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Abstract
Experiential and Developmental Factors Affecting Brain and Behavior
in Female Rhesus Macaques
By

Jodi R. Godfrey

Exposure to chronic social stressors during childhood, adolescence and adulthood leads to
alterations in brain structure and circuitry. Importantly, these stress-induced alterations can
lead to emotional dysregulation and psychopathology, particularly in women. However,
the mechanisms underlying the emergence of, and the factors contributing to, these stress-
induced alterations are poorly understood. Therefore, the primary goal of this thesis was to
investigate what factors underlie and modify chronic stressor-induced changes in brain
structure and function and resulting behavior. Social subordination in female rhesus
macaque monkeys is an established translational animal model that produces a number of
stress-related phenotypes, including stress-induced over-eating of an obesogenic diet.
Using this social subordination model of chronic stressor exposure, we found that
developmental suppression of estradiol (E2) and consumption of an obesogenic diet both
modify chronic stressor alterations in brain structure, functional connectivity (FC) and
behavior. In one study, chronic social subordination across pre- and peripuberty resulted
in larger amygdala (AMYG) volume compared to dominant subjects, but experimental
suppression of E2 neutralized this effect. In the next study, the effects of social
subordination on regional brain volumes in adults were modified by dietary environment,
where the availability of an obesogenic diet reversed the impact of social rank on bilateral
prefrontal cortex white matter (PFC WM). In the final study, the effects of social
subordination on brain FC in adults were also modified by dietary environment. These
results are important as they provide evidence that (1) exposure to developmental increases
in E2 modify the consequences of social subordination on the volume of cortico-limbic
regions involved in emotional and stress regulation during maturation, and (2) exposure to
an obesogenic diet in adulthood modifies the consequences of social subordination on the
volume and FC of cortico-limbic regions involved in stress regulation, in addition to
emotional and motivational behavior in female rhesus macaques.
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Chapter 1. Introduction



1.1 Low social status as a psychosocial stressor

1.1.1 Public health relevance of chronic social stress

In modern societies, chronic stress has become a significant public health concern. Adults
reporting chronic stress are more likely to suffer from a myriad of diseases, including
(but not limited to) obstructive pulmonary disease, heart disease, diabetes, depression and
obesity (Baum and Posluszny 1999, Weissman, Pratt et al. 2015). These adverse
consequences of chronic social stress are more prevalent in females than in males at
every stage in life (Becker, Monteggia et al. 2007, Weissman, Pratt et al. 2015) and they
often emerge during adolescence (Seeman 1997, Kessler, Avenevoli et al. 2001, Reardon,
Leen-Feldner et al. 2009). The cumulative negative impact of adverse social experiences
has been demonstrated in human studies of low socioeconomic status (SES), which is
characterized by relatively greater social stress exposure and relatively poor access to
material and societal resources such as appropriate nutrition, health care, or education
(Bradley and Corwyn 2002, Hackman and Farah 2009). However, even in countries
where universal healthcare is available, the relationship between low SES and adverse
health outcomes persists (Wardle, Waller et al. 2002, Banks, Marmot et al. 2006). Indeed,
reports of psychological distress in humans increases as income decreases (Weissman,
Pratt et al. 2015). There is emerging evidence that neurobiological correlates of low SES
may contribute to these adverse outcomes, particularly in brain regions that regulate
executive function, emotional regulation and social cognition, such as the prefrontal
cortex (PFC), and amygdala (AMYG) (Hackman and Farah 2009, Gianaros and Manuck

2010). Despite the evidence that chronic social stress is a strong predictor of numerous



adverse health outcomes in low SES humans, research on the mechanisms underlying
these outcomes is scarce. Therefore, a more complete understanding of the etiology
underlying these effects of stressor exposure and subsequent adverse outcomes is highly

warranted.

1.1.2 Limbic-hypothalamic-pituitary-adrenal (LHPA) axis overview

The term stress has multiple definitions, but a common one views stress as state of
perceived or actual threat to an organism’s homeostasis, whereas the term stressor is
defined a stimulus that disrupts homeostasis. Under normal conditions, the AMYG (one
of the limbic structures representing the “L” in LHPA) is activated and initiates a
downstream stimulation of the HPA axis in response to psychogenic stressors (Chrousos
and Gold 1992, Johnson, Kamilaris et al. 1992), causing the release of corticotropin-
releasing hormone (CRH) from the paraventricular nucleus (PVN) of the hypothalamus.
CRH then binds to receptors in the pituitary, which results in the secretion of
adrenocorticotropic hormone (ACTH) into systemic circulation. ACTH then binds to
receptors in the adrenal glands, an action which causes an increase in circulating
glucocorticoids (GCs; e.g. cortisol in primates) (Ulrich-Lai and Herman 2009, Myers,
McKlveen et al. 2012). Under conditions of acute stress, GCs bind to glucocorticoid
receptors (GR) in limbic structures, the hypothalamus and the pituitary (Herman,
McKlveen et al. 2012) to shut down the axis and suppress further GC release through a
negative feedback mechanism. When stress becomes prolonged or chronic, however, this
negative feedback mechanism is impaired and results in excess and prolonged GC release

(Raadsheer, Hoogendijk et al. 1994, Makino, Smith et al. 1995, Makino, Hashimoto et al.



2002, Myers, McKlveen et al. 2012) which can lead to an array of consequences for other
physiological systems, and even the brain, due to the effects of these steroid hormones on
gene expression. In the case of the brain, GCs can bind to receptors expressed widely
throughout the brain (Sanchez, Young et al. 2000), potentially leading to alterations in
gene expression that can cause changes in many systems, including corticolimbic circuits
involved in cognitive and emotional processes. For example, in rodents, increased GR
binding in the central nucleus of the AMYG leads to greater expression of CRH in that
nucleus (Shepard, Barron et al. 2000, Kolber, Roberts et al. 2008) resulting in enhanced
fear and anxiety responses that are sustained over time. Indeed, increased anxiety-like
and depressive-like behaviors have been associated with CRH overexpression in the
central nucleus of the AMYG in rats (Keen-Rhinehart, Michopoulos et al. 2009).
Additionally, CRH interacts with neurotransmitter systems to affect behavioral output of
the LHPA axis (Dunn and Berridge 1990, Owens and Nemeroff 1991, Valentino, Foote et
al. 1993). For example, serotonergic neurons in the dorsal raphe nucleus express CRH
receptors and synthesize and release serotonin (SHT) in response to CRH, providing a
means by which stress may influence SHT synthesis and release (Meloni, Reedy et al.
2008). In addition to affecting emotional behavior, increased CRH can also affect
motivational and appetitive behaviors (Krahn, Gosnell et al. 1990, Glowa and Gold 1991,

Shade, Blair-West et al. 2002, Keen-Rhinehart, Michopoulos et al. 2009).

1.1.3 Macaque model of social subordination
A useful translational model to determine the adverse effects of chronic social stress is

social subordination in rhesus and other macaques (Shively 1998, Sapolsky 2005,



Shively, Register et al. 2005, Michopoulos, Higgins et al. 2012, Michopoulos, Reding et
al. 2012, Michopoulos, Toufexis et al. 2012, Reding, Michopoulos et al. 2012, Shively
and Willard 2012, Wilson, Bounar et al. 2013). Macaques share many similarities to
humans in both brain and behavior (Byrne and Whiten 1988, Petrides 2005, Petrides,
Tomaiuolo et al. 2012), such as protracted development of PFC (Knickmeyer, Styner et
al. 2010), its reciprocal connections with the AMYG (Ghashghaei, Hilgetag et al. 2007),
and a rich and complex repertoire of maternal and social behavior (Byrne and Whiten
1988). These prolonged periods of brain development are thought to contribute to the
“biological embedding” of early life experience, where some brain regions and circuits
(and resulting behavioral outcomes) are more sensitive to experience and are sculpted
differently by them. However, it is also thought that these open windows of development
make an individual more susceptible to the effects of more enduring environmental
insults such as continual social stress (Hertzman and Wiens 1996, Hertzman 1999,

McEwen 2012).

Social subordination in adult macaques has been well established over decades to
investigate the adverse effects of psychosocial stress on a number of adult health
outcomes including reproductive dysfunction (Kaplan and Manuck 2004, Zehr, Van
Meter et al. 2005, Wilson and Kinkead 2008, Michopoulos, Berga et al. 2009, Kaplan,
Chen et al. 2010), cardiovascular disease (Kaplan, Adams et al. 1996), psychostimulant
self-administration (Morgan, Grant et al. 2002), monoamine and behavior dysfunction
(Grant, Shively et al. 1998, Shively 1998, Shively, Friedman et al. 2006, Embree,

Michopoulos et al. 2013), immune compromise (Gust, Gordon et al. 1991, Paiardini,



Hoffman et al. 2009, Tung, Barreiro et al. 2012), emotional feeding (Michopoulos,
Toufexis et al. 2012) and alterations in emotional regulation (Shively, Register et al.
2005). Although the health outcomes are not as well-characterized during development,
female juvenile and adolescent subordinate macaques also seem to exhibit increased
emotional reactivity (Wilson, Bounar et al. 2013) and reproductive alterations (Wilson,

Gordon et al. 1986, Zehr, Van Meter et al. 2005, Wilson, Bounar et al. 2013).

Rhesus monkey (M. mulatta) social groups are structured by a matrilineal dominance
hierarchy that functions to maintain stability within the group, regardless of its size
(Bernstein and Gordon 1974, Bernstein 1976). This provides ethological validity to the
use of this model organism, as social subordination in rhesus macaques occurs naturally
in not only free-ranging, but also captive groups (Bernstein and Gordon 1977). This is
also true of other macaque species, such as cynomolgus monkeys (M. fascicularis)
(Shively, Laber-Laird et al. 1997, Shively, Register et al. 2005). Moreover, social ranks
within the groups are generally stable over long periods of time, which allows for long-
term investigation of the effects of social experience reflected as a gradient of rank
(Kaplan 2008). Subordinate rhesus macaques receive significantly more aggression from
higher-ranking animals in addition to receiving lower rates of affiliation, including
grooming, from group mates (Silk 2002, Abbott, Keverne et al. 2003, Sapolsky 2005).
Subordinate animals terminate the aggression received from higher-ranking group mates
by emitting submissive behavior, a defining feature of subordination in macaques
(Bernstein and Gordon 1974, Bernstein, Gordon et al. 1974, Bernstein 1976, Shively and

Kaplan 1984, Michopoulos, Higgins et al. 2012). Interestingly, these two behaviors



(increased aggression and decreased affiliation) significantly predict increased cortisol in
several NHP species (Abbott, Keverne et al. 2003, Sapolsky 2005), including rhesus
macaques. Subordinate macaques have less control over their environment, as agonistic
behavior from higher-ranking animals is unpredictable and often unprovoked (Abbott,
Keverne et al. 2003). Thus, due to the uncertainty of onset, timing and duration of this
stressor, the subordinate animal is unable to initiate a preemptive physiological response
in order to assuage the effect of the stressor (Silk 2002). Additionally, maintenance of the
appropriate stress response is compromised as the subordinate monkey is unable to
predict how long this response must be sustained (Silk 2002). This lack of control and
predictability over the social and physical environment results in repeated activations of
stress systems (Silk 2002), which can lead to other alterations, such as emotional
dysregulation in subordinates (Abbott, Keverne et al. 2003). Indeed, when examining the
set of anxiety-like behaviors exhibited by macaques in response to stress-eliciting
situations (Schino, Troisi et al. 1991, Troisi, Schino et al. 1991, Troisi 2002, Kalin and
Shelton 2003), they occur at higher rates in subordinates than in dominant animals

(Shively, Register et al. 2005, Wilson, Bounar et al. 2013).

Infant and juvenile macaques born to subordinate mothers are also exposed to the effects
of social subordination in early life, as they assume their mother’s rank (Sade 1967,
Bernstein 1970). Infants are buffered by their mothers from the effects of social
subordination during the first few weeks after birth, but begin to learn their place in the
hierarchy at approximately three months of age, when they increase their social

interactions with non-family group members and begin to wean from their mother



(Spencer-Booth 1968, Hinde and Spencer-Booth 1971, Berman 1980). By the time they
are juveniles, subordinate animals already receive more aggression from higher-ranking
group members and terminate these interactions with submissive behaviors (Bernstein
and Ehardt 1985). Thus, all females assume the mother’s rank in the group throughout
their development and adulthood. Although the subordinate phenotype has not been as
well characterized as in adults, social subordination stress has developmental
consequences, including delayed puberty onset (Schwartz, Wilson et al. 1985, Wilson,
Gordon et al. 1986, Zehr, Van Meter et al. 2005, Wilson, Bounar et al. 2013), which have
been associated with increased emotional reactivity in these animals (Wilson, Bounar et

al. 2013).

1.1.4 Effects of social subordination on the LHPA axis

One notable effect of this social subordination experience of unpredictable and continual
harassment accompanied by decreased availability of social buffering (e.g. grooming) is
dysregulation of the LHPA neuroendocrine axis, evidenced by hypercortisolemia and
impaired GC negative feedback, at least in adult females (Shively, Laber-Laird et al.
1997, Shively 1998, Wilson, Pazol et al. 2005, Jarrell, Hoffman et al. 2008, Wilson,
Fisher et al. 2008, Paiardini, Hoffman et al. 2009). Consistent with the impaired negative
feedback reported in adult subordinate female macaques (Shively, Laber-Laird et al.
1997, Shively 1998, Wilson, Pazol et al. 2005, Jarrell, Hoffman et al. 2008, Wilson,
Fisher et al. 2008, Paiardini, Hoffman et al. 2009), the stress associated with social
subordination in other animal models has been linked with down-regulation of GRs in the
brain. For example, using the visible burrow system and a model of chronic social stress

in rats, subordinate rats showed reduced mRNA levels of mineralocorticoid receptors



(MRs) and GRs in the hippocampus (HC), relative to dominant rats (Chao, Blanchard et
al. 1993). In macaques exposed to a sustained stressor (destabilized social groups),
dexamethasone resistance was associated with decreased GRs in the HC (Brooke, de
Haas-Johnson et al. 1994). Given that GCs interact with and regulate the expression of a
number of other neurotransmitters (Mora, Segovia et al. 2012), 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.

1.1.5 Chronic stress and role of immune system function

Chronic stress has also been associated with persistent inflammation (Miller and
Blackwell 2006, Cohen, Janicki-Deverts et al. 2012) and resulting adverse behavioral
outcomes, such as depression (Dunn, Swiergiel et al. 2005, Hryhorczuk, Sharma et al.
2013). During an acute stress response, glucocorticoids function in an anti-inflammatory
manner in order to maintain homeostatic processes (McEwen, Biron et al. 1997,
Sapolsky, Romero et al. 2000, Silverman and Sternberg 2012). Under conditions of
chronic stress-related hypercortisolism, however, glucocorticoid resistance can develop in
innate immune cells which prevents GC-induced suppression of inflammation (Reader,
Jarrett et al. 2015). This can occur through various mechanisms, some of which are
impaired GR signaling and function (Barnes 2006, De Bosscher, Vanden Berghe et al.
2006, Pace, Hu et al. 2007), as well as decreases in GR expression (Pace, Hu et al. 2007).
In humans, low socio-economic status has been associated with increased levels of C-

reactive protein (CRP) and interleukin-6 (IL6) (Pollitt, Kaufman et al. 2008, Loucks,
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Pilote et al. 2010). In female rhesus macaques, higher mRNA gene expression (measured
in peripheral blood mononuclear cells) of pro-inflammatory cytokines is observed in
adult subordinate females (Tung, Barreiro et al. 2012). There is evidence that this
peripheral inflammation can result in neuroinflammation and affect brain structure and
function. For example, microglia can be activated by stressor exposure (Frank, Baratta et
al. 2007) and greater microglia density and activation in the PFC has been associated
with stress-induced psychopathology (Steiner, Bielau et al. 2008, Setiawan, Wilson et al.
2015). Furthermore, decreases in neuronal size, glial density or cell loss (presumably as a
result of activated microglia) have been observed in postmortem studies in humans with
depression (Rajkowska 2000, Cotter, Mackay et al. 2002), a disorder often associated
with chronic stress (McEwen 2012). Therefore, in addition to LHPA axis signaling,
chronic stress-induced proinflammatory cytokines could also affect neurobehavioral

outcomes.

1.2 Effects of social subordination on limbic brain regions across the life span

1.2.1 Postnatal development of amygdala, hippocampus and prefrontal cortex
Primate cortical maturation occurs earlier in low-order processing regions (e.g. primary
visual or somatosensory cortices) than in association cortices that integrate multimodal
sensory inputs, like prefrontal and temporal cortices (Gogtay, Giedd et al. 2004). Cortical
maturation also occurs earlier in phylogenetically older cortical regions, such as the
piriform and entorhinal cortex, compared to phylogenetically newer regions such as the

inferior temporal cortex and PFC (Giedd 2004, Gogtay, Giedd et al. 2004, Shaw, Kabani
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et al. 2008). Specifically, normative development of PFC gray matter (GM) volume in
both males and females follows an inverted U-shaped curve from childhood until
adulthood, reaching a peak during the peripubertal period (Giedd, Blumenthal et al. 1999,
Giedd 2004, Giedd and Rapoport 2010). The decrease in volume following this period
seems due, in part, to synaptic pruning (Anderson, Classey et al. 1995, Huttenlocher and
Dabholkar 1997, Markham, Mullins et al. 2013) and even apoptosis in the PFC (Nunez,
Lauschke et al. 2001, Markham, Morris et al. 2007). In macaques, axonal and synaptic
pruning occurs postnatally in a region-specific manner that matches the emergence of

related behavioral functions (LaMantia and Rakic 1990).

The volumetric structural development of cortical white matter (WM) follows a different,
mostly linearly increasing, trajectory than GM (Jernigan and Tallal 1990, Giedd,
Blumenthal et al. 1999, Giedd 2004, Lenroot and Giedd 2006). Cortical myelination in
both humans and NHP precocial species begins prenatally in some regions (e.g. motor
cortex, to support some level of infant motoric independence right after birth) but occurs
postnatally in other cortical regions, continuing into early adulthood in association areas
like the PFC, temporal and parietal cortices (Gibson 1991, Inder and Huppi 2000, Volpe

2000, Lenroot and Giedd 2006).

On the other hand, the basic architecture of the AMYG is present at birth in humans and
monkeys (Ulfig, Setzer et al. 2003) and follows rapid regional-specific structural
development patterns that makes some nuclei (and the functions they underlie) more

vulnerable than others to postnatal experience. Most of this evidence comes from studies
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in rthesus monkeys, where the lateral and basal nuclei, involved in emotional processing
and learning, show rapid volume increases from birth through three 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 (Chareyron, Lavenex et al. 2012). These nuclei-specific changes result in an
overall increase in total AMYG volume, with the highest rates evident during the first 4
postnatal months, which stabilize at about 8 months of age and reach adult volume at 7
years of age in macaques (Payne, Machado et al. 2010). The increase in AMYG volume
results from structural changes in both neurons and glia, although after three months of
age it is mostly due to increased number of oligodendrocytes and myelination, while
neuronal size/number and astrocyte number do not change (Chareyron, Lavenex et al.
2012). Thus, after three months of age the AMYG volume increases are driven by glia
that produce the myelin in WM, suggesting a particular vulnerability of AMYG WM
tracts/circuits that mature around and after that age to social experiences [e.g. AMYG
projections to orbitofrontal cortex -OFC-, which do not become mature until two months
of age, when curiosity and frustration emerge in the infants (Machado and Bachevalier
2003)]. Functionally, the AMYG is active early in life, but undergoes continued
refinement, largely through connections with cortical areas [For review, see (Tottenham,

Hare et al. 2009, Saygin, Osher et al. 2015)].

The HC is also functionally active early in life (Robinson and Pascalis 2004) and shows
consistent increase in volume through two years of age in monkeys, with the most drastic

increases observed during the first two postnatal weeks (Payne, Machado et al. 2010). As
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most of the neurons in the HC are generated prior to birth (Nowakowski and Rakic 1981,
Eckenhoff and Rakic 1991, Arnold and Trojanowski 1996), these increases in volume are
likely the result of synaptogenesis, myelination and dendritic arborization (Dufty and

Rakic 1983, Eckenhoff and Rakic 1991, Seress 1992). In macaques, the HC reaches adult

volumes between 7-13 years of age (Lavenex, Banta Lavenex et al. 2007).

1.2.2 Effects of social subordination on brain structure and connectivity in adult
non-human primates

In addition to the neurochemical changes that result from social stress, in particular from
social subordination, recent neuroimaging work demonstrates that social subordination
also alters brain structure and functional connectivity (FC), particularly of corticolimbic
circuits and social brain networks. In a magnetic resonance imaging (MRI) study of adult,
mostly male, rhesus macaques, the gray matter (GM) volume in bilateral AMYG had was
positively associated with the social rank of the monkey, where more subordinate
monkeys had smaller AMYG volume (Noonan, Sallet et al. 2014). This positive
relationship between GM volume and rank was also found for a region in the bilateral
brain stem, which included the SHT-containing raphe nucleus and the hypothalamus.
Using measures of FC in the same study, Noonan et al. (2014) also found differences in
connectivity 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. Another study also found that social network size was
positively associated with brain morphology in the superior temporal sulcus, inferior

temporal gyrus, temporal pole and AMYG (Sallet, Mars et al. 2011). The rank-dependent
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changes in GM volume and intrinsic FC of the AMYG are consistent with findings of a
relationship between AMYG structure and function and social status in other NHP and
human studies (Bauman, Lavenex et al. 2004, Zink, Tong et al. 2008, Kumaran, Melo et
al. 2012). The AMYG is very sensitive to the effects of stress and GCs, and it also plays a
critical role in social behavior, evaluation of stimulus salience, threat detection and fear
and safety learning. Thus, rank-related differences in AMYG structure, function, and
connectivity with other regions may reflect both the effects of social rank on the
perception/salience of social stimuli and the impact of stress-induced load on this region

in subordinate monkeys.

Noonan et al., (2014) also found structural and functional differences in the basal ganglia
associated with social rank. Extent of GM in the striatum significantly increased with
more subordinate status, 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 receives dopaminergic
innervation from the mesocortical limbic and mesostriatal systems, these findings along
with studies demonstrating differences in dopamine D2 receptor expression and binding
in the striatum for subordinate compared to dominant monkeys (Grant, Shively et al.
1998, Morgan, Grant et al. 2002) suggest that social stress in rhesus macaques may alter

corticolimbic reward circuitry and motor pathways.

The PFC is a brain region critical for regulating socioemotional behavior (Quirk and Beer

2006) and mediating social cognition (Amodio and Frith 2006), and is also structurally
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and functionally affected by social rank and social group size in rhesus macaques (Sallet,
Mars et al. 2011, Noonan, Sallet et al. 2014). In a sample of mostly adult male rhesus
macaques, GM volume in the rostral PFC and superior temporal sulcus (STS) was found
to increase with social rank and social network size (Noonan, Sallet et al. 2014). 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 rodent models demonstrates that chronic stress leads to structural changes
in the PFC. Specifically, chronic restraint stress is associated with decreased dendritic
arborization in the medial PFC (Shansky and Morrison 2009) and increased neuronal
excitability (Jackson and Moghaddam 2006). These findings suggest that the structural
and functional changes associated with social rank in rhesus monkeys are, at least in part,

the result of social stress experienced by the subordinate animals.

1.2.3 Effects of social subordination on brain structure and neurotransmission in
juvenile non-human primates

Despite the extensive literature investigating the adverse effects of social stress on
various health outcomes in adults, it is surprising that few studies have taken a
developmental approach in order to investigate how social subordination affects
macaques during infancy, adolescence and throughout development. A few recent studies
are trying to uncover how the developmental consequences of this experience emerge.

One of those investigated the effects of social rank on the pubertal timing of female
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rhesus macaques (Wilson, Bounar et al. 2013). Relative rank within the social group
(calculated by the ratio of a subject’s rank to the total number of animals in the group,
except for animals less than one year of age) significantly predicted age at menarche and
age at first ovulation, with more dominant animals reaching menarche and first ovulation
earlier than more subordinate animals. Additionally, other factors such as increased
emotional reactivity and slower weight gain were also strong predictors of delayed
puberty. To our knowledge, only two recent studies using female rhesus macaques have
investigated the relation between subordinate status and neurobiological developmental

outcomes.

