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Abstract
Impact of Stress, Pubertal Tempo, and Diet on Neurobehavioral Development in
Female Rhesus Macaques
By

Melanie B. Pincus

Early life stress is one of the strongest risk factors for the emergence of psychopathology,
particularly in women; yet, the mechanisms explaining how stress becomes biologically
embedded remain poorly understood. Social subordination in rhesus macaques provides a
naturalistic model for studying the impacts of chronic psychosocial stress on
neurobehavioral development. This dissertation aims to investigate how chronic
subordination stress in female macaques interacts with experiential factors, including
pubertal timing and diet, to alter the development of corticolimbic circuitry and behavior.
Puberty-induced increases in gonadal hormones are involved in shaping the brain during
adolescence, and may modulate the effects of stress on brain development during this
critical period. We examined the effects of social subordination and pharmacological delay
of puberty in macaques at a postpubertal time point in adolescence and found that
subordination was associated with decreased functional connectivity (FC) between
dorsolateral prefrontal cortex (PFC) and amygdala (AMYG). Pharmacological delay of
puberty resulted in increased FC between AMY G and orbitofrontal cortex (OFC), and both
positive and negative effects on socioemotional behavior, but no interactions between
experimentally-induced pubertal delay and subordination were detected. Given that stress
is a cumulative risk factor for obesity in children and consuming an obesogenic diet
impacts the corticolimbic circuits affected by stress, we then used this same social
subordination model to study how social subordination and consumption of a high-calorie
diet (HCD) interact to affect neurobehavioral development during infancy. Subordination
in infancy was associated with higher AMYG-PFC FC, and higher FC between the insula
(INS) and anterior cingulate cortex (ACC) at 6 months of age, and nursing from mothers
consuming a HCD, obesogenic diet decreased AMYG-OFC FC at 2 weeks of age. Effects
of subordination stress on corticolimbic FC, stress physiology, and inflammation were
modified by diet during infancy. These results provide evidence that chronic social
subordination stress, pubertal timing, and consumption of an obesogenic diet alters
physiology, behavior, and the maturation of corticolimbic circuitry important to emotion
regulation, reward processing, and interoception during primate development.
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Chapter 1. Introduction



Acknowledgement of Reproduction

The following chapter reviews the effects of chronic stress on physiology and brain structure and
function. Some passages in the following chapter, with minor edits, were reprinted by permission
from Godfrey, J. R, Pincus, M., & Sanchez, M. M. (2016). Effects of Social Subordination on
Macaque Neurobehavioral Outcomes: Focus on Neurodevelopment. In Social Inequalities in

Health in Nonhuman Primates (pp. 25-47). Springer, Cham.

1.1 Chronic Stress in Development and Human Health

The social and physical environment has profound effects on the body and brain through
orchestrated responses of the neuroendocrine, autonomic, and immune systems! . Stressors are
frequently encountered in the environment (both external and internal), engaging the brain as the
central organ of stress and adaptation®. Actual or perceived challenges to the organism, including
systemic stressors, like hypoxia and psychogenic stressors (e.g. threat of aggression), elicit a
coordinated set of autonomic, neuroendocrine, metabolic, cognitive, and behavioral stress
responses. The complex set of responses set in motion are adaptive, working to attenuate or
avoid the stressor and maintain homeostasis>°. Under conditions of chronic stress, however,
repeated activation of the stress response systems inflicts wear and tear on the systems involved,
and contributes to the etiology of various maladies’®. With many Americans reporting extreme
stress (22% of the adult population in 2011°), chronic stress is recognized as a significant public
health concern. Adults reporting chronic stress are at increased risk for a number of diseases,
including cardiovascular disease!’, obstructive pulmonary disease!!, diabetes and obesity!?,
immune compromise'?, and psychopathology®. Mounting evidence from studies in humans and

animal models suggests that the severity and trajectory of these outcomes is influenced by



developmental timing; chronic stress early in life has been shown to increase vulnerability to
psycho- and physiopathology and lead to more severe outcomes'#!. Many of the brain regions
that play a role in regulating the stress response are themselves impacted by chronic early life
stress, and alterations to these regions are believed to contribute to the etiology of psycho- and
physiopathology. An understanding of how chronic stress becomes ‘biologically embedded’,
particularly early in life, is still incomplete; further research is needed to elucidate the
mechanisms by which chronic stress alters the development of the brain and stress response
systems and increases the risk for psychopathology and other adverse health outcomes. The main
goal of this dissertation is to investigate how the social stress of subordination in infant and
juvenile female rhesus macaques interacts with other experiential factors (i.e. puberty-related
increase in gonadal hormones; highly caloric diet) to impact neurobehavioral and physiological

development.

1.2 Stress Response and Chronic Activation of the Hypothalamic-Pituitary-Adrenal (HPA)

Axis

1.2.1 Overview of the Autonomic and Endocrine Responses to Stress

Stress is defined as a state of bodily, emotional or mental tension produced by a perceived or
actual threat to the organism’s homeostasis, whereas a stressor is the stimulus that disrupts
homeostasis. When a stressor is acute, the stress response is effective at meeting the challenges
of the stressor while maintaining homeostasis; the stress response systems achieve this by
mobilizing energy and allocating it to systems important for immediate survival, at the same time
that it inhibits systems that are not critical. The autonomic nervous system participates in the

fight-or-flight response to a stressor through activation of the sympathetic nervous system, and



oftentimes reciprocal inhibition of the parasympathetic nervous system. The hypothalamus and
brainstem structures receive signals of substantial homeostatic perturbations (e.g. hypoxia,
hemorrhage), and reflex arcs carry this information to preganglionic sympathetic neurons in the
spinal cord, activating the sympatho-adrenomedullary (SAM) response!®. The SAM response
involves the release of adrenaline and noradrenaline from the adrenal glands and these
catecholamines act rapidly throughout the body to facilitate the stress response via effects on
heart rate and pupil dilation, dilation of blood vessels in the lungs and skeletal muscles, and
vasoconstriction in nonessential organs'’. The preganglionic sympathetic neurons also directly
innervate target organs of the sympathetic nervous system, including the heart, lungs, and
muscles, and stress-induced activation of the sympathetic neurons quickly increases heart rate,

peripheral vasoconstriction, energy mobilization, and other outcomes!'®.

Often in tandem with the SAM response, the HPA axis is activated and orchestrates a generally
slower, and longer-lasting response to a stressor. When a stressor is perceived, limbic pathways
activate parvocellular neurons in the paraventricular nucleus of the hypothalamus (PVN),
causing them to release corticotropin-releasing hormone (CRH) into the vasculature of the
median eminence®!'®. CRH binds to receptors in the anterior pituitary, inducing the release of
adrenocorticotropin hormone (ACTH) into systemic circulation. Upon reaching the adrenal
glands, ACTH binds to receptors on adrenal cells, triggering the synthesis and release of
glucocorticoids (GCs; e.g. corticosterone in rodents and cortisol in primates)'®!®, GCs are highly
catabolic steroid hormones that act throughout the body to stimulate gluconeogenesis, mobilize
stored energy, and potentiate effects of the SAM response!®. GCs are generally slow-acting and

bind to two types of receptors: GC receptors (GRs) with a low affinity for GCs, and



mineralocorticoid receptors (MR) with a high affinity for GCs. GRs mediate the negative
feedback mechanism of the HPA axis; GCs bind to GRs at the level of the hypothalamus and the
pituitary, inhibiting ACTH and CRH synthesis, respectively!®2°. GRs are also widely distributed

in the brain?!-?2

, and GC binding to GRs in limbic regulatory regions play a role in inhibition of
the HPA axis!®?3, MRs are responsible for maintaining basal HPA axis activity?!, which
oscillates in synchrony with circadian and ultradian rhythms independent of stressors**?°. GRs
and MRs are intracellular receptors that translocate to the nucleus and work as transcription
factors, regulating gene expression'®2°, Due to their action as transcription factors when

complexed with the GR or MR, GCs have broad acting and long-lasting effects on cellular

function.

Under conditions of chronic stress, the negative feedback mechanism of the HPA axis is
compromised, leading to excessive and prolonged GC release®®?%. Elevated GC levels, in turn,
can cause neurobehavioral changes owing to its direct effects on gene expression in many
systems of the brain, including corticolimbic circuits involved in cognitive and emotional
processes. Increased GR binding in the central nucleus of the amygdala (AMYG), for example,
results in higher expression of CRH and enhanced fear and anxiety responses in rodent
models?*-Y, Stress-induced changes to CRH levels may indirectly affect neurotransmitter
concentrations, including through binding of CRH to receptors in serotonergic neurons of the
dorsal raphe nucleus which has been found to both enhance startle response and increase
synthesis and release of serotonin, suggesting CRH may be an important mediator of stress on
serotonin neurotransmission?!. Given that GCs interact with and regulate the expression of a

number of neurotransmitters®2, social stress-induced changes in levels of both GCs and GRs may



impact other neurochemical systems, contributing to further emotional and behavioral changes in

individuals experiencing chronic social stress.

Many limbic and higher-order cortical structures play a role in regulating the stress response,
particularly when the stressor is social in nature?*-*. The AMYG activates a HPA stress response
through indirect projections of the central nucleus (CeA) to the PVN through the BNST, and a
SMA response through direct innervation of brainstem nuclei!®34. The basolateral AMYG (BLA)
and medial AMYG (MeA) also play a role in the stress response through indirect projections to
the PVN through the BNST, and projections to the CeA, MeA, and BNST?-¢, respectively. By
integrating information about stressors from primary sensory and association cortices and
modulating activity in subcortical structures, the prefrontal cortex (PFC) is also involved in the
initiation of a stress response®”*#, The orbitofrontal cortex (OFC) and medial PFC (mPFC) have
indirect connections to the PVN and direct connections with the AMYG**°, enabling regulation
over the stress response. The posterior OFC has inhibitory projections to the intercalated masses
of the AMYG, and via these projections, facilitate disinhibition of the CeA by the IM and
initiation of a HPA axis response*!. The OFC and mPFC also send excitatory projections to the
CeA, and inhibit the HPA axis by activating the CeA3*>43 In this way, the PFC plays a role in

negative feedback of the stress response, along with the hippocampus.

1.2.2 Effects of Chronic Stress on the HPA axis and Regulatory Limbic Regions
Chronic stress alters the HPA axis and regulatory circuits as a result of allostatic overload on
these systems??. Dysregulation of the HPA axis is evidenced as alterations of basal cortisol levels

(either hypocortisolemia* or hypercortisolemia*>* have been reported), increased



reactivity>%!, and decreased GC negative feedback of the HPA axis*>#6-°254, Chronic stress also
compromises the structure and function of regulatory limbic regions. Chronic stress results in
increased dendritic arborization of the AMYG and BNST>>¢, and stress-related disorders have
been associated with increased volume of the AMYG?357-8, although findings are mixed™.
Stress-induced elevation in GCs increases CRH expression in the CeA and induces long-lasting
increases in fear and anxiety behavior?>, It has been proposed that increased activity in the
efferent pathways projecting from the AMYG and BNST to the hypothalamus and brain stem are
a tractable mechanism by which chronic early life stress increases reactivity to potential
threats®®6!, In fact, the AMYG has been reported to be hyperactive in neuroimaging studies of
humans with anxiety disorders®?, and stress-induced plasticity in this region is believed to be an
important underlying causal factor®3. The insula (INS) is densely connected with the AMYG and
is also believed to play a role in processing emotional stimuli® and modulating neuroendocrine
responses®. Chronic early life stress has been associated with reduced INS volume, suggesting
vulnerability of this region to chronic stress®®. Effects of chronic stress on limbic regions that
process reward have also been reported. Chronic stress results in sustained dopamine (DA)
release in the nucleus accumbens (NACC) and a compensatory down-regulation of D2 dopamine
receptors (D2R)®768, with implications for neurotransmission in mesocorticolimbic circuits
connecting the striatum and PFC. Subcortical regions are not unique in their vulnerability to the
effects of chronic stress; a large body of research demonstrates the PFC is adversely impacted by
chronic stress®®~7¢. In adult rats, chronic stress causes spine loss and reduced dendritic branching

in mPFC neurons®®-70

as well as impairments in working memory®—an executive function
highly dependent on the PFC. In contrast, the OFC shows expansion of dendrites after chronic

stress’?, suggesting region-specific alterations to the PFC. In humans, reductions in PFC gray



matter volume and functional activity have been linked with stress-related disorders such as
PTSD and depression’!7, and cumulative life adversity is associated with smaller gray matter
volume in medial prefrontal and anterior cingulate prefrontal cortex”*. Adults who experienced
childhood maltreatment, a form of chronic early life stress, demonstrate regional volume loss in
the AMYG and PFC7>76, paralleled by decreased structural integrity of WM tracts critical for

emotion regulation, e.g. the cingulum bundle, arcuate fasciculus, and fornix”’.

Although data are limited, studies of chronic stress during development also detect alterations to
the HPA axis and corticolimbic circuits responsible for regulating emotional and stress
responses. Deprived caregiving is an example of a highly potent stressor in early life, and the
early maternal and social deprivation experienced by post-institutionalized children is linked
with alterations to the HPA axis, e.g. higher basal cortisol levels’®7. Post-institutionalized
children also have increased AMYG volume and reactivity compared to healthy controls®®8!, and
decreased structural integrity of tracts connecting the PFC with AMYG and striatum®%%3,
Children from low socioeconomic status (SES) families have higher baseline salivary cortisol®4,
suggesting that the higher incidence of stressors experienced by low SES children alters the HPA
axis. More recently, low socioeconomic status was associated with decreased brain surface area,
and increased hippocampal and AMYG volumes®>#, In rhesus macaques, peer-rearing is an
established model of early life adversity and has been shown to increase the volume of region-
specific areas of the PFC, including the dorsomedial PFC and the dorsal Anterior Cingulate

Cortex (ACC) in juveniles®’.

1.2.3 Chronic Stress and Functional Connectivity of Corticolimbic Circuits



88.89 of cortical and subcortical

Our brains are organized by functionally interconnected networks
regions. Functional connectivity (FC) analysis of neuroimaging data allows examination of
large-scale networks and interactions both between and within networks. FC is a measure of the
temporal coherence of neurophysiological events that can be measured during task or at rest and
suggests communication between brain regions. Resting-state fMRI measures low frequency
fluctuations in blood oxygen level-dependent (BOLD) signal in a task-free context, with local
fluctuations corresponding to changes in the firing and metabolic rate of the neurons”. Resting-
state FC provides insight into how regions are functionally coupled together and often
recapitulate cotemporaneous functional networks elicited in experimental task®!~?3. Resting-state
FC studies of chronic early life stress and chronic stress have informed a greater understanding
of how corticolimbic circuits are impacted by stress. Chronic early life stress has been shown to
reduce AMYG-PFC FC**, and resting-state FC studies have noted aberrant AMYG-PFC and
NACC-PFC FC in stress-related neuropsychiatric disorders®®” Chronic work-related stress in
humans was also associated with stronger resting-state FC between INS and AMYG compared to
healthy controls’®, suggesting INS connectivity may adversely impacted by chronic stress. Based
on findings from task-based FC studies, regulation of anxious responsiveness may also depend
on robust INS-PFC connectivity?®!®; though it’s unclear whether these patterns would hold for
resting-state FC. Although understudied in children, the few resting-state FC studies reported
that chronic early life stress was associated with alterations in cognitive control and default mode
(DMN) networks. For example, chronic early life stress was associated with negative
correlations between the left lateral frontal cortex and regions in the temporal cortex and

hippocampus!?!. Higher interparental conflict—a common form of early life stress—was



10

correlated with stronger FC between the posterior cingulate cortex (PCC) and mPFC, and

between the PCC and AMYG!92,

1.3 Macaque Model of Social Subordination

1.3.1 Subordination Status and Chronic Stress

Social subordination in rhesus and other macaques is a useful translational model for studying
the effects of chronic social stress?652:103-10° Rhesus macaques are an ideal animal model for
studying social stress because of their biological and behavioral similarities to humans, reliance
on social relationships, repertoire of complex social behaviors, and their similar central nervous
system function!'!%!!!, In both humans and macaques, the PFC has reciprocal connections with
the AMYG?°, NACC, and INS!'? and undergoes protracted development''3. It has been proposed
that the slow and extended development of the PFC may render it more vulnerable to insults of

+114 1f 50, the slow development of the PFC in the macaque makes it an

early life stress
especially valuable model for studying how chronic stress early in life impacts brain
development. The reproductive system function of female macaques (Macaca fascicularis and
Macaca mulatta) is also similar to that of women, proving macaques to be a useful model for

understanding how gonadal hormones interact with social stress to influence brain development

during puberty.

Social status hierarchies are a prominent organizing feature of macaque societies'!>. The groups
are structured by matrilineal dominance hierarchies, with matrilines ranked relative to one
another and members of matrilines having similar ranks. The dominance hierarchy functions to

maintain stability within the group, and is evident in both free-ranging and captive groups!'!¢.
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Dominance hierarchies within groups are relatively stable for long periods of time, enabling
researchers to investigate the effects of subordination as a social gradient!'!”. Subordinate
monkeys respond to aggressive threats by emitting submissive behavior, and submission is
considered a defining feature of subordination in macaques!'*!!8!1°, Subordinate monkeys
receive significantly more aggression from dominant-ranking monkeys, at the same time that
they receive less affiliation from group mates particularly in the absence of family members
109,120,121 Tncreased receipt of aggression and decreased receipt of social affiliation leads to
elevations in the stress hormone cortisol in nonhuman primate (NHP) species, including

109,121

macaques . The aggressive behavior of dominant-ranking animals is unpredictable and

frequently unprovoked!?!; unpredictability may add to the stressful experience of being a
subordinate monkey. Due to the unpredictability of the aggression, it has been proposed that
subordinates maintain a state of physiological readiness that prepares them to respond!?’. As a

consequence, the HPA axis is repeatedly activated, leading to a number of stress-induced

phenotypes characteristic of subordinate NHPg*6:103.105.122-128

Subordination in adult macaques has been validated as a well-established model for studying the
effects of chronic psychosocial stress on various adverse health outcomes. Subordinate status has

been associated with hypercortisolemia*®, cardiovascular disease!??, compromised immune

123,124 125-127

system , reproductive dysfunction , psychostimulant self-administration'?%, emotional

103

feeding!®®, and alterations in emotion regulation!'®®. In response to an acute stressor,

subordinate macaques exhibit higher rates of anxiety-like behaviors than dominant

103,108

monkeys , providing further evidence of dysregulated emotional responses in subordinates.

Although there is relatively little research on subordination stress during development, the few
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studies that exist corroborate findings reported in subordinate adults. Infants assume the same
ranks as their mothers!? and are initially buffered from the effects of social subordination by
their mothers in the first few weeks of life. Although weaning is a gradual process, around three
months of age infants spend increasing amounts of time exploring away from their mothers,
playing with peers and interacting with non-kin, and these interactions inform them of their place

130-132 A5 juveniles, subordinate macaques receive more aggression from

in the social hierarchy
dominant-ranking animals and emit submissive behaviors in response to agonistic behaviors!33.
The limited work that has been done suggests that subordination impacts development by

inducing hypercortisolemia and altering white matter (WM) microstructure in juveniles'**, and

delaying pubertal onset in adolescents!'%8.

1.3.2 Social Subordination and Alterations of the HPA axis

Dysregulation of the HPA axis is consistently reported as a consequence of social subordination
in female macaques. Dysregulation of the HPA axis often manifests as hypercortisolemia and
impaired GG negative feedback in adult subordinate females*~*°. Because impaired negative
feedback in macaques is associated with a decrease in GR expression in the hippocampus!3?,
altered limbic regulation of the HPA axis may play a role in the impaired negative feedback seen
in subordinate adults. A recent experiment demonstrated causal social status effects on HPA axis
function by manipulating social status and demonstrating that improvements in dominant rank
increased dexamethasone-induced acute cortisol suppression and GC negative feedback!3®. These
findings are consistent with evidence of down-regulation of GRs in other animal models of social
subordination!*’. The adrenal response to ACTH has also been shown to be impaired in

subordinate macaques, with some reporting reduced GC response> and others reporting a
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heightened GC response®. Given that GCs interact with and regulate the expression of a number
of other neurotransmitters®2, social stress-induced changes in levels of both GCs and GRs may
impact other neurochemical systems, contributing to further emotional and behavioral changes in

individuals experiencing chronic stress.

1.3.3 Chronic Stress and Immune Interactions
Acute and chronic psychosocial stress can activate the inflammatory response!3®. In response to
an acute stressor (no background of chronic stress), catecholamine actions on o - and -

139 "and has

adrenergic receptors increase cytokine expression in the brain and periphery of rats
been shown to directly activate NF-kB in vitro'*°. The slower-acting GCs are considered primary
regulators of the inflammatory response, suppressing production of key inflammatory proteins,
including cytokines and chemokines, and increasing transcription of anti-inflammatory
cytokines!#!142, The immune response is altered, however, under conditions of chronic stress. In
individuals exposed to chronic early-life stressors, acute psychosocial stress augments the
inflammatory response, heightening NF-kB DNA binding in peripheral blood mononuclear cells
and increasing IL-6 levels in plasma, compared with healthy controls!**-!#, Chronic stress also
results in innate immune cells developing GC resistance, such that the efficacy of the GR
complex in suppressing proinflammatory cytokines is reduced!*>:146, Decreases in GR expression
and impaired GR signaling and function have all been found to contribute to the development of
GC resistance by the innate immune cells!*-!%°, In adult female rhesus macaques, genes
involved in chemokine and cytokine inflammation were more highly expressed in subordinate-
ranking individuals'?*#!%, This is consistent with reports of higher C-reactive protein (CRP) and

151,152

interleukin-6 (IL-6) levels in humans of low socioeconomic status . Importantly, there is
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evidence that peripheral inflammation can trigger neuroinflammation and impact the brain and

behavior!3®

. When cytokines access the brain parenchyma they trigger further local inflammation
by different mechanisms, one of them through activation of microglia that also produce pro-
inflammatory cytokines, which can affect brain structure (e.g. myelination'*?) and function (e.g.
synthesis and release of neurotransmitters, such as serotonin'>*). Expression of IL-1 and IL-6
receptors is enriched in the hippocampus, and the overexpression of these pro-inflammatory
cytokines in the context of chronic inflammation impairs hippocampal circuitry and cognition!>>.
Microglia are activated by stress'>®, and microgliosis in the PFC (including the ACC), and INS

has been linked with stress-related psychopathology, including schizophrenia, depression, and

suicidality!>7-18,

1.3.4 Normative Non-Human Primate Brain Development

To understand how chronic early life stress alters the way the brain develops, it is imperative to
compare the way the chronic exposure to stressors shape the brain with normative brain
development. Brain regions mature at different rates, with phylogenetically newer cortical
regions like the PFC and inferior temporal cortex maturing later than evolutionary older regions
such as the piriform and entorhinal cortex!>*-'®!, Normative development of gray matter volume
in the PFC follows an inverted U-shaped curve, increasing until an inflection point is reached in
the peripubertal period, when gray matter volume begins to decline!>*-16%163 though this decline
may be unique to humans''3. Increases in gray matter volume during infancy and childhood are
likely driven by ‘exuberant synaptogenesis’, a developmental period characterized by an
overproduction of dendrites, dendritic spines, and axons!®4!63 In parallel, WM volume in the

brain increases linearly during childhood and adolescence!>%-161:162, Cortical myelination in both
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humans and NHPs begins prenatally in some regions (e.g., motor cortex, to support some level of
infant motoric independence right after birth) and occurs postnatally in other cortical regions,
continuing into early adulthood in association areas such as the prefrontal, temporal, and parietal
cortices!'®®. For example, the uncinate fasciculus, which connects the PFC with temporal regions
including AMYG and hippocampus, and is believed to relay bottom-up information to the PFC
and enable ventromedial PFC (vmPFC) top-down control over AMYG reactivity to threat!¢’,
only reaches adult levels of myelination at 3.5 years in monkeys and around 20 years in

humans!°,

The AMYG appears to be functional at birth!%*-179 but continues to develop postnatally,
following rapid regional-specific structural development patterns that makes some nuclei, and
the functions they underlie, more vulnerable than others to social experience. Most of this
evidence comes from studies in rhesus monkeys (Macaca mulatta), that have indicated that the
lateral and basal nuclei, involved in emotional processing and learning, show rapid volume
increases from birth through 3 months of age, whereas the volume of the central nucleus, with
direct connections to the autonomic nervous system that modulate stress responses, continues to
increase during the juvenile period!”!. These nuclei-specific changes in monkeys result in an
overall increase in total AMYG volume, with the highest rates evident during the first 4 postnatal
months'’2. The increase in AMYG volume results from structural changes in both neurons and
glia, although after 3 months of age it is mostly due to increased number of oligodendrocytes and
myelination, while neuronal size/number and astrocyte number do not change!”!. Social

experience in the beginning of life may impact the maturation of AMYG WM tracts/circuits in
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the formative stages of their development, including AMYG projections to orbital PFC, which

do not mature until 2 months when curiosity and frustration emerge in the infant!’3,

1.3.5 Effects of Social Subordination Stress on Brain Structure and Connectivity in Adult
NHPs

Recent neuroimaging work demonstrates that social subordination alters brain structure and FC,
particularly of corticolimbic circuits and social brain networks. In a magnetic resonance imaging
(MRI) study of adult, mostly male, rhesus macaques, the volumetric extent of gray matter (GM)
in bilateral AMYG had a positive association with the social rank of the monkey (i.e., more
subordinate monkeys had smaller AMYG volume)!'7*. A positive relationship between GM
volume and rank was also found for a region that included the SHT-containing raphe nucleus,
and the hypothalamus. The researchers also found evidence of social status effects on FC
between the AMYG and raphe nucleus, and between AMYG and hypothalamus, with more
positive coupling for subordinate monkeys and more negative coupling for dominant monkeys.
In numerous other studies, chronic stress has been linked with increased AMYG
volume338083:175 " though findings are inconsistent>®!’6, which may be explained by differences in
subject populations, or type, duration, and severity of stressor!”’. In the study with adult macaque
males, the finding of reduced AMYG volume in the subordinates may be attributable to the
gender (male) and life stage (adult) of the macaques. Rank-related differences in AMYG
structure, function, and connectivity with other regions may reflect the effects of social rank on
the perception and salience of social stimuli or the impact of stress-induced allostatic load on this

region in subordinate ranking monkeys.
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Noonan et al. (2014) also found structural and functional differences in the basal ganglia
associated with social rank!”*. Extent of GM in the basal ganglia significantly decreased as rank
increased, and positive intrinsic coupling was observed between subregions of the basal ganglia
for subordinate monkeys, whereas greater negative coupling was found among dominant
monkeys. Given that the basal ganglia participates in DA neurotransmission in the
mesocorticolimbic systems, these findings are consistent with studies demonstrating differences
in DA D2 receptor expression and binding in the striatum for subordinate compared to dominant

128,178

monkeys , and suggest that social stress in rhesus macaques may alter corticolimbic reward

circuitry and motor pathways.

The PFC is a brain region that is critical for regulating socioemotional behavior'” and mediating
social cognition'® and is also structurally and functionally affected by social rank and social
group size in rhesus macaques'’*!8! and by chronic social stress'®>!%3, In a study of mostly male,
adult rhesus macaques, GM volume in the rostral PFC and superior temporal sulcus (STS) was
found to increase with social rank and social network size!’*. Given that PFC and STS have been
implicated in social cognition in humans and NHPs, rank-related structural and functional
changes in these regions may underlie differences in social experience, complexity, and
cognition between dominant and subordinate monkeys. Alternatively, they may be indicative of
social subordination stress-related changes, as evidence from primate and rodent models
demonstrates that chronic stress leads to structural changes in the PFC. In rodents, chronic stress
is associated with decreased dendritic arborization in the mPFC!#, and expansion of the OFC
impairments’, as well as evidence of impaired PFC function including deficits in working

memory®. In rhesus macaques, peer-rearing--an established model of early life adversity--
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increases the volume of region-specific areas of the PFC, including the dorsomedial PFC and the
dorsal ACC in juveniles®’. These findings suggest that the structural and functional changes in
the cortex associated with social rank in rhesus monkeys could reflect differences in social stress

experienced by the two groups.

1.3.6 Biobehavioral Effects of Social Subordination in Juvenile NHPs

Despite the extensive literature described above investigating the adverse effects of social stress
on various health outcomes, it is surprising that few studies have taken a developmental
approach to investigate the developmental outcomes of social subordination in macaques during
infancy, adolescence, and throughout development. Recent studies are trying to fill that gap in
our understanding of the emergence and developmental consequences of this social experience.
One such study investigated the effects of several factors, including social subordination status,
on the pubertal timing of female rhesus macaques!®. Relative rank within the social group
(calculated as the ratio of a subject’s rank to the total number of adult animals in the group) was
significantly correlated with age at menarche and age at first ovulation, with more subordinate
animals reaching menarche and first ovulation later than more dominant animals. Other factors
such as increased emotional reactivity and slower weight gain were also strong predictors of
delayed puberty. This study did not investigate the relationship between social stress and

neurobiological developmental outcomes, however.

To our knowledge, only two recent studies have focused on subordination effects on
neurobehavioral and physiological development in female rhesus macaques. One study

investigated the effects of social subordination on the development of the HPA axis, WM, and
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socioemotional behavior in juvenile prepubertal female macaques, and tested whether social

status effects were modified by polymorphisms in the serotonin transporter!3*

. Briefly, diffusion
tensor imaging (DTI) is an in vivo neuroimaging technique that measures water diffusion in the
brain and provides measures of WM tract integrity and connectivity. Due to the hydrophobic
nature of the myelin sheath surrounding axons, water diffusion is restricted and thus preferential
along, and not perpendicular to, the axon'®>. Fractional anisotropy (FA) quantifies the
preferential water diffusion along the axon and is used to infer information about WM structural
integrity, including level of myelination and axonal packing density or organization, with higher
myelination and axon packing density/organization reflected as higher FA. Prepubertal
subordinate females had greater FA than dominant females in three clusters of brain WM tracts,
including one cluster in left mPFC and two clusters along the left dorsal medial wall of the brain.
Increased FA in the mPFC cluster was correlated with heightened fearful and submissive
behaviors in the subjects’ social groups, and increased fearful behavior in the Human Intruder
paradigm, an ethologically relevant paradigm that measures fear and anxiety responses in
response to threatening stimuli of varying intensity!%®!13¢-18% Increased FA in the dorsal medial
wall clusters was also positively correlated with submissive behavior in the social groups. More
subordinate status predicted higher baseline cortisol concentrations and a more blunted cortisol
stress response to an acute stressor. Altogether, the authors interpreted these findings as evidence
of neural adaptations to facilitate social behaviors suited for a high-pressure environment, given
that the regions identified as having altered WM integrity in subordinates— frontal motor,
sensorimotor, and mPFC—are heavily involved in emotional and sensorimotor processing and

motor output.
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In another study exploring the effects of social subordination stress on neural development,
researchers investigated how social status and serotonin transporter (SHTT) polymorphisms
impact the development of brain SHT systems longitudinally during the pubertal transition in
female rhesus macaques'®®. To accomplish this, the authors employed PET imaging techniques
to determine binding potential of both the SHTT and the SHT1A receptors. This study revealed
that subordinate juvenile macaques had higher SHTT binding potential in OFC, as well as higher
SHT1A binding potential in hypothalamus, when compared to dominant macaques. These
differences have to be interpreted in the context of global normative developmental increases in
both SHT1A receptors and SHTTs in the regions studied from pre- to peripuberty, as the animals
also develop more adult-like patterns of social and emotional behaviors, with increased receptor
and transporter availability being associated with increased levels of emotional reactivity.

To our knowledge, studies by Howell et al.!** and Embree et al.!3? are the only two examining
the relationship between social subordination stress and brain development in female macaques
during peripuberty. The findings reported in these studies are important because they reveal that
social rank differences in brain neurotransmission and circuitry are already present in juvenile

macaques.

1.4 Experiential Factors that Modify Effects of Stress on Brain and Behavior

1.4.1 Estradiol and Puberty
Estradiol (E2) interfaces with many neurotransmitter, neuropeptide, and hormone systems and

influences structural and neurochemical changes in corticolimbic systems!'?*-1%7

. E2 is a gonadal
hormone regulated by the hypothalamic-pituitary-gonadal (HPG) axis. In the primate HPG axis,

gonadotropin-releasing hormone (GnRH) neurons in the basal hypothalamus release
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gonadotropin-releasing hormone, which binds to gonadotropic cells of the anterior pituitary. The
gonadotropes release luteinizing hormone (LH) and follicle-stimulating hormone (FSH) into
systemic circulation, and these hormones travel to the gonads (ovaries in females, testes in
males), and stimulate the synthesis and secretion of gonadal steroid hormones, including
estrogens, progestins, and androgens. During prenatal and early postnatal development, gonadal
hormones have an ‘organizational’ effect on neural circuits; these organizational effects refer to
irreversible changes in nervous system structure and the programming of adult responses to

hormones!??

