks) (Diamond, 2013; Miyake
et al., 2000). Poor executive function abilities, like negative emotionality, can be an
indicator of risk for mental health problems (Bettis et al., 2017; Pennington & Ozonoff,

1996; Zelazo, 2020).
1.6.1. The development of executive function

The foundations of executive function begin to develop in early life, with the
support of attentional, cognitive, sensory motor skills, and neurobiology (Garon et al.,
2008; Gottwald et al., 2016; Wu et al., 2017). For example, strategies to maintain or
redirect attentional focus and general cognitive capacity in toddlerhood have been
associated with executive function performance in childhood (Conway & Stifter, 2012;
Eigsti et al., 2006; Wu et al., 2017). Moreover, prospective motor control supports
precursors of executive functions at 18-months-of-age (Gottwald et al., 2016). The
neurobiological correlates of executive function have also been hypothesized and include
the dorsolateral and ventrolateral prefrontal cortex, which develop rapidly across the first

two years of life (Diamond, 2002, 2013; Garon et al., 2008).

Multiple terms are used to refer to regulation of cognitive and emotional
processes, effortful control is one such term, defined as an innate aspect of temperament
reflecting propensity to self-regulate emotion and cognition with ease (Diamond et al.,

2013). In toddlerhood executive function is in a primitive form and is not well
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differentiated (Espy et al., 1999). During this time, effortful control, attention
development and the ability to hold information in mind facilitates the development of

early precursive executive functions (Michael |1 Posner & Rothbart, 1998).

Emerging effortful control, attention and short term memory support the
development of early precursive executive functions. The ability to hold information in
mind (short term memory) develops in infancy and supports the development of working
memory and impulse control (Diamond et al., 2013). While impulse control is not yet
present in toddlerhood, attention shifting ability and effortful control are present as
precursors (Diamond et al., 2013). These precursors likely impact the inhibitory control
of attention which allows for the ability to selectively attend to specific information and
ignore information that is not relevant (Eigsti et al., 2006). Cognitive flexibility builds on
working memory and impulse control and begins to emerge much later in development.
Advanced skills, like planning, are not yet present in toddlerhood except in a very

rudimentary form (Diamond et al., 2013).

The developmental course of early precursive executive functions relates to
subsequent development across domains. Early precursive executive function skills have
been associated with future internalizing and externalizing symptomatology in childhood
(Murray & Kochanska, 2002) and executive function in late adolescence (Eigsti et al.,
2006) Moreover, early precursive executive function skills may provide a foundation for
healthy development (Blair & Razza, 2007; Mulder et al., 2017), with implications for

academic and social functioning (Carlson et al., 2004; Hughes & Ensor, 2005).
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1.6.2. The interplay of negative affect, emotion regulation, and executive function

Both executive function and ER, while conceptually independent constructs, are
closely related and share conceptual space. For example, both concepts involve top down
aspects of self-regulation (Nigg, 2017). However, ER and executive function are not the
same as self-regulation, rather executive function can enable self-regulation and emotion
regulation, but top down ER can be extended to multiple strategies in adulthood (Gross
2015; Nigg, 2017). Developmentally, the relationship between emotion regulation and
executive function may also be bi-directional. Research indicates children ages 8-12, with
better emotion regulation skills may have greater proficiency on precursive executive
function measures (Sudikoff et al., 2015). Moreover, individuals with greater executive
function may be better able to use emotion regulation strategies to decrease negative
affect (Pe et al., 2013). Effortful control in infancy, which impacts both executive
function and ER, can serve to increase or decrease the onset, duration or intensity of
temperament reactions (Rothbart 2011). In turn, infants and toddlers who have higher
negative emotional reactivity paired with low effortful control are more likely to develop

ADHD (Willcutt et al., 2005).

Early skills like redirecting attention and effortful control are simultaneously the
precursors of executive function and the precursors of intrinsic ER (Feldman, 2009).
Greater intrinsic emotion regulatory skills in infancy, which are the same as top-down
executive function, have been associated with greater executive function skills at 5-years-
of-age (Feldman, 2009). Furthermore, unregulated negative emotionality has been
associated with worse executive function in preschoolers (Ferrier et al., 2014). Thus,

development of executive function abilities may therefore rely on the earlier effective
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regulation of negative emotionality (Zelazo & Cunningham 2007). However, it may not
be emotion regulation or negative emotionality alone that support emerging executive
function; it may be the specific match between levels of negative emotionality and
emotion regulation that is relevant for executive function. Importantly this is recursive.
Effortful control and attention development, the precursors of executive function, support
the development of ER, and in turn the consolidation of ER facilitates the development of

executive function (Posner & Rothbart, 1998).