Using Diffusion Tensor Imaging (DTI), Howell et al. (2014) investigated the effects of
social subordination on the development of brain WM in pre-pubertal female macaques
and the consequences for behavior and stress physiology. Briefly, DTI is an in vivo
neuroimaging technique that measures water diffusion in the brain and provides measures
of WM tract integrity, from which we can infer connectivity. This study found that, in
pre-pubertal female rhesus macaques, subordinates had greater fractional anisotropy (FA;
a measure of water diffusion directionality which is used to infer information about WM
structural integrity, including level of myelination and axonal packing density or
organization, where higher myelination and axon packing density/organization result in
higher FA) than dominants in left medial PFC WM and along the left dorsal medial wall
of the brain (Howell, Godfrey et al. 2014). Increased FA in medial PFC was correlated
with increased fearful behavior in the Human Intruder paradigm, an ethologically

relevant paradigm where fear and anxiety responses are measured in response to
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threatening stimuli of varying intensity (Kalin and Shelton 1989, Meunier, Bachevalier et
al. 1999, Wilson, Bounar et al. 2013, Howell, Grand et al. 2014), as well as with
increased fearful and submissive social behavior. Increased FA in the left dorsal medial
wall was also positively correlated with submissive behavior in the subject’s social
group. Altogether, the increased WM tract structural integrity detected, and its
association with higher submissive behavior and emotional reactivity in subordinate
animals, was interpreted by the authors as neural adaptations to facilitate socially
adaptive behaviors to a high pressure environment. In another study exploring the effects
of social subordination stress on neural development, Embree et al., 2013 investigated
how social status and serotonin transporter (SHTT) polymorphisms affect 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 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 develop also more adult-like patterns of social and
emotional behaviors, with increased receptor and transporter availability being associated
with increased levels of emotional reactivity. Together, these findings are important
because they revealed that differences in social rank are associated with differences in

brain neurotransmission and circuitry in juvenile macaques.
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1.3 Modifiers of stress-induced effects on neurobehavioral outcomes

1.3.1 Importance of estradiol on neurobehavioral outcomes

Estradiol (E2) is a gonadal steroid important for mood regulation (Pfaff, Vasudevan et al.
2000, Stoppe and Doren 2002) and for brain organization/development, including
structural and neurochemical changes in systems controlling emotional responses (Pfaff,
Vasudevan et al. 2000, Bethea, Mirkes et al. 2002, Stoppe and Doren 2002, Dreher,
Schmidt et al. 2007, Bethea and Reddy 2008, Martel, Klump et al. 2009, Zadran, Qin et
al. 2009, Galvin and Ninan 2014) even during the pubertal transition (Ahmed, Zehr et al.
2008, Schulz, Molenda-Figueira et al. 2009). E2 and other gonadal steroids have prenatal
organizational effects on the brain, but also influence brain maturation and behavioral
development postnatally, particularly during puberty (Ahmed, Zehr et al. 2008, Schulz,
Molenda-Figueira et al. 2009). E2 can exert both activational and organizational effects
on the brain (Arnold and Breedlove 1985, McCarthy 2010), through remodeling and
refinement of neuronal circuits via various mechanisms [for review see (Goldstein, Kurz
et al. 1990, Benes, Taylor et al. 2000, Nunez, Lauschke et al. 2001, Cunningham,
Bhattacharyya et al. 2002, Sisk and Zehr 2005, Schulz, Molenda-Figueira et al. 2009)],
resulting in persistent changes to gross brain morphology and synaptic organization. In
humans, some, but not all, of the neurodevelopmental changes reported during
adolescence have been associated with elevations in gonadal hormones. For example,
higher levels of circulating E2 have been associated with lower GM density in frontal and
parietal lobes (Brouwer, Koenis et al. 2015). Additionally, greater levels of E2 have also

been associated with smaller anterior cingulate cortex (ACC) cortex GM, after
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controlling for age (Koolschijn, Peper et al. 2014) and greater thinning of the left middle
temporal gyrus (Herting, Gautam et al. 2015). Although the effects of pubertal increase in
E2 are recognized, the pre-pubertal ovary, under the influence of gonadotropins, is also
able to secrete biologically active, albeit low, concentrations of E2 prior to menarche in
both girls (Apter, Butzow et al. 1993, Norjavaara, Ankarberg et al. 1996) and female
macaques (Pohl, deRidder et al. 1995, Wilson, Fisher et al. 2004, Wilson, Bounar et al.
2013). These prepubertal low circulating concentrations of E2 (Norjavaara, Ankarberg et
al. 1996, Veldhuis, Roemmich et al. 2000) are able to regulate a number of systems in
females, including luteinizing hormone (LH) secretion (Rapisarda, Bergman et al. 1983,
Pohl, deRidder et al. 1995, Wilson, Fisher et al. 2004), insulin-like growth factor 1 (IGF-

1) and growth hormone (GH) (Wilson, Schwartz et al. 1984).

The neuroprotective effects of E2 have been long recognized (Engler-Chiurazzi, Singh et
al. 2016). E2 interfaces with many neurotransmitter and neuropeptide systems in
corticolimbic circuits to influence behavior (Bos, Panksepp et al. 2012) and responsivity
to stressors (Luine 2016). Indeed, estrogen receptors (ERa and ERp) are distributed in
corticolimbic brain regions, including the AMYG, HC and cortex in rats (Shughrue, Lane
et al. 1997, Shughrue, Scrimo et al. 1998, Shughrue and Merchenthaler 2000), macaques
(Pau, Pau et al. 1998, Register, Shively et al. 1998, Blurton-Jones, Roberts et al. 1999,
Perez, Sendera et al. 2004, Bao, Ni et al. 2006) and humans (Osterlund, Gustafsson et al.
2000, Osterlund, Keller et al. 2000). E2 influences emotionality in animal models
(Vaillancourt, Cyr et al. 2002) and humans (Swerdlow, Hartman et al. 1997), and is

thought to play a role in the etiology of depression and anxiety in female humans and
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NHPs (Angold, Costello et al. 1998). Stress-related disorders like depression and anxiety
emerge during adolescence and are more prevalent in females than in males (Forbes,
Williamson et al. 2004) and increases in risk are coincident with changes in reproductive
system function across the lifetime, such as premenstrual cycle, pregnancy, post-partum,
perimenopause (Steiner, Dunn et al. 2003). E2 has been shown to directly influence the
LPHA axis, for example by increasing CRH expression in the hypothalamus of female
rhesus macaques (Roy, Reid et al. 1999) and exacerbating stress hormone responsivity in
socially subordinate adult female rhesus monkeys (Wilson, Pazol et al. 2005). While
chronic exposure to stressors may inhibit ovarian function in women (Berga and Loucks
2005) and monkeys (Pope, Gordon et al. 1986, Kaplan, Chen et al. 2010), ovarian activity
and E2 release can continue in the presence of a chronic stressor (Adams, Kaplan et al.
1985, Pope, Gordon et al. 1986, Herod, Dettmer et al. 2011). However, in those
circumstances chronic adverse social experience appears to attenuate the activational
effects of E2 on behavior (Wallen 1990, Uphouse, Selvamani et al. 2005, Reding,
Michopoulos et al. 2012). In summary, the effects of chronic stress on neurobehavioral

development warrant elucidation, especially during developmental increases in E2.

1.3.2 Importance of dietary environment on brain and behavior and non-
homeostatic brain regions involved in food intake

The availability and overconsumption of calorically dense diets have become significant
worldwide health problems and result in increased risk for several adverse health
outcomes, including type 2 diabetes, cancer, heart disease, and others (Must, Spadano et

al. 1999, Visscher and Seidell 2001, Hill 2006). Globally, the number of overweight and
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obese people has risen from 921 million in 1980 to an astounding 2.1 billion in 2013 (Ng,
Fleming et al. 2014), which results in substantial increased healthcare costs and economic
burden (Tsai, Williamson et al. 2011, Withrow and Alter 2011). In the United States,
rates of diet-induced obesity have continued to rise over the last 20 years to greater than
30% of the population and are expected to increase to 50% by 2030 (Flegal, Carroll et al.
2010). Given these alarming statistics, it is becoming increasingly essential to understand
the etiology underlying excessive consumption of obesogenic diets before frank obesity

is evident, in order to develop effective treatment strategies.

Animal models have proven to be exceptionally informative in defining neuropeptide
regulation of appetite and energy homeostasis (Berthoud 2012, Williams and Elmquist
2012). However, food intake is regulated by more than just satiety and hunger signals,
including influences by reward and sensory circuits. The nucleus accumbens (NAcc),
AMYG, insula (INS), HC and PFC are often studied due to their anatomical connections
and involvement in appetitive behavior and reward process regulation (Ghashghaei,
Hilgetag et al. 2007, Warne 2009, Haber and Knutson 2010, Volkow, Wang et al. 2012,
Tomasi and Volkow 2013). The PFC has direct reciprocal anatomical connections with
striatum, where vmPFC and OFC have stronger projections to ventral striatum, whereas
dIPFC has stronger projections to dorsal striatum (Haber and Knutson 2010). The AMYG
and INS are also reciprocally connected with the NAcc (Haber and Knutson 2010).
Although much of the PFC has connections with the AMYG, the densest projections
from PFC to AMYG originate in the ACC/mPFC, especially in Brodmann areas (BA) 24

and 25, whereas the densest projections back to the PFC from AMYG terminate in caudal
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OFC (Ghashghaei, Hilgetag et al. 2007). The NAcc is involved in reward processing
(Cohen, Asarnow et al. 2010), the AMYG is involved in evaluation of food reward
salience (Baxter and Murray 2002) as well as fear and anxiety (LeDoux 2000), the INS
integrates interoceptive, socio-emotional, sensorimotor, olfacto-gustatory and cognitive
information (Kurth, Zilles et al. 2010) and the HC is important for memory and
associative learning in control of appetitive behavior, including food-seeking and energy
regulation (Henderson, Smith et al. 2013). The PFC can be divided into distinct sub-
regions, including (but not limited to) the ventromedial PFC (vmPFC), the medial PFC
(mPFC), the OFC and the dIPFC. The vmPFC is involved in emotional and motivational
salience assessment, prosocial behavior and emotional regulation (Ma, Liu et al. 2010)
(Rilling, Gutman et al. 2002, Rilling, Sanfey et al. 2004). The mPFC is involved in
immediacy and anticipation of the benefit/risk ratio of rewards (Knutson, Taylor et al.
2005, Yacubian, Glascher et al. 2006, Haber and Knutson 2010) as well as integration of
value across different stimuli (Blair, Marsh et al. 2006). The OFC is involved in goal-
directed behavior, reward coding, impulse control and salience/value of food (Kuhnen
and Knutson 2005, Rolls and McCabe 2007, Grabenhorst, Rolls et al. 2008) and prosocial
behavior (Rilling, Gutman et al. 2002, Rilling, Sanfey et al. 2004). Finally, the dIPFC is
involved in working memory for evaluation, comparison and selection of incentive-based

behavioral responses (Haber and Knutson 2010).

1.3.3 Evidence of diet-induced obesity effects on brain structure
Consumption of obesogenic diets and resulting elevated body mass index (BMI) have

also been linked to alterations in brain structure. The general findings are that diet-
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induced obesity, resulting from consumption of obesogenic diets, is associated with
smaller total brain volume and with reduced volume of cortical and subcortical structures.
For example, several studies have reported smaller total brain volume associated with
higher BMI, compared to controls (Ward, Carlsson et al. 2005, Gunstad, Paul et al. 2008,
Debette, Beiser et al. 2010, Bobb, Schwartz et al. 2014). These differences may be driven
by global decreases in GM (Figley, Asem et al. 2016), WM (Cole, Boyle et al. 2013) or
both (Figley, Asem et al. 2016). Additionally, diet-induced obesity has also been
associated with GM reductions in cortical regions (such as PFC and INS), as well as sub-
cortical regions including the HC and AMYG. Specifically, increased visceral adipose
tissue has been associated with decreased cortical thickness of the right INS (Veit,
Kullmann et al. 2014) and decreased INS GM (Shott, Cornier et al. 2015). Diet-induced
obesity is also negatively associated with volume of PFC subdivisions, such as dIPFC,
OFC and mPFC (Pannacciulli, Del Parigi et al. 2006, Walther, Birdsill et al. 2010,
Brooks, Benedict et al. 2013, Marques-Iturria, Pueyo et al. 2013, Shott, Cornier et al.
2015, Figley, Asem et al. 2016). Increased BMI has also been associated with decreased
HC (Raji, Ho et al. 2010, Walther, Birdsill et al. 2010) and AMYG (Figley, Asem et al.
2016) volumes. While most studies focus on BMI or visceral adiposity, it is important to
understand how consumption of calorically dense diets impact brain structure prior to the
onset of frank obesity. One study investigated how different diets affected HC volume,
where consumption of a prudent diet was associated with larger HC volume and
consumption of a high caloric diet (HCD) was associated with smaller HC volume
(Jacka, Cherbuin et al. 2015). Although most studies report decreases in brain volume

associated with diet-induced obesity, a few studies have also reported increases in brain
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volume. For example, one study in older women reported increased frontal WM volume
(Walther, Birdsill et al. 2010) and another study reported positive correlations between
BMI with OFC (Horstmann, Busse et al. 2011). What remains unclear, however, is
whether these impairments in brain structure emerge prior to the onset of frank obesity,

due to the obesogenic dietary environment.

1.3.4 Evidence of diet-induced obesity effects on brain functional connectivity

In recent years, investigators have begun to employ resting state-functional magnetic
resonance imaging (rs-fMRI) techniques to investigate diet-induced obesity related
alterations in brain FC, primarily in stress and reward networks. Rs-fMRI, a method used
to examine temporal correlations of activity between different brain regions, as measured
by blood oxygen level dependent -BOLD-related activity, has been used in studies of
obese humans to demonstrate altered brain connectivity in PFC-AMY G-INS-NAcc
circuitry. For example, women with high BMI have stronger connectivity between NAcc
and ACC and vimPFC (Coveleskie, Gupta et al. 2015). Another rs-fMRI study showed
that obese women have higher activity within the INS compared to lean women
(Hogenkamp, Zhou et al. 2016). Excess weight has also been associated with increased
connectivity between the ventral striatum and mPFC (Contreras-Rodriguez, Martin-Perez
et al. 2015). In another study looking at FC during fasting, obese subjects exhibited
positive connectivity between AMYG and INS, whereas lean individuals showed
negative connectivity between these regions (Lips, Wijngaarden et al. 2014). Thus,
resting state FC in obese humans seems to be stronger between brain regions involved in

emotion and reward processing compared to lean individuals. Although several theories
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exist to explain the physiological source of these differences, one idea is that this
dysfunctional connectivity reflects impaired top-down inhibitory control of feeding
behavior (Nummenmaa, Hirvonen et al. 2012). Because negative FC is thought to reflect
increased activity of one ROI and decreased activity in another, whereas positive FC is
thought to reflect simultaneous activity in both ROIs (Fox and Raichle 2007), the positive
hyper-connectivity seen between prefrontal, striatal and limbic regions in obese humans
may reflect an overactive reward circuit, where typical top-down inhibitory control over
feeding (potentially represented as negative connectivity) and reward is impaired
(Nummenmaa, Hirvonen et al. 2012). For example, negative FC can be mathematically
induced by a preprocessing step, called global signal regression (Fox, Zhang et al. 2009,
Murphy, Birn et al. 2009). Nevertheless, it is accepted that negative FC has a biological
basis, as it has been recognized without the application of global signal regression (Chang
and Glover 2009, Fox, Zhang et al. 2009, Chai, Castanon et al. 2012). Therefore, the
physiological mechanisms underlying positive vs. negative FC are extremely complex
and not fully understood, and are still a topic of intense debate in the field (Cole, Smith et
al. 2010, Goelman, Gordon et al. 2014). As discussed in the previous section, it is
important to identify whether these obesity-related changes reported in human studies
before frank obesity is evident, as a consequence of a complex dietary environment,

where calorically dense foods are available.

1.3.5 Effects of dietary environment on social and emotional behavior
Data suggest that obesity resulting from stress-induced overeating calorically dense diets

may compromise brain structure and function (Berthoud, Lenard et al. 2011, Tryon,
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Carter et al. 2013, Ulrich-Lai, Fulton et al. 2015, Michopoulos, Diaz et al. 2016),
potentially leading to emotional dysregulation and social and behavioral impairment in
humans (Onyike, Crum et al. 2003, Galvez, Bauer et al. 2014). Indeed, mood disorders
and anxiety are frequently co-morbid with diet-induced obesity (Ayensa and Calderon
2011, Capuron, Lasselin et al. 2016), especially in females (Zender and Olshansky 2009,
Hillman, Dorn et al. 2010). Social behavior may also be affected by a complex dietary
environment. For example, one study in cynomolgus macaques showed that a high fat,
high cholesterol diet decreased social contact aggression compared to monkeys fed a
more prudent diet (Kaplan, Manuck et al. 1991). Another study in rhesus macaques also
showed decreases in emitted social aggressive behavior associated with increased
consumption of a calorically dense diet (Michopoulos, Diaz et al. 2016). These data

suggest an important role of calorically dense diets in impaired neurobehavioral function.

1.3.6 Signals linking diet to neurobehavioral outcomes

Diet-induced obesity is also characterized by hypercortisolemia (Pasquali, Ambrosi et al.
2002) and increased levels of GCs may be one mechanism by which these adverse effects
arise in a rich dietary environment. This idea is supported by data showing elevations in
serum cortisol associated with depression in humans (Parker, Schatzberg et al. 2003,
Raison and Miller 2003, Stetler and Miller 2011). Chronic corticosterone administration
in rats produces depressive-like behavior (Kalynchuk, Gregus et al. 2004, Gregus,
Wintink et al. 2005), most likely through the actions of glucocorticoid receptors which

are expressed in limbic brain regions known to emotional behavior, such as the AMYG
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and HC (Sanchez, Young et al. 2000, Ulrich-Lai and Herman 2009, Arnett, Kolber et al.

2011, Solomon, Furay et al. 2012, Wang, Verweij et al. 2014).

In addition to altered GC signaling, chronic inflammation may be another mechanism
linking consumption of a calorically dense diet to adverse neurobehavioral outcomes.
Chronic inflammation is not only a hallmark of obesity (Gregor and Hotamisligil 2011,
Miller and Spencer 2014), but consumption of obesogenic diets increases both peripheral
and central measures of inflammation prior to the onset of obesity (Myles 2014,
Vasconcelos, Cabral-Costa et al. 2016). Peripheral inflammation, caused by an increase
in adipose tissue as a result of consuming a HCD, can affect the brain and alter astrocyte
and glial function (Argente-Arizon, Freire-Regatillo et al. 2015). Independently of
visceral fat accumulation, glial cells in rodents can also be activated directly in response
to dietary nutrients, including saturated fatty acids (Milanski, Degasperi et al. 2009).
HCDs have also been shown to increase expression of inflammation related genes in
rodents, including IL6 and tumor necrosis factor alpha (TNFa) in the cortex and PFC
(Jayaraman, Lent-Schochet et al. 2014, Carlin, Grissom et al. 2016, Kang, Koo et al.
2016). This neuroinflammation resulting from activated glia can alter the brain in several
ways, including preventing neurogenesis (Monje, Toda et al. 2003), causing
neurodegeneration (Campbell, Stalder et al. 1997), dendritic atrophy (Richwine, Parkin et
al. 2008), apoptosis (Watson, Cai et al. 2000, Semmler, Okulla et al. 2005, Moraes,
Coope et al. 2009) or decreasing number of astrocytes (Sofroniew and Vinters 2010).
Thus, altered GC signaling and proinflammatory cytokines are likely important mediators

of diet effects on neurobehavioral outcomes.
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1.4 Overall goal and hypotheses

The primary overall goal of this thesis was to investigate what factors modify chronic
stressor-induced changes in brain structure and function. The goals of chapter 2 were to
(1) examine the impact of social subordination stress on female macaque neurobehavioral
development, (2) determine whether pubertal timing and duration of E2 exposure
modulate the impact of stress on structural development of corticolimbic regions
involved in emotional and stress regulation (specifically AMYG, PFC and HC),
disentangling it from the effects of chronological age, and (3) examine whether these
brain structural differences were related to behavioral and physiological outcomes. It was
hypothesized that these social status effects would be evident in the AMYG, the PFC and
the HC which are involved in social and emotional processing and have high levels of
both glucocorticoid and estrogen receptors. Specifically, based on available literature
discussed above, we predicted that subordinate juvenile females would have larger
AMYG, but smaller PFC and HC volumes compared to dominant subjects and that these
alterations would result in increased fear and anxiety behavior and stress reactivity.
Because prepubertal E2 is bioactive in female rhesus monkeys (Pohl, deRidder et al.
1995, Wilson, Fisher et al. 2004), it was also hypothesized that these status-induced brain
and behavioral effects would be exacerbated in females with delayed exposure to E2. The
goals of chapter 3 were to investigate how social status interacts with dietary
environment to affect brain structure of corticolimbic regions, specifically, the AMYG,
PFC, INS and HC, known affect emotional reactivity and motivated behavior in adult

female rhesus macaques. The impact of diet on neurobehavioral outcomes were assessed
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in females who had been maintained on a low fat, high sugar chow diet their entire lives
and females who had been consuming this chow diet in combination of a high fat, high
sugar diet for one year. Although some studies have reported increases in brain volume
as a consequence of consumption of calorically dense diets, the data overall suggest that
there is a reduction in overall and regional brain volumes. Therefore, it was hypothesized
that excessive calorie intake, particularly of a HCD, would result in decreased volume of
AMYG, PFC, INS and HC. Additionally, it was hypothesized that subordination stress
would result in decreased PFC, INS and HC, but increased AMYG volume, and that
these diet and stress-induced alterations would result in altered social and emotional
behavior. Using the same female subjects, and experimental conditions from chapter 3,
the goals of chapter 4 were to investigate how social status interacts with dietary
environment to affect brain FC between prefrontal, striatal, and other limbic regions
known to affect emotional reactivity and motivated behavior. It was hypothesized that
excessive calorie intake, particularly of a HCD, would result in increased FC between
NAcc, AMYG, INS and PFC, and that these alterations would result in altered social and

emotional behavior.



Chapter 2. Effects of Social Rank and Experimental Delay of Puberty on Brain

Structure in Female Rhesus Macaques
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2.1 Abstract

Exposure to social stressors during childhood and adolescence leads to alterations in
emotional and stress regulation and the development of underlying brain circuits. In this
study, we examined the consequences of subordinate status in socially-housed juvenile
female rhesus monkeys, as an ethologically valid model of chronic social stressor
exposure, on brain structural and behavioral development through the pubertal transition.
Adolescence is a developmental period of extensive brain remodeling that takes place in
parallel with increased emotional and stress reactivity. Puberty-induced increases in
gonadal hormones, particularly estradiol (E2), are likely involved due to its
organizational effects on the brain and behavior. Thus, we also examined the modulation
of pubertal development on stress effects by experimentally delaying pubertal onset in a
cohort of females by the administration of a GnRH agonist, Lupron. Using a longitudinal
experimental design, structural MRI (sMRI) scans were collected on 46 socially housed
juvenile female rhesus monkeys (20 dominant; 25 subordinate) at a typical prepubertal
age (18-25 months) and again at a typical post menarche age (29-36 months). Half of the
females from each social rank received monthly Lupron injections to experimentally
delay the onset of puberty. We examined the effects of both social status and pubertal
delay on overall structural brain development (i.e. intracranial, grey matter (GM) and
white matter (WM) volumes), as well as on cortico-limbic regions involved in emotion
and stress regulation: amygdala (AMYG), hippocampus (HC) and prefrontal cortex
(PFC). Measures of stress physiology, social behavior and emotional reactivity were
collected in order to examine functional correlates of the brain structural effects. In

addition to expected developmental effects, subordinates had bigger AMYG volumes
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than dominant animals (particularly in the right hemisphere), but pubertal delay with
Lupron-treatment abolished those differences, suggesting a role of gonadal hormones
potentiating the structural impact of social stress. Subordinates had elevated baseline
cortisol, indicating activation of stress systems. In general, Lupron-treated subjects had
smaller AMYG and HC volume than controls, but larger total PFC (due to more GM),
and different, region-specific, developmental patterns dependent on age and social status.
These findings highlight a region-specific effect of E2 on structural development during
female adolescence, independent of those due to chronological age. Additionally,
pubertal delay and smaller AMYG volume were associated with increased emotional
reactivity during the Human Intruder task (HI) and decreased social behavior compared
to controls. These data provide evidence that exposure to developmental increases in E2
modify the consequences of social stress on the volume of cortico-limbic regions
involved in emotional and stress regulation during maturation. But, even more
importantly, they support different brain structural effects of chronological age and
pubertal developmental stage in females, which are very difficult to disentangle in human
studies. These findings have additional relevance for young girls who experience
prolonged pubertal delays or for those whose puberty is clinically arrested by

pharmacological administration of Lupron.
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2.2 Introduction

Adolescence is a critical developmental period of significant physical, emotional and
social changes (Schulz, Molenda-Figueira et al. 2009) that begins with the onset of
puberty (Graber and Brooks-Gunn 1996). It is also associated with complex brain
reorganization and plasticity, and remodeling of neural circuits characterizing normal
brain development. However, this period also opens window for maladaptive
developmental patterns (Boyce and Ellis 2005, Steinberg 2005), increasing susceptibility
to the influences of adverse social experiences [for review, see (Holder and Blaustein
2013)]. Some of the brain circuits that undergo intense reorganization during this
developmental period are those involved in emotional and stress regulation, including the
amygdala (AMYG) and prefrontal cortex (PFC) (Casey, Duhoux et al. 2010). This,
coupled with the increased intensity of social and emotional pressures of adolescence,
explains the increased reported stress reactivity during this phase, especially in girls
(Silberg, Pickles et al. 1999, Nelson, Leibenluft et al. 2005). Indeed, adolescence is a
critical time for emergence of stress-related psychopathology and girls are more
vulnerable than boys (Dahl and Gunnar 2009), particularly to anxiety and mood disorders
during the pubertal transition (Angold, Costello et al. 1999, Dahl and Gunnar 2009),
likely contributing to the higher lifetime incidence of these disorders in women compared

to men (Kessler, Berglund et al. 2005).