. These organizational effects include a a transient rise in testosterone having a
masculinizing effect on neural circuits in males, while the absence of testosterone in females
contributes toward a female neural phenotype!®®. E2 also plays a role in programming the female
brain early in development through a number of mechanisms, including region-specific
suppression and promotion of apoptosis and synaptogenesis, and altering morphometry of
neurons and astrocytes'?”. After the early postnatal period, the HPG axis is relatively quiet until
puberty; nonetheless, pre-pubertal ovaries have been shown to secrete low concentrations of E2

201-203

in humans??, and macaques!®®2°!, which have a regulatory action on LH secretion , insulin-

like growth factor 1, and growth hormone?*,

Puberty refers to the developmental transition from a non-reproductive state into a reproductive
one, and is marked by the reactivation of the HPG axis and rising levels of gonadal hormones,
including E2 in females, and testosterone in males. Adolescence is a broader term capturing the
period of social and cognitive maturation that is associated with and results from the hormonal
changes of puberty?®. The incidence of psychopathology markedly increases during

adolescence?’, and the adolescent period is characterized by heightened emotional and stress
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reactivity??’, including increased anxiety?°8, negative affect and depressed moo
Adolescents face varied psychosocial stressors arising from increased self-awareness, perceived
expectations from family and peers, and maturational changes in their bodies, and these factors

211-213 "'Women are

are possible triggers for the emergence of psychopathology in adolescence
twice as likely to develop stress-related mood disorders than men?!#, and this gender difference
arises after pubertal onset in adolescence and persists until menopause, when it disappears
again?!®, suggesting that developmental increases in E2 or other gonadal hormones may confer
vulnerability to stress-related mood disorders. Pubertal stage is a stronger predictor of the onset
of depression than is chronological age?!'®, and E2 (and testosterone) levels have been found to

mediate the relationship between pubertal stage and depression in adolescence?!’, further

implicating developmental increases of E2 in the emergence of mood disorders.

Alternatively, it has been proposed that rapid fluctuations in E2, or low levels of E2, may
underlie dysregulated emotion and the rise of mood disorders in adolescence.!®® In naturally
cycling women, risk for developing depressed mood is highest in the mid to late-luteal phase
when E2 levels are declining and P4 levels are peaking?!'®. The sharp declines in E2 and P4 in the
postpartum period have been associated with the development of major depressive disorder in a
subset of women?!?, and perimenopausal women tend to experience increased depression and
irritability when E2 levels are declining at the onset of menopause, compared to postmenopausal
time points??. During adolescence, negative mood increases during pubertal periods with the

most dramatic increases in hormone levels??!

, indicating that dramatic fluctuations in E2, rather
than increases in E2 per se, may contribute to the emergence of mood disorders during the

pubertal transition. It is still unclear whether developmental increases in E2, rapid fluctuations of
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E2, or declining E2 levels during the menstrual cycle play a role in the emergence of mood

disorders during adolescence.

The effects of E2 on mood are complex and multi-factorial, and other factors like stressor

exposure appear to be important determinants of E2’s impact on mood. Early life stress itself is

one of the strongest predictors of developing psychopathology®’-2?2

, and research suggest that
early life stress may interact with pubertal onset to exacerbate the rise in depressed mood during
adolescence®?. Although there are little data on this question, one study found that stressful life
events was associated with stronger depression scores in girls who had started puberty compared

to prepubertal girls with similar life histories??3. This finding appears to be consistent with other

studies showing the stress modulates the impact of E2 on mood.

1.4.2 Effects of E2 on Emotion and Mood

224

E2 influences emotionality in animal models??* and humans??> and these changes are typically

considered activational effects of E2. Broadly, activational effects of E2 produce changes in

behavior that are distinct from those produced by a hypoestrogenic condition, and typically

228,229

include increases in reproductive??®??” and social behaviors , and decreases in emotional

reactivity, including anxiety-like behavior, and improved mood?%-24?, Ovariectomy increases

230-232

anxiety levels in rats and mice , and replacement of E2 and P4 decreases levels of anxiety-

like behavior in female rats?>3!-23%_ Intact rats and mice both display increased anxiety-like
behaviors during diestrus, when E2 levels are low, and reduced anxiety-like behaviors when E2

231-236

levels are elevated during proestrus and estrus , suggesting that E2 may reduce anxiety-like

behavior. However, administration of E2 or E2 benzoate has been shown to produce mixed
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results in rodents, with some studies finding increased anxiety, and others finding decreased
anxiety?*-24, One proposed hypothesis to account for these discrepant findings is that E2
generally promotes arousal, and its actions on fear are context-dependent?*>. ER subtypes may

also play a role in determining E2’s effects on anxiety; agonists for ERP} have been shown to be

246 while those for ERa have either no effect or are anxiogenic?**. The dose of E2 may

anxiolytic
be another important determinant of anxiolytic vs. anxiogenic outcomes, with low doses of E2
having an anxiolytic effect>*’, while high doses have an anxiogenic effect in ovariectomized
Mice247:248.
Notably, stressors appear to be an important factor in determining E2’s actions and modulate the
activational effects of E2 on anxiety. For example, a history of stressor exposure in rodents has
been shown to attenuate E2’s anxiolytic effects in the open field and elevated plus maze®.
Oleson et al. found that ovariectomized adult mice that received treatment of E2 benzoate and P4
displayed expected decreases in anxiety-like behavior in various paradigms (included elevated
plus maze and light-dark box), but an immune challenge stressor during the sensitive period of
puberty either blocked the anxiolytic effect of the E2 and P4 hormone treatment in adulthood, or
produced an anxiogenic effect?*. In rhesus macaques, E2 administration reduced anxiety-like
behavior in females with high baseline anxiety levels, but socially subordinate females with the
short promoter allele of the serotonin transporter did not demonstrate a similar anxiolytic

t228

response to the E2 treatment*=°, suggesting that the chronic stress of social subordination

attenuated E2’s anxiolytic effects.

237-240,242,250

Evidence suggests that E2 may also have anti-depressive effects . Ovariectomy
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increases, and E2 replacement decreases, duration of immobility in the tail suspension test and
the forced-swim test>*’-2%%, indicating that E2 reduces depressive behavior. Female transgenic
mice who are deficient in E2—as a result of knocking out the aromatase gene--show greater
depression-like behaviors compared to wild-type mice?*’. However, exposure to a stressor during
puberty may reverse the relationship between E2 and depressive behavior; in mice exposed to an
immune system stressor during puberty, E2 treatment actually increased the duration of
immobility in the forced swim test and the tail suspension test, as compared to control mice who
showed the expected decrease in depression-like behaviors*°. Studies in naturally cycling and
perimenopausal women suggest that E2 can improve mood and affect?*-242, though no studies to
date have examined interactions between E2 and stress on mood in women. Acute treatment with
E2 reduces depressive symptoms in perimenopausal women?*!, and a meta-analysis of hormone
replacement therapy in postmenopausal women found that E2 and conjugated equine estrogen
decreases depressive symptoms?#>. Not all women experience depressed symptoms during the
menopause transition, and for those who do, depressed mood can persist regardless of type of
hormonal replacement?!; history of stress may be an important determinant of response to E2 in

women, but this topic has been understudied.

1.4.3 Interactions between E2 and HPA Axis

E2 has been shown to directly interact with the HPA axis, for example, by potentiating GC
secretion to an acute stressor and diminishing GC negative feedback in ovariectomized rodents
given E2 replacement?>2>3, E2 increases ACTH secretion in female baboons?*%, and increases
CRH expression in the hypothalamus of female macaques®°. In female adult macaques receiving

Lupron drug treatment to suppress the HPG axis, E2 replacement resulted in decreased GC
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negative feedback to a dexamethasone suppression test, and increased GC response to a
combined dexamethasone-suppression-CRF stimulation test*®. In this experiment, a significant
and earlier escape from the dexamethasone suppression test, as well as a heightened GC response
to CRF stimulation, was detected in socially subordinate females compared to dominant females
receiving E2 replacement, suggesting that E2 actions on the HPA axis are modulated by the
effects of chronic psychosocial stress. Other factors, in addition to history of stress, also
influence E2’s effects on the HPA axis, including ER subtype and P4 levels. In rodents, ERa
acts to decrease GC negative feedback to restraint stress, while ER} had no effect; additionally,
activation of ERa increased, while ERf activation decreased, the peak corticosterone response to
an acute stressor>>®, P4 has been shown to interact with E2, enhancing its potentiation of the

253

corticosterone response to a stressor in rats=-, and diminishing E2’s attenuating effect on

negative GC feedback in macaques*®. Hence, there are complex relationships between E2, ER
subtype, P4, and the HPA axis that influence reactivity to stressors and negative feedback.
During puberty, it has been theorized that E2 modulates the HPA axis and increases sensitivity to
stress and the risk of developing mood disorders, e.g. depression!®®. Changes in neuroendocrine

257,258

function are a hallmark of adolescence , including developmental increases in basal cortisol

k258,259

levels and reduced negative feedbac , and these changes may play a role in enhancing

sensitivity to stress during adolescence.

1.4.4 E2 and Neural Remodeling During Adolescence
During puberty and adolescence, E2 and other gonadal hormones have been shown to have a
second phase of organizational effects on the brain, influencing structural and neurochemical

changes, including changes to corticolimbic circuits important to emotion regulation!?%-191:195.260-
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264 E2’s effects on the brain are achieved through a number of mechanisms, including
influencing neurite outgrowth, cell survival and growth, apoptosis, synapse number, dendritic
branching, and myelination through its interactions with glial cells?®>2%%, Some of the
neurodevelopmental changes that take place during the pubertal transition have been linked to
the changing hormonal milieu of puberty?¢®27°. In rats, for example, the number of ventral mPFC
neurons is similar in male and females early in adolescence, but cell death in females leads them
to have significantly fewer neurons than males by postnatal day 90?”!. Frontal cortex white
matter volume linearly increases during adolescence in rats, but more so in males than
females?’?. Prepubertal gonadectomy prevents these sexual dimorphisms from emerging in
females, indicating that these changes in the mPFC and frontal cortex are driven by

organizational effects of ovarian hormones®”®

. While it has become increasingly clear that
gonadal hormones have organizational effects during adolescence, it’s not well understood how
these effects are modified by exposure to chronic stressors. Research with adult animal models
suggests that stress and E2 interact to promote dendritic remodeling of the mPFC in females;
stress increases the dendritic length of BLA-projecting neurons in ovariectomized females, but
only with E2 replacement, as no remodeling is seen without E2 replacement!'®*. These results

raise the possibility that rising levels of E2 during puberty could interact with stress to alter the

maturation and development of the brain, but this question has yet to be explored.

Although limited, a few studies have started to examine how adolescent changes in human brain
development are linked with hormonal maturation. In females, higher E2 levels have been
associated with lower GM density in frontal and parietal lobes, and lower GM volume in the

ACC, during the pubertal transition. In a study of white matter changes in female and male
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adolescents, LH levels were correlated with overall WM volume in the brain in early puberty®’.
Functional activity and connectivity between corticolimbic regions also demonstrate changes
during the adolescent transition?”>~2’7, and while no study to date has addressed whether these
changes are driven by gonadal hormones, evidence from naturally cycling women and
exogenous administration of E2 and P4 in postmenopausal women suggests gonadal hormones

278

could play a role. Corticolimbic FC changes across the menstrual cycle*’®, and in response to

279

exogenous treatment with E2 and progesterone (P4) in postmenopausal females*””, suggesting

that a pubertal rise in E2 and fluctuations in P4 during the menstrual cycle could influence FC.

E2 also interfaces with many neurotransmitter systems, including glutamate, serotonin, DA, and
GABA, and may influence maturational changes in these systems during pubertal development.

Notably, E2 modulates the responsiveness of postsynaptic receptors?80-28!

, and the presynaptic
release of neurotransmitters?®?. For example, E2 has an overall facilitating effect on
dopaminergic neurotransmission; it enhances pre- and postsynaptic DA function in rodent
models by augmenting DA release, increasing D1 and D2 receptor number by slowing
degradation of these receptors, and enhancing DAT production®3-2%, Gonadal hormones also
appear to affect the morphology of dopaminergic neurons, as ovariectomy in female NHPs
resulted in a permanent decrease in DA cell number in the substantia nigra that was rescued by
E2 replacement®®. In primates, E2 and P4 both increase the density of terminal arborization of
dopaminergic neurons in the dorsolateral prefrontal cortex?*°. E2 is also known to facilitate
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central serotonin (SHT) activity*”", which plays an important role in cognitive, emotional, and

292

neuroendocrine processes=’. In some studies, for example, E2 was shown to increase serotonin
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concentration in the brain (though E2 and P4 together decreases serotonin concentration)?*3-2%,
In ovariectomized monkeys, E2 replacement increases tryptophan hydroxylase protein and
mRNA expression in the dorsal raphe nucleus?*®. There is some evidence that stress and E2
interact to influence serotonergic transmission; cessation of ovarian hormones with surgical
menopause in combination with the chronic stress of social subordination in macaques results in

down-regulation of serotonergic neurotransmission in the AMYG?"7-2%,

Although understudied, some neurotransmitter systems, including DA and serotonin, appear to
undergo maturational changes during adolescence?**—3%. For example, adolescence in rats is
characterized by 4-fold lower serotonin turnover in the NACC, compared to adulthood and
childhood??, and low serotonin activity in adolescence is thought to contribute to adolescent
sensitivity to mild stressors and increased anxiety*°®. Serotonin receptor expression also changes
during adolescence; for example, 5-HT2A receptors reach peak expression in the cortex right
before adolescence and then decline progressively over adolescence to adult levels, and this
change is correlated with increased innervation and pruning of serotonin axons in rats and
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monkeys”"’. The dopaminergic system also matures during adolescence, with DA content,

tyrosine hydroxylase and dopaminergic innervation of the frontal cortex increasing to a peak just

300-303 Tpn humans, striatal DA

before adolescence, and then subsiding in non-human primates
levels increases through adolescence, but other synaptic markers of DA contact peak at the
beginning of adolescence, as in non-human primates®*®. Although these changes have not been
linked directly with gonadal hormones, indirect evidence suggests that the changing hormonal
milieu of puberty may play a role in maturation of neurotransmitter systems. For example,
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sensation seeking is highest during mid/late puberty in boys and girls’"”, and studies in female
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adults have linked high levels of E2 in adult females with lower levels of sensation seeking?!°.
It’s possible that rising levels of gonadal hormones have an organizational influence on the
maturation of neurotransmitter systems in the brain—a relationship that could be modulated by

the experience of chronic stress—but these questions have yet to be explored.

1.4.5 Pubertal Timing and Neurobehavioral Development

As reviewed above, chronic activation of the HPA axis modulates the impact of E2 on mood, GC
reactivity and feedback, brain structure, function, and neurochemical systems. The cross-talk
between the HPA and HGP systems appears to be bidirectional, as chronic activation of the HPA
axis attenuates HPG activity via suppression of hypothalamic GnRH release, pituitary LH and
FSH pulsatile release, and E2 synthesis in the ovary®!!*12. Subordination in adult female
macaques is associated with impaired ovarian function, including reductions in E2 and P4, and
subordinate status has been linked with increased incidence of anovulation®!® and delayed timing
of menarche and and first ovulation 18313, Although pubertal onset has been implicated in the
emergence of mood disorders and psychopathology, it is not well understood how the timing of
puberty contributes to the etiology of mood disorders, or how it interacts with stressors to
influence neurobehavioral development. Chronic stress and concomitant delayed puberty in
NHPs may disrupt both steroid-independent maturational changes and organizational effects of
E2 on brain structure, neurotransmitter systems, and the HPA axis, leading to compromised
development of circuits and neurotransmitter systems important for emotion regulation. On the
other hand, a number of studies report an association between early puberty in females and

d314—317

emotional and behavioral problems during adolescence and early adulthoo , suggesting

that earlier pubertal timing may increase the risk for mood disorders.
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The association between earlier puberty in females and detrimental psychological outcomes have
been explained by different models, including psychosocial and biological explanatory models.
According to some psychosocial theories, early maturity increases exposure to stressors by
placing girls in situations for which they are not cognitively or emotionally “developmentally
ready”!®. Biological theories propose that early maturers experience a rise in gonadal hormones
at a time when the brain is more sensitive to organizing effects, leading to altered
development®!431%; these hypotheses are grounded in work by Schulz and Sisk demonstrating
that sensitivity to gonadal hormones decreases over time3?°. Because early maturers would
experience the greatest impact of gonadal hormones at a time when subcortical structures are
maturing and the cognitive control systems are the least developed, top-down and bottom-up
communication between these regions may develop in such a way that ultimately leads to
imbalanced communication and emotional dysregulation. In contrast, on time and late maturers
would experience the impact of gonadal hormones on the limbic system when the PFC and its
top-down projections were more developed, which may promote better emotional regulation
outcomes. Thus, it is possible that delayed puberty in individuals experiencing chronic stress
may be protective, though it is unclear how pubertal timing interacts with chronic stress to
impact development. In summary, pubertal onset, pubertal timing, and stress influence
neurobehavioral development, but it is not clear how these factors interact with each other and
impact the circuits important for emotional and neuroendocrine regulation during the adolescent

period.

1.4.6 Dietary Environment and Neural Circuits Implicated in Nonhomeostatic Eating
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Diet is another important experiential factor that may interact with stressor exposure to influence
neurobehavioral development®?!-324, and even the tempo of puberty*?>—327, The availability of
palatable and calorically dense diets has contributed to an obesity epidemic. In 2013, the global
prevalence of overweight and obesity was estimated at 2.1 billion people—a dramatic rise from
921 million in 1980328, Childhood obesity is also a serious public health concern internationally
and domestically. In developed countries, prevalence of childhood obesity has also increased
considerably with 23.8% of boys and 22.6% of girls reported to be overweight or obese in
2013328, Childhood obesity has more than doubled in children and quadrupled in adolescence in

the U.S. in the past 30 years®?®. Obese children are more likely to be obese as adults**’. They also

331-333 334,335

develop obesity-related diseases at earlier ages and the health outcomes are more

severe®317333 These health outcomes include high cholesterol and blood pressure, type 2 diabetes,

bone and joint problems, cancer, and psychological health problems3?3¢-338

, making obesity not
only a public health concern but also an economic burden®*°34°, Chronic stress is a cumulative
risk factor for obesity in children®*!, especially among girls**2-34, Tt is believed that stress
promotes emotional eating as a coping mechanism and emotional eating has been linked with
reported stress in children®*®, with higher rates of obesity among children in families reporting
significant stressors in their lives, including poverty, domestic violence, drug abuse and
childhood maltreatment3#6-4°, Emerging research suggests that consumption of an obesogenic
diet and resulting obesity impacts many of the same circuits compromised by stress, but it is not

well understood how consumption of an obesogenic diet modifies stress-induced alterations to

the brain, particularly during development.
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Food intake is regulated by a homeostatic pathway that governs energy balance by monitoring
energy stores and increasing the drive to eat when energy is low>%33!, This pathway relies on
circulating hormones like leptin and ghrelin transmitting information about peripheral energy
levels to the brain. The arcuate nucleus (Arc) of the hypothalamus expresses leptin receptors and
ghrelin receptors on distinct subsets of orexigenic neurons, and activation of leptin receptors
suppresses food intake, whereas activation of ghrelin receptors promotes feeding behavior.
While satiety and hunger signals are critical determinants of feeding behavior, food intake is also
influenced by a non-homeostatic hedonic pathway that motivates food consumption even at
times of energy abundance. The NACC, AMYG, INS, and PFC/ACC have all been proposed to
contribute to non-homeostatic eating due to their role in appetitive behavior and reward
processing*?-3%, The NACC plays a significant role in reward processing, with the VTA
releasing DA in the NACC in response to natural reinforces including food and food cues*’; this
release of DA is thought to coordinate the affective, cognitive, and motor responses necessary to
obtain food rewards**’. The AMYG is involved in evaluating the salience of food rewards*>®,
learning stimulus-reward associations, and responding to the taste and sight of food**°. The INS
integrates olfacto-gustatory, affective, interoceptive, and sensorimotor information®®, and is the
site of the primary gustatory cortex. The PFC consists of several distinct sub-regions, many of
which may be important for processing the incentive salience of food rewards and providing top-
down control of impulses underlying non-homeostatic eating. The mPFC is involved in
emotional and motivational salience assessment, and emotion regulation via top-down control of

limbic regions?®1-362

. The ACC supports emotional processing, reward-based learning, error
detection, and cognitive control*®3-%4, Grabenhorst and Rolls also found a hedonic map in this

region, with pleasant tastes activating more ventral areas and less pleasant tastes activating more
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dorsal areas®®>. The OFC contributes to goal-directed behavior, reward processing, and impulse
control3%%-3%8 Tt also processes the salience and rewarding properties of food and food cues; there
are taste and flavor reward neurons in the OFC that change their firing rate in response to the
quality and amount of food delivered®>%-%%3%, The dorsolateral prefrontal cortex (dIPFC) is
another PFC region that is important for guiding goal-directed behavior and, as a pivotal member
of both the salience network and executive control network, it evaluates salient stimuli and
allocates working memory to the evaluation and selection of incentive-based behavioral
responses®>*+37%-371 The PFC/ACC have direct reciprocal anatomical connections with the
striatum and AMYG?32*>, with the densest projections from the PFC to the AMYG originating
in ACC (BA24 and BA25), and the densest projections from the AMYG back to the PFC
terminating in the OFC. The NACC and AMYG are also reciprocally connected with one
another®>*. The INS is reciprocally connected with dIPFC (BA46), OFC (BA11, BA13), ACC
(BA24), and the AMYG, and the NACC!!2372373_ Alterations of structure, function, and
connectivity within and between these regions have been documented as a result of consuming

an obesogenic diet.

1.4.7 Effects of Diet and Diet-induced Obesity on Brain Structure and Function

Animal models have proven useful for understanding how the consumption of a high-calorie diet
(HCD) impacts the brain. In parallel with addiction research in humans, in-depth cellular
molecular work with animal models has given rise to the theory that consumption of a HCD has
similar effects on the brain to drugs of abuse. Common drugs of abuse initially increase DA
neurotransmission in the mesocorticolimbic pathway, but chronic drug use is associated with a

reduction in basal DA secretion within the ventral tegmental area (VTA), and with increased
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levels of the transcription factors cyclic AMP response element binding protein (CREB) and
deltaFosB in the striatum374376, These transcription factors alter neuronal responsiveness to DA
release, and are believed to play a role in increasing the incentive motivation to obtain drugs?’S.
Mice on a high-fat diet for 4 weeks showed significant increases in the level of deltaFosB in the
NACC?”, a finding similar to that reported following exposure to drugs of abuse. Higher
deltaFosB concentration in the NACC enhances food-reinforced operant responding®’®,
providing evidence that deltaFosB is instrumental in motivating food consumption. In adult rats,
chronic consumption of a high-fat diet and a high-fat/high-sucrose diet have been associated with
downregulation of the striatal D2 and D1 receptors®’*80, Moreover, knockdown of D2Rs
accelerated the onset of compulsive-like food seeking and addiction-like reward deficits in rats
with access to a high-fat diet*”. As with drugs of abuse, rats who became obese after
consumption of a high-fat cafeteria-style diet showed reduced basal levels of DA in the NACC,
and lower DA response to a laboratory chow meal®8!. Opioids and p-opioid receptors are also
implicated in encoding the rewarding properties of food and feeding behavior’$2-3%4, Direct
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stimulation of p-opioid receptors promotes the consumption of high-fat foods’**, and sustained

consumption of a high-fat diet downregulates the expression of p-opioid receptors in reward

circuits’s?,

Research examining the effects of diet on development have focused on maternal consumption
of a high-fat diet during the prenatal and early postnatal period. Maternal consumption of a high-
fat diet has been associated with alterations to the CNS, including decreased dendritic
arborization in the AMYG?%, increased neurogenesis of orexigenic cells in the hypothalamus?®’,

and differential expression of genes related to serotonergic and dopaminergic
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neurotransmission388-389

, inflammation*°, and neuropeptides that regulate food intake**”3%!, With
respect to homeostatic regulation of food intake, maternal consumption of a high-fat diet in the
perinatal period was linked with higher expression of orexigenic peptides in the lateral

hypothalamus?®®’

, suggestive of increased neurogenesis of orexigenic neurons. Accumulating
evidence also indicates the maternal consumption of a high-fat diet alters reward circuitry in
offspring, possibly mediating an increased drive for non-homeostatic eating. Maternal
consumption of a “junk-food” diet (high-fat and high-sugar) programs a greater preference for
fatty, salty, and sugary foods as an adult**>3**, Maternal consumption of junk food in rats also
changes the expression of mRNA for p-opioid receptors and DA transporter in offspring, with
direction depending on age of offspring®?. Maternal consumption of cafeteria-style diet in the
postnatal period caused changes in DA and serotonin levels in rat offspring, presumably through

lactational programming?®*

. In a NHP model, the offspring of obese dams who consumed a high-
fat diet during the perinatal period (including lactation) demonstrated preference for food high in
fat and sugar compared to offspring from lean mothers fed a control diet*®°. Maternal obesity and

high-fat diet consumption also decreased the abundance of DA fiber projections to the PFC, and

reduced D2R and DIR protein levels in the PFC3%,

While a large body of work has focused on the mesocorticolimbic circuitry, research has begun
to examine dietary programming effects on the HPA axis and its regulation by limbic regions.
Consumption of a high-fat diet during pre-weaning development in rats was linked with
increased expression of both corticosterone receptors in AMYG in adulthood, and pro-
inflammatory and anti-inflammatory genes in the AMYG and hippocampus that are known to be

regulated by GRs*?°. Importantly, these alterations predicted increased anxiety behavior,
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decreased basal corticosterone levels, and a prolonged stress response following an acute stress
challenge. As mentioned earlier, maternal high-fat diet has also been shown to result in dendritic
atrophy of pyramidal neurons in the hippocampus and basolateral AMYG and impaired fear
conditioning—a learning process that relies on a functioning basolateral AMYG?#. These
alterations suggest that consumption of a HCD in development may impact stress responses,
fear, and anxiety. Indeed, NHPs exposed to a high-fat diet in the prenatal environment
demonstrate enhanced fear responses in a novel task**8, Similarly, maternal high-fat diet in mice
increases the expression of anxiety behavior in the Open Field and Elevated Plus Maze
tasks3?%3°¢, The bulk of the developmental studies that have been carried out in animal models
have focused on maternal consumption, with very little research examining how infant
consumption of a HCD affects early development. The few studies that have been done have
found that early life consumption of a high-fat diet in the 3™ postnatal week of life in rodent
models altered DA-related gene expression in the NACC suggestive of reduced DA

transduction, and increased a preference for fat as an adult>®’.

Consumption of a HCD and resulting BMI increases in humans have also been associated with
alterations to brain structure, function, and connectivity. It is arguably more challenging to
discern whether changes in brain circuitry observed in overweight and obese individuals
contributed to over-eating, are the consequence of high BMI and fat mass, or both. Nevertheless,
many of the diet-induced changes observed in animal models bear resemblance to the obesity-
induced alterations evident in humans. As in rodent models, obese humans demonstrate lower
striatal availability of D2R 3¥4% and p-opioid receptors*”!, though some studies report unaltered

D2R availability**!#2, Lower striatal D2R availability was associated with decreased activation
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in the dIPFC, ACC, OFC, and somatosensory cortex in obesity**®, suggestive of altered striatal
inputs to the PFC in obese individuals. In response to visual cues of high-calorie foods and tastes
of food, obese adults show greater activation in the NACC, dorsal striatum, medial and lateral
OFC, INS, AMYG, mPFC, ACC compared to lean adults***4%indicating that obesity is
associated with heightened responses to food cues in a broad set of brain networks involved in
reward, motivation, emotion, and memory. Studies in obese children and teens report similar
results. Compared to lean children, obese children between 8-12 years old showed increased
activation in the AMYG and INS in response to taste, but no functional differences in the ventral
striatum®*®, Research conducted with adolescents finds that obese vs. lean girls show higher
activity in the INS and somatosensory regions to conditioned visual cues of food and to

407498 These results suggest that obese

appetitive tastes, but decreased caudate activation to taste
children demonstrate greater responses to food cues, but diminished response to food ingestion in
reward and motivation areas. Diet-induced obesity has also been linked with reductions in total
brain volume*®#!!, and with reduced volume or cortical thickness of GM of PFC, INS,

AMY G247 Studies of adolescents tend to report similar results*!34!°, however one study of
children reported no association between cortical thickness and BMI in their pediatric sample*?°.
Another found a negative association between the gray matter volume in newborn INS and the

421

subsequent accretion of fat mass in the first six months of postnatal life**’, suggesting a role for

the INS in the etiology of childhood obesity.

1.4.8 Effects of Diet and Diet-induced Obesity on Functional Connectivity of Corticolimbic

Circuits
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In the past decade, researchers have used resting-state fMRI to probe how connectivity between
the PFC/ACC and limbic regions—including the AMYG, INS, NACC—are impacted by diet-
induced obesity. The bulk of these studies have been conducted with adults, but recent studies
have also examined connectivity changes associated with obesity in children and adolescents.
High BMI was correlated with stronger NACC-ACC and NACC-vmPFC connectivity in
women*??, and stronger connectivity between the NACC and mPFC was reported in adults with
excess body weight*?3, which was interpreted as evidence of overactive reward circuitry. An
effective connectivity study found relatively decreased modulation of the OFC and the NACC by
the AMYG, possibly indicating impaired flexibility in updating the reward value of food, and
increased modulation of the NACC by the OFC in obese adults compared to lean adults, which

might contribute to a heightened drive to eat in response to a food cue*?*

. Opposite patterns of
AMYG-INS connectivity were reported for obese and lean individuals during a fast, with obese
adults showing stronger connectivity between these regions and lean subjects showing weaker

connectivity*?®

, suggesting obesity-related alterations in interoceptive processing. In children,
obesity was associated with greater FC between the left middle frontal gyrus (which includes
dIPFC — BA46) and left lateral OFC, and a region spanning the left vmPFC and right medial
OFC*?, In another resting-state FC study conducted with children, the authors computed an
‘imbalance measure’ by computing the difference between Frontal Pole-NACC FC (putatively
measuring impulsivity) and inferior parietal lobe-NACC FC (putatively measuring response
inhibition). The researchers found that as the imbalance measure more heavily favored
impulsivity-related FC, self-reported food approach behaviors increased and food avoidance

behaviors decreased*?’. The differences in connectivity evident between obese and lean adults

and children may reflect alterations in top-down inhibitory control and overactive reward
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circuitry. As with theories of drug addiction, non-homeostatic eating of a HCD is believed to
contribute to an over-active reward pathway that enhances the incentive salience of food,
coupled with impaired connectivity in top-down PFC-based control circuits that typically
manage impulses®®. These alterations, in turn, may play a role in sustaining non-homeostatic
eating, though it is difficult to study how the pathophysiology of obesity unfolds in humans
given the challenges in carrying out prospective studies with children. It is unclear whether the
obesity-related differences reported in humans are the cause of consuming a HCD, the
consequence of this feeding pattern and resulting obese phenotype, or both. Studying the effects
of diet on brain development longitudinally before frank obesity emerges would help elucidate

the complex mechanisms involved in the etiology of this disease.

In summary, consumption of a HCD in animal models alters the circuitry of the reward system in
similar ways as drugs of abuse, leading to long-term reductions in basal DA secretion and lower
striatal availability of D2Rs*7*8! among other changes. Maternal consumption of a high-fat diet
changes DA-related gene expression in the NACC of their offspring, suggestive of reduced DA
transduction as well, and increases a preference for fat as an adult®®’, demonstrating that a HCD
environment early in life leads to long term changes to reward circuitry. Because D2Rs in the
striatum mediate neurotransmission in PFC-striatal pathways and modulate PFC activity, D2R
down-regulation has consequences for PFC-striatal pathways and has been associated with
decreased activity of the PFC*?%. The PFC, in turn, exerts an inhibitory influence on subcortical
DA transmission*?’, and diet-induced alterations to the PFC may impair top-down inhibitory

processes and emotion regulation. This hypothesis is supported by decreases in PFC volume*!?-

417 404,405
b

, heightened responses to food cues in regions that process reward and emotion
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including the NACC, AMYG, and INS, and increased FC in circuits that process reward*?>423,
e.g. circuits connecting the NACC with the ACC and vimPFC, in obese or overweight versus lean
individuals. In addition, obesity is associated with deactivation of the INS in response to gastric
distention**°, and stronger FC between the AMYG and INS*?, suggestive of impaired
interoception—another process believed to contribute to nonhomeostatic or emotional eating.
There are several gaps in the literature that stand out, including a limited understanding of how
consumption of a HCD alters connections between corticolimbic regions early in development
and before frank obesity emerges, how these corticolimbic alterations influence eating and other
behaviors and program the HPA axis, and how the dietary environment interacts with early life

stress to shape development.

1.4.9 Impacts of Diet on Emotional Behavior

Accumulating evidence suggests that diet-induced obesity compromises brain structure, function,
and connectivity3¥-399431-435 Thege alterations may contribute to emotion dysregulation and
underlie the well-established association between obesity and mood disorders in

humans323,436,437

. Developmental consumption of a high-fat diet enhances fear response to
threatening objects in macaques®®®, and increased anxiety behavior in the Open Field and
Elevated plus maze tasks in rodent models®**°3%, In adults, obesity is often co-morbid with mood

323.436437 " egpecially in females**34%. Childhood obesity has also been

disorders and anxiety
linked with externalizing and internalizing behavioral and emotional problems, including

depression and axiety***#40. These findings underscore the likelihood that hypercaloric diets play

a role in compromised neurobehavioral function and dysregulated emotional outcomes.
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1.4.10 Signals Linking Diet to Neurobehavioral Outcomes

Sustained intake of a HCD is associated with dysfunction of the HPA axis, including
hypercortisolemia**! and heightened GC secretion in response to a stressor!9#1442. GCs may be
an important biological signal mediating diet-induced alterations to the brain and behavior. GCs
are implicated in emotional dysregulation and mood disorders. Chronic administration of
corticosterone in rats increases depressive-like behavior in rats**3##, and elevated levels of
cortisol have been linked with depression in humans*+>~#7. Chronic activation of the HPA axis
and elevated GCs likely lead to altered emotion regulation through the binding of GRs in
corticolimbic regions that are involved in emotion processing!622, leading to long-term changes

in structure and function.