Specifically, in one study the interaction between emotion regulation and
reactivity at 15-months-of-age predicted executive function at 48-months-of-age
(Ursache et al., 2012). These findings indicate that high reactivity paired with high
regulation is associated with greater executive function, while high reactivity paired with
low regulation is associated with worse executive function. This suggests that reactivity
must be balanced by regulation for the development of executive function skills. Thus it
appears important to assess both levels of emotion regulation and negative emotionality
in relation to executive function see Figure 2. While this interaction has already been
examined in relation to executive function in early life, associations between emotion
regulation and negative emotionality in the first year of life and specific domains of

executive function in toddlerhood remain unknown.
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Ability to engage in Executive Functions?

Intensity and frequency of
negative emotions % regulatory behaviors
(Negative emotionality; NE) (Regulatory ability)

Figure 2. High reactivity paired with high regulation is associated with greater executive
function, while high reactivity paired with low regulation is associated with worse
executive function. This suggests that reactivity must be balanced by regulation for the
development of executive function skills. Thus negative emotionality paired with the
ability to regulate emotions may predict future executive functions.

1.6.3. Psychosocial moderators may influence associations between negative

emotionality and emerging executive function

Associations between negative emotionality and emerging executive function may
also be influenced by variation in the caregiving environment and socioeconomic status
(SES). SES may influence development of executive function through availability of
learning resources, opportunities in the home environment, as well as the time and
guidance provided by caregivers (Hackman et al., 2015). For example, variation in access
to computers and home literacy activities has been shown to mediate a relationship
between low SES and executive function (Lipina et al., 2013). Moreover, SES likely
influences development through the quality, sensitivity, and responsivity of caregiving
(Hackman et al., 2015). The caregiving environment, particularly maternal responsivity,
may exert a strong impact on emerging executive function (Fay-Stammbach et al., 2014).
Specifically, sensitive caregiving can promote the infants internalization of regulatory
strategies (Bernier et al., 2012). As such, sensitive, engaging interactions with caregivers

may be associated with decreased negative emotionality and increased executive function
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competence (Rhoades et al., 2011). Moreover, negative emotionality at 9-months-of-age,
moderated by maternal caregiving at 9-months-of-age, has been associated with
executive function at 5-years-of-age (Miller et al., 2019). Early maternal caregiving has
also been shown to influence infant temperament reactivity (Miller et al., 2019a) and
associations between negative emotional reactivity in infancy and executive function in
childhood (Miller et al., 2019b). Thus it appears important to consider the postnatal
environment when evaluating associations between negative emotionality and executive

function.
1.7. The current studies

The current studies aimed to identify the earliest neural precursors of intrinsic
emotion regulation through the examination of coordinated functioning of the newborn
brain in relation to emerging negative emotionality and emotion regulation behavior and
physiology at 6-months-of-age with consideration of selected aspects of the caregiving
environment. In addition, toddler outcomes associated with infant emotion regulation are
examined. Specifically, Study 1 examined if a-priori neonatal amygdala functional
connectivity to regions of interest for emotional reactivity and regulation are associated
with infant negative emotionality development across the first two years of life. Study 2
examined potential pathways from neonatal amygdala functional connectivity to
emerging emotion regulation/ reactivity behavior and physiology during infancy, and
subsequent internalizing and externalizing symptomatology in toddlerhood. Lastly, Study
3 examined how emerging emotional reactivity, emotion regulation, and two
environmental measures, SES status and caregiver behavior during infancy, relate to

subsequent executive function skills during toddlerhood.
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Chapter 2: Amygdala Connectivity soon after birth supports early

emerging Fear

2.1. Introduction
2.1.1. The importance of examining early neural correlates of fear

Fear is an emotion essential for adaptive functioning expressed when an animal
perceives potential danger (Milad & Quirk, 2012; Phelps & LeDoux, 2005). While fear
expression is essential for adaptation, heightened levels of fear are associated with
psychopathology (Engle & Mcelwain, 2011; Gjone et al., 1997). Limbic-prefrontal brain
systems play a critical role in normative and pathological variability in fear in children
and adults (Etkin et al.,2011, 2007; Milad & Quirk, 2012; Qin et al., 2014; Ruocco et al.,
2013); however, how these brain systems in the newborn period contribute to the early

development of fear is poorly understood.