This vulnerability may in part be due to puberty-related increases in estradiol (E2)
(Anisman and Zacharko 1992, Lee, Geracioti et al. 2005), a gonadal steroid important for

mood regulation (Pfaff, Vasudevan et al. 2000, Stoppe and Doren 2002) and for brain
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organization/development, including structural and neurochemical changes in systems
controlling emotional responses (Pfaff, Vasudevan et al. 2000, Bethea, Mirkes et al.
2002, Stoppe and Doren 2002, Dreher, Schmidt et al. 2007, Bethea and Reddy 2008,
Martel, Klump et al. 2009, Zadran, Qin et al. 2009, Galvin and Ninan 2014) even during
the pubertal transition (Ahmed, Zehr et al. 2008, Schulz, Molenda-Figueira et al. 2009).
E2 and other gonadal steroids have prenatal organizational effects on the brain, but also
influence brain maturation and behavioral development postnatally, particularly during
puberty (Ahmed, Zehr et al. 2008, Schulz, Molenda-Figueira et al. 2009). E2 can exert
both activational and organizational effects on the brain (Arnold and Breedlove 1985,
McCarthy 2010), through remodeling and refinement of neuronal circuits via various
mechanisms [for review see (Goldstein, Kurz et al. 1990, Benes, Taylor et al. 2000,
Nunez, Lauschke et al. 2001, Cunningham, Bhattacharyya et al. 2002, Sisk and Zehr
2005, Schulz, Molenda-Figueira et al. 2009)], resulting in persistent changes to gross
brain morphology and synaptic organization. In humans, some, but not all, of the
neurodevelopmental changes reported during adolescence have been associated with
elevations in gonadal hormones. For example, higher levels of circulating E2 in 12 year
old girls have been associated with lower GM density in frontal and parietal lobes
(Brouwer, Koenis et al. 2015). Additionally, greater levels of E2 have also been
associated with smaller anterior cingulate cortex GM, after controlling for age
(Koolschijn, Peper et al. 2014), and greater thinning of the left middle temporal gyrus
(Herting, Gautam et al. 2015). Although the effects of pubertal increase in E2 are
recognized, the pre-pubertal ovary, under the influence of gonadotropins, is also able to

secrete biologically active, albeit low, concentrations of E2 prior to menarche in both
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girls (Apter, Butzow et al. 1993, Norjavaara, Ankarberg et al. 1996) and female
macaques (Pohl, deRidder et al. 1995, Wilson, Fisher et al. 2004, Wilson, Bounar et al.
2013). These prepubertal low circulating concentrations of E2 (Norjavaara, Ankarberg et
al. 1996, Veldhuis, Roemmich et al. 2000) are able to regulate a number of systems in
females, including luteinizing hormone (LH) secretion (Rapisarda, Bergman et al. 1983,
Pohl, deRidder et al. 1995, Wilson, Fisher et al. 2004), insulin-like growth factor 1 (IGF-
1) and growth hormone (GH)(Wilson, Schwartz et al. 1984). What remains poorly
understood, however, is whether these low, prepubertal levels of E2 modify the effects of
stress on brain structure and emotional development in similar or different ways than

during the pubertal transition. This is one of the questions addressed in this study.

As described above, cortico-limbic regions seem particularly sensitive to chronic stress,
particularly early in life (Kaufman and Charney 2001, Lupien, McEwen et al. 2009),
including the PFC (Sanchez, Ladd et al. 2001, Bremner 2003, Spinelli, Chefer et al.
2009), AMYG, and hippocampus (HC) (Joels, Karst et al. 2007, Tottenham and Sheridan
2009, Weems, Scott et al. 2013, Howell, Grand et al. 2014, Lyons-Ruth, Pechtel et al.
2016). These regions have a high density of glucocorticoid receptors (GR) (Sanchez,
Young et al. 2000, Ulrich-Lai and Herman 2009), and have a protracted development
(Andersen 2003, Knickmeyer, Styner et al. 2010), which can explain their high
susceptibility to chronic stress. Although reports in the literature are not consistent,
several studies investigating long-term effects of early life stress in humans have shown
smaller HC (Bremner, Randall et al. 1997, Driessen, Herrmann et al. 2000, Andersen,

Tomada et al. 2008) and larger AMYG volumes (Mehta, Golembo et al. 2009,
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Tottenham, Hare et al. 2010) in stressed patients compared to healthy controls. Studies in
nonhuman primate models of early life stress have reported similar HC and AMYG
findings (Jackowski, Perera et al. 2011, Coplan, Fathy et al. 2014, Howell, Grand et al.
2014). Another study found that PFC WM was decreased in peer-reared compared to
mother-reared monkeys (Sanchez, Hearn et al. 1998). AMYG, PFC and HC are also
important in mediating variations in species-typical stress-related behaviors (Fox and
Kalin 2014), including behavioral inhibition (defined in these studies as greater freezing,
less cooing and increased cortisol in response to an acute stressor), which is associated
with increased brain metabolism in AMYG, PFC and HC in juvenile rhesus monkeys
(Kalin, Shelton et al. 2005, Oler, Fox et al. 2010) as measured by '*fluoro-deoxyglucose
positron emission tomography imaging (FDG-PET). Furthermore, lesions of orbitofrontal
cortex in rthesus monkeys decrease both freezing behavior and cortisol reactivity (Kalin,
Shelton et al. 2007, Machado and Bachevalier 2008). These regions are also important in
the processing of socioemotional information in adult rhesus monkeys, where AMYG
and PFC GM volume as well as structural and functional connectivity have been
positively correlated with social rank and social network size (Sallet, Mars et al. 2011,

Howell, Godfrey et al. 2014, Noonan, Sallet et al. 2014).

Rodent studies have provided insights into the cellular mechanisms underlying the effects
of chronic stress on cortico-limbic brain regions and their behavioral correlates in
macaques and humans. Thus, while chronic stress (or prolonged glucocorticoid
treatment) results in decreased dendritic arborization and synaptic complexity (e.g.

length, branching, spine density) in HC (Watanabe, Gould et al. 1992, Magarinos and
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McEwen 1995, Magarinos, Orchinik et al. 1998, McEwen 1999) and in the mPFC (Joels,
Karst et al. 2007, Shansky and Morrison 2009, Radley, Anderson et al. 2013), it increases
dendritic arborization in the AMYG (Rosenkranz, Venheim et al. 2010). However, these
studies have largely focused on stress-induced alterations in adult males. Adult females
do not show the male-typical dendritic retraction or spine/synaptic loss in the HC
(McEwen and Milner 2007) or in mPFC neurons projecting to AMYG (Garrett and
Wellman 2009, Shansky, Hamo et al. 2010), but the opposite effect, while sex differences
are not observed in the absence of stress (Rubinow, Drogos et al. 2009). These sex
differences in rodents could be explained by evidence in females suggesting that E2
modulates the effects of stressors on dendritic remodeling (McLaughlin, Baran et al.
2009, Shansky, Hamo et al. 2010). Given this evidence, stress-induced alterations during
adolescence could be different than in adulthood, not only due to incomplete
development of cortico-limbic circuits, but due to the modulatory effect of E2 on brain
structure. In other words, in order to understand the neurobehavioral impact of stress
during adolescence, we need to disentangle the effects due to chronological age from

those due to pubertal stage.

As addressing these mechanistic questions using a prospective, longitudinal experimental
design in human children would be fraught with ethical and logistical difficulties, animal
models provide an excellent alternative to study the longitudinal effects of early life
stress. Naturally occurring social subordination in female rhesus macaque social groups is
a useful translational model to determine the adverse effects of chronic social stressor

exposure on neurobehavioral development (Wilson, Bounar et al. 2013). Social
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subordination is a known psychosocial stressor in adult females that impairs HPA
regulation (Shively 1998, Michopoulos, Reding et al. 2012) and produces a number of
stress-related phenotypes (Shively, Laber-Laird et al. 1997, Michopoulos, Toufexis et al.
2012). Importantly, the continual experience of subordination not only delays puberty
and the developmental increases in E2 in female rhesus macaques (Zehr, Van Meter et al.
2005), but also impacts both behavioral development (Wilson, Bounar et al. 2013) and
PFC white matter tracts (Howell, Godfrey et al. 2014). However, what is not known is
how this developmental increase in E2, from low but biologically active levels prior to
menarche to higher concentrations as first ovulation approaches, interacts with adverse
social experience to affect brain maturation and emotional development during puberty.
Therefore, the goals of the present study were: (1) to examine the impact of social
subordination stress on female macaque neurobehavioral development, (2) to determine
whether pubertal timing and duration of E2 exposure modulate the impact of stress on
structural development of cortico-limbic regions involved in emotional and stress
regulation, specifically AMYG, PFC and HC, disentangling it from the effects of
chronological age, and (3) to examine whether these brain structural differences are
related to behavioral and physiological outcomes. To accomplish this, we used structural
magnetic resonance imaging (SMRI) techniques prior to and after typical puberty onset in
female rhesus monkeys embedded in large social groups. Additionally, we
experimentally delayed puberty in a subset of animals through administration of Lupron,
a gonadotropin releasing hormone (GnRH) agonist. Lupron acts on pituitary GnRH
receptors to suppress the developmental increase in gonadotropin secretion and

subsequent E2 synthesis and release (Wilson, Meethal et al. 2007). We also examined the
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functional correlates of the effects social subordination and E2 suppression, particularly
on social behavior, emotional reactivity and stress physiology. We tested the hypothesis
that these social status effects would be evident in AMYG, PFC and HC, which are
involved in social and emotional processing and are particularly sensitive to stress due to
high levels of both glucocorticoid and estrogen receptors. Specifically, based on available
literature discussed above, we predicted that subordinates would have larger AMYG, but
smaller PFC and HC volumes compared to dominant subjects and that these alterations
would result in increased fear and anxiety behavior and stress reactivity. Because
prepubertal E2 is bioactive in female rhesus monkeys (Pohl, deRidder et al. 1995,
Wilson, Fisher et al. 2004), we also hypothesized that these status-induced brain and
behavioral effects would be exacerbated in females with delayed exposure to E2. A
portion of the behavioral and physiological data from control subjects has been reported

previously (Wilson, Bounar et al. 2013).

2.3 Methods

2.3.1 Subjects

Subjects were 45 juvenile female rhesus macaques (Macaca mulatta) living in four social
groups at the Yerkes National Primate Research Center (YNPRC) consisting of 2-3 adult
males and 30-60 adult females with their sub-adult and juvenile offspring. Each group
was housed in an outdoor enclosure measuring approximately one acre with attached
indoor, climate-controlled quarters. Groups had been together for more than 5 years prior
to the start of this study. Animals were fed low fat, high fiber Purina monkey chow

(Ralston Purina, St. Louis, MO) two times per day ad libitum and had continuous access
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to water. Their diet was supplemented daily with fresh fruit and vegetables. 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”.

2.3.2 Social Subordination

Macaque groups, regardless of size, are organized by a matrilineal dominance hierarchy
that functions to maintain group stability (Bernstein and Gordon 1974, Bernstein 1976).
Lower ranking animals receive more aggression from higher-ranking group mates and
terminate these interactions by emitting submissive behavior, a defining feature of
subordination (Bernstein and Gordon 1974, Bernstein, Gordon et al. 1974, Bernstein
1976). Subordinates have less control over their environment (Abbott, Keverne et al.
2003). A consequence of this continual harassment is impaired HPA regulation,
evidenced by reduced glucocorticoid (GC) negative feedback and hypercortisolemia in
adult females (Shively, Laber-Laird et al. 1997, Shively 1998, Wilson, Pazol et al. 2005,
Jarrell, Hoffman et al. 2008, Wilson, Fisher et al. 2008, Paiardini, Hoffman et al. 2009).
In addition, macaques exhibit a specific set of behaviors in stress-eliciting situations that
are considered anxiety-like (Schino, Troisi et al. 1991, Troisi, Schino et al. 1991, Troisi
2001, Troisi 2002, Kalin and Shelton 2003) and these occur more often in subordinates

(Shively, Register et al. 2005, Wilson, Fisher et al. 2008).

The social status for each subject was assessed during monthly 30 minute focal
observations each of the two imaging ages and informally during group checks as

previously described (Embree, Michopoulos et al. 2013). Rank was determined using the
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outcome of dyadic agonistic interactions (Bernstein 1976) with subordination defined as
the subject who unequivocally emits submissive behavior (withdrawing) to the other
animal. Each female’s relative rank was calculated as the ratio of her rank to the total
number of monkeys in her group. For example, a subject with a rank of 30 out of a total
100 animals in her group would receive a relative rank of 0.30. Subjects with a relative
rank equal to or less than 0.30 were classified as dominant (n=20) and subjects with a
relative rank greater than or equal to 0.70 were classified as subordinate (n=25). Subjects
whose rank changed from prepuberty to peripuberty because of rank shifts among

matrilines were excluded from the analysis.

2.3.3 Experimental Procedures

Animal Training for Access. Using procedures in place at the YNPRC (Walker, Gordon

et al. 1982, Blank, Gordon et al. 1983) that do not impact reproductive physiology
(Walker, Gordon et al. 1982) or development (Wilson, Gordon et al. 1986), subjects were
trained to individually move from their outdoor enclosure into the caged area of the
attached indoor quarters. From there they moved to a small transfer box so they could be
placed in a holding cage for blood draw or transferred to a behavioral testing room (see
below). Females were trained and habituated to place their leg through a small opening in
the front of the holding cage so that a blood sample could be obtained from the saphenous

vein without the use of anesthesia.

Lupron Administration and Pubertal Timing. Females were divided into one of two

cohorts: a control group (n=22) that received no exogenous treatment and reached

puberty spontaneously; the second group (n=23) was treated with the GnRH analog,
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depot Lupron (Tap Pharmaceuticals) to suppress developmental increases in E2 as
previously described (Golub, Styne et al. 1997). Lupron-treated females received an
injection once monthly (0.25 pg/kg/mo, IM) from 16.38 + 0.27 through 37.57 + 0.21
months of age encompassing the period of the study (Figure 2.1), which reflects the
interval from prepuberty through post-menarche in control subjects (Wilson, Bounar et
al. 2013). At the time of the first SMRI scan, subjects had been on Lupron-treatment for
6.36 = 0.09 months and at the time of the second sMRI scan, subjects had been on
Lupron-treatment for 16.46 £+ 0.12 months (Figure 2.1). Control subjects reached
menarche (defined as initial perineal swelling and menses) in an average of 4.54 + 0.85
months prior to the second MRI scan and had their first ovulation in an average of 7.89 +
0.90 months prior to the second MRI scan at peripuberty. Prior to menarche, serum E2
levels averaged 22 + 3 pg/ml. Following menarche, samples were variable above 54 + 5
pg/ml. E2 concentrations for Lupron-treated females were consistently below 18 pg/ml

(sensitivity of the assay).

Structural MR Image Acquisition. Subjects scans were collected at prepuberty (22.77+

0.19 months) and again at peripuberty (33.14 &+ 0.21 months) (Figure 2.1). At the time of
the peripubertal scan, no Lupron subjects had reached menarche or first ovulation, but 15
control subjects had reached menarche and 7 had already had their first ovulation. One
day prior to the scan, each subject was transported from the YNPRC Field Station to the
YNPRC Imaging Center. Using a 3T Siemens Magnetom TRIO system, and an 8-channel
phase array coil, T1-MR Scans were acquired using a 3D magnetization prepared rapid
gradient echo (3D-MPRAGE) parallel imaging sequence (GRAPPA (R=2);

TR/TE=3000/3.51ms; voxel size=0.5x0.5x0.5mm’’; 6 averages). A T2-MR scan was
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collected in the same direction as the T1 (TR/TE=7900/125ms, voxel
size=0.5x0.5x1.0mm’, 10 averages) in order to aid with delineation of regions of interest
(ROIs) by improving the contrast of GM (Rapisarda, Bergman et al. , Knickmeyer,
Styner et al. 2010), WM and CSF borders. Subjects were scanned under isoflurane
anesthesia (1-1.2% to effect, inhalation) following induction with telazol (5mg/kg, [.M.)
and intubation to ensure lack of motion artifacts. For physiological monitoring, animals
were fitted with an oximeter, electrocardiograph, rectal thermometer and blood pressure
monitor. Additionally, an I.V. catheter was placed to administer dextrose/NaCl (0.45%)
in order to maintain hydration. All subjects were scanned in the same supine placement
and orientation on an MRI-compatible heating pad, using a custom-made head holder
with ear bars and a mouth piece. A vitamin E capsule was taped to the right temple to
mark the right side of the brain. Subjects were returned to their social groups upon

completion of the scan and full recovery from anesthesia.

Structural MR Image Processing and Analysis. Structural data were analyzed using

AutoSeg (version 2.6.2), which is an open-source pipeline developed by members of the
Neuro Image Research and Analysis Laboratories of University of North Carolina
(NIRAL) (Wang, Vachet et al. 2014). AutoSeg is an atlas-based software pipeline that
segments brain into probabilistic tissue maps, lobar parcellations and subcortical ROIs
using an atlas-based automatic segmentation approach. AutoSeg was used to
automatically segment brain tissue classes (WM, GM, CSF) and generate parcellations of
cortical lobes (specifically for this study: the PFC), and subcortical structures (AMYG
and HC) to compute their respective volumes in our subjects, following previously

described methods (Knickmeyer, Styner et al. 2010, Howell, Grand et al. 2014, Wang,
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Vachet et al. 2014). This is achieved by registering each subject’s native image space into
a population-based T1-MRI atlas (Styner, Knickmeyer et al. 2007, Knickmeyer, Styner et
al. 2010, Short, Lubach et al. 2010, Howell, Grand et al. 2014, Wang, Vachet et al. 2014)
using the tools BRAINSFit and ResampleVolume2, modules in the Slicer program
(Fedorov, Beichel et al. 2012). Inhomogeneity correction using N4-ITK bias field
correction (Tustison, Avants et al. 2010) is then applied and Atlas Based Classification
(ABC) is then used to automatically classify regions in each subject’s images into brain
tissue (WM, GM, CSF) or non-brain tissue (e.g. skull, vessels, muscle) and to remove
non-brain tissue (skull-stripping), by warping the atlas tissue priors into the subject using
affine and fluid deformable registration of the atlas to each subject. These warp fields
were then applied to generate cortical and subcortical parcellations that were manually
adjusted to ensure accurate delineation of the neuroanatomy following neuroanatomical
conventions (Amaral and Bassett 1989, Paxinos, Huang et al. 2000, Sallem and
Logothetis 2006). To control for differences in total brain size, ROI volumes were
corrected for total brain/intracranial volume (ICV), if applicable (see Results section).
Volumes were calculated for total ICV, in as well as for our regions of interest (ROIs):
AMYG, PFC (total, GM and WM) and HC (Figure 2.2). The AMYG was defined
following macaque anatomical landmarks (Price, Russchen et al. 1987, Amaral and
Bassett 1989) with the rostral periamygdaloid cortex as the anterior boundary, the CSF as
the ventral border, WM as the ventrolateral boundary and the rhinal fissure as the
ventromedial boundary (Howell, Grand et al. 2014). The HC was defined using the horn
of the lateral ventricle as the dorsal and lateral boundary with the WM separating the HC

from the entorhinal cortex as the ventral border (Rosene and Van Hoesen 1987). The PFC
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was defined using CSF at the surface of the brain as the lateral and anterior boundaries,
the interhemispheric fissure as the medial boundary and the arcuate sulcus as the
posterior boundary (Knickmeyer, Styner et al. 2010). The inferior boundary, moving

rostral to caudal, was defined by the CSF, the sylvian fissure and the arcuate sulcus.

MRI 3T TRIO Scanner Upgrade to Tim: Validation Studies. The YNPRC 3T TRIO

scanner underwent an upgrade to the Tim system in the early phases of our studies.
Although our post-upgrade T1- and T2-weighted sequences were identical to the ones
used pre-upgrade (except for the T1 TE=3.31ms, instead of 3.51ms), we performed a
validation/replicability study to rule out potential effects of the upgrade on our structural
MRI volumetric data. For this, four adult macaques were scanned twice, 3 months apart
(prior and right after the upgrade) using the T1- and T2-weighted sequences described
above and the data processed identically through the AutoSeg 2.6.2 pipeline. Adult
subjects were selected for this study instead of juveniles to avoid effects of normative
developmental brain growth that could take place during the month period between the
pre- and post-upgrade scans. A paired t-test was conducted for each ROI (Total ICV, and
right and left AMYG, HC and PFC GM and WM)), studied. No significant effects of
scanner upgrade were detected for any of the structural measures focus of our studies in
the paired t-test analyses, suggesting that the age and groups differences reported are not
spurious. The specific statistical results are listed here: Total ICV (t(3) =-1.165, p=
0.328), right AMYG (t(3) =-0.231, p=0.832), left AMYG (t(3) =-1.916, p=0.151), right
HC (t(3) = -0.444, p= 0.687), left HC (t(3) = -1.522, p= 0.225), right PFC GM (t(3) =
0.822, p=0.472), left PFC GM (t(3) = 1.043, p=0.374), right PFC WM (t(3) = 0.362, p=

0.741), left PFC WM (t(3) = 1.185, p= 0.321).
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Behavior

Behavioral Observations. One 30-minute behavioral observation was collected monthly
on each subject for the duration of the study and observations were averaged for each
scan age. Observations were conducted from towers above the animals’ social groups
using a well-established rhesus monkey ethogram (Maestripieri, McCormack et al. 2006),
which quantifies frequencies and durations of affiliative (groom, proximity, play wrestle),
agonistic (attack, chase, display, threat), submissive (withdraw, fear grimace), anxiety-
like (self-scratch, yawn, body shake, self explore and sit alone) and self play behaviors.
Behavior was coded in real time, using a notebook computer with an in-house program —
WinObs- (Graves and Wallen 2006), which records the actor, behavior, recipient and the
time for each behavior. Inter-observer reliability was calculated as percent agreement on

frequencies and durations of behaviors and was greater than 92%.

Emotionality Testing: Human Intruder Task. Females received a standardized test of
emotionality at prepuberty (20.98 & 0.12 months) and again at peripuberty (29.64 + 0.10
months) (Figure 2.1). The HI task is an ethologically relevant assessment of behavioral
reactivity to novel stimuli of varying threatening intensities, including anxiety and fear
responses (Kalin and Shelton 1989, Meunier, Bachevalier et al. 1999), and has been used
to quantify differences in fearful behaviors in rhesus monkeys with different SHTT
alleles (Bethea, Streicher et al. 2004) and early social experience conditions (Grand,
McCormick et al. 2005, Howell, Godfrey et al. 2014, Howell, Grand et al. 2014).
Animals were accessed as described above and immediately transported to a testing cage

[0.7m x 0.6m x 0.8m (L x W x H)] in a nearby behavioral testing facility. Prior to
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receiving any tests, animals received habituation periods in the testing cage on different
days (one 30-minute and two 15-minute) and were then returned to their group. The
testing cage had a clear Plexiglas side to maximize monkey visual contact with the HI
and quality of video recording for identification of facial expressions and behaviors
during the HI paradigm. Each test was recorded using a Sony digital video camera
(model DCR-SR85) and white noise was played to minimize interference from

extraneous sounds.