Inflammatory proteins are another potential biological signal linking hypercaloric diet (and
chronic stress) with compromised brain structure and function. Peripheral and central measures
of inflammation are increased by the consumption of an obesogenic diet**34#, and chronic
inflammation is a well-documented outcome of obesity***#!. Cytokines can cross the blood
brain barrier, and cells within the brain parenchyma produce pro-inflammatory cytokines, both of
which can contribute to neuroinflammation. Neuroinflammation can have deleterious effects on
the brain. Stress activates microglia and microgliosis in the PFC, ACC, and INS has been
associated with stress-related psychopathology!>”-138, Exogenous administration of inflammatory
cytokines reduces DA release from the striatum*2433, an effect that leads to altered activation of

454-438 These findings suggest that elevations in proinflammatory

reward-related brain regions
cytokines affect neurobehavioral outcomes and may play a role mediating the effect of diet or

chronic stress on the brain and behavior.
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1.5 Overall Goal and Hypotheses

Based on the literature reviewed above, chronic activation of the stress response and prolonged
exposure to elevated levels of GCs may interact with other factors—including timing and
exposure to gonadal hormones during puberty, and dietary environment—to influence
neurobehavioral and physiological outcomes during development. Brain alterations resulting
from exposure to chronic stressors in development are thought to contribute to a higher risk for

60,222

psychopathology in life and warrant close examination. The overarching goals of this
dissertation are to investigate the relationship between social subordination stress and
neurobehavioral outcomes during development, and the modulation of this relationship by

experiential factors, with an aim of understanding how stress becomes biologically embedded

and increases the risk for psycho- and pathophysiology in adulthood.

The goals of chapter 2 were to (1) study the effects of social subordination stress on female
macaque neurobehavioral development during the pubertal transition, (2) test whether
experimentally-induced delay of pubertal timing and delayed exposure to gonadal hormones (e.g.
E2, P4) modulate the impact of subordination stress on FC between corticolimbic regions
important to emotion regulation, and (3) assess whether alterations to FC predicted behavioral
and physiological outcomes. Because subordinate macaques manifest various stress-related

phenotypes as adults?6-103:105,122-128

, it is possible the pubertal delay they naturally experience
contributes to these phenotypes, either as an additive factor or in interaction with chronic stress.

Developmental increases in E2 may be important to the maturation of brain structure, function,

and neurotransmitter systems important for mood and emotional regulation, and delayed
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exposure could impair these maturational processes. On the other hand, a number of studies
report an association between early puberty in females and emotional and behavioral problems
during adolescence and early adulthood?!43!7, suggesting that earlier pubertal timing may
increase the risk for mood disorders, whereas on-time or late puberty may be protective. Some
studies also report that late maturation is associated with improved performance in school**® and
abstinence from drugs*®, suggesting that late maturation may confer benefits for self-regulatory
processes. Late maturation may promote better emotional regulation outcomes because the
gonadal hormones may shape corticolimbic circuits when the PFC and its top-down projections
are more developed, which may facilitate stronger top-down emotional regulation. Thus, it is
possible that delayed puberty in individuals experiencing chronic stress may be protective. We
hypothesized that the stress of subordinate social status would be associated with reduced FC
between the AMYG and PFC, and impaired emotional regulation postpubertally. We
hypothesized that experimentally-induced delayed pubertal timing would mitigate the negative
effects of subordination stress in the subordinate monkeys; hence we expected an interaction
between social status and pubertal timing. In other words, we expected more subordinate ranking
monkeys to demonstrate poorer neurobehavioral outcomes, but no such linear relationship would

be detected among females whose pubertal timing was delayed.

Prior work in our lab demonstrated effects of subordinate status on stress physiology and WM
tracts in the brain in juvenile, prepubertal females during the second year of life!34. Given that
effects of subordinate status are detected in the second year of life, it is possible that
subordination effects emerge even earlier in development. Due to the limited research on this

topic, however, it is unclear when early life stress begins to become biologically embedded,
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especially in primates, and how the effects unfold over time. For this reason, the next set of
questions addressed in Chapter 3 of this dissertation shift focus to developmental effects of social
subordination during infancy. By studying resting-state FC data collected longitudinally at 2
weeks and 6 months of life in female macaques, we sought to examine social status effects on
corticolimbic FC in early development, broadening the scope to include resting-state FC between
the PFC and the following limbic regions: AMYG, NACC, and INS. We reasoned that
subordination stress effects on resting-state FC would not be evident at 2 weeks of age, when
infants are buffered from social stress in the first few months of life, but would become apparent
at 6 months of age. Subordinate infants may start to receive aggression by this point, albeit
minimal'3!, or perceive harassment directed to their mothers or other family members as a
stressor. Additionally, effects of subordinate status may be transmitted via biological signals
(GCs, cytokines, etc.) passed from mother to infant through lactation*¢!~4%¢_ In addition to
addressing questions about social subordination on early development, another goal of this
project was to understand how subordination effects on neurobehavioral development are
modified by the consumption of a HCD, obesogenic diet. A dietary intervention was included not
only to examine how the consumption of a palatable diet interacts with subordination stress to
shape brain development, but also to study how it influences pubertal timing in a continued effort
to understand inter-relationships between stress, diet, pubertal timing, and neurobehavioral
outcomes. Whereas in macaques, the chronic stress of social subordination has been associated
with delayed pubertal timing, early life stress in humans has generally been associated with
precocious pubertal timing*’-4%°. Dietary environment may explain these discrepant findings, as
girls exposed to chronic stressors have higher BMIs on average, and higher fat mass accelerates

puberty in humans and NHPs*2°-3%7, To disentangle the contribution of stress and diet to pubertal
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timing, as well as understand how these factors interact to impact emotional regulation and
maturation of corticolimbic circuits, the project sought to understand how longitudinal
development in rhesus macaques is impacted by these experiential and developmental factors.
Due to the longitudinal nature of the project and ongoing data collection, however, Chapter 3 of
this dissertation will focus only on data collected during the infants’ first six months of life. We
hypothesized that social subordination will be associated with decreased FC in emotion
regulation circuits and increased calorie consumption of a HCD by 6 months of age, and that
consumption of a HCD will further reduce FC in emotion regulation corticolimbic circuits and
impair the development of FC in circuits involved in reward and saliency processing. We also
hypothesized that subordinate status and consumption of a HCD would be associated with
alterations in the HPA axis (higher basal cortisol and cortisol reactivity) and increased
inflammatory markers by 6 months of age, and these alterations may play a role in linking

subordination and dietary environment to changes in neurobehavioral development.



Chapter 2. Effect of Pubertal Delay and Social Status on Amygdala Functional
Connectivity in Adolescent Rhesus Macaques: Associations with Behavior and Stress

Physiology
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2.1 Abstract

Puberty is a transitional stage marked by extensive brain remodeling and increased vulnerability
to the effects of stress. Puberty-induced increases in gonadal hormones are involved in shaping
the brain during adolescence, and may modulate the effects of stress on brain development
during this critical period. In this study, we examined how psychosocial stress and the timing of
the development rise in estradiol (E2) influence neurobehavioral development using socially-
housed adolescent female rhesus monkeys, an ethologically valid model of chronic psychosocial
stress. Female macaques were randomly assigned to either experience puberty spontaneously
(n=34), or receive monthly injections of the gonadotropin-releasing hormone (GnRH) agonist
Lupron from 14-36 months of age to delay puberty (n=36). Resting-state fMRI scans and
observations of social and emotional behaviors were acquired postpubertally (43-46 months),
after Lupron was discontinued and all subjects had begun puberty. At this postpubertal time
point, more subordinate status was associated with decreased functional connectivity (FC)
between dorsolateral prefrontal cortex (dIPFC) and amygdala (AMYG), which may reflect
stress-induced impairments to this circuit and its regulatory functions. Lupron treatment during
adolescence resulted in postpubertal increases in FC between orbitofrontal cortex (OFC) and
AMYG, decreased anxiety-like behavior, increased frequency of submissive behavior, lower
frequency of initiating proximity towards non-kin, and more inhibition during an acute stressor,
indicating that pubertal delay with Lupron treatment may have positive effects on some
neurobehavioral outcomes, but adverse consequences for others. Taken together, these data
suggest that pubertal timing and chronic stress impact the maturation of AMYG FC and

socioemotional behaviors during adolescence.
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2.2 Introduction

Exposure to chronic stressors during early development is a major risk factor for

21,222

psychopathology , which dramatically increases during adolescence after the onset of

puberty2°7’21 7,470,471

, implicating the pubertal transition as a critical period of enhanced
vulnerability. Puberty refers to the activation of the hypothalamic-pituitary-gonadal (HPG) axis
and resulting gonadal maturation, whereas adolescence refers to the maturation of adult social

205,472

and cognitive behaviors . While gonadal and behavioral maturation are distinct processes,

they are also linked via iterative interactions between the central nervous system and the HPG

axis*’3. Adolescence is characterized by heightened developmental plasticity?07474

, which may
contribute to vulnerability for the development of mental disease*’>. The increase in
psychopathology is particularly pronounced for females?!’, and evidence suggests that
developmental changes in levels of E2 may play a role in the emergence of stress-related mood
disorders during adolescence??’#76, During adolescence, there is profound reorganization of
corticolimbic brain circuits involved in emotional and stress regulation, including circuits
connecting the AMYG and prefrontal cortex (PFC)3827447747 "in particular the mPFC?7>-276,
These circuits are known to be vulnerable to early life stress owing in part to their protracted
development and dense expression of GC receptors!®2!22113475 Pybertal reorganization of these
circuits may provide a window of opportunity for plasticity to experiences, but also a
neurobiological mechanism of increased vulnerability to the effects of stress, which may help
explain the emergence of stress-related psychopathologies during adolescence?’. The

neurobehavioral link between stress, adolescence and puberty, and the risk for psychopathology

remains incompletely characterized, as it is not yet well understood how gonadal hormones
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shape the brain during adolescence or modulate the effect of stress during this critical window of

enhanced vulnerability.

Corticolimbic circuits, including those connecting PFC with AMYG, are important for assessing

179.480-484 " and are vulnerable to

threats and regulating emotional and neuroendocrine responses
chronic stress®%75483486 "especially during childhood and adolescence!!*#7°, Acute stressors
activate the hypothalamic-pituitary-adrenal (HPA) axis, leading to systemic release of GCs that
work to maintain homeostasis and respond to the threat posed by the stressor!®. Chronic stress
involves repeated activation of the HPA axis, leading to impaired negative feedback of the
system and excessive and prolonged GC release!*-?6-28, GC receptors are densely expressed in the
PFC, AMYG, and other limbic regions (including the hippocampus)!®?2, and stress-induced
structural and functional changes to corticolimbic regions are believed to be mediated by GC
receptor binding*®’. Chronic stress (CS) is generally associated with decreases in the volume of
the hippocampus, PFC, and AMYG, and with altered functional activity in the AMYG and
PFC!%17 indicating effects of stress on structure and function in corticolimbic regions. Weaker
resting-state FC between the PFC and AMYG was reported for adults reporting chronic work-
related stress®®, and similar alterations are reported in stress-related psychopathology*38:43°,
suggesting weaker communication between these regions and possible impairments to top-down
emotional regulation. Moreover, structural connectivity (SC) and FC has been shown to be
negatively associated with trait anxiety in healthy individuals**°. Due to a lack of longitudinal

studies, though, it is not well understood how stress affects brain development or interacts with

the neurodevelopmental actions of rising gonadal hormonal levels during the pubertal transition.
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During the pubertal transition, the hypothalamus-pituitary-gonadal (HPG) axis is reactivated
after having been quiescent since the postnatal period, signaling greater release of gonadotropin
releasing hormone from the hypothalamus. This hormone binds to receptors in the pituitary,
stimulating the release of luteinizing hormone (LH) and follicle stimulating hormone (FSH),
which in turn promotes E2 production and release by the ovaries in females. During the pubertal
transition, there is a gradual rise in production of E2 and release into systemic circulation (but no
comparable rise in P4; levels of P4 only transiently increase to biologically significant
concentrations following ovulation). E2 is a gonadal steroid that impacts mood regulation!*%!%2
and influences structural and neurochemical changes in brain systems responsible for emotional

190-192,194-196,491,492

responses , including during the pubertal transition?60-261473478 "E2 has been

230242 and hormone

shown to have anxiolytic and anti-depressive effects in animal models
replacement therapy with E2 tends to decrease depressive symptoms in postmenopausal
women?*?, However, mixed findings have been reported in the literature, and E2’s actions on
mood are influenced by a number of other factors, including E2 dose?*7->*®, ER subtypes?*4246,
environmental context?*, and stressor exposure?28-243243.249 - A history of stressor exposure in
rodents has been shown to attenuate E2’s anxiolytic effects in the open field and elevated plus
maze?*. In rhesus macaques, E2 administration reduced anxiety-like behavior in females with
high baseline anxiety levels, but socially subordinate females with the short promoter allele of

the serotonin transporter did not demonstrate a similar anxiolytic response to the E2 treatment?2®,

suggesting that the chronic stress of social subordination attenuated E2’s anxiolytic effects.

Growing evidence points to the role of E2 in influencing mood during adolescence and

increasing vulnerability to stress-related psychopathology in females?!6-217:493:494,
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During adolescence, higher levels of E2 have been associated with depressed mood and shown to
mediate the relationship between pubertal stage and depression®!”. However, it has also been
proposed that rapid fluctuations in E2, or low levels of E2, may underlie dysregulated emotion
and the rise of mood disorders in adolescence!®®, and it is still not well understood how
developmental changes in E2 levels relate to the emergence of psychopathology in adolescence.
Furthermore, chronic stress early in life may interact with pubertal onset to exacerbate the rise in
depressed mood during adolescence; stressful life events were associated with stronger
depression scores in girls who had started puberty compared to prepubertal girls with similar life
histories (controlling for age)??. Further research is needed to understand how chronic stress and
pubertal increase in gonadal hormones interact to shape the brain and emotion regulation during

the adolescent transition.

During puberty and adolescence, E2 and other gonadal hormones have been shown to have a
second phase of organizational effects on the brain, influencing structural, functional, and
neurochemical changes, including changes to corticolimbic circuits important to emotion

regulationl 90,191,195,260-264

. In rats, for example, the number of ventral mPFC neurons is similar in
male and females early in adolescence, but cell death in females leads them to have significantly
fewer neurons than males by postnatal day 90%’!. Frontal cortex white matter volume linearly
increases during adolescence in rats, but more so in males than females?’2. Prepubertal
gonadectomy prevents these sexual dimorphisms from emerging in females, and results in higher
number of glial cells in the mPFC, suggesting that these changes in the mPFC and frontal cortex

273

are driven by organizational effects of ovarian hormones®’>. While it has become increasingly

clear that gonadal hormones have organizational effects during adolescence, it’s not well
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understood how these effects would be modified by exposure to chronic stressors. Research with
adult animal models suggests that stress and E2 interact to promote dendritic remodeling of the
mPFC in females; stress increases the dendritic length of BLA-projecting neurons in
ovariectomized females, but only with E2 replacement, as no remodeling is seen without E2
replacement'®*. These results raise the possibility that rising levels of E2 during puberty could
interact with stress to alter the maturation and development of the brain in females, but this

question has yet to be explored.

Myelination of the human brain increases through adolescence!®?, with boys demonstrating a
steeper slope in global white matter volume compared to girls, and these changes have been

linked with gonadal hormones*>—+%7

. At an early pubertal stage, a positive correlation between
LH and overall white matter volume was reported in a sample of children*”, and in an older
adolescent sample, pubertal stage predicted maturation of white matter structure integrity
throughout the brain, as measured by diffusion tensor imaging (DTI)**¢, While testosterone is
positively correlated with white matter development in boys, E2 levels are negatively correlated

with white matter development in adolescent females*’

. It has been hypothesized that increases
in myelination support the increased volume of white matter in both sexes, and that gonadal
hormonal changes during puberty slow this process in females?’?. Maturation and strengthening

of structural connections may support changes in FC, as white matter tracts form the basis for FC

between distant brain regions*®,

Functional activity and connectivity have been shown to undergo developmental changes during

adolescence, and growing evidence suggests that some of these changes may be influenced by
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gonadal hormones?’#4%9-30! In task-based functional MRI (fMRI) studies, adolescence is
characterized by heightened activity in subcortical regions like the AMYG and NACC relative to
childhood and adulthood®*?-5%, and immature prefrontal function relative to adulthood>*3-3%,
These findings have given rise to the “imbalance” model, which posits that a temporal
asynchrony unfolds during adolescent development with enhanced bottom-up signaling from the
limbic systems coming online before top-down signals from the later-developing PFC fully
mature>®, This models appears to be consistent with studies demonstrating that functional
coupling during task and resting-state FC between AMYG and PFC changes during adolescence,
potentially facilitating greater top-down regulation, but remains comparatively immature relative
to an adult connectivity pattern®’>27’, FC between the AMYG and anterior cingulate cortex
(ACC) was found to increase with age across middle childhood (5-11 years of age) during an
emotional task, but was weaker relative to adult levels*”>. AMYG-medial PFC (mPFC)
functional coupling during task was shown to reverse valence from positive to negative in the
transition from childhood to puberty (between ages 10-13)?77, suggesting greater communication
between these regions and possibly the emergence of a regulatory role of the mPFC during
adolescence. A cross-sectional study of developmental changes in resting-state FC reported that
FC between the AMYG and mPFC begins to change from zero to positive coupling around 11
years of age?’®, providing further evidence that PFC top-down regulation of subcortical

structures may come online during adolescence.

It is not well understood whether developmental changes in functional activity and FC of

corticolimbic circuits are shaped by the changing hormonal milieu during puberty, but findings

278

of corticolimbic FC changes across the menstrual cycle*’® and in response to exogenous gonadal
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steroids, including E2,>”° demonstrate that gonadal hormones influence FC. In rats and humans,
E2 has also been shown to modulate reactivity of the ventromedial PFC (vmPFC) and AMYG
during fear extinction*?; thus it is plausible that rising levels of E2 during puberty may be linked
with development changes in functional activity and FC. The brain regions primarily reported to
have altered FC and activity in response to changing E2 (or P4 following ovulation)—the
AMYG, hippocampus, thalamus, basal ganglia, and PFC—are known for their high density of

gonadal steroid receptors®?’

, providing a tractable means by which these hormones influence
corticolimbic FC. Rodent work demonstrates that E2 modulates the presynaptic release of and
postsynaptic responsiveness to many neurotransmitters, and intracellular recordings in vitro
demonstrate reduced excitatory postsynaptic potentials of BLA neurons in bath application of E2

versus saline’%8

. These effects of E2 at the cellular level represent a mechanism by which E2 may
influence functional activity and FC. Taken together with findings that AMYG-PFC FC mature
during adolescence—when puberty commences and E2 levels rise—it is possible that E2 plays a
role in adolescent-related FC changes in females. Stress may interact with E2 during adolescence
and influence FC between corticolimbic circuits, given other evidence that E2’s effects on brain

and behavior are modified by the experience of chronic stress!84228:243.245.249,

Importantly, there is cross-talk between the HPA and HPG axes and interaction between these
axes is relevant to the pubertal transition. E2 has been shown to potentiate GC secretion in
response to an acute stressor and diminish GC negative feedback in ovariectomized rodents
given E2 replacement?>>2>3, In female adult macaques receiving Lupron drug treatment to
suppress the HPG axis, E2 replacement resulted in decreased GC negative feedback to a

dexamethasone suppression test, and increased GC response to a combined dexamethasone-
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suppression-CRF stimulation test*®. In this experiment, a significant and earlier escape from the
dexamethasone suppression test, as well as a heightened GC response to CRF stimulation, was
detected in socially subordinate females compared to dominant females receiving E2
replacement, suggesting that E2 actions on the HPA axis are modulated by the experience of
chronic psychosocial stress. Conversely, activation of the HPA axis has been shown to modulate
behavioral and physiological sensitivity to E2, suggesting complex interactions between stress
and E2°%. Chronic stress attenuates HPG activity via suppression of hypothalamic GNRH
release, pituitary LH and FSH pulsatile release, and E2 synthesis in the ovary3!!-3!2,
Subordination in adult female macaques is associated with impaired ovarian function, including
reductions in E2 and P4, and subordinate status has been linked with delayed timing of menarche

and first ovulation in adolescent macaques!'%-313,

Although pubertal onset has been implicated in the emergence of mood disorders and
psychopathology, it is not well understood how the timing of puberty contributes to the etiology
of mood disorders, or how it interacts with a history of chronic stress to influence
neurobehavioral development. Because subordinate macaques manifest various stress-related

phenotypes as adults?6-103,105,122-128

, it is possible the pubertal delay they naturally experience
contributes to these phenotypes, either as an additive factor or in interaction with chronic stress.
Developmental increases in E2 may be important to the maturation of brain structure, function,
and neurotransmitter systems important for mood and emotional regulation, and delayed
exposure to E2 could impair these maturational processes. On the other hand, a number of

studies report an association between early puberty in females and emotional and behavioral

problems during adolescence and early adulthood®'4-3!7, suggesting that earlier pubertal timing
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may increase the risk for mood disorders, whereas on-time or late puberty may be protective.
Some studies also report that late maturation is associated with improved performance in
school*? and abstinence from drugs*’, suggesting that late maturation may confer benefits for
self-regulatory processes. It’s not clear whether these findings would apply to macaques, as some
have proposed that earlier pubertal timing is a risk factor in girls because it places girls in
situations for which they are not cognitively or emotionally “developmentally ready”!8, thereby
increasing their exposure to stressors. However, others have put forth biological theories based
on findings that the timing of puberty onset results in long lasting effects to neural circuits
sensitive to hormones?®!. Sisk and colleagues have proposed that, with age, the brain gradually
becomes less sensitive to the organizing effects of gonadal hormones, with early puberty having
stronger effects on neural circuits and later puberty having weaker effects®?°. This is an
interesting observation, since in light of the “imbalance” model discussed above®’, early
maturers may experience the greatest impact of gonadal hormone effects on corticolimbic
circuits when the cognitive control systems are the least developed. Accordingly, top-down and
bottom-up communication between these regions may develop in such a way that ultimately
leads to imbalanced communication and emotional dysregulation. In contrast, on time and late
maturers would experience the impact of gonadal hormones on the limbic system when the PFC
and its top-down projections were more developed, which may promote better emotional
regulation outcomes. Thus, it is possible that delayed puberty in individuals experiencing
chronic stress may be protective. In summary, pubertal onset, pubertal timing, and stress
influence neurobehavioral development, but it is not clear how these factors interact with each
other and impact circuits important for emotional and neuroendocrine regulation during the

adolescent period.
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The goal of the present study is to better understand the inter-related effects of continual adverse
social experience and pubertal timing on neurobehavioral development during adolescence,
which is difficult to study in humans. Social subordination in rhesus macaques provides a
naturalistic model for studying the impacts of chronic psychosocial stress on neurobehavioral
development!®8, Social subordination is a form of chronic psychosocial stress that results in

various stress-related phenotypes, including hypercortisolemia*®, cardiovascular disease!'?2,

123,124 125-127

compromised immune system , reproductive dysfunction , psychostimulant self-

administration'?®, emotional feeding!?®, and alterations in emotion regulation!®®. Prior studies
demonstrate that subordination impacts behavioral development!'%8, delays the onset of puberty!'®®
and affects the development of white matter tracts in the PFC pre-pubertally!'**. It remains an
open question, though, whether subordination affects the maturation of corticolimbic FC during
adolescence, particularly connectivity of AMYG-PFC circuits important for stress and emotional
regulation, and whether stress-related impacts on the brain are modified by pubertal timing. To
address these questions and as part of a longitudinal study using social subordination as a model
of continual psychosocial stress through development, female macaques were randomly assigned
to either progress through puberty spontaneously or receive monthly injections of the GnRH
agonist Lupron to experimentally delay puberty beyond the age it would normally occur. The
Lupron treatment was included as part of the experimental design to allow us to disentangle the
effects of subordination status and pubertal timing, as these were previously found to be
associated in the untreated group!®®, with lower-ranking (subordinate) females showing delayed

pubertal onset in comparison to dominant animals. We examined the effects of social rank and

delayed exposure to the pubertal rise of E2 on socioemotional behavior and FC in corticolimbic
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circuits that regulate emotional/stress reactivity in adolescent females macaques. We
hypothesized that the stress of subordinate social status would be associated with reduced FC
between the AMYG and PFC, and impaired emotional regulation at a postpubertal time point.
We hypothesized that delayed pubertal timing would mitigate the negative effects of
subordination stress in the subordinate monkeys; hence we expected an interaction between
social status and pubertal timing. Among the untreated monkeys, we expected more subordinate
ranking monkeys to demonstrate poorer neurobehavioral outcomes, but no such linear

relationship would be detected among the females who had received Lupron to delay puberty.

2.3 Methods

2.3.1 Subjects

Subjects were 70 adolescent female rhesus macaques (Macaca mulatta) housed at the Yerkes
National Primate Research Center Field Station in Lawrenceville, GA. The subjects lived in 4
large social groups made up of 2-3 adult males, 30-60 adult females, and their offspring. The
social groups were housed in outdoor enclosures measuring three-quarters of an acre with access
to climate-controlled indoor facilities. Subjects had ad libitum access to water and a standard
low-fat, high-fiber diet (Purina Mills Int., Lab Diets, St. Louis, MO, USA) that was
supplemented daily with fresh fruit and vegetables. As shown in Figure 2.1 (experimental
design) subjects were studied at 43.43 £+ 0.14 months of age (mean =+ standard error of the mean-
SEM-), after all experimental groups had reached puberty. All procedures were approved by the
Emory University Institutional Animal Care and Use Committee in accordance with the Animal
Welfare Act and the U.S. Department of Health and Human Services “Guide for Care and Use of

Laboratory Animals.”
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2.3.2 Determination of Social Rank
Each subject’s relative dominance rank was determined from the outcome of dyadic agonistic

interactions that occurred in formal group checks, as described previously>!?

, and during 30
minute focal observations collected when the subjects were 1.5 years old, 2.5 years old, and 3.5
years old. In dyadic interactions, subordination status is assigned to the individual who
unequivocally emits submissive behavior in response to a more dominant animal approaching or
aggressing!!®. A subject’s relative rank was calculated as the ratio of her rank divided by the total
number of animals in the social group, excluding animals younger than 12 months old.
Accordingly, a subject with a rank of 40 out of 100 animals was assigned a relative rank of 0.40.
Typically, the relative rank of an animal does not change, but unchecked group aggression
resulted in one matriline being removed from the group a few months before the data collection
at 3.5 years of age. For the subjects whose ranks were affected by the overthrow, we chose to use

the relative ranks at 2.5 —rather than at 3.5- years of age because the rank at 2.5 years of age

represents a greater extent of the subjects’ accumulated life history in the social hierarchy.

2.3.3 Lupron Administration

Female subjects were randomly assigned to either a group that received depot Lupron treatment
(n=34) and had delayed pubertal onset (38.07 = 0.34 months), or were part of a control group
(n=36) that received no exogenous treatment and reached puberty spontaneously (30.88 + 0.64
months (Figure 2.1)). Menarche is the first menstrual cycle, typically followed by a period of
adolescent sterility, during which time females have anovulatory cycles punctuated by

menstruation, and is ended by the first ovulation®!!. Lupron depot is a GnRH agonist that down
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regulated GnRH receptors in the pituitary suppressing developmental increases in gonadotropins
and E2°'? and it was administered monthly (0.25 pg/kg/mo, IM) from prepuberty 16.36 + 0.23
months to 32.56 = 0.23 months of age, encompassing the interval from prepuberty through post-
menarche typical for this species!®®. Once Lupron treatment was discontinued, subjects that had
been previously treated with Lupron began to experience menarche and by the time of data
collection for this study, all subjects had reached menarche (approximately 4-12 months delay
from the control group). Control subjects reached menarche an average of 12.78 + 0.71 months
prior to scanning, and subjects who received Lupron reached menarche an average of 5.12 + 0.29
months prior to neuroimaging data collection. Once menarche was observed, serum samples
were collected twice weekly and assayed for P4 levels to determine first ovulation, as previously
described!%®. With the exception of three subjects, all females experienced first ovulation by

completion of the study.

2.3.4 Functional MRI Data Acquisition

Subjects were transported from the YNPRC Field Station on the day before the scan to the
Imaging Core Lab at Yerkes Main Station. Resting-state-fMRI and T1 images (for co-
registration)were acquired at 43.43 + 0.14 months of age using a 3T Siemens Magentom Trim
Trio MRI system (Siemens Med. Sol., Malvern, PA, USA), and an 8-channel phase array coil
during a single session. Following initial induction with telazol (3.81 = 0.05 mg/kg IM),
isoflurane anesthesia inhalation was kept to the lowest possible to minimize potential impact on
BOLD signal (1.03 + 0.01%). This range of isoflurane is comparable to levels used in previous
macaque studies reporting patterns of coherent BOLD activity and detecting networks similar to

those found in awake, behaving monkeys in sensory, motor and cognitive systems®!3->16, To
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minimize motion artifacts, the subjects’ heads were immobilized in a custom head holder with
ear bars and a mouthpiece, and all subjects were scanned supine in the same orientation. Four 15-
minute resting-state fMRI scans were acquired using a T2*-weighted gradient-echo echo-plan
imaging (EPI) sequence (400 volumes, TR/TE=2060/25ms, voxel size=1.5mm? isotropic). The
high-resolution anatomical scans were acquired using a T1-weighted 3-dimensional (3D)
magnetization-prepared rapid gradient-echo (3D-MPRAGE) parallel imaging sequence (128
coronal slices, TR/TE=3000/3.52ms, voxel size=0.5mm?-isotropic) and a T2-weighted scan (50
coronal slices, TR/TE=7900/125ms, TE=125ms, voxel size=0.5x0.5x1mm?). Subjects were
returned to their social group the following day after fully recovering from anesthesia. Imaging

data were not collected from one subject.

2.3.5 Functional MRI data pre-processing

All imaging data were pre-processed with an in-house pipeline built using Nipype®!” that
incorporates tools from the FMRIB Software Library (FSL, Oxford, UK, RRID:
SCR_002823°18:519) and 4dfp library. The pipeline has been modified and adapted for analyzing
imaging data from rhesus monkeys®2°->2%, The pipeline performs the following steps: 1) slice-
time correction, 2) one-step resampling of rigid body head motion correction, distortion
correction using diffusion field maps, structural-functional co-registration, and non-linear
registration of the T1-weighted structural image to the 1 12RM-SL atlas in F99 space2>326, 4)
BOLD signal normalized to a mode of 1000, 5) BOLD signal detrending, 6) regression of rigid
body head motion parameters, whole-brain, ventricle, and white matter signal, and all first-order
derivatives, and 7) low-pass filtering>2°-32224, Global signal was regressed based on current

literature underscoring the importance of removing non-neuronal, physiological noise (e.g.,
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cardiac and respiration cycles) common across the entire brain®?’-328, Frames with displacement
(FD) greater than 0.2 mm were also removed from analysis to minimize influence of motion

artifacts>28-2,

2.3.6 Resting-state Functional Connectivity Analysis

Region of Interests (ROIs) for PFC were defined based on the Lewis and Van Essen®® and
Markov et al.>*! anatomical parcellations in F99 space. The left and right AMYG ROIs were
manually drawn by experts using cytoarchitectonic maps in a UNC-Wisconsin adolescent atlas
(RRID: SCR_002570) >*2, and then propagated to the 112 atlas in F99 space with flirt and fnirt
tools (FSL). Each ROI was then manually edited in the adult macaque F99 atlas following
established anatomical landmarks>*3-3* for neuroanatomical accuracy and to avoid ROI overlap
and the inclusion of voxels outside the atlas brain or in white matter. For this study, the AMYG
and lateral PFC ROIs were modified further to exclude any voxels where at least one subject had
signal dropout, using the pre-processed EPI image registered to atlas space to determine dropout.
The dropout threshold for each subject was calculated as the mean intensity of the subjects’ EPI
signal across a whole-brain mask minus two standard deviations. Using this study-specific set of
ROIs, the average time course of the BOLD signal across the voxels within each ROI was
extracted, and correlated with the time course of all other ROIs. Correlation coefficients (r-

values) between ROIs were Fisher Z-transformed.

2.3.7 Quality Control Before Statistical Analysis
One subject was dropped from analysis upon visual inspection, due to a large lesion in the brain.

A second subject was excluded due to an ill-conditioned design matrix in the nuisance
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regression. All raw EPI images were visually inspected for Nyquist ghosting artifact and 7
subjects with intense artifact (criteria: voxels in the artifact had intensity values exceeding 200)
were excluded from further analysis, (n=7); two subjects with a moderate artifact (intensity
range from 150-200) were also excluded from further analyses because the ghosting artifact
overlapped the brain; thirteen other subjects had a moderate intensity artifact outside (non-
overlapping with) the brain and we ran statistical models with and without them to confirm there
was no confounding effect on the results, and we are reporting both sets of findings. An
additional quality control was performed, using the AMYG ROI seed-based whole-brain
FCmaps for each subject., which were visually inspected for artifacts in the correlation patterns

that were not biologically plausible (n=6 were excluded from further analysis).

2.3.8 Behavioral Data

Social Behavior Around the month of scanning, seven to eight 30-minute focal behavioral

observations of each subject were collected from towers above the social groups using an
established rhesus ethogram™*33¢, The ethogram includes aggressive (threat, display, attack
chase), submissive (withdraw, fear grimace), affiliative (proximity, groom, wrestle), and anxiety-
like behaviors (yawn, body shake, self-scratch). Observers used laptops with the WinObs
software program™’ to record the behavior of the initiator and recipient in real time. Inter-
observer reliability was greater than 92%, reflecting high agreement on frequencies and
durations of behaviors across observers. For statistical analysis, the durations and frequencies of
behaviors were averaged across the observation sessions. Key behaviors of interest—frequency

of initiating proximity and grooming, submitting to others, and receiving aggression were
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analyzed using hierarchical models described in the Statistical Analysis section below. One

subject was excluded from the analysis due to missing data.