2.1.2. Typical development of fear

Fear expression typically increases over the first year of life as increasing
mobility facilitates increasingly complex interactions with the environment, and
increasing exposure to threatening stimuli (Shaw et al., 2000). It is likely that fear
expression rises during the first year of life as it becomes ecologically significant for the
infant’s survival (Callaghan et al., 2014). By the second year of life, the infant’s
expression of fear stabilizes (Garstein & Rothbart, 2003; Partridge & Lerner, 2007). This
is likely due to the infant’s increasing ability to regulate emotions both independently,

and through use of caregiver support (Gartstein et al., 2012; Lemery et al., 1999). Due to
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changes in fear expression over time (Gartstein et al., 2010; Lipscomb et al., 2012;
Partridge et al., 2007), it is critical to examine fear at multiple time points to capture it’s

full early developmental trajectory.

2.1.3. Early brain connectivity as a predictor of fear

We have previously shown that newborn amygdala functional connections predict
early fear expression (Graham et al., 2016). Specifically, stronger connectivity between
the amygdala and bilateral anterior insula (amygdala-al) was associated with higher fear
at 6-months-of-age. This finding is in line with adult literature suggesting an important
role for amygdala-al connectivity in normative (Baur et al., 2013), and pathological fear
(Etkin et al., 2007; Rabinak et al., 2011; Sripada et al., 2012). This suggests potential
continuity in the neural circuitry underlying the early emergence of fear. Furthermore, we
have previously shown that stronger connectivity between the amygdalae and ventral
medial prefrontal cortex (amygdala-vMPFC) at birth is associated with a phenotype
characterized by higher fear and more advanced cognitive development at 6-months-of-
age potentially suggesting that a balance between negative affect and cognitive skills is
relevant for effectively regulating negative affect (Degnan & Fox, 2007; Gartstein et al.,
2012; Nigg, 2006). In line with this interpretation, amygdala-vMPFC connectivity plays
an important role in emotion regulation in children and adults (Gee, Gabard-Durnam, et
al., 2013; Milad et al., 2007; Schiller & Delgado, 2010; Silvers et al., 2017), and has been
frequently implicated in conditions involving poor regulation of negative affect,
including anxiety (Casey & Lee, 2015; Loucks, et al., 2011; Roy et al., 2013a) and

depression (Burghy et al., 2012; Connolly et al., 2017; Wang et al., 2013). However, the
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role of amygdala-vMPFC connectivity in the development of fear and other aspects of

negative emotionality (NE) during infancy and toddlerhood has not been examined.

2.1.4. Key influences on the development of fear

During infancy, caregivers serve an important role in influencing infants emotion
reactivity and regulation (Bernier et al., 2016). Infants use behavioral cues to
communicate their emotional state to caregivers who aid in emotion regulation through
quick and accurate responses to the infant’s expressed needs (Thomas et al., 2017).
Responsive caregivers can effectively reduce infant distress, decreasing infants’
expression of fear and other aspects of NE over time (Leerkes et al., 2009). Moreover,
neural phenotypes may increase or decrease the influence of maternal responsivity on
emerging fear (Ellis et al., 2011). It is therefore important to consider the caregiving
environment as well as interactive effects of maternal responsivity and newborn brain
phenotypes in relation to emerging fear.

Maternal depressive symptomology influences maternal reporting and observation
of infant NE. Mothers with greater depressive symptoms are more likely to rate their
infants as more difficult than parents who are not depressed (Parade & Leerkes, 2008).
Additionally, more severe maternal depressive symptoms have been associated with
greater increases in infant fear from 8-12 months of age (Gartstein et al., 2010). Research
to date also suggests some specificity, such that the association between maternal
symptomatology in the postpartum period and infant NE is specific to maternal
depression versus anxiety (Feldman, et al., 2009). These results highlight the importance

of considering maternal depressive symptoms in examining infant fear development.
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2.1.5 Present study

In the current study we examine how newborn amygdala-vMPFC and amygdala-
al connectivity relate to the developmental trajectory of fear over the first two years of
life. Further, to see if these connections are specific to emerging fear or more
generalizable to other aspects of NE, we also examine them in relation to emerging
sadness. Finally, we consider how maternal responsivity and depressive symptomology
may moderate associations between these newborn amygdala connections and subsequent
development of NE.

Based on previous work (Etkin & Wager, 2007; Graham et al., 2016; Rabinak et
al., 2011; Sripada et al., 2012), we hypothesize stronger amygdala-al connectivity will be
associated with higher fear at 6-months-of-age and greater increase in fear over the first
two years of life. Due to the role of amygdala-vMPFC connectivity in depression and
anxiety in adolescents and adults (Casey & Lee, 2015; Wang et al., 2013), we anticipate
this connection will demonstrate associations with both fear and sadness development.
While stronger amygdala-vMPFC connectivity is associated with greater emotion
regulatory ability in adolescents and adults (Silvers et al., 2017), due to the
developmental switch in how amygdala activity relates to VMPFC activity while viewing
negatively valenced stimuli (Gee et al., 2013), we anticipate stronger amygdala-vMPFC
connectivity will be associated with higher levels of NE at 6-months and greater increase
in NE from 12-24 months-of-age. Finally, we anticipate associations between newborn
amygdala connectivity and NE development will be moderated by levels of maternal
responsivity.
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2.2. Methods and materials

2.2.1 Participants

Infants included in this study (N=62) were part of an ongoing longitudinal study

of mothers and infants conducted at the University of California Irvine (for details see

Moog et al., 2017). Mothers were recruited during their first trimester of pregnancy.