Each subject completed the HI task (Kalin and Shelton 1989) following the last
habituation day. This paradigm consists of three consecutive ten-minute sessions,
including an alone condition, an intruder profile condition (an unfamiliar experimenter
enters the room and sits with his/her profile towards the subject) and an intruder stare
condition (the experimenter makes direct and continuous eye contact for the entire ten
minute session). The HI task is designed to measure defensive and emotional behavior
responses specific to each condition, which pose different degrees of threat to rhesus
monkeys. The alone condition elicits exploratory and distress responses, such as
vocalizations and locomotion, whereas the intruder profile condition elicits behavioral
inhibition, such as freezing and visually scanning of the environment. Finally, the
intruder stare condition elicits aggressive and/or submissive behaviors directed towards
the intruder, as direct eye contact is threatening for rhesus macaques. Monkeys do not
habituate to this test (Kalin and Shelton 1998). Videos of each test were scored by trained
observers using a modification of published ethograms (Machado and Bachevalier 2006,

Howell, Godfrey et al. 2014, Howell, Grand et al. 2014) to capture and quantify
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locomotive, aggressive, submissive, anxiety-like and fearful behaviors. Inter-observer

reliability was greater than 92%.

Stress Physiology Assessment: HPA axis function

Social Separation. Serum cortisol was measured on the first day of habituation to the
behavioral testing room at both prepuberty and peripuberty in order to assess stress
cortisol reactivity. Removal of a monkey from her group to a novel environment is a
stressor (Arce, Michopoulos et al. 2010). Awake blood samples were collected from the
saphenous vein at baseline (pre-test) and immediately after the 30 min
separation/habituation period. Stress-induced cortisol secretion was calculated as the

change in cortisol from pre- to post-test.

Dexamethasone Suppression Test. Glucocorticoid negative feedback was tested at
prepuberty (16.86 £ 0.27 months) and again at peripuberty (34.10 £+ 0.28 months) (Figure
2.1), following previously published procedures (Jarrell, Hoffman et al. 2008). A
baseline, morning blood draw was collected at 1000 hr and again at 1800 hr. Following
the evening sample, dexamethasone was administered (0.25mg/kg 1.M.). The following
morning (1000- hr) another blood sample was obtained to measure the degree to which

dexamethasone suppressed morning cortisol.

2.3.4 Hormone Assays

Cortisol assays were performed in the YNPRC Biomarkers Core Lab using

radioimmunoassay with a commercially available kit (Beckman-Coulter/DSL, Webster
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TX). Using 25 pl, the assay has a range from 0.50 to 60 pg/dl with an intra- and inter-
assay CV of 4.9% and 8.7%, respectively. Serum E2 was analyzed by ELISA following a
modification of a previously validated assay (Pazol, Kaplan et al. 2004) using
commercially available reagents (DRG International). One 0.5 ml of serum (in duplicate)
was extracted twice with 5 ml anesthesia grade ether. The aqueous layer was discarded
and the evaporated ether layer was reconstituted in assay buffer (zero calibrator). Using
this volume of serum, the sensitivity of the assay was 18 pg/ml. The intra- and inter-assay
CV was 5.5% and 11.7%, respectively, though all samples for the E2 analyses were done
in the same assay. Blood circulating levels of dexamethasone were also measured using a

commercial ELISA kit (BioX Diagnostics).

2.3.5 Statistical Analyses

All data were square root transformed and are summarized as mean + SEM. A repeated
measures ANOVA was run on each subjects ROI’s volumetric data with social status,
Lupron-treatment and hemisphere (right, left) as fixed factors and scan age (prepuberty,
peripuberty) as a repeated measures, except for total ICV (no hemisphere factor). Main
and interaction effects were considered significant if p<0.05. Post-hoc analyses
(Bonferroni) were run for pairwise comparisons following significant p values for
interaction effects, using a Bonferroni correction for multiple comparisons. Effect sizes

(partial eta squared - n°) were calculated for each significant main effect or interaction.
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Next, a repeated measures ANOVA was run for each subject’s baseline cortisol and
behavioral data (from the HI task and social behavior), with social status and Lupron-
treatment as fixed factors, and age (prepuberty, peripuberty) as a repeated measure.
Variables were excluded from the analysis if they were low occurrence (occurred in
<10% of the subjects). Additionally, cortisol changes in response to social separation and
dexamethasone suppression challenge were analyzed in another repeated measures
ANOVA, separately for each age, with social status and Lupron-treatment as fixed
factors, and time of sample collection (pre, post; acute separation stressor or

dexamethasone suppression challenge) as a repeated measure.

Finally, a stepwise multiple regression analysis was conducted to determine variables that
were predictive of behavioral and stress-physiology outcomes. As a data reduction
technique, only the variables that emerged as being significantly affected by main effects
or interactions of either rank or Lupron-treatment from the behavioral analysis (described
in the previous paragraph) were then entered into the stepwise multiple regression
analysis (Table 1). Each brain ROI (right and left AMYG, HC, PFC WM and PFC GM)
in addition to Lupron-treatment and relative rank were entered into the multiple
regression analysis as predictor variables. Prepubertal and peripubertal variables were
analyzed independently for each age. Models that contained only significant rank and
Lupron-treatment effects (without a brain ROI entering into the model) were excluded, to
avoid duplication of the results of the repeated measures ANOVA conducted on behavior
and stress physiology (described above). Each model was examined to assess statistical

test assumptions of normality, linearity, homogeneity of variance and independence. If
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more than one model was identified at a significance level of p<0.05, the model that
accounted for the most variance was selected, provided the condition index did not

exceed 30 (to exclude multicollinear models).

2.4 Results

2.4.1 sMRI Data

Intracranial Volume (ICV)

The analysis of total ICV (sum of GM, WM and CSF) revealed a main effect of age,
where total volume increased from pre- to peripuberty [F(1, 41)=50.492, p=1.169E-8; n*
rartiai=0.552]. An age by Lupron-treatment interaction effect was also detected [F(1,
41)=148.683, p=3.203E-15; partiai=0.784] (Figure 2.3). Post-hoc analyses indicated that,
although there were no significant differences between Lupron-treated subjects and
controls at either pre- and peripuberty ages, Lupron-treated animals showed an increase
(p=5.708E-17), while control subjects showed a decrease in total ICV with age
(»=0.001). Since there were significant effects in the analysis of total brain volume, all
ROI data were corrected for total ICV and the results from this analysis are presented

below. For a summary of the results, see Table 2.1.

Amyedala Volume

The AMYG analysis revealed main effects of rank, where subordinates had larger
AMYG volume than dominants [F(1, 41)=8.511, p=0.006; 1’ partiai=0.172] (Figure 2.4),
and of Lupron-treatment, with larger AMYG volumes in control compared with Lupron-

treated subjects [F(1, 41)=5.055, p=0.030; 1 partiai=0.110]. There was also a main
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hemisphere effect, with larger right than left AMYG volumes [F(1, 41)=6.921, p=0.012;
n’ partiai=0.144]. Hemisphere significantly modified the main effects of rank and Lupron-
treatment [F(1, 41)=4.615, p=0.038; n2 partiai=0.101] (Figure 2.4a), so that the rank effect
was specific to the right AMYG in the control group (p=0.009), but was detected only in
the left AMYG for the Lupron group (p=0.020). Interestingly, Lupron-treatment seemed
to prevent the increased right AMYG volume related to social subordination, suggesting
a role of E2 on the stress-induced neural impact on this limbic structure. Additional

significant interaction effects are summarized in Table 2.1.

Although there was no significant main effect of age, there was an age by Lupron-
treatment by hemisphere interaction effect (F(1, 41)=8.220, p=0.007; partiai=0.167) and
an age by hemisphere interaction effect (F(1, 41)=4.595, p=0.038; n* pariai=0.101), as
shown in Figure 2.4b, where Lupron-treated subjects had smaller AMYG volume than

controls in the left hemisphere at prepuberty only (p=0.002).

Hippocampal Volume

A main effect of Lupron-treatment was detected in the HC volume analysis, with controls
having larger volume than Lupron-treated subjects [F(1, 41)=8.620, p=0.005; n*
partiai=0.174] (Figure 2.5a). There was also a main age effect, where HC volume increased
from pre- to peripuberty [F(1, 41)=7.614, p=0.009; 1’ partiai=0.157], and a main
hemisphere effect, where right HC volume was larger than left [F(1, 41)=17.422,
=0.00015; 1> partiai=0.298]. Hemisphere modified the age effect [F(1, 41)=10.875,

p=0.002; 0’ partiai=0.210] (Figure 2.5b), with larger right than left volume at prepuberty
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(»=0.000009), but no differences at peripuberty, as only the left hemisphere increased in
volume from pre- to peripuberty (p=0.001). None of these age effects were modified by

social status or Lupron-treatment.

Prefrontal Cortex Volume

PFC Gray Matter

Lupron-treated subjects had larger PFC GM volume compared to controls [F(1,
41)=13.981, p=0.0005; 1 partiai=0.254]. There was also a main effect of age, showing a
decrease in PEC GM volume from pre- to peripuberty [F(1, 41)=9.028, p=0.005; 1’
partiai=0.180] and a main hemisphere effect, revealing a larger right than left PFC GM
volume [F(1, 41)=17.614, p=0.0001; n* partiai=0.301]. A Lupron by age interaction effect
was also detected ([F(1, 41)=6.713, p=0.013; n’ partiai=0.141], with Lupron-treated, but
not control, subjects showing decreased PFC GM volume from pre- to peripuberty
(»=0.0003). The age by Lupron-treatment interaction effect was modified by both
hemisphere and rank [age by hemisphere by Lupron-treatment interaction, F(1,
41)=4.219, p= 0.046; 1 partiai=0.093; age by hemisphere by Lupron-treatment by rank
interaction, F(1, 41)=4.434, p=0.041; n2 partiai=0.098], with all significant results
summarized in Table 2.1 and shown graphically with post-hoc results in Figure 2.6a),
although the general pattern is that Dominant Lupron subjects had larger PFC GM
volume both at pre- and peripuberty compared to dominant controls, whereas

subordinates showed a similar effect but only at prepuberty.

PFC White Matter
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The analysis of PFC WM revealed a main effect of age, with an increase in volume from
pre- to peripuberty [F(1, 41)=18.042, p=0.0001; 0’ partiai=0.306], as shown in Figure 2.6b.
The left hemisphere had larger PFC WM volume than the right [F(1, 41)=19.045,
p=0.00008; n2 partial=0.317], although age modified the hemisphere effect, [F(1,
41)=13.693, p=0.0006; 1 partiai=0.250], as shown in Table 2.1A Lupron by hemisphere
interaction effect was also detected [F(1, 41)=5.083, p=0.030; n* partiai=0.110], with
smaller right, but not left, PFC WM volume in control than Lupron-treated subjects
(»=0.019), as well as an age by Lupron by hemisphere interaction effect [F(1,
41)=20.611, p=0.00005; 1> partiai=0.335] (Figure 2.6b), with control subjects increasing
PFC WM volume with age in both hemispheres (right: p=0.000004; left: p=0.013),
whereas Lupron-treated subjects did not. Other significant results are summarized in

Table 2.1.

Total PFC

As shown in Figure 2.6¢, Lupron-treated subjects had larger total PFC volume than
controls [F(1, 41)=16.451, p= 0.0002; n2 partiai=0.286]. There was also a main hemisphere
effect where right was larger than left total PFC volume [F(1, 41)=4.313, p=0.044; ’
partiai=0.095]. A Lupron by hemisphere interaction effect was also detected [F(1,
41)=4.310, p= 0.044; 112 partiai=0.095] with Lupron-treated subjects smaller left than right
PFC volumes (p=0.005), but no laterality effects found for controls. Age modified
Lupron-treatment and hemisphere effects (age by hemisphere interaction, F(1,
41)=10.038, p= 0.003; n* partiai=0.197; age by Lupron-treatment interaction, F(1,

41)=12.792, p= 0.0009; 0’ partiai=0.238; age by hemisphere by Lupron-treatment
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interaction, F(1, 41)=19.881, p= 0.00006; n2 partiai=0.327] as shown in detail in Table 2.1.
One of the most interesting results is that Lupron-treated subjects showed a decrease in

total PFC volume with age (p=0.002), whereas controls did not (Figure 2.6c).

2.4.2 Behavior and Stress Physiology
The complete results of the repeated measures ANOVA to examine effects of age,
Lupron-treatment, and social rank effects on behavior and stress neuroendocrine

measures are discussed below and summarized in Table 2.2.

Social Behavior

As expected, subordinate subjects emitted significantly more submissive behavior [F(1,
41)=18.203, p=1.142E-04; n’* partiai=0.307] and emitted less aggressive behavior than
dominants [F(1, 41)=9.304, p=0.004; 1’ partiai=0.185], but also sat alone [F(1, 40)=5.921,
p=0.020; 0’ partiai=0.129] more often than dominants. Additionally, frequency of anxiety
behavior increased from pre- to peripuberty [F(1, 40)=9.124, p=0.004; n* partiai=0.186].
Two interactions emerged for social behavior. A Lupron-treatment by age interaction
[F(1,41)=6.143, p=0.017; 1* partiai=0.130] revealed that controls play wrestle more than
Lupron-treated subjects, but only at prepuberty (»p=0.028). A rank by Lupron-treatment
by age interaction emerged [F(1, 40)=4.324, p=0.044; n’* partia=0.098], where subordinate
Lupron-treated subjects played alone more than subordinate controls, but only at
prepuberty (p=0.046) and this behavior was significantly reduced by peripuberty

(p=0.009).
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Human Intruder Task

Two main effects of rank were detected, where in the stare condition, dominants froze
more [F(1, 41)=6.989, p=0.012; n2 partiai=0.146] and threatened the intruder less [F(1,
41)=5.136, p=0.029; 1> partiai=0.111] compared to subordinates. Interestingly, Lupron-
treated subjects averted their gaze from the intruder more often than controls during the
stare condition [F(1, 41)=21.185, p= 3.985E-05; partiai=0.341]. Several effects of age
emerged independently of social status and Lupron treatment. Incidences of freezing in
the alone [F(1, 41)=30.088, p=2.33E-06; 0’ partiai=0.423] and stare conditions [F(1,
41)=14.994, p=3.80E-04; 1’ partiai=0.268] and averting gaze in the profile condition [F(1,
41)=5.365, p=0.026; 1 partiai=0.116] increased with age, whereas incidences of cooing
[F(1,41)=6.322, p=0.016; n2 partiai=0.134] and lipsmacking [F(1, 41)=10.724, p=0.002; n2
partiai=0.207] in the stare condition and locomotion in the alone condition [F(1,
41)=19.718, p=6.64E-05; 1’ partiai=0.325] decreased with age. Additionally, several
interesting interactions emerged for HI behavior and they are reported in detail in Table

2.2.

HPA axis function

Baseline cortisol: An age effect revealed that baseline cortisol was higher at pre-
compared to peripuberty [F(1, 40)=25.937, p<0.001; n’* partial =0.387]. The age effect was
modified by rank [F(1, 40)=5.456, p=0.024; n’* partial =0.117], where subordinates had

higher baseline cortisol than dominants, but only at peripuberty (p=0.026).
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Cortisol response to acute stressor: Cortisol significantly increased in response to the
social separation stressor at both prepuberty [F(1, 40)=228.874, p<0.001; n* partial=0.848]
and peripuberty [F(1, 41)=243.617, p<0.001; 1’ partial =0.856]. At peripuberty, control
subjects had higher cortisol levels than Lupron-treated subjects [F(1, 41)=44.266,
p<0.001; 1 partial =0.519], at both baseline and post-stress time points. At prepuberty,
cortisol levels were modified by both rank and Lupron-treatment (rank by sample
collection time point -baseline vs. post-stress- interaction effect: F(1, 40)=6.698, p=0.13;
n’ partial =0.140; rank by Lupron-treatment by sample time point interaction: F(1,
40)=6.648, p=0.014; n2 partial =0.140), where subordinates had higher baseline cortisol

compared to dominants (»p=0.009) and this effect was driven by controls (p=0.003).

Glucocorticoid negative feedback: Cortisol was significantly suppressed in response to
dexamethasone at both prepuberty [F(1, 41)=31.918, p<0.001; 1’ partiai=0.438] and
peripuberty [F(1, 40)=45.096, p<0.001; * partial =0.524]. At peripuberty, a sample
collection time by rank interaction [F(1, 40)=4.966, p=0.031; n2 partial =0.108] was
detected, where subordinates had higher cortisol than dominants, but only at baseline

(p=0.026).

2.4.3 Multiple Regression Analyses
Described below and summarized in Table 2.3 are the results showing how rank, Lupron-
treatment and brain ROIs predicts social and emotional behavior, as well as HPA axis

function at pre- and peri-puberty.
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Predictors of Stress Physiology

No significant models emerged.

Predictors of emotional reactivity in Human Intruder

Significant Models at Prepuberty. Left AMYG and Lupron-treatment explained 30.1% of
the variance in freezing during the alone condition of the HI task, where smaller left
AMYG volume and Lupron-treatment predicted increased duration of freezing (F(2,
42)=10.480, p= 0.0002, Adj. R>=0.301). Left AMYG and Lupron-treatment also entered
into a model predicting 27.9% of the variance in averting gaze at the intruder during the
stare condition of the HI task, where smaller L AMYG volume and Lupron-treatment
predicted longer durations of averting gaze away from the intruder (F(2, 42)=9.495, p=
0.0004, Adj. R*= 0.279). Both rank and right AMYG predicted 18.3% of the variance in
frequency of threats toward the intruder during the stare condition of the HI, where
subordinate status and smaller right AMYG volume predicted increased frequency of
threats (F(2, 42)=5.929, p= 0.005, Adj. R?= 0.183). Finally, Lupron-treatment and right
AMYG predicted 24.1% of the variance in locomotion duration during the stare
condition, where Lupron-treatment predicted reduced locomotion and right AMYG

volume predicted more locomotion (F(2, 42)=7.966, p= 0.001, Adj. R*= 0.241).

Significant Models at Peripuberty. Consistent with the findings at prepuberty, right
AMYG also predicted a 8.8% of the variance in locomotion during the stare condition at
peripuberty, where larger right AMYG volume was associated with increased locomotion

(F(1, 43)=5.253, p= 0.027, Adj. R?= 0.088).
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Predictors of Social Behavior

Significant Models at Prepuberty. Larger left HC volume predicted increased duration of

sitting alone (F(1, 43)=14.103, p= 0.001, Adj. R>= 0.229).

Significant Models at Peripuberty. Smaller left PFC GM predicted increased aggressive
behavior (F(1, 43)=7.489, p= 0.009, Adj. R*= 0.129). One model was consistent between
ages, where larger left HC volume predicted increased duration of sitting alone (F(1,

43)=5.928, p= 0.019, Adj. R>= 0.101).

2.5 Discussion

The goals of the present study were: (1) to examine the impact of social subordination
stress on female macaque neurobehavioral development, (2) to determine whether
pubertal timing and duration of E2 exposure modulate the impact of stress on structural
development of cortico-limbic regions involved in emotional and stress regulation,
specifically AMYG, PFC and HC, disentangling it from the effects of chronological age,
and (3) to examine whether these brain structural differences are related to behavioral and
physiological outcomes. The main findings of this study suggest that social
subordination, but more strikingly, Lupron-induced delay of puberty has robust effects on
overall brain volume, AMYG, HC and PFC volumes during development and specific
aspects of emotional behavior and HPA axis function. In addition to expected
developmental effects due to chronological age (i.e. similar patterns in control and

Lupron groups), subordinates had bigger AMYG volumes than dominant animals
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(particularly in the right hemisphere), but pubertal delay with Lupron-treatment abolished
those differences. Subordinates also had elevated baseline cortisol, indicating activation
of stress systems. In general, Lupron-treated subjects had smaller AMYG and HC volume
than controls, but larger total PFC, due to more GM, and different, region-specific,
developmental patterns dependent on age and social status. Additionally, Lupron-
treatment and smaller AMYG volume were associated with increased emotional
reactivity in the HI task and decreased social behavior compared to controls. These data
provide evidence that exposure to developmental increases in E2 modify the
consequences of social stress on the volume of cortico-limbic regions involved in
emotional and stress regulation during maturation. But, even more importantly, they
support different brain structural effects of chronological age and pubertal developmental

stage in females, which are very difficult to disentangle in human studies.

Social subordination resulted in elevated baseline cortisol, both at pre- and peri-puberty,
suggesting activation of the HPA axis consistent with social stress. In addition, and
confirming the social subordination model, dominant status predicted increased
aggression, whereas subordinate status predicted increased submission and time sitting
alone in the social group, hallmark behaviors in this NHP animal model (Bernstein and
Gordon 1974, Bernstein, Gordon et al. 1974, Bernstein 1976, Shively and Kaplan 1984).
Subordinate animals also had larger AMYG volumes than dominant animals, although
this effect was driven by right AMYG volume. This bigger AMYG volume is consistent
with reports of chronic stress impact on this limbic structure (Sanchez, Ladd et al. 2001,

Tottenham and Sheridan 2009, Tottenham, Hare et al. 2010, Coplan, Fathy et al. 2014,
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Howell, Grand et al. 2014). One possible mechanism for these volumetric increases could
be explained by the increase in dendritic arborization and/or density of dendritic spines in
the AMYG in response to chronic stress or direct administration of glucocorticoids into
the AMYG in animal models (Vyas, Mitra et al. 2002, Vyas, Bernal et al. 2003, Mitra,
Jadhav et al. 2005, Vyas, Jadhav et al. 2006, Mitra and Sapolsky 2008, Rosenkranz,
Venheim et al. 2010, Eiland, Ramroop et al. 2012). Evidence supporting AMYG volume
increases includes reports of early life stress in non-human primates and humans. For
example, studies in non-human primates include variable foraging demand stress
(Coplan, Fathy et al. 2014) and infant maltreatment (Howell, Grand et al. 2014). Human
developmental studies include impact of traumatic stress (Weems, Scott et al. 2013) and
institutional rearing, particularly evident on the right amygdala (Mehta, Golembo et al.
2009, Tottenham, Hare et al. 2010). Despite this evidence other human studies have
produced inconsistent results on the impact of chronic stress during development on
AMYG volume (increased, decreased or unaltered) both in adults (Bremner 2002,
Bremner 2003, Bremner 2006, van Harmelen, van Tol et al. 2010, Dannlowski,
Stuhrmann et al. 2012, Teicher, Anderson et al. 2012) and in children and adolescents
(Tottenham and Sheridan 2009, Tottenham, Hare et al. 2010, Hanson, Nacewicz et al.
2015). These discrepant findings may be explained by differences in timing and/or
duration of the stressor in addition to timing of and differences in amygdala maturation,
or even methodology in measurement across different studies (Tottenham and Sheridan
2009). However, a potential mechanism proposed by recent human studies is the
possibility that differential pubertal development explains the different impact of stress

on AMYG development during adolescence (Weems, Scott et al. 2013), since pubertal
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development also explains the curvilinear relationship between AMYG volume growth
and age, which peaks around puberty, at least in humans (Uematsu, Matsui et al. 2012).
Given the potential regulation of AMYG development by E2 during adolescence, which
is bioactive even at low levels -before menarche- [in girls: (Apter, Butzow et al. 1993,
Norjavaara, Ankarberg et al. 1996) and female macaques: (Pohl, deRidder et al. 1995,
Wilson, Fisher et al. 2004, Wilson, Bounar et al. 2013)], as well as the evidence that it
modulates the impact of stress in female rodent dendritic remodeling (McLaughlin, Baran
et al. 2009, Shansky, Hamo et al. 2010), we disentangled chronological age from pubertal
stage in our experiments, to test the hypothesis that suppressing developmental increases
in E2 (which has been proposed as a vulnerability factor for stress-induced
neurodevelopmental impact during adolescence) would prevent stress effects. Our
findings that the increased AMYG volume detected in subordinate animals was prevented
in the group treated with Lupron (which produces experimental delay of puberty by
suppressing E2), support a role of E2 modifying the stress impact during primate
adolescence and explains some of the inconsistencies in the literature. This seems due to
a Lupron treatment induced reduction of AMYG volume, based on the additional finding
that control females had larger AMYG volumes than Lupron-treated subjects, and
evidence that increases in AMYG volume in ovariectomized rats have also been shown in
response to E2 injections (Fan, Hanbury et al. 2008). This increase in AMYG volume
may be due to promotion of dendritic shaft synapse formation (Nishizuka and Arai 1981)
via mechanisms such as E2-increases in brain derived neurotrophic factor -BDNF- (Zhou,
Zhang et al. 2005), which potentiates neuronal growth and survival (Sohrabji and Lewis

2006). Another putative mechanism underlying reduced AMYG volume in Lupron-
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treated subjects may be reduced neuronal nuclei and cell body volumes, as a previous
study showed that ovariectomized rats had smaller neuronal nuclei and soma volumes in
the medial AMYG compared to those treated with E2 or progesterone (de Castilhos,
Hermel et al. 2010). Taken together, our results provide evidence that delayed puberty
and E2 suppression may be protective against the impact of social stress on AMYG

volume.