Human Intruder Task: Emotional Reactivity The Human Intruder task activates the HPA axis

and elicits a range of defensive and aggressive responses'®. The task has been used to gauge
emotional and neuroendocrine by the PFC and AMYG>*%%°, and to examine the effects of early
life stress!'®-940, We have previously reported that subordinate, lupron-untreated (control) females
from this study showed higher fear-related behaviors in the HI at prepuberty!**. The HI task was
administered prior to scanning, according to previously published procedures!'®®. The HI
paradigm consists of three consecutive 10-minute sessions: an alone condition, an intruder
profile condition (experimenter enters the room and sits with his/her profile toward the monkey),
and an intruder stare condition (experiment turns and makes eye contact with the subject).
Sessions were videotaped and a previously published ethogram and methods were used to score
the frequency and duration of behaviors>*!. Three subjects were excluded from analysis due to

missing HI data..

2.3.9 Statistical Analysis

We first sought to confirm that prior treatment with Lupron (PTL) delayed the pubertal
milestones of menarche and first ovulation using regression models that included PTL, relative
rank at 2.5 years of age, and an interaction term for PTL x relative rank as regressors. Relative
rank and the interaction term were included to test whether rank was associated with the timing

of puberty and whether this relationship differed for the control and PTL group.
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Although anesthetics levels (isoflurane, telazol) were kept at the minimum necessary for sedation
and below levels reported in the literature to affect FC>13-31¢ we nevertheless tested whether
isoflurane levels or telazol (corrected by body weight) had any effect on the AMYG-PFC FC,
but found no significant correlations. Therefore, we did not include anesthesia as a covariate in

the final statistical models testing effects of pubertal timing and relative rank on FC.

To test the hypothesis that social subordination stress and PTL affected AMYG-PFC FC,
behavior, and stress physiology, we used a hierarchical regression statistical approach, in which
successive linear regression models are built, each adding additional predictors. PTL, relative
rank, and an interaction term between PTL and relative rank were entered as predictors in the
first model (Model I). The subjects’ age at menarche was entered as an additional predictor in the
next regression model (Model II) to account for individual variability in menarche age among the
PTL and control subjects. Model I and Model II were compared, and if the addition of menarche
age did not significantly improve the explanatory power of Model II, we retained and interpreted
Model I. If menarche age significantly increased the variance explained by Model II, we retained
and interpreted Model II. In addition to testing the effects of relative rank, PTL and menarche
age on outcomes of interest (AMYG-PFC FC), we also tested whether there were effects on

brain global signal. To summarize, the models tested in a hierarchical approach include:

Model I: FC = o + B1 Relative rank + 3> PTL + B3 PTL x Relative rank

Model II: FC = By + B1 Relative rank + 3 PTL + B3 PTL x Relative rank + 34 Menarche age
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For analysis of the HI behaviors, a Principal Component Analysis was performed using SPSS to
discern behavioral phenotypes, as has been done previously with the HI and rhesus monkeys>#2.
Varimax rotation method was chosen and behaviors with loading scores < 0.4 were excluded
from components. Composite scores were calculated for each PCA component and the subjects’
scores were entered in regression models as the dependent variable in the statistical models

described above.

When menarche age had a significant effect in Model II, a secondary analysis was performed to
test whether individual variability in menarche age predicted functional outcomes. The analysis
was performed separately in the Control and PTL groups because puberty onset (defined here as
menarche) likely reflects a different neuroendocrine process in Control females compared with
PTL subjects. Whereas in Control subjects, menarche may represent cumulative exposure to
gradually increasing levels of E2, PTL females likely experienced menarche as an abrupt
elevation in E2 over a short period after the Lupron treatment was discontinued. The
relationships between menarche age and functional outcomes may differ as a result of these
disparate neuroendocrine experiences. To test how individual variability in puberty timing
impacted functional outcomes, then, the Control and PTL groups were analyzed in separate
regression models with menarche age and relative rank as predictors. If outliers were detected in
any of the statistical models described above, models were run with and without outliers and

differences in results were reported.

Lastly, we tested whether AMYG-PFC FC predicted behavior and GC negative feedback,

constraining this analysis to those measures with statistically significant effects of relative rank,
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PTL, or a relative rank x PTL interaction in the full model. If PTL predicted either outcome
measure, we analyzed the PTL and Control groups separately to avoid spurious associations
driven by group difference between the PTL and Control group. Models that were significant at p
< 0.5 are reported below. Multiple comparisons corrections were not performed with this dataset
given the relatively small sample size for detecting main effects and interactions, and to

minimize the risk of making type IT errors®®.

2.4 Results

2.4.1 Pubertal Timing

PTL was associated with age at menarche (56=0.758, #65)=10.573, p < 0.0005), and first
ovulation(b=0.671, #(65)=8.618, p < 0.001), confirming the efficacy of the Lupron treatment in
delaying these pubertal milestones (Table 2.1, Figure 2.2A). Control and PTL subjects differed
in their timing of menarche age (Control: 30.88 + 0.64 months; PTL: 38.07 months + 0.34
months), with PTL subjects going through menarche on average 7.19 months later than Controls.
PTL subjects were also delayed in the timing of first ovulation relative to the Control subjects
(Control: 34.82 + 0.81 months; PTL: 41.61 + 0.24 months). There was also a significant
association between relative rank and age of menarche, (b=0.383, #(65)=3.902, p < 0.001) and
first ovulation (b=0.536, #(65)=5.067, p < 0.001; Figure 2.2B), and age at menarche and first
ovulation was also predicted by a significant relative rank x PTL interaction, with more
subordinate monkeys having delayed menarche (5=-0.287, #(65)=-2.922, p = 0.005), and first
ovulation (6=-0.356, #(65)=-3.364, p = 0.001), relative to more dominant monkeys in the

Control, but not in the PTL group.
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2.4.2. Behavioral Data

Social Behavior Regression analysis revealed effects of PTL and relative rank on subject

behaviors in their social groups (Table 2.2). As would be expected, more subordinate status was
associated with significantly higher rates of submissive behaviors toward non-kin (»=0.426,
#(65)=3.188, p=0.002; Figure 2.3A). However, there was also a significant association between
PTL and rates of submissive behaviors, with PTL females engaging in submissive behaviors
more frequently than Controls (b=0.333, #(65)=3.351, p=0.001). Frequency of aggression
received was not predicted by subordination status or PTL. Anxiety in the social compound was
a composite score comprising the frequency of yawning, body shaking, and self-scratching, and
was predicted by PTL, with PTL subjects displaying a lower frequency of anxiety-like behaviors
than Controls, (b6=-0.725, (65)=-4.061, p <0.0005; Figure 2.3B). Relative rank and PTL were
negatively associated with the rate of initiating proximity with non-kin in the social group, so
that more subordinate monkeys initiated proximity less frequently than dominant monkeys (b=-
0.519, #(65)=-3.667, p < 0.0005), and PTL resulted in lower rates of initiating proximity than in
untreated individuals (6=-0.31, #65)=-2.943, p = 0.005; Figure 2.3C). No main or interaction

effects of relative social rank or PTL were detected for any other behaviors.

HI Task: Emotional Reactivity

Three components were identified in the HI paradigm PCA (Table 2.3); the items that cluster
together suggest that component 1 represents ‘Reactivity’, component 2 ‘Behavioral inhibition’,
and component 3 ‘Explore’ (high exploration/low freezing). The first component was classified
as reactive on account of behaviors from the stare condition that loaded positively—including

avert gaze, anxiety-like behaviors (yawn, body shake, self-scratch), threat, appease, and
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locomote—and accounted for 31.43 % of the variance. Whereas freezing in the alone and profile
conditions loaded positively on the ‘behavioral inhibition’ component, and locomotion loaded
negatively; altogether this component accounted for 22.07% of the variance. The third
component explained 17.51% of the variance in the data and comprised exploration in the alone
condition—which loaded positively—and freezing in the alone condition—which loaded
negatively. A positive score on this component is consistent with high exploration and low
freezing in the alone condition. Table 2.2 shows that the subjects’ component 3 ‘Explore’ scores
were predicted by both PTL and relative rank, with PTL females showing lower ‘Explore’ scores
than Controls, (b=-0.744, (65)=-4.102, p < 0.0005; Figure 2.4), and more subordinate status
being associated with lower ‘Explore’ scores than more dominant ranks (6=-0.372, #(65)=-2.242,
p = 0.029). However, there was also a trend for PTL by relative rank interaction, with a negative
relationship between subordination status and ‘Explore’ for the Control subjects and no

relationship between subordination status and ‘Explore’ for PTL subjects.

2.4.3 Resting-state Functional Connectivity

Regression analysis of the FC data identified PFC circuits whose connectivity with the AMYG
was predicted by subordination status or PTL. Connectivity between the Right AMYG and
ipsilateral dIPFC (Brodmann Area 46 (BA46)) was negatively associated with subordination
status, with the more subordinate monkeys showing weaker FC than dominant ones (b=-0.479,
#(65)=-2.234, p = 0.03; Figures 2.5 and 2.6; Table 2.4. PTL resulted in stronger FC between the
left AMYG and ipsilateral OFC (BA13) than in the Control group (6=0.348, #65)=2.65, p =
0.011; Figure 2.7). Excluding subjects with mild artifact in the resting-state fMRI scans produces

similar results, though with higher p-values. No other associations of relative rank or treatment
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were detected in resting-state FC between the AMYG and PFC ROIs. There were also no effects

of relative rank, PTL, or relative rank x PTL interaction on the global brain signal itself.

2.4.4 Associations between Resting-state Functional Connectivity and Behavior

To probe whether FC in AMYG-PFC circuits predicted behavior and/or responses to the
dexamethasone suppression test, we analyzed the Control and PTL group separately. In the
primary set of models, PTL significantly predicted either the dependent variable (behavior and
cortisol), or independent variable (FC) tested, so caution was taken to analyze the groups
separately to avoid spurious correlations driven by group differences between PTL and Control
subjects. Results are reported in Table 2.5. In PTL subjects, FC between the Right AMYG and
dIPFC was negatively associated with frequency of initiating submissive behavior (b=-0.516,
#(65)=-3.501, p = 0.002). This linear relationship was not evident in the Control subjects. FC
between the Left AMYG and mPFC (BA32) predicted rates of proximity initiated with non-kin
in the PTL group (b=0.445, #(65)=2.556, p = 0.018), but not in the Control group. No
associations were detected between FC in AMYG-PFC circuits and cortisol responses to
dexamethasone. Correlations between all variables found to be significantly predicted by relative

rank, PTL, or relative rank x PTL interaction are reported in Table 2.6.

2.4.5 Secondary Analysis: Menarche Age

To account and control for group effects on and individual variability in the timing of menarche,
we included age of menarche in Model II described above. When menarche age was a significant
covariate, we performed a secondary analysis, probing whether menarche age predicted FC,

cortisol, or behavioral outcomes separately in the Control and PTL groups (See Table 2.7).
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Menarche age was a significant covariate in the model of FC between Right AMYG and BA46,
and the secondary analysis revealed a significant and positive association between menarche age
and FC for the Control group (6=0.472, #(65)=-2.388, p = 0.026; Figure 2.8C). The relationship
between menarche age and FC for the PTL group was similarly positive, but not statistically
significant. Menarche age was a significant covariate in the full model for left AMYG-mPFC
(BA32) FC. Although the full model was not significant, it became significant when the
interaction term was dropped, underscoring the strength of the relationship between menarche
age and the FC outcome. We therefore proceeded to a secondary analysis and found that
menarche age was positively associated with left AMYG-BA32 FC in the Control group
(6=0.48, 1(65)=2.375, p = 0.026; Figure 2.8B). The relationship in the PTL group was in the

same direction (positive) but not significant.

2.4.6 Influence of Outliers
The following measures included outliers: rate of submission, anxiety-like behavior, and
initiating proximity in the social group. The models reported above remained significant when

outliers were excluded from the analysis.

2.5 Discussion

The goal of the present study was to determine the effects of social status and experimentally-
induced delayed puberty on female macaque neurobehavioral outcomes during adolescence. We
hypothesized that social subordination stress would reduce AMYG-PFC FC and impair
emotional regulation postpubertally, while pubertal delay would mitigate the adverse effects of

subordination stress at a postpubertal developmental time point. Accordingly, we expected an
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interaction between treatment and social status; among untreated females, we expected a linear
relationship with more subordinate monkeys having poorer neural and emotional outcomes,
while no such relationship would be evident among the PTL females. The hypotheses concerning
social subordination were partially supported, in that social subordination adversely impacted
AMYG-dIPFC FC and some socioemotional outcomes, but no significant interactions between
PTL and relative rank were detected; the study was underpowered for detecting interactions and
dropout in some of the ROIs may have prevented detection of meaningful FC differences. FC
between the right AMYG and dIPFC (BA46) was weaker in more subordinate subjects, who also
showed lower ‘Explore’ scores in the alone condition of the HI paradigm and initiated less
proximity with non-kin in their social groups, suggesting impairments in emotion regulation
circuits and behavior. While no interactions between PTL and relative rank were detected, a
number of main effects of PTL were unexpectedly found. PTL resulted in stronger AMY G-OFC
FC and lower anxiety-like behaviors in the social groups, suggesting that delayed puberty may
strengthen corticolimbic communication critical for some aspects of emotion regulation. These
beneficial outcomes may confer some protection against the negative impacts of chronic stress
for the lower-ranking macaques who received Lupron treatment. However, prior Lupron
treatment also resulted in increased frequency of submissive behavior, lower ‘Explore’ scores in
the HI paradigm, and lower frequency of initiating proximity towards non-kin, indicating that
pubertal delay with Lupron treatment may have adverse consequences for some socioemotional
outcomes. For the PTL group only, stronger AMYG-dIPFC FC predicted lower rates of initiating
submissive behavior, and stronger AMY G-mPFC FC predicted higher rates of initiating
proximity with non-kin. These results are summarized in Figure 2.9. The effects of Lupron

treatment may be a consequence of E2 having different organizational effects on particular



74

circuits or neurotransmitter systems due to delayed pubertal timing, or a consequence of the
subjects who were treated with Lupron being studied in a relatively earlier developmental stage

of adolescence.

The Lupron treatment was effective in delaying the onset of puberty, evidenced by the delayed
age of menarche and first ovulation in the PTL females. The relationship between subordination
status and pubertal onset detected in the control group (later menarche age and first ovulation in
more subordinate animals, previously reported in this species!?®125:344) was not present in the
PTL group. This could be due to the fact that all PTL females had their first menarche and
ovulation in a narrow time window after Lupron treatment was discontinued, compared to the
broader and more variable range of spontaneous pubertal timing for the Control females. This
finding suggests that the HPG axis may have been primed for puberty onset at a specific age for
each animal and social rank under the potential control of a biological clock®#-># or critical body
weight>47348 but suppressed until Lupron treatment was discontinued. If so, this may explain

why the relationship between subordination and pubertal timing was abolished in the PTL group.

The relative ranks of the subjects were determined by the outcomes of dyadic interactions in the
social groups. The positive association between more subordinate rank and frequency of
initiating submissive-like behavior confirms the hallmark feature of the social subordination
model!*+!15:118 The Jack of association between subordination status and aggression received
from more dominant animals may be explained by the fact that these monkeys live in large
outdoor enclosures and are able to avoid harassment by maintaining physical distance from

aggressors. Lower-ranking monkeys also initiated proximity with non-kin less frequently than
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more dominant-ranking monkeys, a finding that is consistent with other reports of subordinate
rhesus monkeys engaging in less affiliative behavior in their social groups!®. More subordinate
monkeys explored less and froze more in the alone condition of the HI, indicative of higher
behavioral inhibition—a species-typical stress-related behavior that has been associated with

subordinate status in previous studies!'3#!86,

Social status also had an effect on the connectivity of the corticolimbic circuits examined in this
study, with weaker FC between right AMYG and dIPFC (BA46) in more subordinate monkeys.
FC between the AMYG and PFC is critical for emotion regulation®®? and at rest this circuitry is
hypoconnected in individuals who experienced chronic early life stress and suffer from anxiety

disorders as adults’*%>

, suggesting impaired top-down regulation of fear and anxiety signals from
the AMYG. The dIPFC is believed to exert higher-level control over subcortical regions in the
context of emotion regulation®*-33!, Compared to healthy controls, patients with depression—a
mood disorder involving dysregulated emotions—demonstrate decreases in dIPFC blood flow
and glucose metabolism, ineffective functioning, impaired activation, and reduced regulatory
modulation of the AMYG?3275%, FC between the dIPFC and AMYG during an emotion

336 and an effective

regulation task is reduced in patients with depression vs. healthy controls
connectivity study using magnetoencephalography—an imaging method with very high temporal
resolution—reported reduced top-down endogenous effective connectivity from the dIPFC to the

337 Furthermore,

AMYG in patients with depression, reflecting impaired emotion regulation
resting-state fMRI scans collected after an acute stress test with healthy participants revealed that
higher HPA-axis reactivity to the test was associated with reduced AMYG-dIPFC FC>%,

suggesting that robust FC in this circuit may be important for regulating emotional and/or stress



76

responses. The negative relationship between AMYG-dIPFC FC and subordination found in this
study may be indicative of heightened emotional and stress reactivity in more subordinate
ranking monkeys, consistent with their increased freezing and reduced exploration during the HI
task (as captured by the lower ‘Explore’ score. Reduced AMY G-dIPFC FC could reflect
impairments to the circuitry associated with the chronic stress of being socially

subordinate®:46:48:49.52,

4134 Tn a study of chronic occupational stress in humans, stressed subjects
showed weaker FC between the AMYG and dIPFC®, consistent with our finding of reduced
AMYG-dIPFC FC in more subordinate monkeys. A study of childhood stress found that physical
and emotional neglect during childhood was associated with reductions in gray matter volume of
dIPFC 5%, providing further evidence of vulnerability of the dIPFC to the insults of chronic
stress. GC receptors are expressed at high levels in human®%® and primate PFC?2, and rodent
studies have demonstrated stress-induced retraction of apical dendritic branches and reduced
spine density in pyramidal neurons in the mPFC!34°! which, although different from the

rimate dIPFC>%°63| provides a potential biological mechanism explaining the impact of stress
p p p g p g p

hormones on PFC connectivity by affecting dendritic and synaptic structure.

There were no significant interactions between social status and drug treatment, which may be
attributable to the study being underpowered or difficulty detecting FC differences due to
exclusion of voxels with dropout. Nevertheless, PTL was associated with numerous
neurobehavioral effects, including lower rates of anxiety-like behavior in the social groups and
stronger AMYG-OFC FC--suggesting strengthened emotional regulation--and increased
frequency of submissive behavior, lower ‘Explore’ scores on the HI task, and less frequent

initiation of proximity with non-kin--indicating greater timidity and reduced sociability in this
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group of females. This pattern of results suggests that delayed exposure to the pubertal rise in E2
may have both positive and negative effects on limbic regulatory processes at a postpubertal time
point. This set of results may be explained by alterations in the way E2 organizes circuits and
neurotransmitter systems in the brain as a result of pubertal timing, or by relative differences in
stage of adolescent development between the control and PTL group, as explained below.

Adolescence is a time of immense emotional, social, and cognitive change®®*, marked by

207,309,565,566 208

increases in emotional and stress reactivity , anxiety~"°, negative affect and depressed
mood?**21% For most girls, these mood states are transient and resolve by early adulthood®®’;
however some individuals—including those who experience chronic early life stress—are at
increased risk for developing long-lasting psychopathology during this developmental
period?07:217:470471 ‘The developmental changes in E2 levels have been implicated in transient

207476 " although it’s

mood changes and the emergence of the mood disorders during puberty
unclear if it is high levels of E22!7, rapid fluctuations in E2, low or declining E2 levels during the
menstrual cycle that trigger disturbances in mood'®>. E2 impacts brain and neurochemical
systems regulating stress and emotional responses to stimuli!?0-192:194-196491.492 " 31though the
particular effects of E2 on emotionality vary depending on environmental context*** and history
of stressor exposure??%243 among other factors. Growing evidence demonstrates that E2 and
other gonadal steroid hormones secreted in adolescence remodel and refine neural
circuits?3-°64568 "and may even influence the maturation of the HPA axis*>® and NT systems>®’;
these organizational effects may underlie some of the transient and long-lasting changes to
emotionality and mood that emerge during adolescence. Delayed onset of puberty with Lupron

treatment may alter the organizational effects of E2 on neural systems or the HPA axis,

potentially explaining some of the neurobehavioral outcomes we found. It is also possible that
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some PTL effects reflect an immature developmental phenotype owing to the PTL subjects being
studied at a relatively earlier adolescent stage than the untreated controls. These possibilities are
not mutually exclusive and may help explain some of the main effects of PTL on

neurobehavioral outcomes.

PTL resulted in higher FC between the OFC and left AMYG, indicating that delayed exposure to
the rise in pubertal hormones alters FC in circuitry relevant to emotion regulation. The OFC has
been shown to mediate extinction learning®”, and is believed to play a role in modulating fear
responses through its connections with the AMYG>"!. Reduced coupling between the OFC and
AMYG has been reported during an emotional processing task in anxiety-prone individuals®’?,
and patients with social anxiety have been shown to have weaker resting-state FC and white
matter deficits in the AMYG-OFC circuit**®373, Lesion work in rhesus monkeys also supports a
role for the OFC in mediating fear-related responses during adolescence>8. The finding that PTL
subjects had stronger FC than Controls suggests that delayed exposure to pubertal hormones may
strengthen AMY G-OFC communication, with possible consequences for some aspects of top-
down emotion regulation. For example, the reduced anxiety-like behaviors seen in the PTL
animals suggests that delayed exposure to pubertal hormones had salutary effects on this
dimension of emotional regulation, possibly via impacts to the AMY G-OFC circuit, though no
associations between AMYG-OFC FC and anxiety-like behaviors were found in this study.
Stronger AMYG-OFC FC among the PTL subjects and reduced anxiety-like behaviors,

compared to the untreated controls, may reflect group differences in organizational effects of E2

as a result of differences in the timing of puberty of the PTL and control females.
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Mounting evidence suggests that FC, SC, and functional activity in corticolimbic circuits are

remodeled during adolescence®®274:478.479

, and the pubertal increase in gonadal hormones, as well
as pubertal timing, play a role in shaping these circuits*’3-%, Interestingly, a cross-sectional
study in humans reported a switch from negative to positive resting-state FC between the AMYG
and mPFC in 10-13 years old children, which was interpreted as the emergence of PFC top-down
regulation of the AMYG during adolescence?’®. Although this maturational pattern has not been
reported for AMYG-OFC connectivity and no studies have experimentally demonstrated whether
alterations in AMYG-PFC FC are linked with gonadal hormone fluctuations in puberty, resting-
state FC is, indeed, sensitive to fluctuations in E2 levels in adults?’8°%-3%! " supporting a putative
role for E2 to shape FC changes during adolescence. In naturally cycling women, for example,
women with higher E2 levels demonstrate generally increased resting-state FC between AMYG

501

subnuclei and PFC compared to women with lower E2 levels®®'. Exogenous treatment with E2

in postmenopausal women increased FC between the AMYG and superior, ventrolateral, and

medial prefrontal cortices®””

. What structural and cellular mechanisms may underlie effects of E2
on FC during puberty? A study by Asato et al. reported that WM maturation increased in parallel
with progression through Tanner stages**®, suggesting that pubertal hormones may strengthen
structural connections in the brain, thereby altering FC. SC changes, in turn, can be explained by
changes at the cellular level?%-74, including E2 promotion of myelination®’>"7 in part through

375,578 " and increased

an ERE that regulates expression of the myelin gene in oligodendrocytes
spine density on BLA-projecting neurons from the PFC>”. However, white matter volumes
increase more slowly in females than males during adolescence®’?, and E2 levels are negatively

correlated with white matter development in adolescent females*”’, leading some to argue that

rising E2 levels slow the development of white matter in adolescence?’2. In addition to effects via
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changes to SC, E2 may also influence FC through its actions at the cellular level; E2 modulates
the presynaptic release of and postsynaptic responsiveness to different neurotransmitters®®0-
282,574 "and has been shown to reduce the excitatory postsynaptic potential of BLA neurons when
applied in vitro®®. Developmental changes in E2 levels at puberty, then, could alter FC in
corticolimbic circuits through activational or organizational effects on neurotransmitter systems

and excitation.

Importantly, the timing of exposure to increases in gonadal hormones may impact how pubertal
changes in SC and FC unfold. In light of research indicating that the brain becomes less sensitive
to the organizational action of gonadal hormones over time>*, early vs. late exposure may
modulate the degree and even the developmental trajectories of connectivity changes induced by
the pubertal transition (e.g. switches from positive to negative FC coupling between regions, or
vice versa). It has been proposed that adolescent corticolimbic development is characterized by a
temporal asynchrony with heightened bottom-up emotional processing emerging before top-
down signals from the prefrontal circuits fully matures, and this imbalance may contribute to the
increased incidence of mood disorders during this time®*. Given findings that sensitivity to
gonadal hormones decreases over time*?’, relatively late maturers may experience the impact of
gonadal hormones when the PFC and its top-down projections are more developed, which may
promote better communication between the PFC and AMYG and facilitate some aspects of top-
down emotional regulation. With respect to structural maturation during adolescence, rodent
work has demonstrated that male rats show larger increases in frontal cortex white matter volume
than females across development, and that prepubertal gonadectomy significantly increases

white matter volume in females under the frontal cortex and number of glia cells in the mPFC?73,
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Although speculative, it is possible that a delayed tempo of rising E2 levels, as seen in PTL
females, permits an opportunity for myelination to progress significantly more than it otherwise
would, analogous to the effect of prepubertal gonadectomy on white matter development in
adolescent female rats. If so, stronger SC between the PFC and AMYG due to increased

myelination may facilitate increased FC between the AMYG and PFC.

The secondary analysis involving menarche age revealed associations between individual
variability in pubertal timing and FC in the AMYG-mPFC and AMYG-dIPFC circuits in the
control, but not PTL group. Among control subjects, later menarche timing was associated with
stronger FC in these circuits; the direction was similar for PTL subjects, but the associations
were not significant, likely owing to the narrow variability in menarche timing for this group.
The association between later pubertal timing and stronger FC in these circuits provides
additional evidence that delayed exposure to puberty may strengthen FC in AMYG-PFC circuits,

with possible benefits for some aspects of emotion regulation, as discussed above.

PTL was also associated with increased frequency of submissive behavior, less frequent
initiation of proximity to non-kin, and lower ‘Explore’ scores on the HI task. These outcomes
suggest an immature developmental phenotype that may be the result of differing organizational
effects due to delayed pubertal timing on particular circuits or neurotransmitter systems, or a
consequence of the PTL subjects being studied at an earlier development phase in puberty and
adolescence. For most girls, adolescence is a time of transient shifts in negative affect and

207,209,210

heightened emotional and stress reactivity , with curvilinear trajectories in

psychopathology and depression that peak in mid puberty®®’; however, dysregulated emotional
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moods typically resolve by adulthood®®’. Adolescence is also a period of social re-orientation,
facilitated by changes in functional and structural development of brain networks and activation
of motivational tendencies by gonadal hormones®!. As such, when given the opportunity,
humans and nonhuman primates typically spend less time with their families and more time with
their peer groups during adolescent development>®*%3, The PTL females were likely studied at
an earlier stage in adolescent development than the untreated controls, as they had experienced
menarche on average 5.12 + 0.29 months before data collection, compared to 12.78 + 0.71
months elapsing between when the controls had their first menarche and data collection.
Therefore, the PTL females may have had lower ‘Explore’ scores in the HI task (exploring less
and freezing more), because they were studied at a relatively earlier adolescent stage of
development closer to late-puberty (when fear reactivity is heightened®*’), whereas the control
females would have reached a more adult-like stage of maturational development by comparison.
Being less far along in adolescence than the untreated controls, the PTL females may have also
had comparatively underdeveloped motivation to socialize, hence their lower tendency to initiate
proximity with non-kin. As discussed above, the PTL subjects may have experienced different
organizational effects of E2 compared to the untreated controls due to the late pubertal onset,
which could account for some of these socioemotional outcomes. For example, E2 may play a
role in the maturation of the oxytocin system, considering findings that E2-related increases in

584,585

OTR binding have been detected in various studies , and at the onset of puberty, oxytocin

receptor binding increases in the ventromedial hypothalamic nucleus of rats—which has a high
density of ERs>%6, If E2 plays a role in organizing the oxytocin system, which itself strongly

587

influences social motivation’®’, delayed exposure to E2 with Lupron treatment may alter the

organization of the oxytocin system and social behaviors.
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There were several limitations of this study. This was a cross-sectional study, where we collected
resting-state FC data at only one time-point, which was fixed based on chronological age (i.e. all
data was collected within 6 months’ age in all animals), and all animals had reached puberty.
While controlling for chronological age, time from pubertal onset (menarche) varied, not only
between PTL and Control subjects, but even within the Control group. As such, some of the
effects of PTL or individual variability in pubertal timing may be attributable to differences in
the pubertal or adolescent stage at time of data collection, rather than to lasting differences in the
timing of pubertal onset. Future longitudinal studies collecting multiple data points during
puberty could allow one to control for chronological age and pubertal age and parse their
separable contributions; additionally, including hormone assays to chronicle the pubertal
transition could help disentangle the specific effects of pubertal timing and pubertal stage on
adolescence neurobehavioral development. The current study did not permit us to examine
whether pubertal delay or social rank effects reported here persist into adulthood; future studies
are needed to address this question. Another point worth mentioning is that we cannot determine
whether neurobehavioral effects of subordinate status are related to the monkeys’ postnatal
experience in the social group, or to prenatal factors including maternal gestational stress or
inherited genetic/epigenetic differences. Methodologically, this study was also limited by the
resolution of the fMRI images. For example, the AMYG is divided into functionally distinct
subnuclei’®-5%, but our scanning protocol lacked the anatomical resolution to analyze
connectivity patterns of these subnuclei. Recent work in humans found that resting-state FC
networks of laterobasal and centromedial subnuclei of the AMYG were differentially effected by

E2 levels®®!. Thus, it is likely that our findings represent an oversimplified view of underlying
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neurobiological changes associated with the pubertal transition due to usage of a global AMYG
ROI. Future studies are necessary to investigate the effects of subordination status and delayed
exposure to gonadal hormones on connectivity of the AMYG subnuclei, as well as to examine
other circuits that may be impacted by pubertal timing and social subordination stress. For
example, circuits connecting the PFC with the hippocampus may be impacted by these
experiential factors; the circuit plays a role in emotion regulation and is impaired by early life
stress®, and the hippocampus has a high expression of E2 receptors and its maturation has been
linked with puberty*’*>%’. Another limitation of the study concerns the use of anesthesia during
the collection of the resting state scans. The isoflurane levels used in this study were comparable
to those administered in previous publications reporting patterns of coherent BOLD fluctuations
in the macaque brain that were similar to the awake state’!3-316, We also found no significant
associations between anesthesia levels and FC in our subjects. Nonetheless, we cannot rule out
the possibility for potential differences in FC between the anesthetized and awake states. Lastly,
the resting-state FC analysis we performed does not permit detection of directionality in the FC
signals; thus, we cannot determine whether the FC alterations reflect changes in top-down or
bottom-up communication, only that they reflect changes in communication between the PFC
and AMYG. This is a particularly important point to make for a developmental study, as the
developing brain has been understudied and stronger FC may in fact reflect stronger bottom-up
signals, given that the AMYG develops earlier than the PFC!>*1%! and may drive heavier
bottom-up signaling before top-down regulation matures. This possibility is supported by the
observation of AMY G-originating inputs to the mPFC earlier than mPFC-originating inputs to

the AMYG in rodents™!,
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In summary, our findings of an association between social subordination and weaker AMY G-
dIPFC FC during adolescence suggests that this circuit may be particularly vulnerable to social
stress during the pubertal transition. We also documented neurobehavioral outcomes suggesting
that some facets of emotion regulation were strengthened by pubertal delay with Lupron,
including stronger AMY G-OFC FC and reduced anxiety-like behavior in the social group, and
other outcomes suggesting impaired or immature socioemotional development, e.g. increased
frequency of submissive behavior, lower ‘Explore’ scores in the HI paradigm, and lower
frequency of initiating proximity towards non-kin. Delayed onset of puberty with Lupron
treatment may alter the organizational effects of E2 on neural systems, potentially explaining
some of the neurobehavioral outcomes we found. In addition, the PTL subjects were studied at a
relatively immature developmental stage, compared to the control females, and the behavioral
and neural differences we detected between the PTL females and the controls may have been
diminished if the PTL females were studied farther along in their adolescent development.
Whether stronger FC in the AMYG-OFC circuit in the PTL group, or stronger FC in AMYG-
mPFC and AMY G-dIPFC in individuals who naturally entered puberty later, endures into
adulthood and/or facilitates greater emotion regulation at a later developmental point is unclear,
and will need to be addressed in future studies. These findings have broader relevance to the
societal shift toward earlier pubertal timing and medicalized efforts to address this shift. The
timing of puberty has steadily become more precocious in the last 150 years, with the age of
menarche declining 1-4 months per decade and although this trend appeared to stabilize in the
1960s, there has been a resurgence of the trend in the last two decades***. In the 18" century,
menarche occurred between 17 to 18 years of age*?; currently, the average age of menarche in

the United States is 12.5 years®2. It is still an open question as to the causal forces behind this
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trend, but findings that earlier pubertal timing may be a risk factor for psychopathology?'* raises
concerns about the declining menarche age in this country. The medical community has
responded by administering Lupron to treat girls showing signs of precocious puberty. The
current study suggests that these treatments may, indeed, be protective for some neural and
socioemotional outcomes, but potentially deleterious for others. Natural variability in pubertal
timing and pharmacological suppression of puberty influenced social and emotional behaviors,
as well as FC in corticolimbic circuitry important for emotion regulation, and further
investigation is warranted giving the implications of these neurobehavioral changes for
adolescent girls. It is unclear whether the changes we documented are lasting and whether they
will mitigate or exacerbate emotion regulation in adulthood. Future work should be undertaken
to elucidate the lasting impact of pubertal timing and pharmacological suppression of puberty
with Lupron on the brain and behavior, as well as to better understand the underlying biological
mechanisms of these effects, including possible E2 organizational effects on circuits and

neurotransmitter systems.