Exclusionary criteria included: maternal use of systemic corticosteroids or psychotropic

medications during pregnancy, infant birth before 34 weeks’ gestation, and infant

congenital, genetic, or neurological disorder. An MRI and fMRI scan was completed

when infants were approximately 4-weeks-of-age (M £ SD, 3.7 £ 1.7). Temperament

assessments were completed at 6, 9, 12, and 24-months-of-age. Detailed demographic

information is provided in Table 1.. All procedures were approved by the Institutional

Review Board at the University of California, Irvine. The number of subjects with data at

each time point is provided in Table 1.

Table 1.: Demographics

Mean (SD)
Age in Weeks
Gestational age at birth 39.1(1.5)
Age at fMRI data collection 3.7(1.7)
Age at 6 moth behavioral assessment 28.0 (2.4)
Age at 9 month behavioral assessment 39.9 (7.4)
Age at 12 month behavioral assessment 55.0 (3.1)
Age at 24 month behavioral assessment 240.0 (35.1)
Percentage
Sex
Male 54.8
Female 45.2
Race/ethnicity
Caucasian non-Hispanic 37.7
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African American non-Hispanic 2.6

Asian non-Hispanic 7.8
Multi-racial non-Hispanic 10.4
Caucasian Hispanic 33.8
Asian Hispanic 1.3
Multi-racial Hispanic 5.2
Other Hispanic 1.2
Highest level of maternal education
Primary, Elementary, or Middle School 1.6
High-school or test equivalent 14.5
Technical or vocational school 12.9
Some college, but no degree 30.6
Associates degree 3.2
Bachelor’s degree 194
Graduate level degree 12.9
Certificate 4.8
Gross annual household income
<$15,000 9.6
$15,000- 29,999 19.2
$30,000- 49,999 27.4
$50,000- 100,000 35.6
>$100,000 8.2

2.2.2 MRI and fMRI data acquisition and processing
2.2.2.1 Data acquisition

As described in our previous work (Graham et al., 2016, 2017, 2018; Rudolph et
al., 2018) a TIM Trio, Siemens Medical System 3.0T scanner was used to collected
neuroimaging data with infants during natural sleep. A T2-weighted scan (TR = 3200 ms,
echo time = 255ms, resolution = 1 x 1 x 1 mm, 4.18 min) was used as an anatomical
reference for functional images. A T1-weighted scan (MR-RAGE TR = 2400 ms,
inversion time = 1200 ms, echo time = 3.16 ms, flip angle = 8°, resolution=1x1x 1

mm, 6.18 min) was used in conjunction with the T2-weighted scan for amygdala
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segmentation. To obtain functional images for rs-fcMRI, a gradient-echo, echoplanar
imaging (EPI) sequence sensitive to blood oxygen level-dependent (BOLD) contrast (TR
=2000 ms; TE = 30 ms; FOV = 220 x 220 x 160 mm; flip angle = 77°) was used. Using
32 ascending-interleaved 4 mm axial slices with a 1 mm skip, full brain coverage was
obtained. Steady-state magnetization was assumed after 4 frames (8 ~ s). Functional data
was obtained in a single scan consisting of 150 volumes for early participants (N = 8),
and increased to 195 volumes for the remaining participants (N = 54) in later stages of the
study to increase the likelihood of acquiring a sufficient number of volumes for analysis.
Only functional scans with at least 4 minutes of data (after volume removal for motion)

were included in the present study.

2.2.2.2 fTMRI data preprocessing

The Brain Extraction Tool from the FMRIB Software library (Beckmann et al.,
2006; Smith et al., 2001; Smith, 2002) was used as an initial step to separate the brain
from the rest of the head tissue in images. Next, an in house tool was used to remove the
remaining skull. This tool involved registration of a skull stripped infant atlas (0- to 2-
month age range; MRI Study of Normal Brain Development; (Fonov et al., 2011)) to the
individual image, which allowed for creation of a refined individual brain mask.
Functional images were preprocessed to reduce artifacts (Miezin et al., 2000) as in our
prior work (see Graham et al.,