Although previous studies have shown that stress during childhood and adolescence can
also alter the structure of PFC and HC (Bremner, Randall et al. 1997, Spinelli, Chefer et
al. 2009), we did not find effects of social subordination on these structures. Since the
PFC follows a protracted development in both humans and macaques, (Giedd 2004,
Lenroot and Giedd 2006, Knickmeyer, Styner et al. 2010), it is possible that social
subordination effects may not become evident in this region until after puberty or even
adulthood. We did not find effects of social subordination on HC, either, although we are
reporting developmental increases in HC volume consistent with those previously

reported in macaques (Knickmeyer, Styner et al. 2010, Payne, Machado et al. 2010).

In contrast to the region-specific impact of social subordination stress, the effects of
experimental delay of puberty on brain development were surprisingly profound. Lupron-
treatment resulted in greater PFC GM and total PFC volume, but smaller AMYG and HC
volume. Interestingly, the effects of Lupron were, in some cases, dependent on age and
social status. For example, total ICV increased with age, as expected based on previous

studies in macaques and humans (Malkova, Heuer et al. 2006, Knickmeyer, Styner et al.
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2010, Payne, Machado et al. 2010, Scott, Grayson et al. 2015). However, the effect was
explained largely by Lupron treatment, as control subjects actually showed decreased
total ICV with age. Although previous studies describing normative rhesus macaque
neurodevelopment have reported increases in total ICV at this age (Malkova, Heuer et al.
2006, Knickmeyer, Styner et al. 2010, Payne, Machado et al. 2010, Scott, Grayson et al.
2015), two studies in humans actually report that total ICV decreases during the
comparable pre- to peripubertal ages described in this study (Lenroot and Giedd 2006,
Brain Development Cooperative 2012). These studies support a potential reduction in
brain volume due to puberty onset and the transition to early adolescence and a

developmental delay in the Lupron-treated animals.

The HC volume increased with age, and Lupron-treatment resulted in smaller HC
compared to controls. In normative development, after a drastic increase in volume
during the first two postnatal weeks, the HC shows consistent increase in volume through
two years of age in monkeys (Payne, Machado et al. 2010) and this is thought to be due
to increased synaptogenesis, myelination and dendritic arborization (Duffy and Rakic
1983, Eckenhoff and Rakic 1991, Seress 1992, Jabes, Lavenex et al. 2011). This
developmental increase in volume is consistent with our data, as HC volume increased
from pre- to peripuberty. The Lupron-treatment volume reduction is likely due to
protracted development in comparison to E2-related neurite growth and
synaptogenesis/spines in the HC of controls, at least based on evidence in adult rat
hippocampal CA1 pyramidal dendrites, where the number of dendritic spines and

synapses are positively correlated with circulating levels of E2 (Woolley, Gould et al.
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1990, Woolley and McEwen 1992). Additionally, ovariectomy in rats produces a
decrease in HC spine density (Woolley and McEwen 1993). Although these studies were
conducted in adult rats, this may be a potential mechanism also during adolescence.
Another study investigated the effects of a GnRH agonist (Goserelin acetate) on gene
expression in the HC (Nuruddin, Wojniusz et al. 2013). This study found that female
sheep receiving GnRH agonist treatment (beginning just prior to puberty) showed
upregulated HC gene expression in genes involved in neuroplasticity (among others).
These changes in gene expression may be another putative mechanism explaining why

Lupron-treated subjects had smaller HC than controls.

PFC GM in humans and macaques increases prior to puberty and begins to decline during
peripuberty (Lenroot and Giedd 2006, Knickmeyer, Styner et al. 2010), following an
inverted U-shaped curve from childhood until adulthood, reaching a peak during puberty
(Giedd, Blumenthal et al. 1999, Giedd 2004, Giedd and Rapoport 2010). Although the
cellular mechanisms underlying this reduction of GM are not completely understood,
they seem due mostly to axonal/synaptic pruning (Anderson, Classey et al. 1995,
Huttenlocher and Dabholkar 1997, Markham, Mullins et al. 2013) or even apoptosis in
the PFC (Mor, Nilsen et al. 1999, Nunez, Lauschke et al. 2001, Markham, Morris et al.
2007). The normative developmental trajectory of PFC WM follows a different, linear,
increase, which is thought to be the result of increased myelination in parallel GM
pruning (Lenroot and Giedd 2006, Lenroot, Gogtay et al. 2007, Knickmeyer, Styner et al.
2010). E2 promotes myelination (Verdi and Campagnoni 1990, Jung-Testas, Renoir et al.

1992, Garcia-Segura, Chowen et al. 1996), but the role of E2 on normative GM
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adolescent development is less understood, although some studies have shown that high
levels of E2 during puberty in girls are linked to region-specific decreases in GM
(Castellanos, Giedd et al. 1996, Gogtay, Giedd et al. 2004, Gogtay and Thompson 2010),
notably, reduced volumes of PFC, anterior cingulate, occipitotemporal and parietal
cortices (Nelson, Leibenluft et al. 2005, Koolschijn, Peper et al. 2014, Brouwer, Koenis

et al. 2015, Herting, Gautam et al. 2015) likely due to E2-effects on synaptic pruning.

In this study, Lupron-treatment resulted in bigger PFC GM volumes than in controls,
again supporting an E2 role on PFC synaptic pruning, and a sharp drop from pre- to
peripuberty reflecting delayed development, while there was no significant difference in
controls during this time period. An alternative mechanism underlying the decrease in
PFC GM volume from pre- to peri-puberty could be hypoestrogenism-related decreases
in dendritic arborization, as shown ovariectomized rodents (Kolb and Stewart 1991),
although this evidence was generated in adult rats. An interesting alternative mechanism
could be increased synaptic pruning regulated through E2 actions on microglia via
estrogen receptors ERa and ER expressed in these glial cells (Takahashi, Tonchev et al.
2004, Garcia-Ovejero, Azcoitia et al. 2005, Liu, Fan et al. 2005, Sierra, Gottfried-

Blackmore et al. 2008, Paolicelli, Bolasco et al. 2011, Wu, Tan et al. 2013)

WM volume in the PFC increased with age in control subjects, but not Lupron-treated
subjects. As WM increases linearly with age (Lenroot and Giedd 2006, Lenroot, Gogtay
et al. 2007, Knickmeyer, Styner et al. 2010) mainly explained by E2-promotion of

myelination (Verdi and Campagnoni 1990, Jung-Testas, Renoir et al. 1992, Garcia-
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Segura, Chowen et al. 1996), our findings may indicate that delayed puberty, induced by
Lupron-treatment, may slow maturation of PFC WM due to hypoestrogenism-related
attenuation of axonal myelination, as supported by evidence in the corpus callosum of
ovariectomized adult mice (Patel, Moore et al. 2013). This study was conducted with
adult mice, however, and hypoestrogensim may be affecting WM alterations differently

prior to adulthood, during development.

While brain volumetric differences can be informative to understand the impact of stress
and pubertal hormones on the development of cortico-limbic circuits, they are also
meaningful in the context of associated functional outcomes. In this study, we found that
smaller Left AMYG volume and Lupron-treatment were, in general, associated with
increased emotional reactivity in the human intruder task, as evidenced by increased
freezing, averting gaze and threats. The relation between AMYG volume and emotional
reactivity may seem paradoxical, but we want to note here that it involves the Left and
not the right AMYG, whose volume was bigger in subordinate animals. There is, indeed,
literature highlighting the asymmetry of this structure, and lateralized effects of stress
during its development, sometimes resulting in increased right AMYG volume, discussed
above (Mehta, Golembo et al. 2009, Weems, Scott et al. 2013) (Tottenham, Hare et al.
2010), and sometimes in smaller left AMYG volume (Hanson, Nacewicz et al. 2015).
Lupron-treated subjects also spent less time engaged in social play wrestle compared to
controls. Few studies have investigated the effects of GnRH agonists on emotional
behavior, but one previous study in sheep showed that, after prepubertal administration of

a GnRH agonist (Goserelin acetate), females exhibited increased anxiety and avoidance
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behavior compared to controls (Wojniusz, Vogele et al. 2011). Another study, in
prepubertal female sheep treated with Goserelin acetate, showed alterations in AMYG
gene expression, with several gene ontology groups emerging as being important. These
included gene expression alterations in microtubules, immune response, ovarian cycle
process, mitotic cell cycle, anti-apoptosis, ubiquitin binding and other gene ontology
groups (Nuruddin, Krogenaes et al. 2013). These GnRH agonist-induced changes in both
emotional behavior and gene expression are supported by the findings in this study,
where Lupron-treatment resulted in smaller AMYG volume and increased emotional

reactivity.

One of the most striking and unexpected results of this study were the effects of Lupron-
treatment on brain and behavior before puberty. Although circulating levels of E2 are low
yet contribute to the regulation of gonadotropin secretion in rhesus macaques prior to
puberty (Pohl, deRidder et al. 1995, Wilson, Fisher et al. 2004), data from the present
study indicate that these low levels are important for determining maturational changes in
structural anatomy, given the differences observed in brain, PFC, AMYG and HC
volumes between control and Lupron-treated females at prepuberty. These widespread
Lupron-treatment effects are difficult to interpret due to the lack of studies investigating
the developmental effects of pubertal delay with Lupron-treatment. Only one study has
reported the effects of another GnRH agonist, Goserelin acetate, on peripubertal brain
development, which reported an increase in AMYG volume in female sheep (Sex On
Brain European Research Group, Nuruddin et al. 2013), which is the opposite effect to

what is reported in this study. These discrepant findings may be due to methodological
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differences between studies, the different drugs administered, the timing and duration of
GnRH agonist treatment, the methods used to measure brain volume, and animal model.
To our knowledge, no other studies have reported the effect of Lupron treatment on
developing brain volume, so we propose several speculative mechanisms by which these
alterations may occur. Lupron depot functions by binding to pituitary GnRH receptors,
thereby downregulating GnRH receptors and desensitizing pituitary to endogenous
GnRH to diminish gonadotropin secretion and subsequent ovarian secretion of E2 and
ovarian maturation (Wilson, Meethal et al. 2007). Thus, as there is no evidence that
Lupron crosses the blood brain barrier, indirect effects of Lupron (such as suppression of
E2) may be impacting neuronal E2 receptors, which are expressed in each of the ROIs
examined in this study (Gundlah, Kohama et al. 2000, McEwen 2001, Wang, Hara et al.
2010, Rettberg, Yao et al. 2014), potentially affecting myelination, axonal/synaptic
pruning as well as neuronal soma or nucleus size (de Castilhos, Hermel et al. 2010).
Alternatively, or in parallel, the effects of Lupron-treatment on brain structure may be
occurring indirectly and in a region specific manner through actions on microglia —e.g.
increasing synaptic pruning- (Takahashi, Tonchev et al. 2004, Garcia-Ovejero, Azcoitia
et al. 2005, Liu, Fan et al. 2005, Sierra, Gottfried-Blackmore et al. 2008, Paolicelli,
Bolasco et al. 2011, Wu, Tan et al. 2013, Ullewar and Umathe 2016) and
oligodendrocytes -delaying PFC WM myelination- (Jung-Testas, Renoir et al. 1992,
Marin-Husstege, Muggironi et al. 2004, Hirahara, Matsuda et al. 2009). While these
central effects could be secondary to suppression of E2, there is also evidence that
Lupron affects the peripheral immune system, independently of its reproductive effects

(Ullewar and Umathe 2016). Taken together, Lupron-treatment and resulting
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hypoestrogenism may lead to volumetric alterations in a number of direct and indirect
ways, including altering neuronal soma and nucleus size, synaptogenesis or synaptic
pruning, myelination, dendritic arborization, neuronal pruning and perhaps altering

central or peripheral immune function.

It is important to discuss several limitations of this study. Using this particular study
design, we are unable to rule out possible prenatal contributions, such as differences in
maternal physiological function of dominant versus subordinate animals affecting
neurobehavioral development of the offspring (Machado, Whitaker et al. 2014).
Moreover, we need to be cautious when interpreting the developmental implications of
these findings, as only two ages were examined. Lupron and rank-related differences
reported here may (or may not) persist across development into adulthood, therefore,
these effects need to be examined at later ages into adulthood. Additionally, several
methodological issues need to be addressed. It is well established that the ROIs
investigated in this paper can be divided into further functional sub-regions and nuclei.
For example, the orbital PFC and the medial PFC are both included in what we define as
the PFC ROI, and those two sub-divisions of the PFC have unique functional roles,
characterized by differential connections with subcortical structures (Haber and Knutson
2010). The AMYG is also divided into functionally distinct sub-nuclei (Cardinal,
Parkinson et al. 2002, Ulrich-Lai and Herman 2009, de 1la Mora, Gallegos-Cari et al.
2010), however, MRI scanning protocols lack the anatomical resolution necessary to

clearly delineate these small regions. Lastly, causal effects of puberty at the peripubertal
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scan cannot be determined, as some (n=15 out of 22) of the control subjects had begun

the pubertal transition as measured by first menarche.

Although circulating levels of E2 are low prior to puberty, our findings indicate that even
these low levels are important for maturational changes in brain structure and resulting
stress physiology and behavior, because experimentally suppressing even low E2 levels
resulted in profound structural and functional behavioral changes at pre-puberty. Our
findings also suggest that delayed puberty may be protective against negative effects of
subordination stress on several neurobehavioral outcomes (e.g. impact on AMYG
volume). Future studies are necessary to describe additional brain regions affected by
chronic developmental social stress and suppression of developmental increases in E2
and their underlying signals and mechanisms. These studies are important in a larger
context, in particular given that the administration of Lupron to treat girls with precocious
puberty may alter the developmental trajectory of these patients’ brains with subsequent
effects on behavioral and stress neuroendocrine phenotypes. Indeed, these findings may
be particularly relevant for young girls who experience social stress, constitutional delays
in puberty or whose puberty is arrested by pharmacological administration of Lupron.
The overall phenotype of the Lupron-treated subjects warrants future elucidation, which
may identify potential fundamental cellular mechanisms, perhaps independent of the
HPA axis, underlying the structural brain effects. Finally, the neural and behavioral
development of these subjects needs to be characterized past peripuberty, through puberty

itself and into adulthood, to determine whether these functional alterations are enduring.



Table 2.1 Summary of Results from rmANOVA on Brain ROIs. Main and interaction effects of age, rank, Lupron-treatment and
hemisphere are reported for each of the ROIs in the study: Top: Total ICV, AMYG and HC; Bottom: PFC (GM, WM, total volume).

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

Total ICV Amygdala Hippocampus
r ) Main Effect E ) Main Effect r ) Main Effect
P N° partial Direction P N partial Direction P N partiel Direction
Within Subjects
Effects
Age 50.492 1.17E-08* 0.552  Pre<Peri | 0.014  0.907 3.34E-04 7.614  0.007* 0.157  Pre<Peri
Age * Lupron Tx | 148.683 3.20E-15* 0.784 0.034 0855  0.001 3425 0071 0.077
Age * Rank 0762 0388  0.018 0.340  0.563  0.008 0.174 0679  0.004
* *
Age L:"'E"TX 0.165 0.687  0.004 3172 0082  0.072 0.166  0.686  0.004
an
Hemisphere 6921 0.012* 0.144  Left<Right | 17.422 1.52E-04* 0.298 Left < Right
H *
Hem's"heTre Lupron 3672 0.062  0.082 2991 0091  0.068
X
Hemisphere * Rank 0.005 0.944 1.20E-04 0.725 0.399 0.017
i *
Hemisphere * Lupron 4615  0.038* 0.101 0382 0540  0.009
Tx * Rank
Age * Hemisphere 4595  0.038* 0.101 10.875 0.002*  0.210
* i *
Age * Hemisphere 8220 0.007* 0.167 0.685 0413  0.016
Lupron Tx
* i *
Age H;m'iphere 0.006 0938 151E-04 0.672 0417  0.016
an
* i *
Age * Hemisphere 2016 0163  0.047 0469 0497 0011
Lupron Tx * Rank
Between Subjects
Effects
Lupron Tx 0.028 0.868 0.001 5.055 0.030* 0.110 Control > Lupron| 8.620 0.005* 0.174  Control > Lupron
Rank 0021 0.885  0.001 8511 0.006* 0.172 Dom<Sub | 2.163  0.149  0.050
Lupron Tx *Rank | 0409 0526  0.010 0.001 0973 2.85E-05 0.817 0371  0.020




Within Subjects
Effects

Age
Age * Lupron Tx

Age * Rank

Age * Lupron Tx *
Rank

Hemisphere

Hemisphere * Lupron
Tx

Hemisphere * Rank

Hemisphere * Lupron
Tx * Rank

Age * Hemisphere

Age * Hemisphere *
Lupron Tx

Age * Hemisphere *
Rank

Age * Hemisphere *

Lupron Tx * Rank

Between Subjects
Effects

Lupron Tx
Rank

Lupron Tx * Rank

PFC GM
F p N’ partia
9.028 0.005* 0.180
6.713 0.013* 0.141
0.641 0.428 0.015
0.634 0.431 0.015
17.614 1.42E-04* 0.301
2.339 0.134 0.054
1.200 0.280 0.028
1.115 0.297 0.026
1.329 0.256 0.031
4.219 0.046* 0.093
2.272 0.139 0.053
4.434 0.041* 0.098
13.981 0.001* 0.254
0.041 0.840 0.001
0.571 0.454 0.014

Main Effect
Direction

Pre > Peri

Left < Right

Control < Lupron

18.042

3.239

0.468

1.021

19.045

5.083

0.553

0.001

13.693

20.611

0.012

0.865

3.406

0.192

0.206

PFC WM
) Main Effect
P N partial Direction
1.21E-04* 0.306 Pre < Peri
0.079 0.073
0.498 0.011
0.318 0.024
8.40E-05* 0.317 Left > Right
0.030* 0.110
0.461 0.013
0.977 2.05E-05
0.001* 0.250
4.90E-05* 0.335
0.915 2.83E-04
0.358 0.021
0.072 0.077
0.663 0.005
0.652 0.005

1.078

12.792

0.246

0.110

4.313

4.310

1.412

0.791

10.038

19.881

1.987

1.808

16.451

0.104

0.322

Total PFC
p n’ partial

0.305 0.026
0.001* 0.238
0.622 0.006
0.742 0.003
0.044* 0.095
0.044* 0.095
0.242 0.033
0.379 0.019
0.003* 0.197
6.30E-05* 0.327
0.166 0.046
0.186 0.042
2.18E-04* 0.286
0.748 0.003
0.573 0.008

Main Effect
Direction

Left < Right

Control < Lupron

73



74

Table 2.2 Summary of Results from rmANQOVA on Cortisol and Behavioral Measures. (A) Main and interaction) of sample
collection time (pre, post), rank and Lupron-treatment, analyzed separately at pre- and peripuberty, are reported for cortisol changes in
response to social separation and dexamethasone challenge. (B). Main and interaction effects of age, rank and Lupron-treatment are
reported for baseline cortisol and behavioral measures (human intruder and social behavior). * and bold font indicate a significant p

value at < 0.05. Top: Within subjects effects; Bottom: Between subjects effects.



Within Subjects Effects

Sample Collection Time (Pre and Post)

Sample Collection Time * Rank

Sample Collection Time *

Sample Collection Time *

Lupron Tx Rank * Lupron Tx
A. Main
F P ﬂz partial Effect F P ﬂz partial F P nZ partial F P ﬂz partial
Direction

Cortisol at Dex Suppression | 31.918 1.36E-06* 0.438 Pre >Post| 0.399 0.531 0.010 2.761 0.104 0.063 0.540 0.467 0.013
Prepuberty = Social Separation | 228.874 2.24E-18* 0.848 Pre <Post| 6.698 0.013* 0.140 0.007 0.932 0.000 6.648 0.014* 0.140
Cortisol at Dex Suppression | 45.096 4.16E-08* 0.524 Pre > Post| 4.966 0.031* 0.108 0.395 0.533 0.010 0.001 0.974  2.61E-05
Peripuberty Social Separation | 243.617 7.49E-19* 0.856 Pre <Post| 0.009 0.923  0.00023 | 0.001 0.975 2.48E-05| 0.340 0.563 0.008