Table 2.1. Regression Analysis of Pubertal Timing. Relative rank and PTL predicted both

menarche age and first ovulation age, with PTL females and more subordinate ranking females

experiencing delayed menarche and first ovulation, relative to untreated controls and dominant

females, respectively. A relative rank x PTL interaction revealed a strong positive association
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between relative rank and pubertal timing for the control subjects, but not for the PTL subjects. *

and bold font indicate a significant p value at < 0.05.

TABLE 2.1

Regression Analysis of Pubertal Timing

Menache Age
Overall Model
Relative rank
PTL
Relative rank x PTL

First Ovulation Age
Overall Model
Relative rank
PTL
Relative rank x PTL

Iy
0.662

0.634

Frdf)
43.036 (3, 66)

37.009 (3, 64)

b

e @

&

[
wn

% =

(.468
0.711

0314

3.902
10.573

] 9""

4527
9.396

-3.038

P

<0.001*
<0.001*
0.005*

<0.001*
<0.001*
0.003*
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Table 2.2 Social Behaviors: Hierarchical Regression Models. Model I examined effects of relative rank, PTL and relative rank x
PTL on behavior. Model II examined the effects of those factors when menarche age was also included in the model. The yellow
shading highlights which model was retained, depending on the significance of the change in the F-value. Results are shown for

behaviors with significant effects in each of the models. * and bold font indicate a significant p value at < 0.05.

TABLE 2.2
Hierarchical Regression Analysis of Behaviors
Model | Model 11
Submissive Behavior toward Non-kin (Frequency) R’ F(df) b t P R F(df) p-AF b t P
Overall Model 0.362  12.303(3,65) 0362 9.093(4,04) 0.885
Relative rank 0.426 3188 0.002* 0.435 2913 0.005
PTL 0.333 3.351 0.001* 0.352 2,158 0.035
Relative rank x PTL 0.071 0.527 0.6 0.064 0.448 0.656
Menarche age - - - -0.025 0145 0.885
Initiate Proximity with Non-kin (Frequency)
Overall Model 0.285 8.623(3,65) 0286  6.395(4,04) 0.784
Relative rank 0519 -3.667 <0.001* 0.5 -3.159 0.002
PTL 031 -2.943 0.005* -0.272 -1.578 0.12
Relative rank x PTL 0.185 1.305 0.197 0.171 1.135 0.261
Menarche age - - - -0.05 -0.275 0.784
Anxiety-Like Behavior (Frequency)
Overall Model 0.165 4.28(3,65) 0235  49154.64) 0.018*%
Relative rank -0.145 -0.947 0.347 -0.317 -1.936 0.057
PTL -0.384 -3.377 0.001 -0.725 -4.061 <0.001*
Relative rank x PTL 0.059 0.383 0.703 0.182 1.165 0.248
Menarche age - - - 0.452 242 0.018*
HI - Component 3 Explore Scores
Overall Model 0.151 3.729(3,65) 0.238 4.836(4,64) 0.01*
Relative rank 0177 -1.134 0.261 -0.372 -2.242 0.029*
PTL <0363 -3.116 0.003 -0.744 -4.102 <0.001*
Relative rank x PTL 0.155 0.991 0.325 0.29 1.843 0.07

Menarche age - - - 0.506 2.66 0.01*



Table 2.3. Factor Loadings from HI PCA analysis. Three components were identified from
the HI analysis. The first component was labeled ‘Reactive’ and explained 31.43% of the

variance. The second component was labeled ‘Behavioral Inhibition” and explained 22.07% of
the variance. The third component was classified as ‘Explore’ (High Explore/Low Freeze) and

explained 17.51% of the variance.

TABLE 2.3
PCA of Human Intruder
FACTOR LOADINGS Component 1 Component 2 Component 3
Freeze — Alone (dur) 0.476 -0.821
Freeze — Profile (dur) 0.813
Freeze — Stare (dur) -0.885
Avert gaze — Stare (freq) 0.832
Anxiety — Stare (freq) 0.561
Threat — Stare (freq) 0.868
Appease — Stare (freq) 0.557
Explore — Alone (dur) 0.927
Locomote — Alone (freq) -0.852
Locomote — Stare (freq) 0.46 -0.661
VARIANCE Explained 0.3143 0.2207 0.1751

LABELS Reactive Behavioral Inhibition Explore
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Table 2.4. Hierarchical Regression of AMYG-PFC FC. Model I examined effects of relative rank, PTL, relative rank x PTL on

AMYG-PFC FC. Model II examined the effects of those factors when menarche age was included in the hierarchical regression.

Yellow shading indicates which model was retained, and results are shown for the circuits that were significantly predicted by one of

the regressors. * and bold font indicate a significant p value at < 0.05.

TABLE 2.4
Hierarchical Regression Analysis of AMYG-PFC FC
Model 1 Model 11
Right AMYG-BA 46 R’ F(df) b t p R F(df) p-AF b t p
Overall Model 0.084  1.476(348) 0.18 2.587(447)  0.023*
Relative rank -0.292 -1.402 0.167 -0.479 -2.234 0.03*
PTL 0.004 0.031 0.975 0419 -1.868 0.068
Relative rank x PTL 0.001 0.005 0.996 0.146 0.706 0.484
Menarche age 0.553 2.346 0.023*
Left AMYG-BA 32
Overall Model 0.037  0.612(348) 0.169  2387(4,47) 0.009*
Relative rank 0.212 0.992 0.326 -0.008 -0.035 0.972
PTL 0.064 0.445 0.659 -0.433 -1.916 0.062
Relative rank x PTL -0.059 -0.279 0.781 0.111 0.532 0.597
Menarche age 0.648 2.732 0.009*
Left AMYG-BA 13
Overall Model 0.189 3.718(3,48) 0.19 2.762 0.751
Relative rank 0.016 -0.081 0.935 0.009 0.044 0.965
PTL 0.348 2.65 0.011* 0.406 1.817 0.076
Relative rank x PTL -0.266 -1.368 0.178 -0.286 -1.388 0.172
Menarche age 0.075 0319 0.751
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Table 2.5. Regression Models testing Associations between Resting-state Functional
Connectivity and Behavior. Regression models tested associations between FC and behavior
for Control and PTL subjects, controlling for the effect of relative rank. * and bold font indicate

a significant p value at < 0.05.

TABLE 2.5
Associations between Resting-state FC and Behavior
Submissive Behavior toward Non-kin (Frequency) R’ Fydf) b ! P
Control
Overall Model 0.227 3.372(2.23)
Right AMYG-BA46 0.249 1.3 0.206
Relative rank 0.483 2.525 0.019
PTL
Overall Model 0.563 14.145(2,22
Right AMYG-BA46 0516 -3.501 0.002*
Relative rank 0.416 2.827 0.01*
Initiate Proximity with Non-kin (Frequency) R’ Fydf) b ! P
Control
Overall Model 0.144 1.941(2,23)
Left AMYG-BA32 0.12 -0.609 0.549
Relative rank -0.338 -1.715 0.1
PTL
Overall Model 0.347 5.854 (2,22
Left AMYG-BA32 0.445 2.556 0.018*

Relative rank -(.455 2616 0.016*
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Table 2.6. Correlation Matrix. Correlations between all variables found to be significantly predicted by relative rank, PTL, or

relative rank x PTL interaction are reported below.

CORRELATION MATRIX

Relative rank
Menarche age

First Ovulation age
Anxiety-Like Behavior
(Frequency)

Agonism received by non-kin
(Frequency)

Submissive Behavior toward
Non-kin (Frequency)

Initiate Proximity with Non-
Kin (Frequency)

Component 1 from HI PCA -
Reactive

Component 2 from HI PCA -
Inhibition

Component 3 from HI PCA -
Explore

Right AMY-BA 46 FC
Left AMY-BA 32 FC

Left AMY-BA 13 FC

Relative rank

493

=415%*

0.178

0.018

-0.094

-312*

Menarche age

0.221

8687

-0.186

0.145

359

-364**

-0.142

-0.024

-0.141

0.065

324

301

First Ovulation Age

284*

868%*

-0.169

0.197

359

=401**

-0.037

0.021

-0.014

-0.139

Submissive
Anxiety-Like Agonism received  Behavior toward  Initiate Proximity
Behavior by non-kin Non-kin with Non-kin
(Frequency) (Frequency) (Frequency) (Frequency)
-0.143 0.13 493*= ~415%%
-0.186 0.145 359== -364**
-0.169 0.197 359== =401**

1 0.004 -0.103 0.236
0.004 1 6417 -0.042
-0.103 6417 1 -0.236
0.236 -0.042 -0.236 1
0.15 0.156 292* 0.062
0.088 0.071 -0.064 0.081
350%* -0.147 -0.211 .261%
0.093 -399%* -364%* 0.167
0.029 -0.116 0.044 -0.053

0.158 0.169 0.021 -0.181

Component 1 from
HI PCA - Reactive

0.178
-0.142

-0.037

0.025
0.003
-0.162

0.002

Component 2 from
HIPCA -
Inhibition

0.018
-0.024
0.021
0.088
0.071
-0.064
0.081

0.025

-0.002
0.177

0.167

Component 3 from Right AMY-BA 46

HI PCA - Explore FC
-0.094 -312*
-0.141 0.065
-0.014 -0.139
350 0.093
-0.147 -399**
-0.211 -364**
.261% 0.167
0.003 -0.162
-0.002 0.177

1 -0.105
-0.105 1
-0.115 0.259
-0.01 0.018

Left AMY-BA 32
FC

0.18

324*

0.259

0.029

-0.116

0.044

-0.053

0.002

0.167

-0.115

0.259

-0.13

Left AMY-BA 13
FC

-0.16

301

302*

0.169

0.021

-0.181



Table 2.7. Secondary Regression Analysis with Menarche Age. When menarche age was
significant in Model II with all subjects, we proceeded to a secondary analysis to test whether
menarche age predicted FC, behavior, or cortisol outcomes. Control and PTL subjects were
analyzed separately and relative rank was included to control for its effect. * and bold font

indicate a significant p value at < 0.05.
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TABLE 2.7
Secondary Regression Analysis with Menarche Age
R’ F(df) b t p
Right AMYG-BA 46

Control

Overall Model 0.263  4.110(2,23)

Menarche age 0.472 2.388 0.026*

Relative rank -0.484 -2.45 0.022*
PTL

Overall Model 0.111 3.000(2,23)

Menarche age 0.16 0.814 0.424

Relative rank -0.286 -1.454 0.159

Left AMYG-BA 32

Control

Overall Model 0.23 3.431(2.23)

Menarche age 0.48 2.375 0.026*

Relative rank -0.001 -0.005 0.996
PTL

Overall Model 0.099 1.266(2,23)

Menarche age 0.284 1.436 0.165

Relative rank 0.148 0.749 0.461
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Lupron Administration .
Data collection a '
-Scans P |

-Behavioral Observations
-Human Intruder Paradigm

13 mo 35 mo
Menarche - Lupron
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Menarche - Controls

E
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Figure 2.1. Experimental Timeline. Lupron was administered from prepuberty (16.36 + 0.23
months of age) to a time point that that is typical of post-menarche for this species'®® (32.56
months + 0.23 months of age). The range of Lupron administration was a minimum of 13 months
of age through a maximum of 35 months of age. Control subjects had onset of menarche at 30.88
+ 0.64 months. Once Lupron was discontinued, PTL subjects began experiencing menarche
around 38.07 months + 0.34 months. MRI Scans, behavioral observations, and Human Intruder
data was collected based on the individual’s age; all subjects had reached menarche by the time

of data collection (43 + 0.14 months).
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Figure 2.2. Effect of PTL and Relative rank on Pubertal Timing. A) Menarche age was
significantly delayed in PTL subjects in comparison to Controls. Relative rank was positively
associated with menarche age for the Control, but not PTL group (R?=0.662, F(3,66)=43.036, p
< 0.0005; PTL: b=0.758, #(65)=10.573, p < 0.0005; Relative rank — Control group: 5#=0.383,
#65)=3.902, p < 0.0005). B) PTL subjects experienced first ovulation at a significantly later age
than Controls. A positive linear relationship was detected between relative rank and age at first
ovulation for the Control group only. (R°=0.619, F(3,63)=34.133, p < 0.001; PTL: 6=0.671,
#(65)=8.618, p < 0.001; Relative rank: »=0.536, #(65)=5.067, p < 0.001; Interaction: b=-0.356,

#(65)=-3.364, p = 0.001).
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Figure 2.3. Associations between Relative rank, PTL, and Social behaviors. A) Rate of

submissive behaviors toward non-kin was predicted by relative rank and PTL, with PTL subjects

displaying higher rates of submission than Controls, and Subordinate animals more submissive
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behaviors than dominants (Model I: R’=0.362, F(3,65)=12.303, p < 0.0005; Relative rank:
b=0.426, #(65)=3.188, p=0.002; PTL: b=0.333, #65)=3.351, p=0.001). B) PTL subjects
displayed lower anxiety-like behavior in their social groups (Model IT: R’=0.235, F(4.64)=4.915,
p =0.002; PTL: b=-0.725, 1(65)=-4.061, p < 0.0005). C) Rates of proximity initiated with non-
kin was negatively predicted by lower social rank and PTL (Model I: R?=0.285, F(3,65)=8.623, p
< 0.0005; Relative rank: b=-0.519, #(65)=-3.667, p < 0.0005; PTL: b=-0.31, #65)=-2.943,

1=0.005).
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Figure 2.4. Explore Scores on HI paradigm predicted by PTL. PTL subjects had lower
‘Explore’ scores than Controls, and more subordinate monkeys had lower ‘Explore’ scores than
more dominant animals. However, there was also a trend for a PTL by relative rank interaction.
(Model II: R?=0.238, F(4,62)=4.836, p = 0.016; PTL: b=-0.744, t(65)=-4.102, p < 0.0005;
relative rank: b=-0.372, #(65)=-2.242, p = 0.029; PTL x relative rank Interaction: »=0.506,

1(65)=2.66, p = 0.01).
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Figure 2.5. Right and Left AMYG ROIs used in the AMYG-PFC Resting-state FC
Analysis. The left and right AMYG ROIs were manually drawn by experts using
cytoarchitectonic maps in a UNC-Wisconsin adolescent atlas®*2, and then propagated to the 112
atlas in F99 space®®. Each ROI was then manually edited in the adult macaque F99 atlas
following established anatomical landmarks3*>3* for neuroanatomical accuracy and to avoid the
inclusion of voxels outside the atlas brain or in white matter. Voxels were excluded if they had
signal dropout in at least one subject (shaded orange). The red voxels represent those retained in

the ROI used for the Resting-state FC analysis.
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Figure 2.6. Right dIPFC FC with AMYG. A) Markov ROI of Right BA46 used in ROI-to-ROI
analysis to asses FC with AMYG. Red voxels represent those remaining in ROI after (orange)
voxels excluded due to signal dropout. B) Resting-state FC of Right AMYG with BA46 was
negatively associated with relative rank, such that more subordinate subjects had lower FC

(Model II: R=0.18, F(4,47)=2.587, p = 0.049; Relative rank: b=-0.479, (65)=-2.234, p = 0.03).
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Figure 2.7. FC between Left AMYG and OFC. A) Markov ROI of Left BA13 used in ROI-to-
ROI analysis to assess FC between OFC and Left AMYG. Red voxels represent those included
in the FC analysis of Left AMY-BA13 ROI; the orange voxels were part of the original BA13
ROI and were excluded due to signal dropout. B) Resting-state FC of Left AMYG with BA13
was positive and higher in PTL subjects relative to Controls (Model I: R?=0.189, F(3,48)=3.718,

p =0.017; Treatment: b=0.348, #(65)=2.65, p = 0.011).
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Figure 2.8. Secondary Analysis of the Effects of Menarche Age. A) mPFC ROI of Left BA32
defined in Markov Atlas. Red voxels represent those with sufficient signal that were included in
the ROI used for the ROI-to-ROI Resting-state FC. B) Menarche age had a positive association
with FC between Left BA32 and AMYG, but this relationship was only significant for the
Control subjects (R’ = 0.23, F (2,23)= 3.431, p=0.05; Menarche Age: h=0.48, 1(24)=2.375,
p=0.026). C) Menarche age positively predicted FC between the Right AMYG and BA46 for
Control subjects (R’ = 0.263, F(2,23)=, p=0.03; Menarche Age: b=0.472, 1(24)=2.388, p=0.026).

The relationship was similar for PTL subjects, but it did not reach significance.
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Summary of Findings

Subordinate Status Prior Lupron Treatment Menarche Age
AMYG-dIPFC FC Delayed Onset of Menarche and First Ovulation | Controls only:
Rate Initiating Proximity | Abolish Rank ~ Pubertal Timing Association I AMYG-dIPFC FC
with Non-kin ' AMYG-OFC FC ] AMYG-mPFC FC

Rate Submissive Behaviorz l Rate Anxiety Behaviors in Social Group
l Rate Initiating Proximity with Non-kin
l ‘Explore’ Scores on HI task

l ‘Explore’ Scores on HI tas

Associations between FC and Behavior

PTL only:
AMYG-dIPFC FC ~ Rate Submissive Behavior (negative)
AMYG-mPFC FC ~ Rate Initiating Proximity with Non-kin (positive)

Figure 2.9. Summary of Findings. The following summarizes the main effects of subordinate
status, PTL, and menarche age on neurobehavioral outcomes. No significant interactions
between subordinate status and PTL were detected. Two significant associations between FC and

social behaviors were detected for the PTL females, but not for the controls (bottom right box).



104

CHAPTER 3. Social Subordination Stress and an Obesogenic Diet Affect Neurobehavioral

Development and Physiology in Infant Rhesus Macaques
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3.1 Abstract

Chronic social stress has adverse effects on brain structure and function, including corticolimbic
circuits, and these neural alterations are linked with the emergence of stress-related
psychopathology and mood disorders. It is not well understood how these alterations emerge
during development and interact with other risk factors, including the consumption of
obesogenic diets. Research suggests that consumption of an obesogenic diet compromises brain
structure and function, particularly in many of the same circuits adversely impacted by chronic
stress. Chronic stress promotes emotional eating and increases the drive to eat palatable food,
and it is not well understood how these experiential factors—chronic stress and diet--interact and
impact neurobehavioral development. Here we examined the potential for a synergistic impact
of social stress and consumption a highly caloric, obesogenic, diet on the development of the
nonhuman primate (NHP) infant brain circuits that control stress/emotional responses and reward
processes using a translational macaque model of social subordination stress. Infants assume
their mother’s rank at birth and their early neurobehavioral development may be shaped by their
subordinate status, either through their social experiences or biological signals transmitted from
their mother. Forty-three socially-housed infant-mother pairs (n=21 dominant-ranking, n=20
subordinate-ranking) were randomly assigned to either a chow-only, low-calorie diet (LCD)
condition, or to a Choice condition with access to both a LCD and high-calorie diet (HCD) from
birth, and all feeding behavior was continuously quantified. Resting-state functional MRI scans
were acquired in all infants at 2 weeks and 6 months of age (comparable to 2 and 24 months in
humans) to examine effects of social rank and diet on the development of prefrontal cortex (PFC,
with a focus on medial PFC —mPFC-, orbitofrontal cortex —OFC-, anterior cingulate cortex—

ACC-, and dorsolateral PFC —dIPFC- subregions) functional connectivity (FC) with the
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amygdala (AMYG), nucleus accumbens (NACC), and insula (INS), brain regions involved in
reward processing, emotion regulation, and interoception. We also measured baseline levels of
the stress hormone cortisol and inflammatory markers longitudinally, and behavioral and cortisol
reactivity to an acute stressor at 6 months of age. Infants in the Choice dietary condition ate
significantly more kilocalories (kcals) than infants on the LCD-only diet, but we did not find
evidence that differences in social rank promoted more feeding in the first 6 months of life. We
did find several effects of diet condition and social status on resting-state FC in corticolimbic
circuits involved in salience detection, reward processing, interoception, and emotion regulation.
Consumption of the Choice diet by mothers predicted weaker AMYG-OFC FC in their infants at
2 weeks, compared to the infants of mothers consuming the LCD-only diet. Subordinate status
predicted stronger AMYG-mPFC and INS-ACC FC at 6 months, and diet and social status had
complex interaction effects on INS-PFC and INS-ACC FC at 6 months. The Choice diet
increased baseline cortisol and cortisol reactivity at 6 months, depending on the social status of
the animal, providing evidence that diet condition affects the hypothalamic-pituitary-adrenal
(HPA) axis early in development. In the LCD-only diet group, levels of the pro-inflammatory
marker CRP were higher in subordinates than dominants at 6 months, indicating that the
biological embedding of social status emerges as early as 6 months of life. Cumulative
consumption of HCD, but not LCD, kcals predicted inflammation (CRP levels) at 6 months of
life, suggesting that the association between HCD diet and inflammation depends on both the
source and number of calories consumed. We found no association between caloric intake and
resting-state FC, behavior, or cortisol levels, however, suggesting that these diet effects may
have been driven by differences in the levels of saturated fat and sugar between the HCD and

LCD-only diets, rather than simply differences in total calories between the diets. Because the
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infants did not significantly differ in their body weight, the observed diet effects add to growing
evidence that diet-induced alterations to neurobehavioral outcomes can emerge before significant

body fat accumulates.
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3.2 Introduction

Early life stress influences neurobehavioral development and produces long-term alterations in
stress physiology, placing individuals at increased risk for psychopathology and adverse health
outcomes throughout life’*43¢. More recently, chronic stress has also been found to be a

341597 "especially girls**?-3*. Understanding the

cumulative risk factor for obesity in children
etiology of childhood obesity is critical given that childhood obesity is an urgent public health
concern and economic burden34339-98-602 Qbese children are more likely to be obese as

3312333 at earlier ages®**%. In the

adults**°, and to develop more severe obesity-related diseases
U.S., childhood obesity has more than doubled in children and quadrupled in adolescence in the
past 30 years, underscoring the urgency to better understand the biological origins of this disease.
Several gaps in the literature stand out. It is not well understood how consumption of an
obesogenic diet impacts neurobehavioral development and physiology before frank obesity
emerges. It is even less clear how chronic early life stress and consumption of an obesogenic diet
interact to alter neurobehavioral development during critical periods in childhood, leading to
obesity. The potential exists for both environmental insults to impact the development of
emotional/stress regulatory and reward circuits in the brain, increasing susceptibility to non-

homeostatic or “emotional” eating and the development of an addictive-like phenotype330-399-603,

A dietary environment that includes calorically dense and highly palatable food has been shown

to result in increased caloric intake and subsequent obesity®®. Studies of diet-induced obesity in

605

adult animals finds that some individuals are resistant to diet-induced obesity®’>, and stressor

exposure appears to be one factor that explains individual susceptibility to excessive caloric
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intake%3-6%, Repeated stressor exposure, indeed, can result in increased calorie consumption and
preference for a calorically dense diet in animal models®?’-61, Similar findings have been

reported for women®03-6%

, with female adults increasing consumption of calorically dense food in
response to stressors. Growing evidence demonstrates a bias toward stress-eating in women®!!
and gender differences in obesity risk factors®!?. A recent study found that emotional and
uncontrolled eating strongly differentiated women at low and high-risk for obesity; for men,
eating competence (a measure of eating attitudes and meal planning) was a more important factor
in discriminating the low and high-risk groups ®'2. Among children, emotional eating has also
been linked with reported stress*#°, with higher rates of obesity among children in families
reporting significant stressors in their lives, including poverty, domestic violence, drug abuse and
childhood maltreatment®*6-34°_ a trend that is particularly pronounced for girls>+?-344,
Evolutionarily, consuming more calories may be advantageous when confronted with an acute

stressor, but this strategy can become maladaptive if sustained chronically and adverse health

outcomes ensue.

While there is increasing evidence that both obesogenic diets and chronic stress alter brain
structure and function, it is not well understood how these environmental insults affect the brain
during development and whether they interact to compromise neurobehavioral development and
physiological outcomes. Exposure to chronic stressors alters brain structure and function*?”-613
616 with pronounced effects on corticolimbic circuits important for emotional and stress
regulation, reward processes, and interoception (sensing and evaluating the physiological

condition of the entire body®'”) that involve the PFC, ACC, INS, AMYG, and ventral striatal

structures such as the NACC. The AMYG is instrumental in the generation of
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behavioral/emotional, autonomic and stress neuroendocrine responses to threats through its

618,619

connections with the hypothalamus and brainstem , and is also involved in stimulus-reward

358

learning’~°. Importantly, its connections with the PFC serve a critical role in emotion

regulation®®?, with the PFC believed to exert top-down regulatory influence on the AMYG332:620,

Stress has been shown to alter activity in the PFC and AMYG and to weaken AMYG-PFC

FC%4%, with negative consequences for emotion regulation, anxiety, and mood disorders®>#88:621,

Individuals with weaker functional coupling between the AMYG and PFC exhibit higher levels

622

of trait anxiety®**, a finding that has been replicated in clinical populations with anxiety

disorders*3849,

Chronic exposure to stressors and elevated glucocorticoid (GC) levels during development have
also been associated with alterations to the corticolimbic reward system®?, implicating the
NACC and its connections with the PFC. The NACC integrates information related to stress and
reward processes®?+%2%: ventral tegmental area (VTA) dopaminergic (DA) projections are part

626 and acute

of the mesolimbic pathway and release DA onto the NACC in response to rewards
stressors®?’. Chronic stress results in sustained DA release in the NACC and a compensatory
down-regulation of D2 receptors (D2R)7%8, Because D2Rs in the striatum mediate
neurotransmission in PFC-striatal pathways and modulate PFC activity, D2R down-regulation
has consequences for PFC-striatal pathways and has been associated with decreased activity of
the PFC**%. The PFC, in turn, exerts an inhibitory influence on subcortical DA transmission*?’,
and stress-induced alterations to the PFC may impair top-down inhibitory process. FC studies

96,97

have noted aberrant frontal-striatal connectivity alterations in anxiety disorders”*”’, providing

evidence that activity in and connectivity between the PFC and NACC may be compromised in
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stress-related neuropsychiatric disorders, potentially leading to impairments in reward and
motivational processes and increasing the risk of developing a drug addiction?. Interestingly,
similar impairments in these PFC-NACC circuits have been recently proposed to mediate

overeating in obesity, which is currently viewed as a form of food addiction®*.

In coordination with the PFC and subcortical regions, the INS is involved in interoception,
salience and reward processing’!, and is also affected by chronic stress®. The posterior INS
receives interoceptive information about the physiological condition of the body, including
information about pain, temperature, visceral sensations, thirst, and hunger®?®. Interoceptive
information is integrated with affective information conveyed to the INS through reciprocal
connections with the AMYG and NACC. In addition to its role in interoception, the INS is also
considered a member of the ‘salience network’, which is believed to mark salient information for
additional processing and facilitate bottom-up access to attentional and working memory
resources through its connections with the PFC executive network®’!:%2°, The volume of the INS
is smaller in children who suffered maltreatment®®, indicating that this region is sensitive to
chronic early life stress and trauma. Chronic work-related stress in humans has been associated
with stronger intra-INS and INS-AMYG FC in stressed compared to healthy controls’®, while a
task-based fMRI study found decreased functional coupling between PFC and INS in chronically
stressed individuals'®3. Tt has been proposed that regulation of anxious responsiveness may

99,100.

require robust INS-PFC connectivity ; inefficient prefrontal regulation of INS responsiveness

could result in over-estimation of threat and an exaggerated response to a perceived threat.
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One way in which stress may lead to excessive feeding or a preference for an obesogenic diet is
through stress-induced alterations in the corticolimbic circuits described above. Stress-induced

623 a finding that may be applicable

alterations to reward systems increase addiction vulnerability
to excessive emotional non-homeostatic feeding. According to models that frame obesogenic
eating as an addiction®>, overeating reflects an imbalance between reward-saliency and
motivation-drive circuits, which include the OFC, AMYG, INS, and ACC, and inhibitory-control
pathways connecting the PFC with limbic region, with dysregulated DA neurotransmission
playing a role in promoting this imbalanced state, as is the case with other addictions*!. Stress-
induced emotional eating is especially problematic, given findings that an obesogenic diet and
weight gain impact many of the same circuits compromised by chronic stress*3>63, Excessive
feeding and resulting obesity are associated with reduced activity in the PFC, which may reflect
deficits in top-down control over feeding®*. Sustained consumption of an obesogenic diet has

356.379.631-633 " which may exacerbate changes in

also been found to impair DA neurotransmission
PFC-NACC circuitry®** and AMYG-PFC circuitry by altering glutamatergic innervation of the
PFC via PFC-striatal pathways®>. Similar to acute stressors, calorically dense foods elicit DA

release in the NACC of animal models®?

, and sustained consumption ultimately results in D2R
down-regulation®”*-%27, This is consistent with findings that obese people have reduced
availability of D2R in the striatum, which is associated with lower levels of activity in the PFC
and ACC*3, In summary, both chronic stress and consumption of an obesogenic diet impair
neurotransmission in the striatum and activity in the PFC, but further research is needed to assess
whether these alterations contribute to an imbalance between reward-saliency and top-down

inhibitory pathways control, and to test if the combined insults of chronic stress and hypercaloric

intake have a synergistic impact on these corticolimbic regions.



113

The AMYG and INS—regions impacted by chronic stress—also appear to be involved in and/or

altered by the consumption of a HCD and ensuing obesity*#06:430:636.637

. Both regions contribute to
reward processing and interoception—two processes that are highly relevant to feeding
behaviors. Food intake is regulated by complementary drives; a homeostatic pathway responds to
interoceptive signaling and increases motivation to eat when energy stores are depleted, and a
hedonic reward-based regulation pathway which can supersede the homeostatic pathway and
increase the drive to consume palatable foods®>°. Repeated consumption of a palatable HCD may
result in alterations to either or both pathways. The consumption of a HCD has been associated
with compromised development of the AMYG in a rat model, with the offspring of dams fed a
high-fat diet exhibiting atrophy of pyramidal dendrites in the basolateral AMYG and weaker fear
conditioning®*®. Thus, obesogenic diet-induced and/or stress-induced alterations to the AMYG
may contribute to the etiology of obesity, given findings of altered AMYG activity in obese
compared to lean individuals**34%6.636 Qbese children show a greater neural response to taste of
sucrose and water in the bilateral AMYG and INS compared to lean children*®®, and similar

findings have been reported in adults*0>-63¢

, suggesting that food tastes trigger heightened
responses in key reward and interoceptive areas. The INS may be particularly important to
feeding behavior given its role in interoception, gustation (it includes the primary gustatory
cortex), reward/addiction, and emotion®*°. Dysregulated interoception has been posited to
contribute to addiction generally, and obesity specifically*>®. For example, gastric distention in
lean, but not obese, subjects results in activation of the AMYG and deactivation of the INS, a

finding the authors interpreted as blunted interoceptive awareness of satiety information in obese

individuals regarding the fullness of the stomach*°,
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Resting-state fMRI measures temporal correlations in the blood oxygen level dependent (BOLD)
signal activity between two brain regions, and resting-state FC studies comparing obese and lean
humans detect altered communication between the PFC, AMYG, NACC, and INS, suggesting
these circuits are dysregulated in obesity**>42>:638 High BMI was correlated with stronger
NACC-ACC and NACC-ventromedial PFC (vimPFC) connectivity in women*??, and stronger
connectivity between the NACC and mPFC was reported in adults with excess body weight*?3,
suggesting overactive reward circuitry. An effective connectivity study found relatively
decreased modulation of the OFC and the NACC by the AMYG in obese adults compared to
lean adults, possibly indicating impaired flexibility in updating the reward value of food, and
increased modulation of the NACC by the OFC, which might contribute to a heightened drive to

424

eat in response to a food cue**. Opposite patterns of AMYG-INS connectivity were reported for

obese and lean individuals during a fast, with obese adults showing stronger connectivity

between these regions and lean subjects showing weaker connectivity**

, suggesting obesity-
related alterations in interoceptive processing. Altogether these connectivity results demonstrate
that obesity is associated with region-specific alterations to circuits involved in emotion, reward

processing and interoception that may reflect heightened reward-saliency and incentive

processing and/or impaired top-down control.

While the bulk of the research on stress and diet have focused on adult outcomes, research has
started to increasingly examine how the experiential factors of diet and early life stress influence
the development of the CNS, HPA axis, and behavior. In rodent pups, prolonged maternal

separation reduces CRH binding sites in the pituitary, and leads to increased density of CRH
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binding sites in the PFC, AMYG, and hypothalamus post-infancy®*°. Studies in monkeys have
shown that unpredictable separations from mother, or spontaneous maternal abusive behavior,
increases CRH concentrations in the cerebrospinal fluid and alters the diurnal activity of the
HPA axis?!%4, In rhesus macaques, peer-rearing is an established model of early life adversity
and has been shown to increase the volume of region-specific areas of the PFC, including the
dorsomedial PFC and the dorsal ACC in juveniles®’. Post-institutionalized children have

8081 "and decreased

increased AMYG volume and reactivity compared to healthy controls
structural integrity of tracts connecting the PFC with AMYG and striatum®>83, More recently,
low socioeconomic status was associated with decreased brain surface area, and increased
hippocampal and AMYG volumes®>#, Limited resting-state FC studies indicate that early life
stress in children may be associated with alterations to the control network and default mode
network. Early life stress was associated with negative correlations between the left lateral
frontal cortex and regions in the temporal cortex and hippocampus!'®!. Higher interparental
conflict—a common form of early life stress—was correlated with stronger FC between the
posterior cingulate cortex (PCC) and mPFC, and between the PCC and AMYG!2, These
findings differ from those typically reported in adults who experienced chronic stress, and could

be due to brain circuitry reorganization the occurs during adolescence!%*4!| the nature and

severity of the stressor!”’, and heterogeneity of the populations studied.