Age Age * Rank Age * Lupron Tx Age * Rank * Lupron Tx
B. Main
F P N partial Effect F P n partial F P n partial F P N partial
Direction
Cortisol  Dex Cort Baseline | 25.937 8.32E-06* .387 Pre>Peri| 5.456  0.024*  .117 0.705  0.406  0.017 | 0.998 0324  0.024
Freeze Alone | 30.088 2.33E-06* 0.423 Pre<Peri| 0.258 0.614  0.006 | 4.584  0.038* 0.101 1.812  0.186  0.042
Freeze Profile | 0.461  0.501 0.011 2.649 0111 0.061 0.082 0776  0.002 | 5712  0.022* 0.122
Freeze Stare | 14.994 3.80E-04* 0.268 Pre<Peri| 4.421  0.042* 0.097 | 9.347 0.004* 0.186 | 1.266  0.267  0.030
Avert Gaze Profile| 5.365  0.025* 0.116 Pre<Peri| 0.048  0.828  0.001 1.522  0.224  0.036 | 0298 0588  0.007
Avert Gaze Stare | 0.046  0.831 0.001 1.448  0.236  0.034 | 0.093 0762  0.002 | 0.206  0.652  0.005
Coo Stare 6.322  0.016* 0.134 Pre > Peri| 4.50E-05 0.995 1.10E-06 | 5.46E-04 0.981 1.33E-05| 0.019  0.890 4.71E-04
Human Threat Stare 2.008  0.164  0.047 2.644  0.112  0.061 0.079 0780  0.002 | 0.028  0.867 6.89E-04
Intruder  Lipsmack Stare | 10.724 0.002*  0.207 Pre>Peri| 0.281 0599  0.007 | 1.645  0.207 0.039 | 0.051  0.822  0.001
Locomote Alone | 19.718 6.64E-05* 0.325 Pre>Peri| 0.077 0783  0.002 | 0.178  0.675 0.004 | 1.512  0.226  0.036
Locomote Profile | 0.175  0.678  0.004 0.001  0.975 2.51E-05| 1.767  0.191  0.041 | 0.090  0.766  0.002
Locomote Stare | 2.520  0.120  0.058 0.068 0796  0.002 | 8386 0.006* 0.170 | 0.002  0.962 5.48E-05
Crouch Alone | 0.178  0.675  0.004 0.098 0756  0.002 | 1.560  0.219  0.037 | 1.466  0.233  0.035
Crouch Profile | 2.375  0.131 0.055 0.660  0.421  0.016 | 0.534  0.469  0.013 | 0.481  0.492  0.012
Crouch Stare 0710  0.404  0.017 0.147 0703  0.004 | 0.448  0.507  0.011 | 0.124  0.727  0.003
Affiliation 1.990  0.166  0.046 0.426  0.517  0.010 | 0.066  0.799  0.002 | 0.141  0.709  0.003
Agression 0.858  0.360  0.020 0.014  0.906 3.41E-04| 0.266  0.609  0.006 | 1.184  0.283  0.028
_ Submission 3.935  0.054  0.088 0.646  0.426  0.016 | 0.873  0.355  0.021 | 0.047 0.830  0.001
B:r?:::Lr Play Wrestle 0.051  0.823  0.001 0.113  0.739  0.003 | 6.143 0.017* 0.130 | 0.168  0.684  0.004
Self Play 2.687  0.109  0.063 0718  0.402  0.018 | 0.505  0.482  0.012 | 4.324  0.044* 0.098
Anxiety 9.124  0.004* 0.186 Pre<Peri| 2.493  0.122  0.059 | 2978  0.092  0.069 | 0.071  0.791 0.002
Sit Alone 3.455  0.070  0.080 1.829 0184  0.044 |1.63E-04 0.990 4.07E-06| 0.214  0.646  0.005
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Between Subjects Effects
Rank Lupron Tx Rank * Lupron Tx
A. Main Main
F P N partial Effect F P N partial Effect F P N partial
Direction Direction
Cortisol at Dex Suppression 1.577 0.216 0.037 2.894 0.096 0.066 1.885 0.177 0.044
Prepuberty  Social Separation | 0.001 0.972  3.10E-05 0.043 0.836 0.001 0.612 0.439 0.015
Cortisol at Dex Suppression 1.269 0.267 0.030 1.831 0.183 0.043 2.126 0.152 0.049
Peripuberty Social Separation | 0.329 0.569 0.008 44.266 5.10E-08* 0.519 Con> Lup| 2.259 0.140 0.052
|
Rank Lupron Tx Rank * Lupron Tx
B. Main Main
F p N partial Effect F p N partial Effect F p N partial
Direction Direction
Cortisol  Dex Cort Baseline | 3.337 0.075 0.075 0.650 0.425 0.016 2.019 0.163 0.047
Freeze Alone 0.756 0.390 0.018 2.756 0.104 0.063 0.305 0.584 0.007
Freeze Profile 0.003 0.954  8.25E-05 0.015 0.905 3.55E-04 5.48E-05 0.994 1.34E-06
Freeze Stare 6.989 0.012* 0.146 Dom > Sub| 3.708 0.061 0.083 5.009 0.031* 0.109
Avert Gaze Profile| 0.007 0.932 1.81E-04 1.484 0.230 0.035 1.398 0.244 0.033
Avert Gaze Stare | 0.082 0.776 0.002 21.185 3.98E-05* 0.341 Con<Lup| 0.019 0.890 4.70E-04
Coo Stare 0.119 0.731 0.003 0.087 0.769 0.002 0.028 0.868  6.82E-04
Human Threat Stare 5.136 0.029* 0.111  Dom < Sub| 0.508 0.480 0.012 1.216 0.276 0.029
Intruder Lipsmack Stare 0.111 0.741 0.003 2.229 0.143 0.052 1.292 0.262 0.031
Locomote Alone | 0.288 0.595 0.007 0.800 0.376 0.019 0.104 0.749 0.003
Locomote Profile | 0.200 0.657 0.005 0.016 0.900 3.93E-04 0.383 0.539 0.009
Locomote Stare | 0.375 0.544 0.009 2.389 0.130 0.055 0.020 0.888  4.88E-04
Crouch Alone 2.021 0.163 0.047 0.209 0.650 0.005 1.039 0.314 0.025
Crouch Profile 0.504 0.482 0.012 1.824 0.184 0.043 0.001 0.973  2.84E-05
Crouch Stare 1.525 0.224 0.036 3.783 0.059 0.084 3.116 0.085 0.071
Affiliation 0.014 0.906  3.43E-04 0.009 0.926  2.10E-04 3.403 0.072 0.077
Agression 9.304 0.004* 0.185 Dom > Sub| 0.603 0.442 0.014 1.274 0.266 0.030
. Submission 18.203 1.14E-04* 0.307 Dom < Sub| 3.207 0.081 0.073 2.484 0.123 0.057
B:ﬁ:\':(')r Play Wrestle 0.991 0325  0.024 2.643  0.112  0.061 0.066  0.799  0.002
Self Play 0.546 0.464 0.013 1.043 0.313 0.025 2.574 0.116 0.060
Anxiety 0.046 0.832 0.001 0.671 0.417 0.017 0.894 0.350 0.022
Sit Alone 5.921 0.020* 0.129 Dom < Sub| 0.112 0.740 0.003 1.658 0.205 0.040
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Table 2.3 Results from Stepwise Multiple Regression Analysis. Dependent variables
were stress-physiology (cortisol), behavioral reactivity to the HI and social behavior
outcomes. Candidate predictor variables were right and left AMYG, HC, PFC GM, PFC
WM, social rank and Lupron-treatment. Models that contained only rank and Lupron-
treatment effects (without a brain ROI entering into the model) were excluded, as to not
duplicate the results of the repeated measures ANOVA conducted on behavior and stress
physiology. If more than one model was identified at a significance level of p < 0.05, the
model that accounted for the most variance was selected, provided the condition index
did not exceed 30 (to exclude multicollinear models). Measures at prepuberty are
represented in white and measures at peripuberty are represented in gray. Models notated
with * violated one or more statistical test assumptions of normality, linearity,

homogeneity of variance.
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Overall Model Retained Predictor Predictor Variables
Dependent Variable Adj. 2 F 14 Variables B Std. Error B t P
:E A Cortisol - SS No brain regions were entered
o
S g’gl A Cortisol - Dex Suppression No variables were entered - non significant
2]
5
© & E A Cortisol - SS No variables were entered - non significant
a2
o3
a
? E‘ A Cortisol - Dex Suppression No brain regions were entered
Left Amygdala -693.346  258.650 -0.371 -2.681 0.010
Freeze - Alone 0.301 10.480 0.0002
Lupron Treatment 0.424 0.186 0.315 2.280 0.028
Freeze - Profile No variables were entered - non significant
E‘ Freeze - Stare No variables were entered - non significant
[
Q2
3 Lupron Treatment 1.546 0.641 0.339 2411  0.020
g Avert Gaze - Stare 0.279 9.495  0.0004
o Left Amygdala -2065.379 891.836 -0.325 -2.316 0.026
[
= I:Z—’ Rank 4.600 1.453 0.450 3.165 0.003
3 Threat - Stare 0.183  5.929 0.005
E Right Amygdala -5388.518 2454.857 -0.312 -2.195 0.034
£
§ Lupron Treatment -0.309 0.093  -0.436 -3.317  0.002
E Locomote - Stare 0.241  7.966 0.001
T Right Amygdala 353.135 158.094 0.293 2.234  0.031
Freeze - Alone No variables were entered - non significant
g‘ Freeze - Profile No variables were entered - non significant
a2
3 Freeze - Stare No brain regions were entered
:.:. Avert Gaze - Stare No brain regions were entered
Q
2’ Threat - Stare No variables were entered - non significant
Locomote - Stare 0.088 5.253 0.027 Right Amygdala 382.583 166.925 0.330 2.292 0.027
S Aggression No brain regions were entered
=)
2 Submission No brain regions were entered
3
Q
g Play Wrestle No brain regions were entered
= 'é Self Play No variables were entered - non significant
o
2 | <
E Sit Alone 0.229 14.103 0.001 Left Hippocampus * 1154.467 307.414  0.497 8,759 0.001
Q
o
g o Aggression 0.129  7.489 0.009 Left PFC GM ? -107.662  39.341 -0.385 -2.737  0.009
o
a t
§ Submission No brain regions were entered
2
E Play Wrestle No variables were entered - non significant
: Self Play No variables were entered - non significant
j=2
<
Sit Alone 0.101  5.928 0.019 Left Hippocampus ? 688.181 282.638 0.348  2.435 0.019




Figure 2.1 Timeline of experimental design. The diagram shows the measures collected in this study for both control (black) and

Lupron-treated subjects (gray) and the mean age (in months) at data collection.
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Figure 2.2 (A) AMYG, HC and PFC regions of interest (ROIs), used in the Autoseg
pipeline (Styner, Knickmeyer et al. 2007, Howell, Grand et al. 2014). From left to right:
axial, coronal and saggital views. (Top Row) Right (green) and left (fuschia) AMYG
ROIs; (Middle Row) Right (red) and left (blue) HC ROIs; (Bottom Row) Right (brown)
and left (purple) PFC ROIs. (B) Example of automatic segmentation of GM, WM and
CSF tissue classes using the Autoseg pipeline. From left to right: axial, coronal and

saggital views. Green=GM, Red=WM and Blue=CSF.
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Figure 2.3 Effects E2 suppression (Lupron-treatment) on total ICV at pre- and
peripuberty. An age by Lupron-treatment interaction [F(1, 41)=148.683, p=3.203E-15;
n_2 partial=0.784] emerged, which indicated that, despite the lack of post-hoc significant
differences between Lupron-treated subjects and controls at either pre- or peripuberty,
Lupron-treated animals showed an increase (p=5.708E-17), while control subjects
showed a decrease in total ICV with age (p=0.001). a, significantly different from

Lupron prepuberty, b, significantly different from Control prepuberty.
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Figure 2.4 Subordinates have larger AMYG volume than dominant subjects, but
Lupron-treatment neutralizes this effect. (a) Lupron-treatment by rank by hemisphere
interaction effect [F(1, 41)=4.615, p=0.038; n2 partial=0.101], where subordinates had
larger AMYG volume compared to dominants, both in control and Lupron-treated
groups, but depending on hemisphere (right: rank effect only in the control group;
p=0.009; left: rank effect only in the Lupron group (p=0.020)). Interestingly, Lupron-
treatment prevented social subordination related effects in the right AMYG. Additionally,
dominant controls had larger AMYG volume than dominant Lupron-treated subjects, but
only in the left hemisphere (p=0.017). (b) Age by Lupron-treatment by hemisphere
interaction effect [F(1, 41)=8.220, p=0.007; n2 partial=0.167], where Lupron-treated
subjects had smaller AMYG volume in the left hemisphere, but only at pre-puberty

(p=0.002). *, p < 0.05; **, p<0.01.
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Figure 2.5 Controls have larger hippocampal volume than Lupron-treated subjects.
(a) Main effect of Lupron-treatment, with controls having larger volume than Lupron-
treated subjects [F(1, 41)=8.620, p=0.005; n2 partial=0.174]. (b) There was also a main
age effect, with HC volume increasing from pre- to peripuberty [F(1, 41)=7.614,
=0.009; 1’ partiai=0.157], and an age by hemisphere interaction effect [F(1, 41)=10.875,
p=0.002; n2 partial=0.210], with larger right than left volume at prepuberty only
(»=0.000009). None of these age effects were affected by social status or Lupron-

treatment. **, p <0.01, *** p <0.001; **** p <0.0001.
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Figure 2.6 (a) Lupron increases PFC GM volume in a hemisphere and rank
dependent manner. An age by hemisphere by Lupron-treatment by rank interaction
[F(1,41)=4.434, p= 0.041; n2 partial=0.098] revealed that dominant Lupron-treated
subjects had larger PFC GM volume in both right hemisphere at pre- (»p=0.0004) and
peripuberty (p=0.045) and left hemisphere at pre- (p=0.009) and peripuberty (p=0.047)
compared to dominant controls. Subordinate Lupron-treated subjects had larger PFC GM
volume in right (»p=0.003) and left (»=0.003) hemispheres, but only at prepuberty,
compared to subordinate controls subjects. (b) PFC WM increases with age, an effect
driven by control subjects. This age by hemisphere by Lupron-treatment interaction
[F(1,41)=20.611, p=0.00005; n2 partial=0.335] showed that control subjects had an
increase in PFC WM volume with age in both hemispheres (right hemisphere,
p=0.000004; left hemisphere, p=0.013), whereas Lupron-treated subjects did not
(although left hemisphere Lupron-treated subjects showed a trend (p=0.051) in this
direction). Additionally, Lupron-treated subjects had larger PFC WM volume in the right
hemisphere and at prepuberty only (p=0.0004). (¢) Lupron increases total PFC
volume. In this graph illustrating the three-way interaction between age, hemisphere and
Lupron-treatment, the main effect that emerged as significant is evident, with Lupron-
treated subjects having larger total PFC volume than controls [F(1, 41)=16.451, p=
0.0002; n2 partial=0.286]. Additionally, both right and left hemisphere volume
decreased with age in Lupron-treated subjects, whereas total PFC volume increased in
control subjects, but only in the right hemisphere (p=0.006). *, p < 0.05; ** p <0.01,
*r% p<0.001; **** p<0.0001. 1, significantly different from left dominant Lupron at

prepuberty, 2, significantly different from left subordinate Lupron at prepuberty, 3,
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significantly different from right dominant Lupron at prepuberty, 4, significantly different

from right subordinate Lupron at prepuberty.
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Chapter 3. Chronic Social Stress and Consumption of a Palatable Diet Alter Brain

Structure and Behavior in Female Rhesus Macaques
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3.1 Abstract

High caloric diet-induced obesity has become a significant worldwide health problem and
results in increased risk for numerous adverse health outcomes, including type 2 diabetes,
cancer, heart disease, among other others. Additionally, chronic social stressor exposure
can increase the drive to consume these palatable foods, further contributing to an obese
phenotype. Data suggest that obesity resulting from stress-induced overeating may
compromise brain structure and function, potentially leading to emotional dysregulation
and behavioral impairment. However, these impairments in brain structural and
functional outcomes may emerge before significant body fat accumulates, suggesting that
consuming an obesogenic diet itself may have adverse effects on the neurobehavioral
outcomes. Social subordination in female rhesus macaque monkeys is an established
translational animal model to study a number of stress-related phenotypes, including
stress-induced over eating of a palatable diet. Thus, we sought to investigate how social
status interacts with dietary environment to affect brain structure of corticolimbic regions,
specifically, the amygdala (AMYG), prefrontal cortex (PFC), insula (INS) and
hippocampus (HC), known to regulate emotional reactivity and motivated behavior in
adult female rhesus macaques. The impact of diet on neurobehavioral outcomes was
assessed in females who had been maintained on a low fat, low sugar chow diet (low
caloric diet only -LCD-only-) their entire lives and females who had been consuming this
chow diet in combination with a high fat, high sugar diet (choice diet -CH-) for one year.
We found a significant impact of the CH diet on regional brain structure, with number of
calories consumed both positively and negatively predicting region-specific differences

in brain volume, whereas calorie intake did not predict any variance in regional brain
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volumes for females in the LCD diet condition. Specifically, in the CH subjects, social
status positively predicted prefrontal cortex (PFC) white matter (WM) and dorsolateral
PFC (dIPFC) volumes, whereas in the LCD-only subjects, social status negatively
predicted PFC WM, ventromedial PFC (vimPFC), amygdala (AMYG), insular cortex gray
matter (INS GM) and hippocampal (HC) volumes. Interestingly, exposure to the CH diet
reversed the direction of the dominance rank effects in bilateral PFC WM. A functional
outcomes analysis revealed that in the CH subjects, larger left dIPFC and smaller left
PFC GM volumes predicted increased affiliative behavior. In the LCD-only subjects,
more subordinate rank predicted larger left AMYG and left INS GM volumes, which
resulted in decreased anxious-aggressive and increased submissive-fearful behavior,
respectively. Overall, the results of the present study revealed that social status
differentially affects regional brain volumes, depending on dietary condition.
Additionally, the impact of diet on regional brain volumes only becomes evident when a
CH dietary environment is available. Taken together, these data suggest that considerably
different phenotypes emerge in rhesus macaques with access to either a prudent LCD or a
more complex dietary environment where a choice between LCD and high sugar, high fat
diet is available. These results underscore the view that calories derived from diets high
in sugar and fat impact the brain and behavior differently than carioles derived from

healthier low fat and sugar diets.
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3.2 Introduction

Excess body weight and obesity have become significant worldwide health problems and
result in increased risk for several adverse health outcomes, including type 2 diabetes,
cancer, heart disease, and others (Must, Spadano et al. 1999, Visscher and Seidell 2001,
Hill 2006). Globally, the number of overweight and obese people has risen from 921
million in 1980 to an astounding 2.1 billion in 2013 (Ng, Fleming et al. 2014), which
results in substantial increased healthcare costs and economic burden (Tsai, Williamson
et al. 2011, Withrow and Alter 2011). In the United States, rates of obesity have
continued to rise over the last 20 years to greater than 30% of the population and are
expected to increase to 50% by 2030 (Flegal, Carroll et al. 2010). Given these alarming
statistics, it is becoming increasingly essential to understand the etiology of overweight
and obesity. However, equally important is to determine how the consumption of
obesogenic diets before frank obesity is evident, affects the neurobehavioral health of

people.

The availability of highly palatable foods, rich in fat and sugar, can cause an individual’s
energy intake to exceed its energy expenditure, leading to excess weight gain, as
evidenced by the vast literature on diet-induced obesity (Keenan, Wallig et al. 2013).
Additionally, experiential factors, including chronic social stressor exposure, can increase
the drive to consume these palatable foods, further contributing to an obese phenotype
(Oliver, Wardle et al. 2000, Epel, Lapidus et al. 2001, Gibson 2006). Importantly, data
suggest that obesity resulting from stress-induced overeating may compromise brain

structure and function in humans, monkeys and rodents (Berthoud, Lenard et al. 2011,
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Tryon, Carter et al. 2013, Ulrich-Lai, Fulton et al. 2015, Michopoulos, Diaz et al. 2016),
potentially leading to emotional dysregulation and behavioral impairment in humans
(Onyike, Crum et al. 2003, Galvez, Bauer et al. 2014). Indeed, mood disorders and
anxiety are frequently co-morbid with obesity (Ayensa and Calderon 2011, Capuron,
Lasselin et al. 2016), especially in females (Zender and Olshansky 2009, Hillman, Dorn
et al. 2010), suggesting obesity-induced impaired neurobehavioral function. However,
these impairments in brain structure and functional outcomes may emerge before
significant body fat accumulates, suggesting that consuming an obesogenic diet itself
may have adverse effects on the neurobehavioral outcomes (Beilharz, Maniam et al.

2015, Morris, Beilharz et al. 2015).

Because obesity is also characterized by hypercortisolemia (Pasquali, Ambrosi et al.
2002) and sustained intake of an obesogenic diet increases glucocorticoid (GC) secretion
in response to a stressor (Pasquali, Ambrosi et al. 2002, Legendre and Harris 2006,
Michopoulos, Toufexis et al. 2012), elevated GCs may be key biological signals
mediating the adverse consequences of both stress and increased fat mass on
neurobehavioral outcomes. In addition, proinflammatory cytokines are likely important
mediators of both stress and diet on neurobehavioral outcomes. Chronic inflammation is
not only a hallmark of obesity (Gregor and Hotamisligil 2011, Miller and Spencer 2014),
but consumption of obesogenic diets increases both peripheral and central measures of
inflammation prior to the onset of obesity (Myles 2014, Vasconcelos, Cabral-Costa et al.
2016). Furthermore, persistent inflammation is positively associated with chronic stress

(Miller and Blackwell 2006, Cohen, Janicki-Deverts et al. 2012) and resulting adverse
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behavioral outcomes such as depression (Dunn, Swiergiel et al. 2005, Hryhorczuk,

Sharma et al. 2013).

Diet-induced obesity and resulting elevated BMI have also been linked to alterations in
brain structure and function. The general findings include smaller total brain volume and
reduced volume of cortical and subcortical structures. For example, several studies have
reported smaller total brain volume in obese subjects with higher BMI, compared to
controls (Ward, Carlsson et al. 2005, Gunstad, Paul et al. 2008, Debette, Beiser et al.
2010, Bobb, Schwartz et al. 2014). These differences may be driven by global decreases
in gray matter (GM) (Figley, Asem et al. 2016), white matter (WM) (Cole, Boyle et al.
2013) or both (Figley, Asem et al. 2016), as well as CSF. Additionally, diet-induced
obesity has also been associated with GM reductions in cortical regions [such as
prefrontal cortex (PFC) and insular cortex (INS)], as well as sub-cortical regions
[including the hippocampus (HC) and amygdala (AMYG)]. Specifically, increased
visceral adipose tissue has been associated with decreased cortical thickness of the right
INS (Veit, Kullmann et al. 2014) and decreased INS GM (Shott, Cornier et al. 2015).
Moreover, diet-induced obesity is also negatively associated with volume of PFC
subdivisions, such as dorsolateral (dIPFC), orbitofrontal (OFC) and medial PFC (mPFC)
(Pannacciulli, Del Parigi et al. 2006, Walther, Birdsill et al. 2010, Brooks, Benedict et al.
2013, Marques-Iturria, Pueyo et al. 2013, Shott, Cornier et al. 2015, Figley, Asem et al.
2016). Increased BMI has also been associated with decreased HC (Raji, Ho et al. 2010,
Walther, Birdsill et al. 2010) and AMYG (Figley, Asem et al. 2016) volumes. In

contrast, a few studies have reported opposite directionality of effects of obesity on
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corticolimbic regional volume. For example, one study in older women reported
increased frontal WM volume (Walther, Birdsill et al. 2010). Another study reported
positive correlations between BMI and OFC volume (Horstmann, Busse et al. 2011).
While most studies focus on obesity-induced changes in brain structure, one study
investigated how different diets affected HC volume in a mixed population of normal
weight and overweight subjects. Results showed consumption of a prudent diet was
associated with larger HC volume (Jacka, Cherbuin et al. 2015), similar to what is
observed in normal weight vs. obese humans described above. Thus, the data suggest that
obesity has an impact on brain GM and WM volume, but the impact of dietary condition

prior to the onset of frank obesity is not fully understood.

Chronic stress (including social subordination stress in the macaque model) also alters
brain structure, particularly of corticolimbic circuits and social brain networks, including
the AMYG, PFC, INS and HC. Indeed, these limbic regions have a high density of
glucocorticoid receptors (GR) (Sanchez, Young et al. 2000, Ulrich-Lai and Herman
2009), which can explain their high susceptibility to chronic stress. For example, the
AMYG is sensitive to the effects of stress and GCs, and it also plays a critical role in
social behavior (Bickart, Dickerson et al. 2014). Indeed, chronic stress-induced
hypercortisolemia (Raadsheer, Hoogendijk et al. 1994, Makino, Smith et al. 1995,
Makino, Hashimoto et al. 2002, Myers, McKlveen et al. 2012) or direct administration of
glucocorticoids into the AMYG leads to hyper-excitability of the AMYG in rodents
(Rosenkranz, Venheim et al. 2010) and increased dendritic arborization and/or density of

dendritic spines within the AMYG, resulting in bigger AMYG volumes (Vyas, Mitra et
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al. 2002, Vyas, Bernal et al. 2003, Mitra, Jadhav et al. 2005, Vyas, Jadhav et al. 2006,
Mitra and Sapolsky 2008, Rosenkranz, Venheim et al. 2010, Eiland, Ramroop et al.
2012). Additionally, AMYG GM volume has been positively associated with social rank
in rthesus macaques, where more subordinate monkeys had smaller AMYG volume in
males (Noonan, Sallet et al. 2014). The PFC, which is critical for regulating
socioemotional behavior (Quirk and Beer 2006) and mediating social cognition (Amodio
and Frith 2006), is also structurally affected by social stress and social group size in
humans, rhesus macaques and rodents (Sallet, Mars et al. 2011, Noonan, Sallet et al.
2014). For example, rostral PFC GM volume in macaques has been found to increase
with social rank and social network size (Noonan, Sallet et al. 2014). In humans, reduced
OFC volume has been observed in women experiencing chronic stress (Gianaros,
Jennings et al. 2007) and lower subjective social status is associated with reduced GM
volume in the anterior cingulate cortex (ACC) (Gianaros, Horenstein et al. 2007). In
rodents, chronic restraint stress is associated with decreased dendritic arborization in the
mPFC (Shansky and Morrison 2009) and increased neuronal excitability (Jackson and
Moghaddam 2006). Chronic administration of dexamethasone or corticosterone in
adrenalectomized rats results in both reduced volume and loss of neurons in the PFC,
respectively (Cerqueira, Pego et al. 2005). The INS integrates interoceptive, socio-
emotional, sensorimotor, olfacto-gustatory and cognitive information (Kurth, Zilles et al.
2010) and is an important component in salience and attention networks to detect and
evaluate stimuli valence, including social stimuli (Menon and Uddin 2010). Studies have
shown decreases in INS GM in patients with post-traumatic stress disorder (PTSD)

(Chen, Xia et al. 2006, Pruessner, Dedovic et al. 2010), a stress-related psychiatric
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disorder. Conversely, humans who have meditated for many years, which can decrease
stress perception and responses (Tang, Holzel et al. 2015), have thicker cortical INS
volume (Lazar, Kerr et al. 2005). The HC, which is critical for learning and memory
(Kim and Diamond 2002, Lieberwirth, Pan et al. 2016), is particularly susceptible to
stress alterations (Kim and Diamond 2002). For example, chronic stress or prolonged
glucocorticoid treatment in rodents results in decreased dendritic arborization and
synaptic complexity (e.g. length, branching, spine density) (Watanabe, Gould et al. 1992,
Magarinos and McEwen 1995, Magarinos, Orchinik et al. 1998, McEwen 1999) and even
apoptosis (Lucassen, Heine et al. 2006) in the HC. These morphological changes in
rodents are consistent with the human literature, where humans reporting chronic stress
or with stress-related psychiatric conditions have smaller HC volumes than controls
(McEwen 2006, Gianaros, Jennings et al. 2007). These findings suggest that the structural
and functional changes in the AMYG, HC, PFC and INS associated with social rank in
rhesus monkeys could reflect differences in social stress experienced by animals across
the hierarchy. Although the impact of chronic stressor exposure on brain structure and
function is well accepted, it is not clear how these effects interact with those of an

obesogenic diet, in contrast to a low fat, low sugar diet.