Maternal consumption of a high-fat diet has been associated with a number of neuroadaptations
in offspring, including alterations to the central nervous system, including decreased dendritic
arborization in the AMYG?%¢ (as discussed above), increased neurogenesis of orexigenic cells in

the hypothalamus®®’, and differential expression of genes related to serotonergic and DA
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388.389 " inflammation®®, and neuropeptides that regulate food intake¥’-*°!, The

neurotransmission
association between maternal consumption of a high-fat diet in the perinatal period and higher
expression of orexigenic peptides in the lateral hypothalamus®®’—suggestive of increased
neurogenesis of orexigenic neurons—may have implications for homeostatic regulation of food
intake in offspring. Accumulating evidence also indicates the maternal consumption of a high-fat
diet alters reward circuitry in offspring, possibly mediating an increased drive for non-
homeostatic eating. For example, early life consumption of a high-fat diet in the 3" postnatal
week of life in rodent models altered DA-related gene expression in the NACC that was
suggestive of reduced DA transduction, and increased a preference for fat as an adult®®’. In
macaques, maternal obesity and high-fat diet consumption decreased the abundance of DA fiber
projections to the PFC and reduced D2R and D1R protein levels in the PFC of their offspring;
offspring of obese dams also demonstrated a preference for food high in fat and sugar compared
to offspring from lean mothers fed a control diet*®®. The bulk of the developmental studies that
have been carried out in rodent models have focused on maternal consumption, with very little
research examining how infant consumption of a HCD affects early development. There is a gap
in the literature concerning how consumption of a HCD by mothers and infants influences
development, including systems-level effects on corticolimbic circuits, and how HCD

consumption interacts with early life stress to shape the brain, HPA axis, and behavior.

The biological mechanisms by which chronic stress and obesogenic diets alter brain structure
and function remains poorly understood, particularly during development, but evidence points to
GCs and inflammatory cytokines as potentially important in this regard. Sustained intake of an

obesogenic diet has been reliably shown to increase GC secretion in response to
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105,441,442 "and obesity is characterized by hypercortisolemia**!. GCs affect structural

stressors
connectivity (SC) and FC in the brain by remodeling dendritic length and branching, synapses
and myelin through a number of transcriptional and non-transcriptional mechanisms®2. As such,
elevated GCs may play a crucial role mediating the adverse consequences of both chronic stress
and consumption of a HCD. Proinflammatory cytokines may also prove to be important
biological signals mediating the effects of chronic stress and obesity on neurobehavioral
development. Chronic inflammation is a well-documented consequence of obesity*>%4!;
importantly, consumption of an obesogenic diet has been shown to increase central and
peripheral measures of inflammation before frank obesity is even evident*®#%° Chronic stress
has also been shown to promote a pro-inflammatory state®>-%4, The possibility that pro-
inflammatory markers and GCs could mediate effects of stress and diet on neurobehavioral
development is supported by recent findings. Consumption of a high-fat diet during pre-weaning
development in rats was linked with increased expression of both corticosterone receptors in the
AMYG in adulthood, and pro-inflammatory and anti-inflammatory genes in the AMYG and
hippocampus that are known to be regulated by GRs**°. Importantly, these alterations, in turn,
predicted increased anxiety behavior, decreased basal corticosterone levels, and a prolonged
stress response following an acute stress challenge. Inflammation has been directly linked with
alterations in functional activity and FC in adults, supporting the possibility that inflammation
may alter the development of corticolimbic circuits, though this is an underexplored area of
research. Exogenous administration of inflammatory cytokines alters activation of reward-related

brain regions**+8

, an effect that appears to be mediated by cytokine-induced reductions in DA
release in the ventral striatum*24>3, More recently, studies found increased c-reactive protein

(CRP; another inflammatory marker) levels predicted decreased FC between dorsal striatum and
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vmPFC®, and levels of IL-6 were associated with altered connectivity within the default mode

network®4°

, suggesting that pro-inflammatory markers may influence the organization of brain
networks. In summary, stress-induced or diet-induced changes in the development of the brain

and behavior may be mediated, in part, by elevated GCs and pro-inflammatory markers.

In this study, we sought to investigate the potential for a synergistic impact of a social stressor
and consumption of an obesogenic diet on infant brain development longitudinally. Infancy is a
development period marked by significant and rapid changes in the brain, creating windows of
vulnerability during which time adverse experiences can be readily encoded*’>%4’. Cells begin
proliferating, migrating and making synaptic connections prenatally, producing an
overabundance of neuron dendrites, axons, and synapses at birth that are selectively pruned
during development®*8. Cortical synaptic density and neurotransmitter receptor density reaches a
peak between postnatal month 2 and 4 in rhesus macaques, and then declines to adult levels by 3
years of age in most areas, though declines continue in the PFC for another twenty years®+-61,
In monkeys, peak synapse density in limbic regions occurs at postnatal month 22, coinciding
with the onset of limbic functions including memory and social fear, and achieves functional
maturity at 4 months®3. A comparable process unfolds in human development, but the process
occurs over a longer time and a region-specific manner, with the PFC not reaching peak synaptic

654

density until 3.5 years®*. During infancy, gray matter volume increases, likely driven by

*164.165 " and white matter volume increases as cortical myelination!®®

‘exuberant synaptogenesis
progresses. These developmental changes represent an opportunity for the postnatal environment

to make long lasting impacts to the brain and behavior.
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Disentangling the contributions of stress, diet, and feeding behavior on neurobehavioral
development, as well as the underlying biological mechanisms (e.g. increased GCs,
proinflammatory signals, both) in children is difficult, considering the challenges associated with
prospective, longitudinal studies that standardize and monitor accurate food intake under
rigorous experimental control. Social subordination in female rhesus macaques is a useful and
well-validated translational animal model of chronic psychosocial stress!®+!1%7, Social
subordination is a naturalistic stressor that produces a number of distinct stress-related

104 Tnfants acquire the relative ranks of their mothers rank at birth!!>, and their early

phenotypes
neurobehavioral development may be shaped by their subordinate status, either through their
social experiences or biological signals transmitted from their mother. Through observational
learning, the infant observes its mother’s rank-related social interactions early in development
and learn its own position in the social hierarchy through imitation or identification with the
mother®>. Subordinate infants may start to receive aggression by this point, albeit minimal'3!, or
perceive harassment directed to their mothers or other family members as stressful. Social status
effects in infancy may also be communicated through immunological and hormonal constituents
in breastmilk, such as immunoglobulins, cytokines, GCs, and other hormones like leptin®3¢-6,
Studying rhesus macaques in infancy affords an opportunity to better understand how social
status influences neurobehavioral development via biological signals and/or vicarious learning
about the social environment. Importantly, subordinate macaques have also been shown to be
susceptible to stress-induced overeating of an obesogenic diet!?>6!°, Adult subordinate females
have been found to eat approximately twice as many calories when a diet of fat and sugar is

610

available®'’, and juvenile females have been shown to be susceptible to diet-induced increased

fat mass®?®, Using the social subordination model in rhesus macaques, we sought to investigate
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how social subordination interacts with dietary environment during infancy to affect the
development of stress neuroendocrine systems (HPA axis), proinflammatory markers, emotional
reactivity, feeding behavior, as well as FC in corticolimbic circuits important to interoception,
reward processing, and stress/emotional regulation. Additionally, we examined whether stress-
induced or diet-induced neurobiological alterations were associated with elevations in GC or pro-
inflammatory cytokines. We hypothesized that social subordination will begin to promote
hypercaloric consumption and decrease FC in circuits subserving emotion regulation and
impulse control by 6 months of age, and consumption of an obesogenic diet will further reduce
FC in these corticolimbic circuits and impair the development of FC in circuits involved in
reward-saliency processing. We also hypothesized that subordination status and consumption of
an obesogenic diet, particularly calories derived from a HCD, would be associated with
alterations to the HPA axis (higher basal cortisol and cortisol reactivity) and increased
inflammatory markers by 6 months of age, and these alterations may be linked with changes in

neurobehavioral development.

3.3 Methods

3.3.1 Subjects

Subjects were 44 infant female rhesus macaques (Macaca mulatta) born at the Yerkes National
Primate Research Center Field Station in Lawrenceville, GA. The infants were reared by dams in
large social groups compromised of approximately 2-3 males, 30-60 adult females and their
offspring. The social groups lived in outdoor enclosures comprising three-quarters of an acre
with attached climate-controlled indoor quarters. Data was collected longitudinally during the

infants’ first 6 months of life (see Figure 3.1 for summary). All procedures were approved by the



121

Emory University Institutional Animal Care and Use Committee, in accordance with the Animal
Welfare Act and the U.S. Department of Health and Human Services “Guide for Care and Use of
Laboratory Animals.” Three subjects were excluded from all analyses because they were

chronically unthrifty early in life and released early from the study.

3.3.2 Dam Selection and Prenatal Conditions

Macaque groups are organized by a dominance hierarchy, with lower social ranking animals
unequivocally emitting a submissive behavior in response to an approach or aggression from a
more dominant individual'!'>. The social status of the individuals in the social groups was
determined from formal group checks, in which the outcomes of dyadic agonistic interactions
were recorded. Dams were selected for the study from families at the extremes of the social
hierarchy within their groups, with dominant dams recruited from families ranked in the top third
of the group and subordinate dams recruited from families in the bottom third. Exclusionary
criteria included primiparous females and/or females with histories of infant physical abuse or
neglect. Because prenatal diet has been shown to have programming effects on neurobehavioral
development3¥8:397:432 gl pregnant females were maintained on a LCD-only diet through
gestation to control for prenatal dietary environment. Dam-infant pairs were eligible for the study
if the above criteria were met and the infant’s birth weight > 450g, to avoid effects of

prematurity/low birth weight on brain development®.

3.3.3 Infant Assignment and Cross Fostering
To disentangle the impact of prenatal maternal stress and postnatal stress, we used a cross

fostering design. Using pseudo-random assignment, approximately half of the newborns were
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cross fostered to dams of the same or different social status as their biological mother within 48
hours of birth using well-established procedures®®?6!, The remaining subjects were reared by
their biological mother. Because rhesus offspring assume the social status of their mothers!!>,
cross fostered infants assumed the social status of their foster mothers, and infants who remained
with their biological mothers inherited their social status. Twenty-one dominant-ranking mother-
infant pairs, and twenty subordinate-ranking pairs were followed after birth. Ranks were assessed
on a monthly basis to monitor changes in the hierarchy of the group. Relative social status of the
infant was calculated as the ratio of its postnatal dam’s social status divided by the total number

of animals > 3 years of age in the group, excluding adult males.

3.3.4 Diet Intervention
Table 3.1 summarizes the distribution of subjects across the experimental cells of the study
design. The Choice condition closely models the human dietary environment and has been

shown to sustain stress-induced emotional feeding in animal models 3#333:662.663

and promotes
obesity more effectively than a HCD diet alone®®. The LCD was LabDiet Monkey Diet 503A, a
pelleted version of the standard LabDiet Monkey Diet 5038 (Purina Mills International, St.
Louis, MO). The diet contained 3.46 kcals/gram and the calories are distributed as 14% fat, 18%
protein, and 68% carbohydrates. The HCD pellets (D14051502B, Research Diets, Inc.) contained
4.25 kcal/gram and the caloric composition was 30% fat, 20% protein, and 50% carbohydrate.
The HCD pellets included substantially more sugar carbohydrates (29.84% of total calories)

compared to the LCD pellets (6.11% of total calories). The LCD and HCD pellets were

comparable in the amounts of vitamins and minerals they provided.
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Subjects accessed the feeders with radio-frequency identification (RFID) chips subcutaneously
embedded in their wrists; dams had RFID chips at the outset of the experiment, and infants
received RFID chips at 6 weeks of age, before these animals transition to solid food®¢*. The
automated feeders were outfitted with radio-frequency antenna that scanned the subjects’ RFID
chips, dispensing a single pellet at a time and quantifying each subject’s caloric intake. This set-
up has been previously validated to allow monkeys to consume food ad libitum, and allowing
systematic control over access to one of the two experimental diets and careful recording of
caloric intake>*$1°, Calorie intake was monitored continually for the first 6 months of life to
determine how social status and dietary environment predicts caloric intake. One infant-dam pair
was assigned to the LCD-only condition, but the dam was able to access the HCD feeder in the
infant’s first two weeks of life. We excluded this infant from analyses that included the 2 week

time point.

3.3.5. Emotional Behavior

The Human Intruder (HI) task is a standardized task that elicits behavioral reactivity!¢ and HPA
axis activation®®, and responses to the task have been shown to be under the control of AMYG
and PFC circuits®3*°3°, Behavioral responses to the task emerge during infancy and include
anxiety-like, fear-like, aggressive, and exploratory behaviors!3¢-187:665.666 Prior work by our
group demonstrated that early life stress in rhesus macaques increased behavioral reactivity on
the task. To assess effects of social status and diet on behavioral and stress responses, the task
was administered at 6 months of age only, immediately following collection of a baseline blood
sample to examine the HPA axis stress response during the HI task (see below). The task

comprised three consecutive ten-minute conditions: (alone) the animal is alone in a testing cage,
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(profile) an unfamiliar human intruder enters the room and sits with its profile to the subject,
(stare) the intruder turns and stares at the subject making direct eye contact. The tests were

recorded and scored using an established ethogram!34.

3.3.6 Physiology
Stress Physiology: Basal Cortisol Levels and Stress Reactivity
Dam-infant pairs were habituated to being removed from their group for awake venipuncture

using previously described methods®®’

. Baseline blood samples were collected from the infants
in the early AM (at sunrise) to control for circadian changes in cortisol secretion at ages postnatal
day (PND) 2-4, 2 weeks, and 6 months and following previously published methods*4668:66%,
Blood samples were also collected immediately following the 30-minute HI task, and again 4
hours after completion of the HI task (recovery), to test whether social status and dietary
environment influences stress-induced cortisol reactivity in response to an acute stressor and GC
negative feedback. Efforts were made to obtain all blood samples within 10 minutes from initial
group disturbance to avoid confounding effects of arousal®’®. Blood samples were collected in

pre-chilled tubes containing EDTA, immediately placed on ice, centrifuged and plasma stored at

-80°C until assayed.

All plasma cortisol assays were performed by the YNPRC Biomarker Core Laboratory. After
thawing at 4°C, 20ul of plasma were placed into a 96-well block with 100 pl of 50ng/ml internal
standard (d4-cortisol) in acetonitrile, spun and extracted. Extractions solution was analyzed by
ultra-performance liquid chromatography electrospray ionization (UPLC-ESI) tandem mass

spectrometry. Cortisol and d4-Cortisol were eluted by Acquity UPLC@ BEH C18, 1.7um,
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50X2.1mm column (Waters, Milford, MA). Cortisol and d4-Cortisol were identified at m/z pairs
of 363.1/121.1 and 367.3/125.2 by AB Sciex TripleQuad 6500. Cortisol concentrations for each
sample were calculated using linear regression analysis of a standard curve. The quantification
range for the assay was 0.1 -100 pg/dl cortisol. For each run, calibration standards were
prepared at concentrations of 0, 0.1, 0.5, 1, 5, 10, 20, 50, 75, 100 pg/dl. Three fortified quality
control (QC) samples were also analyzed in duplicate in each run. The intra- and inter-assay

precision [percentage coefficient of variation (CV%)] are 1.43% and 6.71%.

Markers of Peripheral Inflammation

Peripheral inflammatory markers were assayed from the baseline plasma samples collected at
sunrise at 2 weeks and 6 months of age. Concentrations of C-reactive protein (CRP), the pro-
inflammatory cytokine interleukin 6 (IL-6), and the chemokine monocyte chemoattractant
protein-1 (MCP1) were measured using Meso Scale Discovery electrochemiluminescent (ECL)
immunoassay V-PLEX human panels on the MSD SECTOR Imager 2400-A (Meso Scale
Diagnostics, LLC, Rockville MD). The pro-inflammatory cytokine TNFo was measured
similarly using a NHP V-plex panel. Samples were diluted by a factor of 1000 for CRP, 4 for
MCP-1, 2 for IL-6, and 1 for TNFa., and run in duplicate. The assay includes running the
samples in duplicate and converting the ECL signal to pg/mL values based on standard curves of

calibrator proteins. All samples included in the analysis had CV values <10%.

Hair Cortisol Accumulation
Accumulation of cortisol in hair can be a useful marker of chronic stress®’!72, To assay exposure

to cortisol levels prenatally and from birth through the first 6 months of postnatal life, hair was
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shaved from the back of the neck at birth and 6 months, respectively. Hair cortisol measures
were analyzed as previously described®’>¢73 Briefly, each sample was weighed, washed twice in
isopropanol to remove external contamination, ground to a fine powder, and then extracted with
methanol overnight. The methanol was evaporated, the residue was redissolved in the assay
buffer, and then cortisol was measured using the Salimetrics (Carlsbad, CA) enzyme
immunoassay kit (cat. # 1-3002) according to the manufacturer’s directions. Intra- and inter-

assay coefficients of variation were <10%.

Body Weight measurements

Body weight (BW) was measured at 2 weeks and 6 months of age.

3.3.7 Resting-state fMRI

Neuroimaging Scanning

Neuroimaging data were collected from the infants longitudinally at 2 weeks and 6 months of
age. Infants were transported with their mother from their social groups to the YNPRC Imaging
Center on the day before or day of the scan. All scans were collected in a single session using a
3T Siemens Magnetom Trio Tim system scanner (Siemens Med. Sol., Malvern, PA, USA) with
an 8-channel phase array coil and under anesthesia. Following initial telazol induction (2 weeks:
3.82 + 0.08 mg/kg BW, 6 months: 2.25 + 0.04 mg/kg BW, i.m.), infants were intubated to
administer isoflurane during the scanning session. Low isoflurane levels were administered (0.8
— 1.0%) to maintain a sedated and relatively immobile state while minimizing effects to BOLD
signal. These isoflurane levels are below those used in previous macaque studies demonstrating

patterns of coherent BOLD signal comparable to those found in awake monkeys®!*=>!6, Animals
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were scanned in the supine position and their heads were immobilized by a custom-made head
holder with ear bars and a mouthpiece. Eight high-resolution T1-weighted structural MRI scans
were acquired for registration purposes using a 3D magnetization prepared rapid gradient echo
(3D-MPRAGE) parallel image sequence with TR/TE=2600/3.38msec, FoV=128mm, voxel
size=0.5mm? isotropic, GRAPPA, R=2). Two 15 min resting-state fMRI (T2*-weighted) scans
were collected following the T1-weighted scans to allow approximately 40 minutes to elapse
from initial telazol induction for stabilization of physiological variables. These scans were
collected using a T2*-weighted gradient-echo echoplanar imaging (EPI) sequence with 400
volumes, TR/TE=2160/25msec, voxel size=1.5mm? isotropic). A short reverse-phase encoding
scan was acquired to enable unwarping distortions in the EPI scans using previously validated

methods®’4.

During the scanning procedures, physiological measurements were monitored using an oximeter,
ECQG, rectal thermistor and blood pressure monitor. An intravenous catheter maintained
hydration with a dextrose/NaCl solution (0.45%), and an MRI-compatible heating pad was used
to stabilize subjects’ body temperature. At the end of the scanning session and upon anesthesia
recovery infants joined their mothers in shared housing, and the pair was returned to their social
group the following day. Three infants could not be scanned at 2 weeks either because the infant

or mother was sick.

Functional MRI data pre-processing

All data was preprocessed using an in-house Nipype-based pipeline®!” with modifications to

520-523

previously published resting-state FC preprocessing methods and customized alterations
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specific to processing macaque brains®>*. Files were converted to nifti format and the first 3
volumes of each resting-state fMRI scan were discarded, as these may have been collected
before scanner equilibrium was reached. The preprocessing pipeline included unwarping of the
EPI scans using a reverse phase-encoding distortion correction method®’*, slice-timing
correction, and one-step resampling of rigid body head motion-correction, linear registration of
the EPI to the T1 scan, and affine followed by non-linear registration of the T1-MRI image to a 6
month age-specific T1-weighted rhesus infant MRI atlas. The 6 month T1-weighted atlas was
developed by our group in collaboration with Martin Styner (UNC)** and based on scans
acquired longitudinally from 40 infant rhesus monkeys from the YNPRC colony, balanced by
sex, and early social experience and status/rank. This 6 month infant atlas was registered to the

112RM-SL atlas in F99 space>?>-%¢ for use in the nipype pipeline.

Additional processing steps included normalization of the signal to a whole brain mode of 1000,
detrending of the BOLD signal after the EPI functional series were concatenated, nuisance
regression of the rigid body head motion parameters, whole-brain, ventricle, and white matter
signal, and all their first-order derivatives, and low-pass filtering with second-order Butterworth
filter. Frames with displacement greater than 0.2mm were censored from the FC analysis®’>.
Global signal was regressed based on current literature highlighting the importance of removing
non-neuronal, physiological noise (e.g., cardiac and respiration cycles) common across the entire

brain527’528

Resting-state FC Analysis
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Corticolimbic FC between Regions of interest (ROIs) in the PFC [dIPFC: Brodmann area 46 -
BA46-, BA9), mPFC (BA32), ACC (BA24, BA25), and OFC (BA11 and BA13)] and the
AMYG and NACC was analyzed. Given its role in processing salient stimuli, natural reinforcers,
and interoceptive information®’!, we also analyzed FC between the INS and PFC regions with
which it has established structural connections in the macaque (BA46, BA24, BA11,
BA13)%73676, ROIs were defined based on Lewis and Van Essen’*? and Markov®”’ anatomical
parcellations mapped onto the cortical surface of the UNC-Emory rhesus infant atlases in F99
space. The left and right AMYG ROIs were hand-drawn by experts using cytoarchitectonic maps
derived from a UNC-Wisconsin adolescent atlas>*? (RRID: SCR_002570), and propagated to the
infant atlas using deformable registration via ANTS. Using established anatomical
landmarks®33->34, the ROIs were manually edited over the infant atlases to improve
neuroanatomical accuracy and avoid ROI overlap. As described in the previous chapter, this set
of ROIs was modified further to remove any voxels where at least one subject had signal
dropout, with dropout being defined as the mean intensity of the subject’s EPI signal minus two
standard deviations. Using this modified set of ROIs, the average BOLD timecourse was
extracted for each ROI, and correlated with the average timecourse from the other ROIs. Lastly,

Pearson correlation coefficients were Fisher z-transformed.

Quality Control of Scanning data

Upon visual inspection, one subject was noted for having a possible lesion on the right side of
the brain at 6 months of age that resulted in signal loss in the resting-state fMRI scans in the
following ROIs: BA9, BA46, BA11, BA32. Due to this abnormality, we excluded this subject

from any FC analysis in circuits involving these four ROIs (right-side only). As described in the
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previous chapter, when mild to moderate Nyquist ghosting was observed in the raw EPI scans,
we pursued a second quality-control test by creating AMYG seed-based whole-brain, voxel-wise
FC maps to determine whether Nyquist ghosting affected BOLD signal in the brain by altering
coherent networks. After these AMYG whole-brain voxelwise seed maps were examined we
noted that 8 subjects at 2 weeks of age and 8 subjects at 6 months of age had a moderate artifact
pattern. Analysis was performed with and without these cases; we reported how the models were

changed by exclusion of the moderate artifact cases.

3.3.8 Statistical Analysis

Overall Model and Rationale

Our aim was to test the effect of the infants’ social status and experimental diet on various
outcomes, including cumulative kcals consumed, resting-state FC in corticolimbic circuits,
cortisol in plasma and hair, pro-inflammatory markers, and emotional behavior. Due to
limitations of our relatively small final sample size, we do not have sufficient power to analyze
and interpret effects of biological mother’s rank/status (including genetic heritability factors and
potential prenatal maternal stress in the subordinate animals) and cross-fostering (CF). Thus, our
general approach was to first test whether Biological mom’s social status and CF had detectable
effects on functional outcomes in preliminary models, and control for these factors in the main
models, when necessary. In preliminary ANCOVA models or rmANCOVA models, biological
mom’s social status was entered as a between-subjects factor, controlling for CF as a covariate.
In the main ANOVA or rmANOVA models, we tested effects of infant social status (i.e. foster
mom’s social status: dominant (DOM) vs. subordinate (SUB)) and postnatal diet (LCD-only vs.

Choice) on the outcome measures, treating these variables as between-subjects factors. If
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biological mom’s social status or CF were significant predictors in the preliminary model, one
(or both) were entered as covariates in the main models. In the case of rmANOVA models,
biological mom or CF was also included as a covariate in the main model if either factor

interacted with the repeated measure (age or time).

Analysis of Feeding Data and BW

We first sought to determine whether there were effects of social status or diet on the number of
kcals consumed by the dams during the infants’ first 2 weeks of life, and by the infants during
their first 6 months of life. Because the infants are exclusively breastfeeding through their 2
week scans, the dams’ kcals consumption of either diet during this period served as a proxy for
the infants’ caloric intake during this time. The cumulative number of total kcals, LCD kcals, and
HCD kcals consumed failed Kolmogorov-smirnov tests of normality, and the feeding data was
transformed with a square-root transformation of the total kcals, and a square-root + 1 transform
of the LCD-kcals and HCD-kcals. Because of the variability in timing of infant weaning, we first
tested whether kcals consumed by infants during the first 6 months (total, HCD, and LCD) was
dependent on the beginning of weaning (defined at first age of consumption of solid food from
the automated feeders), by correlating Kcals with ‘feeding duration’, measured as the number of
days between infants first recorded feeding and their 6 month scan. If the correlation was
significant, feeding duration was included as a covariate in the ANOVA models described above.
A t-test compared consumption of the HCD kcals by DOMs and SUBs on the Choice diet, and a
paired t-test examined whether Choice subjects consumed significantly different number of kcals
of LCD vs. HCD chow. Similar ANOVA models to those described above were used to analyze

effects of social status and diet on BW at 2 weeks and 6 months.
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Analysis of Resting-State FC Data in Corticolimbic Brain Circuits

We next tested whether social status and diet impacted brain activity outcomes in the first 6
months of life. Although we kept the levels of anesthetics (telazol, isoflurane) to the lowest
minimum, and left a 40 min a lag time between telazol administration and the resting-state fMRI
scans for clearance, we also tested potentially confounding effects of isoflurane and telazol on
FC by performing correlations between their respective doses per animal and FC at 2 week and 6
months. The preliminary and main ANOVA models described above (“Overall Model and
Rationale” section) were run separately for FC at 2 weeks and 6 months, with isoflurane and

telazol dose(s) added as a covariate(s) when significantly correlated with FC.

Analysis of Stress Physiology

To assess effects of social status and diet on baseline HPA axis function early in life, we
analyzed the effect of these factors on baseline plasma cortisol levels in the blood samples
collected at sunrise (early AM) at PND2-4, 2 weeks, and 6 months using rmANOV A models
(described above), treating Age as a repeated, within-subject, measure. To measure stress-
induced HPA axis reactivity and recovery to baseline at 6 months of age, plasma cortisol levels
were measured immediately before (baseline/sunrise: pre-HI), and after administration of the HI
task (post-HI), and 4 hours post-HI. These measures were analyzed with rmANOVA models,
with time point (baseline/sunrise, post-HI, 4-hours post-HI) as the repeated, within-subject,
measure. Three subjects were excluded from the cortisol reactivity analysis at 6 months, and 8
subjects were excluded from the baseline cortisol analysis, because their samples were collected

>10 minutes from disturbance.
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Analysis of Hair Cortisol and Inflammatory Markers

Due to non-normality of the distribution, hair cortisol and inflammatory markers were log-
transformed (with a constant added when zeros were present). The transformed hair cortisol
levels at PND 2-4 and 6 months, and inflammatory markers at 2 weeks and 6 months were

entered into rmANOVA models, with age as a repeated measure.

Analysis of Emotional Behavior during the HI task

The following HI composite scores were calculated by adding rate or duration of ethologically
similar behaviors: freeze (duration of freeze and crouch-freeze), anxiety-like (rates of self-
scratch, yawn, self-grooming, and tooth grinding), aggressive (rates of threat, threat bark,
crooked tail, lunge, and display), and explore (duration of tactile explore and visual explore). In
addition to these composite scores, visual inspection of the intruder (duration), visual avoidance
of the intruder (duration), locomotion (duration), and coo (rate) were analyzed. Non-normally
distributed behaviors or composites that failed the Kolmogorov-smirnov test were transformed
with a natural log, and a constant was added when zeros were present. Phases of the HI task were
excluded from analysis if the behavior/composite was zero-inflated in the phase, with a zero-
inflation threshold set at more than 40% of subjects having zeros. If two or more phases were
entered into the statistical model, rmANOVA models were performed with phase as the within-

subject repeated measure; otherwise ANOVA models were run.

Multiple Regression Models: Do Kcals Consumed and Social Status Predict Functional

Outcomes?
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Following the statistical models detailed above, we tested whether the number of kcals consumed
and relative rank predicted functional outcomes, constraining this analysis to outcomes with
statistically significant effects of social status, diet, or a social status x diet interaction. The
regression model tested included the following terms:

Outcome = Relative rank + LCD kcals + HCD kcals
The dams’ kcal data was entered into models predicting infant outcomes at 2 weeks, and the
infants’ kcal data was entered into models predicting functional outcomes at 6 months. Modeling
the quantitative number of kcals permits us to probe whether effects of diet were driven by
quantitative differences in kcals consumed or qualitative aspects of the different diets. The
relative rank of the infant’s postnatal dam was included in the model to test whether there was a
‘dose effect’ of social experience (i.e. whether being more or less extreme on the continuum of
social status predicted functional outcomes). If the LCD or HCD kcals was a significant
regressor in the model, an interaction term between relative rank and the kcals term was
successively entered in the model and the models were compared to test whether the addition of

the interaction term significantly increased the variance explained by the model.

Associations between outcomes (FC, cortisol, proinflammatory markers, emotional behavior)
Lastly, we tested whether there were significant associations between outcomes with statistically
significant effects of social status, diet, or a social status x diet interaction . Bivariate correlations
were performed to test associations between FC, stress and inflammatory physiology, and

emotional behavior.
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At 6 months of age, the models were analyzed with and without the infant whose mother
consumed HCD despite assignment to the LCD-only group. By this time point, the infant had
access to the LCD-only diet (through breast-milk and her own consumption) for the majority of
her development (5.5 months). We reported instances when significant models were changed by
her exclusion. When outliers were present (defined as being above or below 3 SDs), analyses

were performed with and without outliers, and differences in the models are reported.

3.4 Results

3.4.1 Predictors of Feeding

Feeding data is summarized in Table 3.2. DOM dams consumed significantly more cumulative
total kcals during their infants’ first 2 weeks of life compared to SUB dams (F(3,31)=5.165,
p=0.030, n*=.143; Figure 3.2B). Dams in the LCD-only condition consumed significantly more
cumulative LCD kcals than dams in the Choice condition (F(3,31)=28.844, p< 0.001, n?>=.482).
For the Choice dams, there were no significant differences between the number of cumulative
HCD kcals consumed by the DOMs and SUBs. In addition, Choice dams did not differ

significantly in their consumption of LCD kcals and HCD kcals.

For infant calorie consumption in the first 6 months of life, there was a main effect of diet on
cumulative total kcals, with Choice infants eating more cumulative total kcals through the age of
the 6 month MRI scan than LCD-only infants (F(3,34)=6.338, p=0.017, n?>=.157; Figure 3.2A).
No main effects of social status or interactions between social status and diet condition were
detected on cumulative total kcals consumed. The number of days the infants spent feeding in

their first 6 months of life was a significant covariate in the model of cumulative LCD kcals
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(F(4,33)=10.215, p=0.003, n>=.236), but there were no effects of social status or diet on
cumulative LCD kcals consumed. For the Choice infants, there was no significant difference in
cumulative HCD kcals consumed by the DOM and SUB infants. Furthermore, the number of
cumulative HCD kcals and LCD kcals consumed by the Choice infants did not significantly

differ. There were no effects of social rank or diet condition on BW at 2weeks or 6 months.

3.4.2 Resting-state FC

At 2 weeks of age, infants consuming the LCD-only diet through maternal lactation showed
significantly stronger, more positive FC between right AMYG and OFC (BA13) than infants in
the Choice condition, whose moms were consuming the HCD and LCD chow (F(4,31)=6.947,
p=0.013, n?>=.183; Figure 3.3). No other main effects of diet were found in ROI-to-ROI FC at 2

weeks or 6 months of age.

At 6 months of age, SUB infants had stronger positive FC between left AMYG and mPFC
(BA32) (F(3,37)=4.130, p=0.049, n?=.100; Figure 3.4 A,B). There was also a main effect of
social status on FC between left INS and ACC (BA24), (F(3,37)=4.820, p=0.034, n’>=.115;
Figure 3.4 C,D), with SUB infants having significantly stronger, more positive FC than DOM

infants. No main effects of social status were found in other FC models at 2 weeks and 6 months.

A social status x diet interaction was also detected at 6 months of age for FC between the right
INS and dIPFC (BA46) (F(3,36)=7.386, p=0.01, n>=.170; Figure 3.5 A,B). The post-hoc tests
revealed that SUBs on LCD-only diet had significantly stronger FC compared to both SUBs on

the Choice diet (p=0.01, n?=.172), and to DOMs on the LCD-only diet (p=0.018, n>=.145). There
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was also an interaction effect of social status x diet on FC between the right INS and OFC at 6
months (BA13) (F(3,37)=4.964, p=0.032, n?>=.118, Figure 3.5 C,D). Post-hoc tests revealed that
DOMs on Choice diet had significantly higher FC than DOMs on LCD-only diet (p=0.02,
n?=.137), and SUBs on the Choice diet (p=0.015, n>=.149). FC between the right INS and ACC
(BA24) also showed a social status x diet interaction effect at 6 months (F(3,37)=5.653, p=0.023,
n?=.133; Figure 3.5 E,F). Although the post-hoc tests did not yield significant contrasts, there
was a trend for DOMs on the Choice diet to have significantly higher FC than DOMs on the
LCD-only diet (p=0.051, n?=.099). There were no other significant interaction effects observed

in other 2 week and 6 month models. Imaging results are summarized in Table 3.3.