In human studies it is difficult to disentangle individual contributions of stress, diet and
caloric content (e.g., saturated fats and sugars) on alterations in brain volume, due to
factors like inaccuracies with self-reporting and lack of experimental control. Thus, a
translational animal model is warranted that allows for stringent control over

environmental and dietary factors, and permits a level of experimental control not present
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in human studies. Social subordination in female rhesus macaque monkeys is a
translational animal model to study a number of stress-related phenotypes (Michopoulos,
Higgins et al. 2012, Shively and Willard 2012), including stress-induced over eating of an
obesogenic diet (Arce, Michopoulos et al. 2010, Michopoulos, Toufexis et al. 2012,
Michopoulos, Diaz et al. 2016). Macaque groups, regardless of size, are organized by a
matrilineal dominance hierarchy that functions to maintain group stability (Bernstein and
Gordon 1974, Bernstein 1976), where lower ranking animals receive more aggression
from higher-ranking group mates and terminate these interactions by emitting submissive
behavior, a defining feature of subordination (Bernstein and Gordon 1974, Bernstein,
Gordon et al. 1974, Bernstein 1976, Shively and Kaplan 1984). A consequence of this
continual harassment is impaired limbic hypothalamic pituitary adrenal (LHPA) axis
regulation, typically evidenced by reduced glucocorticoid (GC) negative feedback and
hypercortisolemia in adult females (Shively, Laber-Laird et al. 1997, Shively 1998,
Wilson, Pazol et al. 2005, Jarrell, Hoffman et al. 2008, Wilson, Fisher et al. 2008,
Paiardini, Hoffman et al. 2009), a physiological phenotype similar to what has been
described in some humans suffering from stress-induced psychopathology such as
depression (Coryell, Fiedorowicz et al. 2008, Jokinen, Nordstrom et al. 2008). Using this
model, we sought to investigate how the imposition of a social stressor, achieved by
forming new social social groups, interacts with dietary environment to affect regional
brain volume of limbic regions known to affect emotional reactivity and motivated
behavior. Although some studies have reported increases in brain regional volume as a
consequence of diet-induced obesity, the data overall suggest that there is a volumetric

reduction. Therefore, we hypothesized that excessive calorie intake, particularly of a high
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caloric diet (HCD), would result in decreased volume of AMYG, PFC, INS and HC.
Additionally, we hypothesized that subordination stress would magnify some of those
effects, except for the AMYG volume, which would be increased in subordinates, and
that these diet and stress-induced alterations would result in potentiated socio-emotional

behavior.

3.3 Methods

3.3.1 Subjects

Subjects were 16 adult female rhesus macaques (Macaca mulatta) living as members of
one of in six social groups housed in indoor-outdoor pens consisting of 4-6 adult females
(n = 34) each at the Yerkes National Primate Research Center (YNPRC) in
Lawrenceville, Ga. 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”. The social groups were formed following procedures previous described
(Jarrell, Hoffman et al. 2008, Snyder-Mackler, Kohn et al. 2016). Briefly, females were
removed from the natal breeding groups and sequentially introduced to their new groups
over the course of two weeks. This process minimizes aggression towards newly
introduced animals. Dominance ranks are established within this two-week group
formation phase. The 16 animals chosen for the present analysis were the highest (n = 8)
and lowest ranking females (n = 8) in each of the six groups based on rates ELO rankings

described below.
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Data for determining social rank were obtained from weekly 30-minute observations
using an established ethogram (Jarrell, Hoffman et al. 2008) and assessed using the
outcome of dyadic interactions (Bernstein 1976) to capture the frequency of submission
emitted and of aggression received. Rank was calculated using the ELO rating method, in
which higher scores correspond to higher status (Albers and de Vries 2001, Neumann,
Duboscq et al. 2011, Snyder-Mackler, Kohn et al. 2016). Briefly, ELO rating updates an
animal’s score after each dominance interaction based on “winning” or “losing” the
interaction. For example, if a lower-ranking female is defeated by a higher-ranking
female, the scores for both females would only change slightly (the lower ranking
female’s score would decrease and the higher-ranking female’s score would increase). If
a higher-ranking female is defeated by a lower-ranking female, however, their scores
would change considerably. One advantage to this method is that it distinguishes

individuals that are similarly ranked based on rates of agonistic interactions.

3.3.2 Dietary Intervention

The availability of automated feeding stations at the YNPRC (Wilson, Fisher et al. 2008)
allows the continual quantification of calories consumed from specific diets in socially-
housed, free feeding rhesus monkeys. This feeding system is employed in order to assess
how exposure to chronic social stress influences food intake in a complex dietary
environment, in which animals can choose freely between a HCD and a low caloric diet
(LCD) (Wilson, Fisher et al. 2008). Studies using this model in established female
macaque social groups have shown that, although all animals prefer the HCD,

subordinate animals consume significantly more calories and gain more weight compared
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to more dominant group mates (Arce, Michopoulos et al. 2010, Michopoulos, Toufexis et
al. 2012, Michopoulos, Diaz et al. 2016). This model has also been used to detect
alterations in brain dopamine (DA) neurochemistry. Specifically, decreased dopamine D2
receptor binding potential (D2R-BP) in the OFC predicts increased caloric intake, as

measured by positron emission tomography (PET) (Michopoulos, Diaz et al. 2016).

For the present study, half of the 16 subjects (LCD-only subjects) had ad libitum access
to the standard monkey chow [LCD; 3.45 kcal/g, Purina #5038] and half had ad libitum
access to a choice dietary environment (Choice -CH- subjects), wherein both the LCD
and a calorically dense diet or HCD [4.47 kcal/g, D07091204S Research Diets, New
Brunswick NJ) were available. The caloric composition of the LCD was 12% fat, 18%
protein, 4.14% sugar carbohydrate and 65.9% fiber carbohydrate. The calories of the
HCD were distributed as 36% fat, 18% protein, 16.4% sugar carbohydrate and 29.6%
fiber-starch carbohydrate. The rationale for providing access to both the LCD and HCD is
based on well-established data showing that dietary choice sustains intake of HCDs (la
Fleur, van Rozen et al. 2010) and more closely models the dietary environment available
to humans. Food access was controlled using previously validated automated feeders that
allow for quantification of caloric intake in socially housed, free feeding monkeys
(Wilson, Fisher et al. 2008, Arce, Michopoulos et al. 2010, Michopoulos, Diaz et al.
2016). Briefly, subjects have radio-frequency identification chips inserted within each of
their wrists, so when they place either of their hands in the feeder, the chip is scanned and
signals a computer to dispense a single pellet of food via a pellet dispenser. Each social

group had access to two different automated feeders and a computer recorded each
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feeding event in a log. This method has been previously validated and ensures that high-
ranking females rarely (<1%) take the pellet from subordinate animals and pellets are

never discarded (Wilson, Fisher et al. 2008).

3.3.3 Behavior

Social Behavior. Behavioral observations were collected weekly for 30 minutes using an

established ethogram (Jarrell, Hoffman et al. 2008) that quantifies frequencies and
durations of agonistic (aggression (threat, chase, slap, bite); affiliative (proximity and
grooming) and anxiety-like behaviors (yawn, scratch or groom self, body shake).
Behavior was coded in real time, using a notebook computer with an in-house program
WinObs (Graves and Wallen 2006), which records the actor, behavior, recipient and the
time for each behavior. Inter-observer reliability was calculated as percent agreement on
frequencies and durations of behaviors and was greater than 92%. Behavioral
observations were initiated once all of the females had been introduced into their new

groups.

Human Intruder (HI) Task. Each subject received the HI test, a standardized test of

emotionality (Kalin and Shelton 1989), 7.70 &+ 0.11 months following group formation
and 4.44 £ 0.07 months prior to the rs-fMRI scans. The test was administered as
previously described (Embree, Michopoulos et al. 2013, Wilson, Bounar et al. 2013).
Briefly, this paradigm consists of three consecutive ten-minute sessions, including an
alone condition, an intruder profile condition (an unfamiliar experimenter enters the room

and sits with his/her profile towards the subject) and an intruder stare condition (the
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experimenter makes direct and continuous eye contact for the entire 10 minute session).
The HI task is designed to measure defensive and emotional behavior responses specific
to each condition, which pose different degrees of threat to rhesus monkeys. The alone
condition elicits exploratory and distress responses, such as vocalizations and
locomotion, whereas the intruder profile condition elicits behavioral inhibition, such as
freezing and visually scanning of the environment. Finally, the intruder stare condition
elicits aggressive and/or submissive behaviors directed towards the intruder, as direct eye
contact is threatening for rhesus macaques. Videos of each test were scored by trained
observers using a modification of published ethograms (Machado and Bachevalier 2006,
Howell, Godfrey et al. 2014, Howell, Grand et al. 2014) to capture and quantify
locomotion, aggressive, submissive, anxiety-like and fearful behaviors. Inter-observer

reliability was greater than 92%.

Behavioral data reduction analysis. To reduce the number of behavioral variables, we

performed a principal components analysis (PCA) using a rotation method of Varimax
with Kaiser Normalization on social and HI behavior outcomes and diet condition (no
choice = 1; choice = 2) in all 16 subjects. Variables were entered into the PCA and were
chosen based on their relevance to rhesus macaque social behavior and emotional
reactivity (Social behavior: proximity duration, groom frequency and duration,
aggression and submission frequency; HI behavior: freeze duration in the alone, profile
and stare conditions, look away frequency in the profile and stare conditions, threat and
anxiety frequency in the stare condition). Dietary condition (1 for LCD only; 2 for CH)

was included as preliminary analyses revealed that the dietary choice condition was
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associated with significantly reduced rates of initiating proximity (r3,=-0.36, p=0.03) and
grooming (r3,=-0.37, p=0.03) towards group mates. This PCA method was chosen in
order to consolidate behaviors into similar patterns of responses that represent the most
prominent behavioral phenotypes. PCAs have previously been used to identify clusters of
behaviors during the HI task in macaques (Williamson, Coleman et al. 2003, Wilson,
Bounar et al. 2013). Behaviors that had a loading score of 0.45 or less were excluded.
Four components emerged from the PCA analysis (Table 3.1). The first component was
labeled “affiliation” as both social groom frequency and duration loaded positively, in
addition to proximity duration (time spent sitting near another monkey). Grooming is a
prosocial behavior in rhesus macaques and functions to maintain social alliances
(Lindburg 1973). Dietary condition loaded negatively into this factor, suggesting that CH
subjects were less sociable, which is consistent with our preliminary correlational
analysis. The second component was labeled “anxious-aggression”, where rates of
aggression directed at groups mates as well as three behaviors from the stare condition of
the HI, looking away from the intruder, threatening the intruder, and anxiety-like
behavior, loaded positively. Threat is a non-contact aggressive behavior in rhesus
macaques (Altmann 1962). Since a monkey cannot move away from the intruder during
the HI task, looking away during the stare condition may reflect increased anxiety and
avoidance of the intruder (Pelphrey, Viola et al. 2004, Patterson 2008). In addition,
freezing in the stare condition, a behavior indicative of fear (Kalin and Shelton 1998),
loaded negatively on component 2. Behaviors that loaded positively on the third
component were threat in the stare condition, freeze in the alone condition and

submissive behavior directed towards group mates. In contrast, aggression directed at
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group mates loaded negatively. Because higher rates of rates of submissive and lower
rates of aggressive behaviors are characteristic of subordinate monkeys, this component
was labeled “submissive-fearful”. Although threat in the stare condition is being
interpreted as aggressive in the anxious-aggression component described above, in the
context of the other behaviors in this component it may also be indicative of non-contact,
defensive aggression, as previously reported (Meunier, Bachevalier et al. 1999). The
fourth component was labeled “anxious-avoidant” because looking away from the
intruder in the profile condition and anxiety in the stare condition loaded positively, while
freezing in the profile condition loaded negatively. Together, these four components

account for 82.7% of the variance for the included variables.

3.3.4 Stress Physiology and Immune Markers

For all animal accesses and blood draws, animals were habituated to being removed from
their group for conscious venipuncture, using previously described procedures (Walker,
Gordon et al. 1982). Blood samples were obtained within 10 minutes of entering the

animal area to minimize arousal (Blank, Gordon et al. 1983).

Cortisol response to acute stressor. Plasma samples were collected immediately before

and after the 30 minute HI task to determine acute stress-induced cortisol increases.
Additional plasma samples were collected 60 and 240 minutes after the completion of the

HI task to assess recovery to baseline cortisol levels.
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Basal Cortisol and Dexamethasone Suppression Test. Glucocorticoid negative feedback

was tested at 14.40 + 0.08 months following group formation and 2.34 + 0.08 months
following the rs-fMRI scans, according to previously published procedures (Jarrell,
Hoffman et al. 2008). A baseline, morning plasma sample was collected 1 hour after
sunrise and an additional sample was collected again 4 hours later. Another plasma
sample was collected 1 hour before sunset, immediately followed by dexamethasone
administration (0.25mg/kg [.M.). The following morning (1 hour after sunrise) another
blood sample was obtained to measure the degree to which dexamethasone suppressed
morning cortisol. All Plasma levels of cortisol were measured by LC-ESI-tandem mass
spectrometry using a Discovery 5 cm % 2.1 mm C18 column (Supelco, PA) eluted at flow
rate of 0.5 ml/min at the YNPRC Biomarkers Core. The intra- and inter-assay coefficient

of variation (CV%) was 1.21% and 5.78%, respectively.

3.3.5 Cytokine/Immune Markers

Proinflammatory cytokine concentrations [C-reactive protein (CRP), tumor necrosis
factor alpha (TNFa) and interleukin 6 (IL6)] in plasma were measured in duplicate using
using the following immunoassays: the V-Plex Human CRP Kit; V-Plex custom NHP
Proinflammatory Panel (IL-6); and rhesus specific TNFa kit (Meso Scale Discovery,
Rockville, MD, USA). For measurement of CRP, samples were diluted 1:200. For all
other assays, samples were measured undiluted. Samples were collected within two

weeks of the MRI scan for each female.
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3.3.6 Structural MRI

MR Image Acquisition. Neuroimaging scans were collected 52.74 + 0.39 weeks after

group formation. One day prior to the scan, each subject was transported from the
YNPRC Field Station to the YNPRC Imaging Center. Using a 3T Siemens Magnetom
TRIO system, and an 8-channel phase array coil, TI-MR Scans were acquired using a 3D
magnetization prepared rapid gradient echo (3D-MPRAGE) parallel imaging sequence
(GRAPPA (R=2); TR/TE=2600/3.38ms; Averages=1; voxel size=0.5x0.5x0.5mm’). A
T2-MR scan was collected in the same direction as the T1 (TR/TE=3200/373ms, voxel
size=0.5x0.5x1.0mm’, 1 average) in order to aid with delineation of regions of interest
(ROIs) by improving the contrast of GM (Rapisarda, Bergman et al. 1983, Knickmeyer,
Styner et al. 2010), WM and CSF borders. Subjects were scanned under isoflurane
anesthesia (1% to effect, inhalation) following induction with telazol (15-35mg, [.M.) and
intubation to ensure lack of motion artifacts. For physiological monitoring, animals were
fitted with an oximeter, electrocardiograph, rectal thermometer and blood pressure
monitor. Additionally, an I.V. catheter was placed to administer dextrose/NaCl (0.45%)
in order to maintain hydration. All subjects were scanned in the same supine placement
and orientation on an MRI-compatible heating pad, using a custom-made head holder
with ear bars and a mouth piece. A vitamin E capsule was taped to the right temple to
mark the right side of the brain. Subjects were returned to their social groups upon

completion of the scan and full recovery from anesthesia.

SMRI Processing and Analysis. Structural data was analyzed using AutoSeg (version

3.0.2) which is an open-source pipeline developed by members of the Neuro Image
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Research and Analysis Laboratories of University of North Carolina (NIRAL) (Wang,
Vachet et al. 2014). AutoSeg is an atlas-based software pipeline that segments brain into
probabilistic tissue maps, cortical lobar parcellations and subcortical ROIs using an atlas-
based automatic segmentation approach. AutoSeg was used to automatically segment
brain tissue classes (WM, GM, CSF) and generate parcellations of cortical lobes
[specifically for this study: the PFC —which was also further parcellated into dorsolateral,
medial, ventromedial and orbitofrontal subdivisions, as detailed below (Ghashghaei,
Hilgetag et al. 2007, Petrides and Pandya 2007, Yeterian, Pandya et al. 2012)- , INS and
cingulate cortex], and subcortical structures (AMYG and HC) to compute their respective
volumes in our subjects, following previously described methods (Knickmeyer, Styner et
al. 2010, Howell, Grand et al. 2014, Wang, Vachet et al. 2014). This is achieved by
registering each subject’s native space image into a population-based T1-MRI atlas
(Styner, Knickmeyer et al. 2007, Short, Lubach et al. 2010, Howell, Grand et al. 2014,
Wang, Vachet et al. 2014) using the tools BRAINSFit and ResampleVolume2, modules
in the Slicer program (Fedorov, Beichel et al. 2012). Inhomogeneity correction N4-ITK
bias field correction (Tustison, Avants et al. 2010) is then applied and Atlas Based
Classification (ABC) is then used to automatically classify regions in each subject’s
images into brain tissue (WM, GM, CSF) or non-brain tissue (e.g. skull, vessels, muscle)
and to remove non-brain tissue (skull-stripping), by warping the atlas tissue priors into
the subject using affine and fluid deformable registration of the atlas to each subject using
the ANTS (Advanced Normalization Tools) registration tool (Tustison and Avants 2013).
These warp fields were then applied to generate cortical and subcortical parcellations that

were manually adjusted to ensure accurate delineation of the neuroanatomy following
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neuroanatomical conventions (Amaral and Bassett 1989, Paxinos, Huang et al. 2000,
Sallem and Logothetis 2006). Volumes were calculated for total ICV, as well as right and
left hemisphere volumes for regions of interest (ROIs): PFC [total GM and WM, in
addition to subdivision volumes: ACC (BA24), mPFC (BAs 10 and 32), ventromedial
PFC (vmPFC; BA 25), dIPFC (BAs 8, 9 and 46) and ventrolateral PFC (VIPFC; BA 45)],
INS (total GM and WM), cingulate (total GM and WM), AMYG and HC (Figure 3.1).
The AMYG was defined following macaque anatomical landmarks (Price, Russchen et
al. 1987, Amaral and Bassett 1989) with the rostral periamygdaloid cortex as the anterior
boundary, the CSF as the ventral border, WM as the ventrolateral boundary and the rhinal
fissure as the ventromedial boundary (Howell, Grand et al. 2014). The HC was defined
using the horn of the lateral ventricle as the dorsal and lateral boundary with the WM
separating the HC from the entorhinal cortex as the ventral border (Rosene and Van
Hoesen 1987). The PFC was defined using CSF at the surface of the brain as the lateral
and anterior boundaries, the interhemispheric fissure as the medial boundary and the
arcuate sulcus as the posterior boundary (Knickmeyer, Styner et al. 2010). The inferior
boundary, moving rostral to caudal, was defined by the CSF, the sylvian fissure and the
arcuate sulcus. The different PFC subdivisions (ACC, dIPFC, vmPFC, vIPFC and mPFC)
were anatomically defined based on: (Ghashghaei, Hilgetag et al. 2007, Petrides and
Pandya 2007, Yeterian, Pandya et al. 2012). The INS was defined using the CSF within
the sylvian fissure as the lateral boundary, the lateral edge of the extreme capsule as the
medial boundary and the center of the insular sulcus as the superior, inferior, anterior and

posterior boundaries (Knickmeyer, Styner et al. 2010).
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3.3.7 Statistical Analyses

To determine how caloric intake of specific diets, ELO rank, stress and proinflammatory
markers affect volume of AMYG, PFC, HC and INS, stepwise multiple regression
analyses were conducted separately for subjects in both the CH and LCD conditions. For
these regressions, the following were entered as dependent variables: SMRI ROIs; PFC
[total GM and WM, in addition to subdivision volumes: BA 24 (ACC), BA 25 (vmPFC),
BAs 8, 9 and 46 (dIPFC), BAs 10 and 32 (mPFC) and BA 45 (vIPFC)], INS (total GM
and WM), cingulate (total GM and WM), AMYG and HC. Predictor variables entered
into the stepwise regression were the following: (1) For LCD-only subjects: ELO rank
and average weekly LCD consumed (kcal) across the entire study; (2) For CH subjects,
ELO rank, average weekly HCD consumed (kcal) and average weekly total kcal
consumed (LCD+HCD), across the entire study; (3) Additional predictors for all subjects
included cortisol (baseline cortisol, change in response to dexamethasone suppression
and change from prior to and immediately after the HI test) and proinflammatory markers

(circulating CRP, TNFa and IL6).

Following this analysis, another stepwise multiple regression analysis was conducted
separately for subjects in both the CH and LCD conditions to investigate what functional
outcomes in behavior emerge as a result of the observed diet and rank induced alterations
in resting state functional brain connectivity. For this analysis, we used each of the
following predictor variables: ELO rank and sMRI ROIs; PFC [total GM and WM, in
addition to subdivision volumes: BA 24 (ACC), BA 25 (vmPFC), BAs 8, 9 and 46

(dIPFC), BAs 10 and 32 (mPFC) and BA 45 (vIPFC)], INS (total GM and WM),
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cingulate (total GM and WM), AMYG and HC. The four components of behavior
determined from the PCA (affiliation, anxious-aggression, submissive-fearful and

anxious-avoidant) were entered as dependent variables.

3.4 Results

3.4.1 Predictors of alterations in ROI volumes
For a summary of the results, see Table 3.3A. For descriptive statistics of weight, BMI

and predictor variables, see Table 3.2.

Predictors of PFC volume

CH subjects: Lower IL6 and lower total kcal consumed predicted larger left BA 32
[ACC; F(2, 7)=98.952, p<0.001, Adj. R>=0.966] volume. Larger right BA 9 (dIPFC)
volume was predicted by lower IL6, lower HCD consumed and higher TNFa [F(3,
7)=78.787, p=0.001, Adj. R’=0.971]. Dominance rank also predicted differences in select
PFC ROIs for females in the CH diet condition. Higher ELO score (more dominant
females) predicted larger left BA 46 [dIPFC; F(1, 7)=9.761, p=0.020, Adj. R>=0.556]
volume. In addition, higher ELO scores also predicted greater PFC WM volume in both
the left [F(1, 7)=13.519, p=0.010, Adj. R*=0.641] and right [F(1, 7)=12.237, p=0.013,
Adj. R*=0.616] hemispheres.

LCD-only subjects: For females in the no choice, LCD-only diet condition, calorie intake

did not predict differences in volume of any of the ROIs studied. In contrast, dominance
rank had numerous effects on specific volumetric measures of PFC subdivisions and

tissue classes (Table 3.3A). Lower ELO score (more subordinate rank) predicted larger
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left [F(1, 7)=8.652, p=0.026, Adj. R>=0.522] and right [F(1, 7)=9.254, p=0.023, Adj.
R’=0.541] BA 25 (vinPFC) volumes. More subordinate ELO rank also predicted larger
left [F(1, 7)=7.480, p=0.034, Adj. R>=0.481] and right [F(1, 7)=6.653, p=0.042, Adj.

R’=0.447] PFC WM volumes.

Predictors of AMYG volume

CH subjects: Social status was not predictive of AMYG volume in the CH subjects, but
feeding behavior and proinflammatory cytokines emerged as significant. Greater total
caloric intake and greater CRP, but lower IL6, predicted larger right AMYG volume in
the CH diet subjects. [F(3, 7)=36.909, p=0.002, Adj. R*=0.939].

LCD-only subjects: Whereas calorie intake predicted AMYG volume in the CH subjects,

ELO status predicted AMYG volume in the LCD-only animals. Lower ELO score (more
subordinate status) predicted larger left [F(1, 7)=8.195, p=0.029, Adj. R*=0.507] and

right [F(1, 7)=11.351, p=0.015, Adj. R?>=0.597] AMYG volumes.

Predictors of INS volume
CH subjects: There were no significant predictors of INS volume for subjects in the CH
diet condition.

LCD-only subjects: In contrast to subjects in the CH diet condition, where no significant

predictors of INS volume emerged, ELO score predicted INS GM volume in the LCD-
only subjects. Lower ELO score (more subordinate females) predicted larger left [F(1,

7)=10.170, p=0.019, Adj. R’=0.567] INS GM volume. Additionally, lower ELO rank also
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entered into a model in combination with greater IL6, which together, predicted larger

right INS GM [F(2, 7)=27.511, p=0.002, Adj. R?=0.883] volume.