The significant results reported for the ROI-to-ROI models were not changed when the analysis
excluded the LCD-only infant whose foster mom was able to access the HCD feeders during the
infants’ first two weeks of life. When the models were re-run excluding the subjects with
artifacts in the AMYG seed maps, the significance of the results was unchanged with the
exception of the model of FC between left INS and BA24 (where the directionality of the results
remained the same, and there was a statistical trend for a main effect of social status (p=0.076),
suggesting that the difference was most likely due to loss of statistical power to detect an effect

given the smaller sample size).

3.4.3 Stress Physiology and Peripheral Inflammation
When baseline cortisol levels sampled at sunrise were analyzed longitudinally across PND2-4, 2
weeks of age, and 6 months of age, no effects of infant social status or diet on baseline cortisol

were detected. At 6 months of age, plasma cortisol samples were also collected immediately
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following the HI task to gauge stress reactivity of the HPA axis, and 4 hours later to measure
recovery of the HPA axis to baseline. There was one cortisol outlier that seemed to drive a CF
effect as a covariate in the preliminary model (since it was not significant when the outlier was
excluded); therefore, we did not include CF in the main model. A rmANOVA model of the 6
months plasma cortisol levels at sunrise (baseline), post-HI, and 4 hours post-HI excluding the
cortisol outlier detected a main effect of sample time point collection (F(2,62)=220.697, p <
0.001, n?=.877), and a social status x diet x time point interaction (F(2,62)=4.292, p=0.018,
N?=.122; Figure 3.6). Post-hoc analyses revealed that at sunrise, DOMs in the Choice diet group
had significantly higher cortisol than DOMs in the LCD-only group (p=0.028, n?>=.147), and
SUBS had significantly higher cortisol levels than DOMs in the LCD-only group (p=0.047,
n?=0.121). Immediately following the HI task, SUBs on the Choice diet had significantly higher
cortisol levels compared to SUBS on the LCD-only diet (p=0.015, n?=.178). The results were
similar when the outlier was included in the analysis, with the following exceptions: a main
effect of diet was detected (F(1,32)=4.133, p=0.05, n>=0.114), and there was no significant
difference in baseline cortisol between SUBs and DOMs on the LCD-only diet. Additionally,
with the outlier included, a significant effect was detected wherein SUBs on the Choice diet had
significantly higher cortisol levels than DOMs on the Choice diet immediately following the HI
task (p=0.027, n?=0.144). There was no effects of social status or diet on cortisol accumulation

in hair at birth or 6 months of age.

When two outliers were excluded from the CRP model at 2 weeks and 6 months of age, there
was a main effect of social status (F(1,34)=4.524, p=0.041, n?>=0.117), and a social status x diet

interaction (F(1,34)=4.270, p=0.046, n>=0.112; Figure 3.7). The post-hoc tests revealed SUBs in



139

the LCD-only group had significantly higher CRP levels than DOMs in the LCD-only group
(p=0.005, n>=0.205). This model was not significant when outliers were included. None of the
other inflammatory cytokines showed effects of social status, diet, or social status x diet

interactions.

3.4.4 Emotional Behavior

In the Stare phase of the HI task, a main effect of social status emerged, with DOMs exhibiting
higher rates of anxiety-like behavior than SUBs (F(3,36)=6.1, p=0.018, n?=0.145; Figure 3.8A),
regardless of diet condition. There was a HI phase x diet interaction for the duration of time
spent visually inspecting the intruder (F(1,34)=4.279, p=0.046; Figure 3.8B). Post-hoc tests
showed that the LCD-only infants spent significantly more time visually inspecting the intruder
in the Profile phase than the Stare phase (p=0.015, n?=0.161), whereas there was no difference
for the Choice infants. Because biological mom’s social status had a significant effect on this
behavior, it was included as a covariate in the model, where a phase x biological mom social
status interaction was detected as well (F(1,34)=5.695, p=0.023, n?=.143). No other significant

main or interactions effects were found.

3.4.5 Regression Models of Feeding behavior

Because CRP levels at 6 months were predicted by cumulative HCD kcals in the basic regression
model, an interaction term between relative rank and the HCD kcals was entered. CRP levels
were better predicted by the regression model that included the infant’s relative rank, cumulative
LCD kcals, cumulative HCD kcals, and an interaction between HCD kcals and relative rank

(R?=0.359, p=0.007; HCD kcals: b =1.149, t(34)=3.861, p < 0.001, Interaction: b =-.900, t(34)=-
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2.902, p=0.007; Figure 3.9). There was a positive relationship between the cumulative HCD
kcals consumed and CRP levels at 6 months for the DOM infants, but no linear relationship for

the SUB infants. No other outcomes were predicted by the regression models.

3.4.6 Associations between Outcomes with Significant Social Status or Diet effects

At 2 weeks of age, no significant association was found between right AMYG-BA13 FC and
CRP levels—the two outcomes with significant diet effects. At 6 months of age, we tested
associations between FC in the circuits with significant effects of diet, social status, or diet x
social status, and baseline cortisol, cortisol reactivity, CRP levels, rate of anxiety-like behavior in
the HI task, and duration of time spent visually inspecting the intruder in the HI task, but found
no significant associations. We also tested whether baseline cortisol levels and cortisol reactivity

at 6 months predicted CRP levels at 6 months, but again found no significant associations.

3.5 Discussion

The results of the present study demonstrate that social subordination stress and dietary
environment exert influences on neurobehavioral development and stress physiology in infant
rhesus macaques, as early as 2 weeks and 6 months of age (equivalent to 2-24 months in
humans). We hypothesized that social subordination would be associated with decreased FC in
circuits involved in emotion regulation and promote greater caloric consumption by 6 months of
age. In addition, we hypothesized that consumption of a HCD would further reduce FC in these
emotion regulation circuits and impair the development of FC in circuits involved in reward-
saliency processing. We posited that subordinate status and consumption of an obesogenic diet,

notably a HCD, would be associated with higher basal cortisol and cortisol reactivity and
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increased inflammatory markers by 6 months of age. Our findings generally supported the latter
hypotheses regarding diet and status effects on physiology. However, we did not find evidence of
status effects on feeding behavior, and our hypotheses about effects of social status and diet on
corticolimbic circuits during infancy were not generally supported, as subordination was
associated with heightened, rather than reduced, FC in emotion regulation circuits. SUB infants
did not show evidence of stress-induced eating. Instead, Choice infants ate more kcals than
infants on the LCD-only diet, confirming that a highly caloric dietary environment increases the
number of kcals consumed, independently of social rank, and affected various outcome
measures. Diet and social status impacted resting-state FC in corticolimbic circuits involved in
reward processing, interoception, salience detection, and emotion regulation. The Choice diet
consumed by the mother decreased AMYG-OFC FC in the infants at 2 weeks, as compared to
infants raised by mothers consuming the LCD-only diet, and subordination effects on
corticolimbic circuits emerged at 6 months. Subordinate infants had stronger AMY G-mPFC and
INS-ACC FC than DOM infants, and there were complex interaction effects between diet and
social status on INS-PFC and INS-ACC FC at 6 months. Diet condition also interacted with
social status to predict baseline cortisol, cortisol reactivity, and inflammation at 6 months.
Inflammation was predicted by cumulative consumption of HCD, but not LCD, kcals at 6
months, and by an interaction between HCD kcal consumption and social status; DOM, but not
SUB, infants who ate more HCD kcals had higher CRP levels. No other associations between
caloric intake and FC, behavior, or cortisol levels were detected, suggesting that the other diet
effects reported here may be explained more by qualitative, rather than quantitative, differences
between the HCD and LCD diets. Moreover, there were no differences between the infant groups

in BW at 2 weeks or 6 months, supporting other findings of diet effects on neurobehavioral
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development and physiology, independent of an obesogenic phenotype’¥8-393:448449 - Altogether,
these data indicate that subordinate status and consumption of a HCD may adversely impact
physiology during infancy, and influence corticolimbic circuits involved in emotion regulation
and reward processing in complex ways, as summarized in Figure 3.10. Effects of social status in
infancy may be due to the infants’ social experiences, exposure to biological signals through
their mother’s milk, or the maternal care they received, though further work is needed to explore

these possibilities.

There was a main effect of social status on the dams’ feeding behavior during their infant’s first
two weeks of life. DOM dams consumed more total kcals in the first two weeks postpartum than
SUB dams. There was no difference in total kcals consumed by dams on the Choice and LCD-
only diets; Choice dams ate significantly less LCD kcals than LCD-only dams, but this
decrement in calories was offset by the HCD kcals they consumed. The dams’ consumption
pattern differed from previous reports of adult female feeding behavior, where SUBs have been
reported to consume more total kcals and showed preference for the HCD diet in the Choice
condition, when compared with DOMs®!?. This difference may be partly attributable to life stage:
during the postpartum period dams are under a strong hormonal flux that may support different
feeding preferences and behaviors. In addition, these previous reports studied unrelated small
groups of females in a different housing configuration, a context that may exacerbate non-

homeostatic feeding.

In the first 6 months of life, infants in the Choice group consumed more total kcals than infants

in the LCD-only condition, confirming the efficacy of the diet-intervention in increasing caloric
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intake during infancy. However, we did not find an effect of social status on consumption at this
age point. In previous studies with adult female macaques, subordinate adult females consumed
significantly more calories than dominant females when a diet of fat and sugar is available!%>610,
which has been interpreted as evidence of stress-induced emotional eating. Subordinate infants
may face minimal stressors in the first 6 months of life, as they typically receive little
aggression'3!, and therefore may not be susceptible to stress-induced eating by this
developmental stage. Alternatively, subordinate infants may be exposed to stressors, possibly by
observing their mother being harassed, but their stress response may be somewhat mitigated by
maternal buffering, at least in the first few months of 1ife®’8, However, the cortisol and stress
physiology results suggest that the physiology of SUB infants is impacted by their low ranking
social status by 6 months, although some of the subordination effects on development may be

cumulative and gradual. Accordingly, the neurobehavioral adaptations that lead to stress-induced

eating may not emerge until later in development.

At 2 weeks of age, consumption of the Choice diet by mothers resulted in their infants having
weaker right AMYG-OFC FC compared to infants whose mothers consumed the LCD-only diet.
The AMYG and OFC have been implicated in feeding behavior and are both impacted by
consumption of a HCD, obesogenic diet, and/or obesity?>8-386:419:424,665.679-681 'The QFC processes
the reward value of taste, with neurons in this region responding to both the sight and delivery of
food cues, and to the taste, texture, and macronutrient fat in food*>?:%%2, Taste and flavor reward
neurons in the OFC modulate their firing rate in response to the quality of the good and the
amount delivered®>-683% and decrease their firing rates as satiety is reached®®®, indicating that

they are tuned to the reward value of food®®?. The OFC supports conditioned-cue elicited
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feeding®”®, and lesions of the OFC have been linked to overeating®®. In humans, activation in the
OFC has also been found to reflect the subjective pleasantness of taste*°¢%34 Neurons in the
primate AMYG also respond to taste and oral texture, as well as to the sight and smell of food®>-
687 Lesions of the AMYG in rodents induces hyperphagia, adding to accumulating evidence that
the AMYG modulates motivation for non-homeostatic eating®%68%-681 The OFC and AMYG
project to the hypothalamus*, a central player in the orexigenic-satiety network, providing a
tractable pathway by which these regions may modulate feeding behaviors. Diet-induced
alterations to both of these regions have also been noted in the literature. Adolescent obesity has
been associated with decreased OFC volume*'?, and enhanced activation to visual food cues in
the OFC®38, Prenatal consumption of a high-fat diet by rat dams induced dendritic atrophy in the
basolateral AMYG of offspring®®¢, and perinatal high-fat diet increased expression of
corticosterone receptors and altered the expression of pro-inflammatory and anti-inflammatory
genes in the AMYG of rodents**>. In humans, the AMYG shows a hyper-active response to food
cues in obese children*’®, and deficient AMYG modulation of the OFC in a task-based fMRI

study of food cues in obese vs. lean adults***

, which the authors interpreted as a reflection of
impaired flexibility in updating the reward value of food. OFC dysfunction impairs the ability to
update the incentive motivational value of a reinforcer as a function of context, for example in
response to satiety, and can result in compulsive consumption®®®. Therefore, reduced AMYG-
OFC FC in the Choice infants may reflect weakened AMYG modulation of the OFC and
impairments in reward value updating, and increased motivation for hypercaloric intake
regardless of satiety. At the same time, prior research also supports a role for the OFC in

mediating anxious temperament and fear-related responses in adolescent monkeys®3®, and

reduced functional coupling between the OFC and AMYG has been reported in anxiety-prone
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people and people with social anxiety disorder*®72, Although speculative, the finding of
reduced AMYG-OFC FC in the infants exposed to the HCD through breast milk may reflect the
emergence of functional changes in brain circuits that could be linked to impaired emotion

regulation early in development.

Effects of social status on corticolimbic FC emerged at 6 months. Infants of SUB dams
demonstrated stronger, positive FC between the left AMYG-mPFC (BA32) and left INS-ACC
(BA24) compared to DOM infants. Strong FC/coupling between the AMYG and vmPFC is
believed to support emotion regulation, with the vimPFC providing top-down signaling to
actively suppress AMYG over-activity*¢246%_ Studies of humans diagnosed with anxiety
disorders consistently find increased AMYG reactivity during the processing of emotional
stimuli®!=6% and weaker coupling between the mPFC and AMYG has been linked with
increased anxiety levels during the presentation of fearful faces®*, and at rest in healthy
individuals*°. Reduced AMYG-mPFC resting-state FC has been observed after chronic stress’®,
and in anxiety-related neuropsychiatric disorders**>$%, Contrary to our expectations, SUB
infants at 6 months had stronger positive FC than DOMs. One possibility is that enhanced FC in
this circuit reflects a neuroadaptation early in life to prepare SUB infants for their social
environment. Although they are receiving minimal aggression themselves at this age, they are
likely learning about their place in the social hierarchy by observing their mother®>, and
aggression directed toward their mother or other family members may be a stressor for the infant.
Studies of patients with PTSD report stronger FC between the mPFC and AMYG compared to
trauma-exposed controls, a finding the authors interpret as reflecting increased sensitivity to

salient events and biased attentional processing®®. It may be the case that increased AMYG-
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mPFC FC in the SUB infants facilitates vigilance and increased monitoring of the environment

for salient stimuli, including potential threats.

Another possibility is that SUB infants may be exposed to elevated levels of cytokines or cortisol
through their mothers’ breast milk, as compared to DOM infants, which may contribute to social
status effects on FC in the brain. GCs are transferred from plasma to milk®%97 (there is no
evidence for mammary synthesis of GCs), and the levels in the mother’s plasma and milk are
highly correlated®®. Accordingly, HPA axis activation in the mother has implications for GC
levels in the milk. In fact, exposure to stressors increases GC levels in the milk of rats®?, and
studies with rodent models demonstrate that GCs ingested through milk cross the infant’s
epithelial barrier and are present in the neonatal plasma and brain’?. Furthermore, animals
exposed to increased milk GCs during infancy display altered HPA regulation and behavioral
responses to stress**!1=4%4, Higher GC levels in milk are linked with higher confidence in 3-4
month old male rhesus monkeys*%®, while infant fear behavior was shown to be positively
correlated with mother’s plasma cortisol concentrations in humans, but only in infants who were
breast-fed, suggesting lactational programming effects on temperament*®®. Thus, it is possible
that SUB mothers, being exposed to continual stressors, had elevated cortisol levels, which were
transmitted to their infants through lactation, altering neurobehavioral development, in turn. If
social subordination promoted a proinflammatory state in the SUB mothers, these mothers may
also transmit elevated cytokine levels through lactation. During development cytokines influence
neurogenesis, differentiation, migration, neural plasticity, and synapse formation’®!-7%4,

452,453

Cytokines have been shown to alter neurotransmitter levels , influence synaptic

transmission’?>7% and FC%4>-646 and elevated levels have been shown to activate microgliosis in
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the PFC, ACC, and INS and play a role in stress-related disorders!>”:!5%. Because the DOM
mothers consumed significantly more calories than SUB moms, social status effects may also
arise from differences in the nutritional and bioactive signals in their milk. Lastly, status effects
on neurobehavioral development may also reflect rank-related differences in maternal care
during infancy, as social rank has been shown to determine patterns of maternal care in NHPs
(e.g. dominant ranking vervet monkeys are more rejecting toward daughters)’"’, and maternal
care influences neurobehavioral development®*. There are very few studies investigating the
impact of early life stress on resting-state FC, and further longitudinal research is needed to
better understand how the impacts of subordinate status on corticolimbic FC unfold

developmentally and what the underlying causal mechanisms are.

Like the AMYG, the INS is also implicated in processing emotional and salient information, and
is hyper-reactive to salient stimuli in anxiety-related disorders’®®-7!%, Tt has been proposed that
regulation of anxious responsiveness depends on robust FC between the INS and PFC, and weak
coupling is believed to provide insufficient regulation of INS reactivity®®!%°. Indeed, resting-state
FC and task-based fMRI studies find that INS-PFC coupling tends to be compromised in
individuals who are anxiety-prone or have been diagnosed with anxiety-related
disorders!?->72711 Tn one task-based study, patients with generalized social anxiety disorder
demonstrated stronger reactivity in the anterior INS (aINS) and weaker aINS-dorsal ACC
(dACC) coupling when processing fearful faces, whereas healthy controls failed to show
significant activity in the aINS, but had robust aINS-dACC coupling!®. Trait anxiety levels in
adolescence were also found to inversely correlate with AI-dACC FC at rest’!2. Based on this

adult and adolescence literature, we hypothesized that subordinate social status would predict



148

weaker INS-PFC FC, but we found, instead, that SUBs had stronger FC between left INS-ACC
than DOMs. This circuit has been proposed to be important in the salience network, with the INS
playing a key role in detecting salient stimuli, and the ACC involved in processing signal
ambiguity during learning (e.g. during fear learning and extinction), error monitoring, and
recruiting the executive network to focus attention and engage higher-order cognitive processes
on external stimuli*”!. Increased FC in this circuit may prepare SUB infants to quickly and
effectively respond to stressors in their environment. It may be possible that by 6 months of age,
SUB infants mount a stress response when their mother or other family members are the targets
of threats or aggression. If so, their experience may be representative of early stages of stress and
state anxiety. A resting-state FC study in adults of state anxiety found that pre-scan anxiety
levels predicted stronger connectivity of the dACC with other nodes in the salience network
(including the INS)”!13. The social status-related alterations to INS-ACC FC we observed may
represent changes seen early in the etiology of chronic stress, and thus may be more similar in
nature to state anxiety. Alternatively, SUB infants may be exposed to altered levels of hormonal
and immunological signals in their moms’ breast milk, e.g. cortisol and/or proinflammatory
cytokines, compared to DOM infants, and these signals may shape corticolimbic circuits in the

brain, as explained above.

A number of interesting diet by social status interactions were observed in FC between the INS
and PFC/ACC at 6 months of age. In the circuitry connecting the right INS and dIPFC (BA46),
SUBs on the LCD-only diet had stronger FC compared to DOM infants, but assignment to the
Choice diet abolished this difference by significantly reducing INS-dIPFC FC in the SUB group.

The circuitry connecting the INS, ACC, and dIPFC is considered part of the ‘salience network’,
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which has been theorized to integrate external sensory and internal physiological signals, mark
salient events for additional processing, and facilitate access to attention, working memory, and
other cognitive resources by disengaging the default mode network and engaging the executive
network, of which the dIPFC is also a key member®’!. The INS receives multimodal input and is
believed to play a prominent role in bottom-up detection of salient stimuli, while the ACC is
well-positioned to modulate responses in the sensory, motor, and association cortices through its
connections with supplementary motor cortex and other motor areas. The dIPFC is at the
interface of both the salience network and the central executive network (CEN); in this pivotal
position, it is thought to facilitate access to attentional resources and provide goal-directed
cognitive control over behavior’’’. An analysis of network connectivity using granger causality
demonstrated that activity in the right anterior INS temporally precedes activity in the other
nodes of the CEN and DMN and plays a causal role engaging the CEN and deactivating the
DMN7!, While few studies of stress/anxiety have reported alterations in dIPFC FC with the
other nodes of the salience network, one study reported pre-scan state anxiety to be associated
with stronger intrinsic FC between the dIPFC and the other nodes of the salience network.
Increased FC between the right INS and dIPFC in SUB, LCD-only diet infants may reflect the
early stages of stress and/or serve as a neurobiological adaptation that facilitates quick and
efficient responses to salient social stimuli in the environment, an adaptation that may benefit
them in their subordinate status, especially as development progresses. There was no social
status difference in FC among the Choice infants, however, and the Choice diet reduced INS-
dIPFC FC in SUB infants, a finding that could be related to neuroimaging evidence supporting a
role for the dIPFC in the cognitive control of eating behavior’!®. In healthy women, but not men,

activity in the right dIPFC increased in response to hedonic food, and higher activity predicted
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less subsequent energy-intake in an ad libitum environment’!®, In obese females, grey matter
volume and metabolic activity of the dIPFC was negatively associated with measures of obesity
(BMI and central leptin-levels), suggesting this region may play a role in the etiology of obesity
and/or is impacted by the consumption of an obesogenic diet. Our findings provide novel
evidence that consumption of a HCD, as a part of a dietary choice condition, in the first 6 months
of life decreases right INS-dIPFC FC in SUB infants, which may influence the infants’ detection
of and responsiveness to salient events in their environment, as well as control of overeating. An
effect of diet on vigilance was detected in the HI task, with LCD-only infants inspecting the
intruder significantly more in the Profile phase than the Stare phase, and Choice infants showing
no difference between the phases. This behavioral finding supports the notion that consumption
of a HCD through the Choice diet condition may influence attention to salient and threatening

stimuli in the environment.

A social status by diet interaction effect was also detected in resting-state FC in the circuitry
connecting the right INS and OFC (BA13) at 6 months. In the LCD-only condition, SUBs and
DOMs had positive, but relatively weak resting-state FC between these regions; in the Choice
group, however, DOMs showed strong positive FC that was significantly higher compared to
SUBs and to DOMs in the LCD-only group. This particular circuit may be relevant to the
reward-based regulation of food intake that underlies motivation to consume palatable foods.
The INS includes the primary taste cortex, with neurons that respond to taste and are tuned to
sweet, salt, bitter, sour, and umami, as well as viscosity, fat texture, temperature, and
capsaicin®®?, A secondary cortical taste area is located in the primate OFC and it receives direct

inputs from the primary taste cortex in the INS”!¢718 Tn addition to responding to different
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tastes, neurons in the OFC also encode the reward value of tastes, as discussed previously. Thus,
the circuitry connecting OFC and INS may play a role in the motivational salience of obtaining
food, and of reinforcers more generally. Indeed, the INS has been implicated in craving and
urges for drugs of abuse, and in the addiction literature, INS activity is increased by smoking and
cocaine-related cues, is related to the intensity of a craving, and predicts likelihood of smoking
relapse’!*-72!, Damage to the INS, as opposed to other brain regions studied, resulted in easy and
immediate cessation of smoking’?2. The INS is also implicated in cravings for food’?, and in
support of the model of obesity as a food addiction, obese individuals show increased neural

724 including in children*, and when tasting a

activation in the INS to cues of high-calorie foods
liquid meal*®. The OFC also features prominently in studies of both addiction and obesity’?+72°,
and is believed to code the value of rewarding stimuli and their motivational significance. In a
task-based fMRI study of smokers, stronger functional coupling of the OFC and INS was
observed during the presentation of smoking cues vs. food cues, providing evidence that stronger
connectivity in these regions may be associated with heightened incentive salience processing’?’.
Altogether, this evidence supports our interpretation that consumption of the HCD diet through
the Choice condition during the first 6 months of life could result in alterations to the INS-OFC
circuitry, perhaps reflecting diet-induced changes that alter the hedonic drive to consume a more
energy-dense, and tasty, diet. This effect was apparent only in the DOM subjects, who ate more
of the HCD kcals than subordinate infants; FC remained low in the SUBs on the Choice diet. In
other words, social subordination counteracted the diet-induced increases to FC, resulting in low
connectivity for SUB infants. As proposed earlier, harassment toward their mother by higher-

ranking adults may have been a stressor for the SUB infants, or the SUB infants may have been

exposed to different levels of nutrition and biological signals in their mothers’ breast milk, which
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may have influenced the development of the INS-PFC circuit. Early life stress is associated with
smaller INS volumes in children®®, and with increased cumulative adversity in adulthood’,
suggesting the region is sensitive to stress. While stress and anxiety-related alterations to INS FC
have been reported in adults!®®7!2_ it is unclear how stress impacts INS-PFC circuits early in
development. Here we document that social status and diet interact to alter INS FC in complex

ways.

At 6 months of age, social status by diet interactions also began to emerge on baseline cortisol
and cortisol stress reactivity. DOMs infants in the LCD-only condition had the lowest baseline
cortisol levels at sunrise; their levels were significantly lower than DOMs in the Choice
condition and SUBs in the LCD-only condition. These results suggest that consumption of the
HCD diet on the Choice diet (or consumption of more total kcals), and social subordination,
were both experiential factors that elevated cortisol levels during infancy. The diet effect on
cortisol levels is consistent with reports in the literature of obese individuals experiencing
hypercortisolemia**!, and was likely detected in the dominant-ranking infants because they were
eating more HCD kcals than the subordinate-ranking infants, though this difference was not
statistically significant. The finding that subordination was associated with elevated baseline
cortisol in 6-month olds is similar to that reported in an earlier study of subordination in 1 year-
old macaque females!'**, and suggests that subordination effects on cortisol levels may emerge as
early as 6 months of age, possibly due to the infants’ social experiences, exposure to biological
signals through their mother’s milk, or the maternal care they received. Interestingly, the Choice
diet resulted in the highest stress-induced cortisol elevations to the acute stressor of the HI task,

but uniquely for the SUB infants. Hence, the combined social stress and obesogenic diet
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environment may have had a ‘double hit’” on cortisol reactivity at 6 months. Sustained intake of
an obesogenic diet increases GC secretion in response to stressors in adult maques!'%#41442 and
the current results demonstrate that diet-induced alterations to HPA axis reactivity emerge in
infancy as well. No social status or diet effects were reported on baseline cortisol at birth, or 2
weeks. Furthermore, no social status or diet effects were detectable in hair cortisol at birth, or at
6 months. Altogether, these findings suggest that the effects of diet and social status on the HPA

axis begin emerging around 6 months of age, otherwise they would likely have been detected in

the hair cortisol measurement at 6 months.

Analysis of pro-inflammatory markers at 2 weeks and 6 months of age revealed a diet by social
status interaction on CRP levels, with SUB infants having higher CRP levels than DOM infants
at both ages, but only for those infants on the LCD-only diet. This finding is consistent with a
rich literature documenting an association between chronic stress and persistent
inflammation®4*-644, Infants are exposed to inflammatory markers and GCs through consumption
of their mother’s breast milk®’, which influences the infants” immune system’?3. The social
status effects evident at 2 weeks could be the result of transmission of inflammatory markers
from SUB dams to their infants, if the dams’ levels of cytokines or GCs are elevated due to their
subordinate status. Descriptively speaking, infants in the Choice condition had CRP levels that
were midway between the SUB and DOM infants in the LCD-only group, with levels increasing
from 2 weeks to 6 months and closely approximating the high levels seen in the SUB-LCD-only
infants at 6 months, suggesting that the Choice diet elevates CRP levels, though not significantly.
In the regression analyses of kcals consumed, the number of cumulative HCD kcals consumed

by the infants in the first 6 months of life predicted CRP levels at 6 months, and there was a
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significant interaction between HCD kcals and social status. The DOM infants show a strong
linear relationship between cumulative HCD kcals consumed and CRP levels, and SUB infants
show no relationship. These findings imply that diet effects on CRP levels slowly emerged in
infancy, becoming evident by 6 months of age, and the effect was driven in part by the
cumulative number of HCD kcals consumed, not simply consumption of the HCD diet.
Obesogenic diets increase peripheral and central measures of inflammation prior to the onset of
obesity***4? and our results suggest that diet-induced inflammation is detectable as early as 6

months (roughly equivalent to 2 years of age in human infants).

There were few effects of social status or diet on emotional behaviors in the HI task. As
discussed above, the effect of diet on the duration of time spent visually inspecting the intruder
may reflect diet-induced alterations to the circuitry involved in processing salient threats. A
social status effect was also observed for the composite of anxiety-like behavior in the Stare
condition. Dominant-ranking subjects exhibited higher rates of anxiety-like behaviors, a
counter-intuitive finding that may be explained by subordinate-ranking infants’ habituation to
threats via observing their low-ranking mothers’ receipt of intimidation. This effect of social
status may also be explained by differences in maternal care provided by DOM and SUB
mothers, or by differences in the nutritional and bioactive components of milk consumed by
DOM versus SUB infants. The DOM dams were eating significantly more total kcals in their
infants’ first two weeks of life, potentially influencing both the nutritional and bioactive signals
in their milk, and the SUB dams may have elevated GCs or pro-inflammatory cytokines as a
result of chronic social subordination stress®3:¢44. Social status differences in milk, in turn, may

shape the way the infants” HPA axis and limbic regions develop and may explain the SUBS’
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reduced anxiety-like behaviors during an acute stressor.

We tested whether number of kcals consumed by the dams in the first two weeks of their infants’
lives, and by the infants in the first 6 months of life, predicted any of the outcomes with
statistically significant effects of social status, diet, or social status x diet interaction. Other than
the outcome of 6 month CRP levels, no other outcomes were associated with number of kcals
consumed of either the LCD or HCD diet. This lends support to the interpretation that—aside
from the CRP outcome--observed diet effects or diet by social status interactions may have been
attributable to qualitative differences in the LCD and HCD diets, rather than to differences in the
number of kcals consumed per se. The HCD diet was higher in saturated fats and sugar than the
LCD diet and these macronutrient differences may influence neurobehavioral and physiological
development, perhaps more so than the total caloric intake. Consumption of the HCD by dams in
the Choice group may alter the macronutrient and non-nutritional components of their breast
milk, for example by increasing levels of cortisol or pro-inflammatory cytokines, with possible
implications for their infants’ development. The differences between the LCD-only and Choice
diet may also influence the quality of maternal care provided by the dams, which, in turn, may
shape neurobehavioral development and account for some of the diet effects we detected.
Although research on this topic is very limited, consumption of a high-fat diet increases nursing

and grooming in rodent models’?%73¢

, and higher grooming rates have beneficial effects on
offspring behavior’3:732, We also examined whether there were associations between the
outcome measures to understand if GCs or pro-inflammatory markers mediated any of the

observed effects, and to probe whether alterations to corticolimbic FC predicted behavioral

changes. No significant associations were detected. Given the relatively small sample size in
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each group, we may have been underpowered to detect such associations. It is also possible that
changes in plasma cortisol and peripheral CRP levels were beginning to emerge at 6 months and
were not ‘online’ long enough to make a discernable impact on neurobehavioral development.
Future analyses with additional age points will help elucidate whether the inflammatory and
cortisol changes detect in the first 6 months of life are lasting and partially mediate effects of diet
and social status on the brain and behavior. Many of the FC circuits impacted by social status
and diet are involved in salience detection, reward processing and interoception and, as such,
may not be directly relevant to the types of behaviors evoked in the HI task—behaviors that tap
emotion regulation, including anxiety-like and fear behaviors. Studies in humans and animal
models find evidence of diet-induced alterations to reward-seeking and impulsive

behaviors’33:734

, and the circuitry altered by diet and social status in this study may relate more
closely to these behaviors, which were not studied. Future work is warranted to examine

whether social status and diet-induced changes to FC in infancy predicts alterations in reward-

seeking behaviors and saliency detection.

It is worth noting several limitations. Some of the ROIs used in the analyses represent
conglomerations of sub-nuclei or distinct sub-regions that may have unique resting-state FC
patterns in the brain. The AMYG subnuclei are known to have unique connectivity patterns in
the brain>!73, and using a ROI that includes all subnuclei together may obfuscate true ROI-to-
ROI FC. For example, at a given point in development, if one subnuclei has a positive FC pattern
with a ROI, and another subnuclei has a negative FC pattern with a ROI, the distinct patterns
may be muddled when merged together in one, unified ROI. As with the AMYG, the anterior

and posterior sub-regions of the INS have been shown to have discrete connectivity patterns’>S,
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and we may be obscuring these nuanced patterns by using a unified ROI of the INS. Future
research with subdivided ROIs could help elucidate patterns of connectivity that may have been
obscured with the use of a larger ROI. Interpretation of the FC findings is also limited because
we are not able to determine directionality with the resting state FC analysis we performed. As
such, we cannot determine whether status or diet effects on FC between the PFC and subcortical
regions reflect changes in top-down or bottom-up communication, only that they reflect altered
communication between regions. The developing brain has been understudied and stronger FC
with the PFC may in fact reflect stronger bottom-up signals. For example, the AMYG matures
earlier than the PFC!>*-!! and may drive heavier bottom-up signaling; this possibility is
supported by the observation of AMY G-originating inputs to the mPFC developing earlier than
mPFC-originating inputs to the AMYG in rodents>®!. Anesthesia was administered during the
acquisition of the resting-state fMRI scans, presenting another limitation given the potential for
differences in FC between the anesthetized and awake states. However, the isoflurane levels used
in this study were lower than those administered in previous publications reporting resting-state
network dynamics in the macaque brain that were similar to the awake state>!3-316, We also tested
whther FC values were significantly associated with anesthesia levels and controlled for them in
our models when necessary. Another limitation concerns nutritional differences between the
diets. The HCD diet contained a higher ratio of ®-6 to w-3fatty acids compared to the LCD diet.
Deficiencies in ®-3 during prenatal and postnatal development result in changes to
neurotransmitter metabolism’”-7*8, and synaptogenesis during infancy depend on the large-scale
incorporation of DHA into synaptic membranes’’. Diets deficient in DHA may have a formative
and lasting impact on brain development, and recent resting-state FC work with macaque adults

found that monkeys fed low levels of -3 throughout their lives demonstrated impairment of
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distributed cortical networks’. Accordingly, we cannot discount the possibility that diet-related
differences we observed may be attributable to differences in the availability of ®-3 in the two
diet conditions. Due to small sample size, we also did not have the power to probe the effects of
the prenatal environment on the outcomes of interest. Future research is warranted to disentangle
the effects of prenatal and postnatal stress and diet on neurobehavioral and physiological

outcomes.

In summary, the present study revealed several effects of social status and diet on resting-state
FC in corticolimbic circuits, stress physiology, inflammation, and behavior during infancy.
Infants from SUB mothers had higher baseline cortisol and higher inflammation in the LCD-only
dietary group, and subordinate status was associated with stronger AMY G-mPFC and INS-ACC
resting-state FC regardless of diet group. Remarkably, these effects suggest that subordinate
status effects, whether experienced by the infant or derived through biological signals from her
mother, start to impact development in the first six months of life, either due to biological signals
from the mothers’ breast milk, the infants learning about their status through observing their
mom and/or mounting a stress response when their mom receives threats and aggression, or
differences in maternal care. Consumption of the Choice diet increased cortisol reactivity to an
acute stressor in SUB infants, decreased AMYG-OFC FC at 2 weeks, and altered salience
detection and reward processing pathways involving INS-PFC FC in complex ways depending
on the social status of the infants. The observed effects of diet on stress physiology,
inflammation, and resting-state FC in stress-sensitive corticolimbic circuits during infancy are
troubling, especially if they increase vulnerability to stress or lead to uncontrolled eating as

development progresses. Future work is warranted to investigate whether the effects of social



159

status and diet detected in the first 6 months of life continue to progress and predict feeding and

socioemotional behaviors further in development.
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Table 3.1. Experimental Groups. SUB and DOM dams were followed during pregnancy, and

at birth, approximately half the newborns remained with their biological mom and half were

cross fostered to dams of the same or different social status as their biological mom within 48

hours using well-established protocols®®®. The infant-dam pairs were pseudo-randomly assigned

to the LCD-only diet or the Choice diet with access to both the LCD and HCD food pellets.

Foster Mom Biological Mom
Dam's Prenatal Rank SUB DOM DOM |SUB DOM SUB
Infant's Postnatal Rank DOM SUB DOM |SUB
LCD-only i 2 5 6
Choice (LCD + HCD) 4 2 4 5




Table 3.2. Summary of Feeding Behavior. This table summarizes kcal consumption of the

LCD and HCD by the infants through the first 6 months of life, and by the dams in their infants’

first two weeks of life.

INFANT FEEDING

Choice LCD-only
Mean * SE: DOM SUB DOM SUB
Accumulated LCD kcals 5382 + 982 3725 + 527 7879 + 1186 5803 + 839
Accumulated HCD kcals 8058 + 1532 6712 + 2521 376 £ 313 35+17
Accumulated Total Kcals 13440 £ 2075 10438 + 2644 8255 + 1281 5838 + 845

DAM FEEDING

Choice LCD-only
Mean * SE: DOM SUB DOM SUB
Accumulated LCD kcals 5370 £ 676 4764 + 412 12595 + 2037 9046 + 1163
Accumulated HCD kcals 5833 + 1447 3415 + 896 25+15 12+8
Accumulated Total Kcals 11254 + 1466 8179 + 881 12620 + 2038 9058 + 1158
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Table 3.3. Summary of Significant Effects of Social Status and Diet on Resting-state FC in Corticolimbic Circuitry: ANOVA

Analysis. * and bold font indicate a significant p value at < 0.05.

ANOVA Analysis of Resting-state FC in Corticolimbic Circuitry

Effects of Diet
2wks Right AMYG - BA13 iFC (2)

F p n Main Effect Direction
Infant Social Status 0.647 0.427 0.02
Diet 6.947 0.013* 0.183 LCD > Choice
Infant Social Status x Diet 0.586 0.45 0.019
Telazol 0 0.989 0
Effects of Social Status

6mo Left INS - BA24 iFC (z) 6mo Left AMY - BA32 iFC (2)

F p n Main Effect Direction F p n Main Effect Direction
Infant Social Status 4.82 0.034* 0.115 SUB > DOM 4.13 0.049* 0.1 SUB > DOM
Diet 0.763 0.388 0.02 0.243 0.625 0.007
Infant Social Status x Diet 0.021 0.887 0.001 1.101 0.301 0.029
2wk FC
Telazol
Effects of Diet x Social Status

6mo Right INS - BA46 iFC (z) 6mo Right INS - BA24 iFC (z) 6mo Right INS - BA13 iFC (z)

F p n Post-Hoc Tests F p n Post-Hoc Tests F p n Post-Hoc Tests
Infant Social Status 0.471 0.497 0.013 0.172 0.681 0.005 2,001 0.166 0.051
Diet 1.304 0.261 0.035 0.198 0.659 0.005 1.347 0.253 0.035

SUB-LCD-only > SUB-Cholce SUB-Cholice < DOM-Choice

Infant Social Status x Diet |  7.386 0.01* 017  DOM-LCD-only<SUB-LCD- 5.653 0.023* 0133 COMCholEDONHEDON | e 0.032* 0118  DOM-Cholce > DOM-LCD-
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Figure 3.1 Experimental Timeline. At birth, hair was shaved from the back of the neck and
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blood was collected in the early AM (sunrise); both were assayed for cortisol levels. At 2 weeks

of age, blood was collected at sunrise and assayed for baseline cortisol and pro-inflammatory

cytokines. The infants were also brought to the MRI center for the collection of resting-state

fMRI scans. At 6 months of age, we collected blood at sunrise to assay for baseline cortisol and

pro-inflammatory cytokines. The back of the infants’ neck was shaved to assay the hair for

cortisol accumulation during the first 6 months of life. The HI task was administered and blood

was collected immediately following the test and 4-hours after the test. BWs were recorded and

resting-state fMRI scans were collected at this age point. Feeding was measured from birth

through 6 months.
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Figure 3.2. Cumulative Consumption of LCD and HCD kcals by Dams and Infants.

A) Infant Feeding: Choice infants consumed more total cumulative kcals through the 6 month
MRI scan than infants on the LCD-only diet (F(3,34)=6.338, p=0.017, n>=.157). The Choice
infants did not show a significant preference for the HCD kcals, and DOM and SUB infants on
the Choice diet did not differ in the number of HCD kcals they consumed. B) Dam Feeding: The
dams showed a different consumption pattern in the first 2 weeks of their infants’ lives. DOM
dams consumed significantly more total kcals than SUB dams (F(3,31)=5.165, p=0.030,
n?=.143). Dams on the LCD diet consumed significantly more of the LCD diet than dams on the
Choice diet (F(3,31)=28.844, p< 0.001, n?>=.482). The dams on the Choice diet did not
significantly differ in the amount of HCD and LCD diet they consumed, and there was no effect
of social status on kcals consumed of the HCD pellets within the Choice group. * indicates a

significant p value at < 0.05.
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Figure 3.3. Main Effect of Diet on Right AMYG-BA13 FC at 2 weeks of age. A) We
analyzed FC between the Right AMYG?>3? (Left panel) and the OFC (Markov-defined BA13%77 in
right panel). The ROIs were eroded to exclude voxels with low signal intensity (dropout). The
orange voxels represent voxels that were excluded due to dropout. B) At 2 weeks of age, LCD-
only infants had significantly more positive FC between right AMYG and OFC (BA13)
compared to infants on the Choice diet (F(4,31)=6.947, p=0.013, n>=.183). * indicates a

significant p value at < 0.05.
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Figure 3.4. Main Effects of Social Status on FC at 6 months of age. A) Signal was extracted
from a previously defined AMYG ROI’* that was eroded to exclude voxels with low signal
intensity (signal dropout; shaded orange), and the BA32 Markov ROI®”’. B) The SUB infants had
stronger positive FC between left AMYG and mPFC (BA32) (F(3,37)=4.130, p=0.049, n*=.100).
C) The left INS ROI was defined by the Lewis and Van Essen anatomical parcellations>*°, and
the BA24 ROI was defined by the Markov parcellations®”’. D) There was a main effect of social
status on FC between left INS and ACC (BA24) (F(3,37)=4.820, p=0.034, n>=.115), with SUB
infants having significantly stronger, more positive, FC than DOM infants. * indicates a

significant p value at < 0.05.
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Figure 3.5. Social Status x Diet Interaction Effects on FC at 6 months of age. A) Location of
the right INS ROI (based on LVE macaque brain parcellations®”) and the BA46 Markov ROI®”
used to analyze FC in this circuitry at 6 months of age. The BA46 ROI was eroded to exclude
voxels where signal intensity was low (signal dropout; shaded orange). B) There was a social
status x diet interaction on right INS-BA46 FC (F(3,36)=7.386, p=0.01, n?=.170), with SUBs on
LCD-only diet showing significantly stronger FC compared to both SUBs on the Choice diet
(p=0.01, n?>=.172), and to DOMs on the LCD-only diet (p=0.018, n?>=.145). C) FC between the
right INS shown in panel A and a BA13 Markov ROI was also analyzed. D) A social status x
diet interaction effect (F(3,37)=4.964, p=0.032, n>=.118) was detected, with DOMs on Choice
diet showing significantly higher FC vs. DOMs on LCD-only diet (p=0.02, n*=.137), and SUBs
on Choice (p=0.015, n>=.149). E) FC between the right INS (shown in panel A) and right ACC

(BA24) was analyzed. F) A social status x diet significant interaction was also detected for the
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Right INS-BA24 FC (F(3,37)=5.653, p=0.023, n?>=.133); although the post-hoc tests were not
significant, there was a trend for DOMs on the Choice diet to have significantly higher FC than

DOMs on the LCD-only diet (p=0.051, n?=.099). * indicates a significant p value at < 0.05.
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Figure 3.6. Effects of Social Status and Diet on Baseline Cortisol and Reactivity to the HI
task. With a cortisol outlier excluded, rmANOVA of the 6 month plasma cortisol levels at
sunrise, post-HI, and 4 hours post-HI detected a main effect of time point (F(2,64)=220.697, p <
0.001, n?>=0.877), and a social status x diet x time point interaction (F(2,64)=4.292, p=0.018,
n?=0.122). Post-hoc tests revealed that at sunrise, DOMs in the Choice diet group had
significantly higher cortisol than DOMs in the LCD-only group (p=0.028, n?=0.147), and SUBS
had higher cortisol than DOMS in the LCD-only group (p=0.047, n>=0.121). SUBSs on the
Choice diet mounted a significantly higher cortisol stress response than SUBS on the LCD-only

diet (p=0.015, 12=0.178).
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Figure 3.7 CRP levels at 2 weeks and 6 months are impacted by Social Status and Diet.
When outliers were excluded from the model, there was a main effect of social status on CRP
levels at 2 weeks and 6 months (F(1,34)=4.524, p=0.041, n?>=0.117) that was qualified by a
social status x diet interaction (F(1,34)=4.270, p=0.046, n?>=0.112). SUBs in the LCD-only group
had significantly higher CRP levels than DOMs in the LCD-only group (p=0.005, n>=0.205).*

indicates a significant p value at < 0.05.
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Figure 3.8 Behaviors in the HI task show effects of social status and diet condition. A)

DOMs exhibited higher rates of anxiety-like behavior than SUBs in the Stare phase of the HI
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task (F(3,36)=6.1, p=0.018, n>=0.145), regardless of diet condition. B) There was a HI phase x

diet interaction for the duration of time spent visually inspecting the intruder (F(1,34)=4.279,
p=0.046), with LCD-only infants spending significantly more time visually inspecting the

intruder in the Profile phase than the Stare phase (p=0.015, n?>=0.161), whereas there was no

difference across the two conditions for the Choice infants. .* indicates a significant p value at <

0.05.
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Figure 3.9 Cumulative HCD kcals consumed by infants in first 6 months of life interact
with Relative rank to Predict Inflammation. The CRP levels at 6 months were predicted by a
regression model that included the relative rank of the infant’s mom, the LCD kcals, the HCD
kcals, and an interaction between HCD kcals and relative social status (R?>=0.359, p=0.007; HCD
kcals: b =1.149, t(34)=3.861, p < 0.001, Interaction: b =-.900, t(34)=-2.902, p=0.007). There is a
strong positive relationship between HCD kcals consumed by the DOM infants and CRP levels
at 6 months, but no relationship for the SUB infants. The solid line indicates the trend line for
infants with relative rank = 0.2 (DOM), and the dashed line indicates the trend line for infants

with relative rank = 0.8 (SUB).
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Effects of Diet: Choice  LCD-only .
Infant Feeding 1

2wk AMYG-OFC FC l

Effect of Social Status: SuB DOM

6mo AMYG-mPFC FC
6mo INS-ACC FC

)

Social Status x Diet Interactions:

INS-dIPFC FC: SUB-LCD-only > DOM-LCD-only & SUB-Choice
INS-ACC FC: DOM-Choice > DOM-LCD-only & SUB-Choice

6mo Baseline Cortisol: DOM-LCD-only < DOM-Choice & SUB-LCD-only
6mo Cortisol Reactivity: SUB-Choice > SUB-LCD-only

Inflammation (CRP levels): SUB-LCD-only > DOM-LCD-only

Outcomes Predicted by Kcals Consumed and Social Status:
CRP levels at 6mo ~ HCD kcals consumed (+) and HCD kcals x Social
Status Interaction (+ for high-ranking, 0 for low-ranking)

Figure 3.10 Summary of Findings. The figure summarizes the main effects of diet, social

status, and diet x social status interactions, in addition to the findings from the regression models

with Kcals consumed and social status as predictors.
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Chapter 4. General Discussion
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4.1 Summary of Results

4.1.1 Summary of Chapter 2

The goal of chapter 2 was to examine the interaction effects of chronic stress and pubertal timing
on neurobehavioral development during adolescence, which is difficult to study in humans. Prior
studies have shown that subordination impacts behavioral development!®®, delays the onset of

198 and affects the development of white matter tracts in the prefrontal cortex (PFC) in pre-

puberty
pubertal juveniles!3*. It remains an open question, though, whether subordination affects the
maturation of corticolimbic functional connectivity (FC) during adolescence, particularly
connectivity between the amygdala (AMYG) and PFC important for stress and emotional
regulation, and whether stress-related impacts on the brain are modified by pubertal timing. To
address these questions and as part of a longitudinal study using social subordination as a model
of psychosocial stress, female macaques were randomly assigned to either experience puberty
spontaneously or receive monthly injections of the gonadotropin-releasing hormone (GnRH)
agonist Lupron to experimentally delay puberty. The Lupron treatment was included as part of the
experimental design to allow us to disentangle the effects of subordination status and pubertal
timing, as these were found to be associated in the untreated group!'®, with lower-ranking
(subordinate) females showing delayed pubertal onset in comparison to dominant animals. We
examined the effects of social rank and delayed exposure to the pubertal rise of estradiol (E2) on

socioemotional behavior and resting-state functional connectivity (FC) in corticolimbic circuits

that regulate emotional/stress reactivity in adolescent female macaques.

We hypothesized that social subordination stress would predict reduced AMYG-PFC FC and

impaired emotional regulation postpubertally, while pubertal delay would mitigate the adverse
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effects of subordination stress at a postpubertal developmental time point. Accordingly, we
expected an interaction between treatment and social status; among untreated females, we expected
a linear relationship with more subordinate monkeys having poorer neural and emotional
outcomes, while no such relationship would be evident among the females previously treated with
Lupron (PTL). The hypotheses concerning social subordination were partially supported, in that
social subordination adversely impacted AMY G-dorsolateral prefrontal cortex (dIPFC) FC and
some socioemotional outcomes, but no significant interactions between PTL and relative rank were
detected; the study was underpowered for detecting interactions and dropout in some of the ROIs
may have prevented detection of meaningful FC differences. FC between the right AMYG and
dIPFC (BA46) was weaker in more subordinate subjects, who also showed lower ‘Explore’ scores
in the alone condition of the HI paradigm and initiated less proximity with non-kin in their social
groups, suggesting impairments in emotion regulation circuits and behavior. While no interactions
between PTL and relative rank were detected, a number of main effects of PTL were unexpectedly
found. PTL resulted in stronger AMY G-orbitofrontal cortex (OFC) FC and lower anxiety-like
behaviors in the social groups, suggesting that delayed puberty may strengthen corticolimbic
communication critical for some aspects of emotion regulation. These beneficial outcomes may
confer some protection against the negative impacts of chronic stress for the lower-ranking
macaques who received Lupron treatment. However, prior Lupron treatment also resulted in
increased frequency of submissive behavior, lower ‘Explore’ scores in the HI paradigm, and lower
frequency of initiating proximity towards non-kin, indicating that pubertal delay with Lupron
treatment may have adverse consequences for some socioemotional outcomes. For the PTL group
only, stronger AMYG-dIPFC FC predicted lower rates of initiating submissive behavior, and

stronger AMY G-medial PFC (mPFC) FC predicted higher rates of initiating proximity with non-
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kin. The effects of Lupron treatment may be a consequence of E2 having different organizational
effects on particular circuits or neurotransmitter systems due to delayed pubertal timing, or a
consequence of the subjects who were treated with Lupron being studied in a relatively earlier

developmental stage of adolescence.

4.1.2 Summary of Chapter 3

The aim of chapter 3 was to investigate the potential for a synergistic impact of social
subordination and an obesogenic diet on infant brain development longitudinally, using a
translational macaque model of social subordination stress. Disentangling the contributions of
stress, diet, and feeding behavior on neurobehavioral development, as well as the underlying
biological mechanisms (e.g. increased glucocorticoids (GCs), proinflammatory signals, both) in
children is difficult, considering the challenges associated with prospective, longitudinal studies
that standardize and monitor accurate food intake under rigorous experimental control. Social
subordination in female rhesus macaques is a useful and well-validated translational animal

104,107

model of chronic psychosocial stress . Social subordination is a naturalistic stressor that

produces a number of distinct stress-related phenotypes!%4

. Infants acquire the relative ranks of
their mothers rank at birth!'®, and their early neurobehavioral development may be shaped by
their subordinate status, either through their social experiences or biological signals transmitted
from their mother. Through observational learning, the infant observes its mother’s rank-related
social interactions early in development and learn its own position in the social hierarchy through
imitation or identification with the mother>®. Subordinate infants may start to receive minimal

aggression by this point, albeit minimal'3!, or perceive harassment directed to their mothers or

other family members as stressful. Social status effects in infancy may also be communicated
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through immunological and hormonal constituents in breastmilk, such as immunoglobulins,
cytokines, GCs, and other hormones like leptin®>¢-6%, Studying rhesus macaques in infancy
affords an opportunity to better understand how social status influences neurobehavioral
development via biological signals and/or vicarious learning about the social environment.
Importantly, subordinate macaques have also been shown to be susceptible to stress-induced
overeating of an obesogenic diet!?>-*1%, Adult subordinates have been found to eat approximately

twice as many calories when a diet of fat and sugar is available®!?

, and juvenile females have
been shown to be susceptible to diet-induced increased fat mass32¢. Using the social
subordination model in rhesus macaques, we sought to investigate how social subordination
interacts with dietary environment during infancy to affect the development of stress
neuroendocrine systems (Hypothalamic-pituitary-adrenal (HPA) axis), proinflammatory markers,
emotional reactivity, feeding behavior, as well as FC in corticolimbic circuits important to
interoception, reward processing, and stress/emotional regulation. Additionally, we examined
whether stress-induced or diet-induced neurobiological alterations were associated with
elevations in GC or pro-inflammatory cytokines. We hypothesized that social subordination will
begin to promote hypercaloric consumption and decrease FC in circuits subserving emotion
regulation and impulse control by 6 months of age, and consumption of a high-calorie diet
(HCD) will further reduce FC in these corticolimbic circuits and impair the development of FC
in circuits involved in reward-saliency processing. We also hypothesized that subordination
status and consumption of a HCD would predict alterations in the HPA axis (higher basal

cortisol and cortisol reactivity) and increased inflammatory markers by 6 months of age, and

these alterations may be associated with changes in neurobehavioral development.
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The results of this study demonstrated that social subordination stress and dietary environment
exert influences on neurobehavioral development and stress physiology in infant rhesus
macaques, as early as 2 weeks and 6 months of age (equivalent to 2-24 months in humans). Our
findings generally support the hypotheses regarding diet and status effects on physiology.
However, we did not find evidence of status effects on feeding behavior, and our hypotheses
about effects of social status and diet on corticolimbic circuits during infancy were not generally
supported, as subordination was associated with heightened, rather than reduced, FC in emotion
regulation circuits. SUB infants did not show evidence of stress-induced eating. Instead, Choice
infants ate more kcals than infants on the low-calorie-diet only (LCD-only), confirming that a
highly caloric dietary environment increases the number of kcals consumed, independently of
social rank, and affected various outcome measures. Diet and social status impacted resting-state
FC in corticolimbic circuits involved in reward processing, interoception, salience detection, and
emotion regulation. The Choice diet consumed by the mother decreased AMYG-OFC FC in the
infants at 2 weeks, as compared to infants raised by mothers consuming the LCD-only diet, and
subordination effects on corticolimbic circuits emerged at 6 months. Subordinate infants had
stronger AMY G-mPFC and Insula-Anterior Cingulate Cortex (INS-ACC) FC than DOM infants,
and there were complex interaction effects between diet and social status on INS-PFC and INS-
ACC FC at 6 months. Diet condition also interacted with social status to predict baseline cortisol,
cortisol reactivity, and inflammation at 6 months. Inflammation was predicted by cumulative
consumption of HCD, but not LCD, kcals at 6 months, and by an interaction between HCD kcal
consumption and social status; DOM, but not SUB, infants who ate more HCD kcals had higher
CRP levels. No other associations between caloric intake and FC, behavior, or cortisol levels

were detected, suggesting that the other diet effects reported here may be explained more by
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qualitative, rather than quantitative, differences between the HCD and LCD diets. Moreover,
there were no differences between the infants groups in body weight at 2 weeks or 6 months,
supporting other findings of diet effects on neurobehavioral development and physiology,
independent of an obesogenic phenotype®88-393:448.449 " Altogether, these data indicate that
subordinate status and consumption of a HCD may adversely impact physiology during infancy,
and influence corticolimbic circuits involved in emotion regulation and reward processing in
complex ways, as summarized in Figure 3.10. Effects social status in infancy may be due to the
infants’ social experiences, exposure to biological signals through their mother’s milk, or the

maternal care they received, though further work is needed to explore these possibilities.

4.2 Integration of Findings

The overarching goals of this dissertation were to investigate the neurobehavioral impact of
social subordination stress during development and examine how experiential factors modify
chronic stress-related changes to corticolimbic circuits, behavior, and stress physiology. Social
subordination in rhesus macaques provides a naturalistic model for studying the impacts of
chronic psychosocial stress on neurobehavioral development!%®. Social subordination in rhesus
and other macaques is a useful translational model for studying the effects of chronic social
stress*6-2103-109 "Qubordinate status has been associated with hypercortisolemia®®, cardiovascular

123.124 " reproductive dysfunction!?127, psychostimulant

disease!??, compromised immune system
self-administration'?8, emotional feeding!%, and alterations in emotion regulation'®. Using the
social subordination model of chronic stress, we found effects of social status on corticolimbic

FC and emotional behaviors at 6 months and 3.5-years of age. These findings suggest that

biological embedding of subordinate status emerges as early as 6 months of age in female rhesus



181

macaques, consistent with earlier work demonstrating effects of subordination on white matter
tracts in prepubertal female macaques—alterations which themselves were associated with

134 'While subordinate status was associated with

increased emotionality in subordinates
alterations to corticolimbic FC during both infancy and adolescence, the particular circuits
affected, and the direction of change (higher or lower), differed at the two developmental time
points. The findings reported here suggest the possibility that subordination affects corticolimbic
FC differently in early life vs. during the pubertal transition. For example, FC between the

AMY G-mPFC was stronger in 6 month old subordinate infants compared to dominant infants,
but no effects of subordination were detected in AMYG-mPFC FC in adolescent macaques.
Instead, subordinate adolescent females had weaker FC between the AMYG and dIPFC
compared to dominant females. The fact that subordination had different effects in infancy
versus adolescence may be due to developmental variation in social experience, maternal
biological signals, and the region-specific maturation of neural circuits. For example, subordinate
infants at 6 months of age receive little direct aggression from other group members at this
time!3! and may benefit from social buffering from their mother®’®, whereas subordinate
adolescents receive harassment from other group members!'** and may receive inadequate social
buffering from their peers, given the finding that they are less likely to initiate proximity with
non-kin. Infants are breast feeding early in life, and the biological signals transmitted through
milk, including cortisol and cytokines®’, may affect neurobehavioral outcomes differently, as
compared to the biological mechanisms by which subordination stress may impact the brain and
behavior during adolescence, e.g. endogenous changes in cortisol and pro-inflammatory

cytokines. The HPA axis and PFC circuits mature from infancy to adolescence!*?-161:563 g0

differences in neural outcomes between these developmental time points may also be due to
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differences in HPA axis function (and glucocorticoid levels), and the vulnerability of particular
circuits to allostatic load, depending on when they are undergoing rapid change and may be more
vulnerable to the effects of stress. Alternatively, it is possible that the detection of subordination
effects on AMYG-dIPFC FC in adolescence but not infancy suggests that alterations to AMYG-
dIPFC FC begin to emerge only after years of chronic stress, independently of the developmental

time point.

It is also noteworthy that subordinate infants exhibited sigher AMY G-mPFC and INS-ACC FC
at 6 months of life, while subordinate adolescents demonstrated lower AMY G-dIPFC, compared
to dominant females. Whereas the finding of decreased AMY G-dIPFC FC in adolescent
subordinates is consistent with research demonstrating associations between chronic occupation
stress and reduced AMYG-dIPFC FC®%, the finding of increased AMYG-mPFC and INS-ACC
FC in subordinate infants is an unexpected finding and generally inconsistent with other research
findings of early life stress effects on resting-state FC!00:362572694.711 "However, these differences
may be due to the chronicity of the stressor. Chronic stress has been shown to reduce AMYG-
mPFC resting-state FC in humans®®, and AMYG-mPFC and INS-PFC/ACC FC is reduced in
individuals who are anxiety-prone or diagnosed with anxiety-related disorders!?0-362:572.694.711
with impairments in these circuits linked to insufficient regulation of AMYG and INS
reactivity”®1%4°, However, this literature is in adults and it is possible that the inconsistencies
are due to developmental differences in the circuit. It is also possible that increased FC in these
circuits at 6 months reflect a neuroadaptation that enables subordinate infants to effectively cope

with their unpredictable social environment. Subordinate infants may be exposed to stressors,

possibly by observing their mother being targeted and harassed. Social status effects at this age
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may also be influenced by biological signals transmitted to the infants from their mothers
through lactation, including cortisol and cytokines®’. The dominant-ranking dams ate
significantly more calories on both the LCD-only and Choice diet during their infants’ first two
weeks of life, and higher calorie consumption may influence the nutritional and non-nutritional
composition of their milk, which may have influenced unexpected social status effects on infant
development, through lactational programming. There are very few studies investigating the
impact of early life stress on the development of resting-state FC, and ongoing collection of
longitudinal research from the stress and diet study, and analysis of social behaviors and the
nutritional and biological signals in the mothers’ milk, will allow a better understanding of how
these impacts unfold across development and what underlying biological mechanisms may be

driving the effects.

The findings presented in this dissertation demonstrate that, in addition to social status, dietary
environment and pubertal timing are important experiential factor that influence neurobehavioral
and physiological development. We detected interactions between social status and diet on
corticolimbic FC, inflammation, and stress physiology during infancy, suggesting that dietary
condition modifies the impact of social subordination stress on neurobehavioral and stress
physiology outcomes during infancy. Dominant infants on the Choice diet had significantly
lower baseline cortisol levels than subordinate infants on the same diet and compared to
dominant infants on the LCD-only. In other words, there was a social status difference between
the infants on the LCD-only diet (dominants have lower baseline cortisol than subordinates), but
the Choice diet abolished this social status difference. A similar pattern was true of inflammation

as well. Among the infants on the LCD-only diet, CRP levels were significantly higher in the
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subordinate infants compared to dominant infants, but there was no social status difference for
the Choice infants. By 6 months, CRP levels in the Choice infants had increased to the levels
seen in subordinates in the LCD-only condition, suggesting that the absence of a social status
effect in Choice infants was because the Choice diet increased CRP levels for both subordinate
and dominant infants to similar (and high) levels. These findings are novel and indicate that
consumption of a HCD (through the Choice dietary environment) has adverse effects on
development early in life by elevating levels of cortisol and CRP in a non-human primate model.
While the results do not suggest a synergistic interaction between diet and social status, they
demonstrate that dietary environment is an important experiential factor that may influence

development and interact with early life stress to shape the way physiological systems develop.

Interactions between diet and subordination were also evident in corticolimbic FC at 6 months of
age. Among the LCD-only infants, INS-dIPFC FC was stronger in subordinates compared to
dominants—a neuroadaptation that may facilitate recruitment of the salience network to cope
with the challenges of being subordinate. Consumption of the HCD (by assignment to the Choice
condition) may interfere with the development of this neuroadaptation, as subordinates on the
Choice diet had significantly reduced FC compared to subordinates on the LCD-only diet.
Infants on the Choice diet demonstrated lower vigilance of the human intruder during the profile
phase of the human intruder task, supporting the possibility that a hypercaloric diet negatively
impacts the salience network. Among dominant infants, those on the Choice diet had
significantly higher INS-OFC FC compared to those on the LCD-only diet—perhaps a reflection
of diet-induced alterations to reward processing pathways that increases motivation to consume

food. The stress of social subordination may have had counteracting effects on FC in this circuit,
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given that subordinates on the Choice diet had significantly lower FC than the dominant infants,
and the INS is sensitive to the insults of early life stress®®. It is unclear if the social status effects
are the result of the infants’ social experience (stress response to the observation of their mother
and family members receiving harassment), differences in maternal care received by subordinate
versus dominant infants, biological signals transmitted through the mother’s milk; further work
is needed to explore these possibilities. It is clear, however, that diet is an important experiential
factor in early development that interacts with social status to influence FC in cortical circuits

important for emotion regulation, reward processing, and salience detection.

We did not detect interactions between social status and pubertal timing on neurobehavioral
outcomes in adolescence, but we were statistically underpowered to do so. Therefore, it is
unclear how pubertal timing modifies the effect of social subordination on brain, behavior, and
physiology. Nonetheless, we did find several main effects of prior treatment with Lupron on
emotion regulation circuitry and socioemotional behaviors, providing evidence that the timing of
the rise in pubertal hormones—including E2—may impact the maturation of socioemotional
behaviors and the corticolimbic regions that regulate them. Some facets of emotion regulation
were strengthened by pubertal delay with Lupron, including stronger AMYG-OFC FC and
reduced anxiety-like behavior in the social group, and other outcomes suggested impaired or
immature socioemotional development, e.g. increased frequency of submissive behavior, lower
‘Explore’ scores in the HI paradigm, and lower frequency of initiating proximity towards non-
kin. Delayed onset of puberty with Lupron treatment may alter the organizational effects of E2
on neural systems, potentially explaining some of the neurobehavioral outcomes we found. The

subjects treated with Lupron during the pubertal transition were studied at a relatively immature
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developmental stage, compared to the control females, and some of the behavioral and neural
differences we detected as a result of the Lupron treatment may be an artifact of those females
being studied earlier in adolescent development. Delayed timing of menarche in the untreated
females was also associated with higher FC in AMYG-PFC circuits, suggesting a general
association between later timing of puberty and increased corticolimbic FC, which may have
consequences for emotion regulation during adolescence and into adulthood, but future work is

needed to explore this question.

4.3 Conclusions and Future Directions

Overall, this dissertation provides evidence that (1) social subordination impacts the strength of
FC in corticolimbic circuits involved in emotion and stress regulation, though whether
subordination results in higher or lower FC depends on the circuit and the developmental time
point, (2) delayed pubertal timing is generally associated with stronger AMYG-PFC FC, and
both positive and negative socioemotional outcomes (3) consumption of an obesogenic diet early
in development increases levels of stress hormones and inflammation, and impacts the
development of salience and reward circuits involved in addictive phenotypes, at the same time
that it modifies the consequences of social subordination on corticolimbic FC, inflammation, and
stress physiology. Future studies are warranted to probe several questions that remain
unanswered. Given that infants and adolescent female macaques demonstrated different patterns
of AMYG-PFC FC, how does the impact of chronic social subordination stress on the brain and
behavior developmentally progress? Do Lupron-induced alterations to corticolimbic FC and
socioemotional outcomes persist into adulthood? How would advancing, instead of delaying,

pubertal timing with a pharmacological intervention impact neurobehavioral development? How
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do prenatal effects, including gestational stress and consumption of a HCD, affect
neurobehavioral development of offspring and interact with postnatal experiences of social
stress? Are there additional brain circuits impacted by social subordination, pubertal timing, or
consumption of an obesogenic diet outside of the corticolimbic circuits investigated in this
dissertation? How would social subordination, pubertal tempo, and diet condition differentially
impact development in male rhesus macaques? Further research investigating these questions
would help elucidate the neurobiological mechanisms by which stress ‘gets under the skin’, and
interacts with experiential factors like dietary environment and pubertal timing, to alter

neurobehavioral and physiological development.
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