Predictors of HC volume

CH subjects: Social status was not predictive of HC volume in the CH subjects, but
feeding behavior and proinflammatory cytokines were. Greater total caloric intake, CRP
and TNFa, but lower IL6 predicted larger left HC volume [F(4, 7)=60.396, p=0.003, Ad;.
R?=0.971] for the subjects in the CH diet condition.

LCD-only subjects: Lower ELO score (more subordinate status) predicted larger HC

volume in both the left [F(1, 7)=8.465, p=0.027, Adj. R>=0.516] and right [F(1, 7)=8.032,

=0.030, Adj. R>=0.501] hemispheres in the LCD-only subjects.

3.4.2 Functional behavioral outcomes

For a summary of the results, see Table 3.3B.

Affiliation Component

CH subjects. Although none of the ROIs that were significantly predicted by feeding
behavior, inflammation or ELO score in the CH subjects were significant in this analysis,
two models emerged with different ROIs. These included larger left BA 8 (dIPFC) and
smaller left PFC GM volumes, which predicted greater component scores for affiliation

in the CH diet condition [F(2, 7)=21.90, p=0.003, Adj. R>=0.857].
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LCD-only subjects: Although two ROIs were predictive of differences in the affiliation

component in the CH subjects, no significant predictors emerged in the LCD-only

subjects.

Anxious-Aggression Component
CH subjects: Unlike the LCD-only subjects, the anxious-aggression PCA component did
not have any significant predictors for the CH diet condition.

LCD-only subjects: In contrast to the CH subjects, where no significant predictors of the

anxious-aggression component emerged, smaller left AMYG volume predicted greater
component scores for anxious-aggression [F(1, 7)=6.684, p=0.041, Adj. R’=0.448] in the

LCD-only subjects.

Submissive-Fearful Component
CH subjects: Unlike the LCD-only subjects, no significant predictors emerged of the
submissive-fearful component in the CH diet condition.

LCD-only subjects: Although there were no significant ROI predictors of the submissive-

fearful component in the CH subjects, one ROI was significant in the LCD-only subjects,
where larger left INS GM volume predicted greater component scores of submissive-

fearful [F(1, 7)=43.288, p=0.001, Adj. R>=0.858].

Anxious-Avoidant Component
CH subjects: No significant predictors arose for the anxious-avoidant component in the

CH subjects.
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LCD-only subjects: Similarly to the CH diet condition, there were no significant

predictors of the anxious-avoidant component in the LCD-only subjects.

3.5 Discussion

The results of the present study revealed a significant effect of diet (prudent LCD versus
a more complex dietary environment where a choice between LCD and HCD is
available) on neurobehavioral phenotypes of adult female primates. In general, all
calorie-intake variables significantly predicted models in the CH subjects, but calorie-
intake in the LCD-only subjects did not affect any of the regional brain volumes
measured (Table 3.4). In the CH subjects, ELO status positively predicted dIPFC and
PFC WM volumes, whereas in the LCD-only subjects, ELO status negatively predicted
vmPFC, PFC WM, AMYG, INS GM and HC volumes. Interestingly, exposure to the CH
diet reversed the direction of the dominance rank effects in bilateral PFC WM. In the CH
subjects, lower IL6, but greater TNFa and CRP significantly predicted larger volumes of
PFC (left ACC and right dIPFC) and right AMYG, whereas in the LCD-only subjects,
IL6 positively predicted one model. Cortisol did not significantly predict any variance in
the outcomes in either the CH or the LCD-only subjects. For the functional outcomes
analysis in the CH subjects, larger left dIPFC and smaller left PFC GM volumes
predicted increased affiliative behavior, although neither of these regions were
significantly predicted by diet, ELO rank, cortisol or inflammatory markers. For the
functional outcomes analysis in the LCD-only subjects, more subordinate rank predicted
larger left AMYG and left INS GM volumes, which resulted in decreased component

scores for anxious-aggression and increased component scores or submissive-fearful,
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respectively. Overall, the results of the present study revealed that social status
differentially affects regional brain volumes, depending on dietary condition.
Additionally, the impact of diet on regional brain volumes only becomes evident when a
CH dietary environment is available. Taken together, these data suggest that considerably
different phenotypes emerge in rhesus macaques with access to either a prudent LCD or a
more complex dietary environment where a choice between LCD and high sugar, high fat
diet is available. These results underscore the view that calories derived from diets high
in sugar and fat impact the brain differently than carioles derived from healthier low fat

diets.

Several significant models emerged in the CH subjects where number of calories
consumed predicted differences in regional brain volumes. In contrast, calorie intake did
not significantly predict any variance in regional volumetrics for females in the prudent
LCD-only diet condition, where only lab chow was available. In the CH subjects, greater
HCD consumption predicted smaller right dIPFC (BA 9) volume. Additionally, greater
number of total calories consumed (from both diets) predicted smaller left mPFC (BA
32). These results are consistent with previous literature describing diet-induced obesity
related decreases in PFC volumes (Pannacciulli, Del Parigi et al. 2006, Walther, Birdsill
et al. 2010, Brooks, Benedict et al. 2013, Marques-Iturria, Pueyo et al. 2013). A potential
mediator of these morphological changes may be inflammation. Indeed, higher IL6 also
predicted decreased volumes of both right dIPFC and left mPFC. Peripheral
inflammation, caused by an increase in adipose tissue as a result of consuming a HCD,

can affect the brain and alter astrocyte and glial function (Argente-Arizon, Freire-
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Regatillo et al. 2015). Glial cells can also be activated directly in response to dietary
nutrients, including saturated fatty acids (Milanski, Degasperi et al. 2009).
Neuroinflammation resulting from activated microglia can result in decreases in regional
brain volume in several ways, including preventing neurogenesis —specifically in the
hippocampus(Monje, Toda et al. 2003)-, causing neurodegeneration (Campbell, Stalder et
al. 1997), dendritic atrophy (Richwine, Parkin et al. 2008) and apoptosis (Watson, Cai et
al. 2000, Semmler, Okulla et al. 2005, Moraes, Coope et al. 2009). Although most studies
have investigated these effects in the HC, a few have focused on PFC specifically. HCD
has been shown to increase expression of inflammation related genes, including IL6 and
TNFa in cortical regions, such as the PFC, in mice and rats (Jayaraman, Lent-Schochet et
al. 2014, Carlin, Grissom et al. 2016, Kang, Koo et al. 2016). Decreased dIPFC volume
could also be explained by decreases in the number of astrocytes, as astrocytes make up a
significant portion of GM and even outnumber neurons (Sofroniew and Vinters 2010).
This idea is supported in studies of multiple sclerosis, where the severity of inflammation
is positively correlated with the magnitude of GM loss (Haider, Simeonidou et al. 2014)
and one previous study speculates that astrocyte loss underlies these decreases in GM
(Morris, Berk et al. 2015). Importantly, the dIPFC is involved in working memory for
evaluation, comparison and selection of incentive-based behavioral responses (Haber and
Knutson 2010, Genovesio, Wise et al. 2014). In task-evoked fMRI studies, the dIPFC
shows less activation in response to appetizing foods in obese than control subjects
(Nummenmaa, Hirvonen et al. 2012), which could be explained through inflammation-
mediated decreases in volume potentially resulting in impaired top-down inhibitory

control over feeding behavior. The mPFC is involved in immediacy, expected value and



117

anticipation of the benefit/risk ratio of rewards (Knutson, Taylor et al. 2005, Haber and
Knutson 2010). Thus, smaller mPFC may reflect impaired reward processing of dietary

information and cues (such as the availability of a HCD) and excessive feeding behavior.

The HC is important for memory and associative learning in control of appetitive
behavior, including food-seeking and energy regulation (Henderson, Smith et al. 2013).
Interestingly, greater total calorie consumption predicted larger left HC volume in the CH
subjects. This finding is not consistent with previous studies, where HCD exposure in
juvenile and adult mice caused decreased HC volume due to reduced neurogenesis
(Vinuesa, Pomilio et al. 2016). Another study in rats showed that a high-fat diet
decreased both the number of pyramidal cells and dendritic spine density in the HC
(Wang, Fan et al. 2016). In humans, HCD consumption also results in decreased volume
(Jacka, Cherbuin et al. 2015), which has been associated with cognitive impairment
(Kanoski and Davidson 2011, Martin and Davidson 2014) and emotional dysregulation,
such as depression (Videbech and Ravnkilde 2004). Future studies are necessary to
identify the discrepancy between the current findings (and their functional relevance) and

what is reported in the literature.

In the CH subjects, greater total kcal intake predicted larger right AMYG volume.
Although decreases in AMYG volume are generally found in obese humans (Janowitz,
Wittfeld et al. 2015, Figley, Asem et al. 2016, Masouleh, Arelin et al. 2016), some
studies report volume increases. For example, one study found that obese subjects had

larger AMYG volume in older adults (Widya, de Roos et al. 2011). Again, inflammation
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may be mediating this effect as CRP positively predicted AMYG volume in our statistical
models. Although most previous studies have focused on inflammation-induced
decreases in regional brain volume, these studies have focused mainly on the HC. There
is evidence to suggest that inflammation can affect brain regions differentially. For
example, inflammation was inversely related to HC, but not AMYG volume in one study
(Marsland, Gianaros et al. 2015) and astrocytes display heterogeneous morphology,
density and activation responses, depending on their location (Chaboub and Deneen
2012, Hawrylycz, Lein et al. 2012). Thus, the AMYG volume increase associated with
increased total kcal consumption may reflect a different cellular mechanism, perhaps
increases in the number of microglia and astrocytes, which has been observed in the HC
after exposure to a HCD in rats (Graham, Harder et al. 2016, Kang, Koo et al. 2016).
Further supporting this possibility is the finding that HCD exposure in juvenile mice
causes increased AMYG activity, evidenced by a greater number of c-Fos positive nuclei
(Vinuesa, Pomilio et al. 2016). Another potential mediator of increased AMYG volume
with greater total kcal intake may be glucocorticoids. As previously discussed, diet-
induced obesity is also characterized by hypercortisolemia resulting from synthesis of
cortisol by adipocytes (Pasquali, Ambrosi et al. 2002). Chronic stress, which is also
characterized by hypercortisolemia (Raadsheer, Hoogendijk et al. 1994, Makino, Smith et
al. 1995, Makino, Hashimoto et al. 2002, Myers, McKlveen et al. 2012), leads to hyper-
excitability of the AMYG in rodents (Rosenkranz, Venheim et al. 2010) and increased
dendritic arborization within the AMYG (Vyas, Mitra et al. 2002). Therefore, increased
glucocorticoids as a result of diet-induced obesity may be affecting the AMYG similarly

as in chronic stress, independently of stressor exposure. As the AMYG is involved in the
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regulation of food reward (Baxter and Murray 2002), through connections with both the
ventral striatum (nucleus accumbens, in particular) and PFC, increased volume may
represent an overactive AMYG in response to a CH dietary condition which, in
combination with reduced top-down inhibitory control due to reduced dIPFC volume in
these subjects, could result in a hyperactive reward circuit evidenced by impaired top-

down inhibitory control over feeding behavior.

These findings underscore the important effect of a dietary choice environment on brain
and behavior, as caloric intake was only significant within the CH, but not the LCD-only
subjects. Further highlighting the importance of dietary environment was the finding that
ELO score was a significant predictor for all of the models in LCD-only subjects, but
only for a few in the CH subjects. One model emerged in the CH (but not the LCD-only)
subjects with ELO as a predictor, where more subordinate status predicted smaller left
dIPFC (BA 46). This finding is consistent with previous studies reporting dIPFC volume
decreases in response to stress in adult (Ansell, Rando et al. 2012) and adolescent humans
(Edmiston, Wang et al. 2011). These volumetric changes may be explained by decreased
neuronal size, glial density or cell loss, which was has been seen in postmortem studies in
humans with depression (Rajkowska 2000, Cotter, Mackay et al. 2002), which is often

associated with chronic stress (McEwen 2012).

Interestingly, higher ELO score predicted larger PFC WM and dIPFC volumes in the CH
subjects, whereas in the LCD-only subjects, lower ELO predicted larger PFC WM,

vmPFC, AMYG, INS GM and HC volumes. One direct comparison emerged, where right
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and left PFC WM were significantly predicted by ELO in both the CH and LCD-only
subjects. In the LCD-only subjects, more subordinate status predicted larger PFC WM
volume. Intriguingly, this effect was reversed in the CH subjects, where more subordinate
status predicted smaller PFC WM volume, underscoring the impact of consuming
calories from a HCD on PFC WM. Although not directly tested in this study, these results
may be explained by alterations in DA neurochemistry. Previous studies in cynomolgus
macaques have shown that CSF homovanillac acid (HVA), a metabolite of DA, is higher
in subordinates (compared to dominants) consuming a LCD (Nader, Nader et al. 2012).
However, when animals are consuming a HCD, dominants have higher CSF HVA than
subordinates (Kaplan, Manuck et al. 2002). Higher CSF HV A in the subordinates
consuming an LCD and in the dominants consuming a HCD may indicate increased
extracellular DA in these subjects. There is some evidence that oligodendrocytes express
DA receptors in vitro (Bongarzone, Howard et al. 1998) and in vivo in humans (Sovago,
Makkai et al. 2005), but their function is poorly understood (Butt, Fern et al. 2014).
However, exogenous agonist activation of these receptors may have a protective effect, as
this has been shown to reduce oligodendrocyte damage by oxidative glutamate toxicity
and oxygen/glucose deprivation injury (Rosin, Colombo et al. 2005). Although
speculative, the increased WM observed in the subordinate LCD (compared to the
dominant LCD) and the dominant CH (compared to the subordinate CH) may be due to
protective effects on oligodendrocytes by higher levels of extracellular DA. This

hypothesis will have to be tested in future studies.
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Several additional models emerged in the LCD-only subjects with ELO as a predictor,
where more subordinate status consistently predicted larger bilateral vmPFC (BA 25),
AMYG, INS GM (which also loaded positively with IL6) and HC. Increased volume in
response to stress or glucocorticoids has been previously demonstrated with regards to
AMYG volume (Rosenkranz, Venheim et al. 2010, Coplan, Fathy et al. 2014), but the
findings that more subordinate status caused larger vmPFC, INS GM and HC are
inconsistent with previous studies that show decreased volume of these regions in
response to chronic stress (mPFC and vmPFC: (Joels, Karst et al. 2007, Hains, Vu et al.
2009, Shansky and Morrison 2009, Ansell, Rando et al. 2012, Radley, Anderson et al.
2013); INS GM: (Ansell, Rando et al. 2012); HC: (Watanabe, Gould et al. 1992,
Magarinos and McEwen 1995, Magarinos, Orchinik et al. 1998, McEwen 1999). As these
social groups have only been formed for about a year, perhaps the typical effects on brain
structure associated with social subordination stress in the LCD-only subjects need more
time to progress into the typical phenotype consistent with previous studies of chronic
stress. These findings further highlight the importance of dietary environment, as these

rank effects are obscured by diet in the CH subjects.

Despite a number of significant models where ELO, caloric intake and inflammatory
signals significantly predicted variance in regional volumes, only a few of the regional
brain volumes in this analysis predicted variance in behavior measures reflected in the
PCA scores. For brain regions predicting behavior, larger left dIPFC (BA 8) and smaller
left PFC GM in the CH subjects predicted increased component scores of affiliation. The

PFC has been previously implicated in social affiliative behavior. For example, one study
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in humans showed that increased activation of the dIPFC predicted subsequent prosocial
behavior (Majdandzic, Amashaufer et al. 2016). Moreover, prefrontal regions, including
vmPFC and OFC, are activated in humans during a prosocial mutual cooperation task
(Rilling, Gutman et al. 2002, Rilling, Sanfey et al. 2004) and also when making social
judgments (O'Doherty, Winston et al. 2003). In non-human primates, lesions of the OFC
result in impaired social behavior, including increased aggressive interactions and
decreased affiliative personality qualities (Machado and Bachevalier 2006). Although it
is difficult to draw direct conclusions from these previous studies (which investigated
BOLD response and lesions, not brain volume) regarding functional outcomes of the
volume of PFC regions, these data highlight the importance of the PFC in regulating

affiliative social behavior.

Interestingly, larger left AMYG volume (which was negatively predicted by ELO rank)
in the LCD-only subjects predicted decreased component scores of anxious-aggression.
Thus, more subordinate status predicts larger left AMYG volume, which leads to
decreased anxious-aggression behavior. This is consistent with the social subordination
model, as subordinates exhibit reduced rates of aggression compared to more dominant
animals. Larger left INS GM volume (which was negatively predicted by ELO) in the
LCD-only subjects predicted increased component scores of submissive-fearful.
Therefore, more subordinate status predicts larger left INS GM volume, which leads to
increased submissive-fearful behavior. Taken together, the decreased scores of anxious-
aggression mediated by AMYG in the subordinates in the LCD-only condition may be

because these subjects are engaging in more submissive-fearful behavior, which is
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associated with larger INS GM. Previous studies in humans have shown that increased
AMYG volumes are associated with increased negative emotionality (including anxiety)
(Baur, Hanggi et al. 2012, Mincic 2015) and increased INS volumes are reported as being
both positively (Uchida, Del-Ben et al. 2008) and negatively (Asami, Yamasue et al.
2009) associated with panic disorder. Although the directionality of the relationship
between AMYG and INS volume and resulting emotional behavior are inconsistent with
previous studies (potentially due to a species difference), these findings underscore their

importance in fear and anxiety.

Several limitations need to be addressed in the present study. Due to timing constraints,
we were unable to include additional brain regions known to regulate both feeding and
emotional behavior. For example, previous studies have shown positive relationships
between BMI and GM volume in both the NAcc (Horstmann, Busse et al. 2011,
Coveleskie, Gupta et al. 2015) and the hypothalamus (Horstmann, Busse et al. 2011).
Additionally, sex differences have previously been reported when comparing brain
volumes of obese men compared to women (Horstmann, Busse et al. 2011). As such,
differences in brain volume as a consequence of dietary environment or social rank may
emerge differently in male subjects, which we did not address in this study. Future
studies are necessary to investigate additional brain region volumes that may be sensitive
to dietary environment or social status and whether they are mediated by gender.
Additionally, causality cannot be determined with the current study design, as scans were
not obtained prior to study initiation. Future studies are necessary with baseline measures,

collected prior to diet intervention, in order to determine whether diet-induced changes in
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cortisol, immune markers, total and regional brain volume and behavior are directly
caused by consumption of a HCD. Also, since our sample size was small (n=8 per
group), we may have been underpowered to detect statistically significant effects.
Therefore, future studies are necessary to replicate these findings with a larger sample
size. Nevertheless, the differences in regional brain volumes and associated behavior
between the CH and LCD-only females suggest a significant impact of the dietary

environment on regional brain volumes.

In conclusion, the results of the present study revealed that social status differentially
affects regional brain volumes, depending on dietary condition. Additionally, the impact
of diet on regional brain volumes only becomes evident when a CH dietary environment
is available. Taken together, these data suggest that considerably different phenotypes
emerge in rthesus macaques with access to either a prudent LCD or a more complex
dietary environment where a choice between LCD and HCD is available. The
interactions, and underlying mechanisms, between how a complex dietary environment
and chronic social stress (resulting from subordinate social status) affect brain and
behavior highly warrant future elucidation and underscore the necessity for considering
dietary environment in any animal model of human health outcomes. These studies are
essential in order to successfully prevent and treat stress and diet-induced obesity related

illness in humans.



125

Table 3.1 Principal component analysis (PCA) factor loading of human intruder
and social behavior. Four components emerged and were labeled affiliation, anxious-

aggression, submissive-fear and anxious avoidant.

Factor Loading
Component1l Component2 Component3 Component4
Variable Affiliation Anxim{s- Sumissive- Anx.ious-
Aggression Fearful Avoidant
Groom Dur. 0.935
Groom Freq. 0.922
Proximity Dur. 0.870
Diet -0.568
Look Away Freq.-Stare 0.963
Freeze Dur.-Stare -0.945
Threat Freq.-Stare 0.693 0.630
Freeze Dur.-Alone 0.870
Submission Fregq. 0.849
Aggression Freq. 0.560 -0.583
Freeze Dur.-Profile -0.857
Look Away Freq.-Profile 0.688
Anxiety Freq.-Stare 0.550 0.624
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Table 3.2 Descriptive statistics. Descriptive statistics of body weight, BMI and predictor variables used in regression analyses in the

CH and LCD-only subjects.

CH Subjects LCD-only Subjects
Minimum  Maximum Mean SEM Minimum  Maximum Mean SEM
BMI 11.282 19.364 16.313 0.982 11.242 16.870 14.373 0.700
Weight 8.180 13.780 11.473 0.685 7.440 11.030 9.525 0.488
Avg. Weekly HCD Consumed (kcal) | 3626.000 9962.000 6715.810 762.010 n/a
Avg. Weekly LCD Consumed (kcal) | 4174.527 10118.635 6601.941 804.222 5313757 13680232 9730.659 896.618
Avg. Weekly Total Consumed (kcal) | 8400.954 20081.034 13317.746 1407.779
CRP 13920.249 117141.714 57610.088 13872.672 6366.685 130380.635 37714.541 14343.221
TNFa 4.444 62.089 24.179 6.952 0.610 59.068 16.206 6.902
IL6 0.496 1.293 0.981 0.094 0.364 2.757 1.064 0.292
Baseline Cortisol 15.100 29.258 19.898 1.763 13.934 24.313 17.662 1.265
A Cortisol Dex Suppression -28.533 -11.415 -17.165 1.969 -22.053 -13.012 -16.217 1.091
A Cortisol Pre-Post Hi -0.050 5.200 2.875 0.690 0.550 5.300 3.406 0.613
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Table 3.3 Summary of significant models from stepwise multiple stepwise regression
for both CH and LCD experimental groups. (A) Predictors of alterations brain ROI

volume; and (B) Functional behavioral outcomes of ROI brain volumes.

A. Overall Model Retained Predictor Predictor Variables
Dependent . . Variables Std. .
Variable Adj. R F Sig. B Error B t Sig.
IL6 -62.712 4.654 -0.949 -13.476  4.00E-05

BA 32 (mPFC) Left  0.966 98.952  9.50E-05 Avg. Weekly Total

Consumed (kcal)
IL6 -213.170 15.834  -0.950 -13.463 1.76E-04

Avg. Weekly HCD

-0.001 0.000311 -0.212 -3.013 0.03

BA 9 (dIPFC) Right 0.971 78.787 0.001 -0.011 0.002 -0.406 -5.988 0.004

PFC Consumed (kcal)
TNFa 0.868 0.222 0.286 3.903 0.017
BA 46 (dIPFC) Left ~ 0.556 9.761 0.020 ELO Rank 0.069 0.022 0.787 3.124 0.020
PFC WM Left 0.641 13.519 0.010 ELO Rank 0.154 0.042 0.832 3.677 0.010
Choice PFC WM Right 0.616 12.237  0.013 ELO Rank 0.134 0.038 0.819 3.498 0.013

Avg. Weekly Total
Consumed (kcal)
AMYG AMYG Right 0.939 36.909 0.002 IL6 -82.394 12317 -0.674 -6.689 0.003

0.006 0.001 0.752 7.947 0.001

CRP 2.72E-04 8.45E-05 0.328 3.224 0.032

Avg. Weekly Total

0.006 0.001 0.639 9.417 0.003
Consumed (kcal)

IL6 -103.155 9753  -0.783  -10.577  0.002
HC HC Left 0971  60.396  0.003
CRP 3.39E-04 6.20E-05 0379 5437  0.012
TNFa 0427 0131 0239 3255  0.047
BA25 (vmPFC) Left  0.522 8652  0.026 ELO Rank 0015 0005 -0.768 2941  0.026
BA 25 (vmPFC) Right 0.541  9.254  0.023 ELO Rank 0012 0004 -0.779 -3.042 0023
PFC
PFC WM Left 0481 7480  0.034 ELO Rank 0162 0059  -0.745 2735  0.034
PFCWMRight ~ 0447  6.653  0.042 ELO Rank 0162 0063 -0.725 2579  0.042
AMYG Left 0507 8195  0.029 ELO Rank 0049 0017 -0.760 -2.863  0.029
AMYG
LCD-Only AMYG Right 0597 11.351  0.015 ELO Rank -0.048 0014 -0.809 -3369  0.015
INS GM Left 0567 10170  0.019 ELO Rank 0051 0016 -0.793 -3.189  0.019
INS ELO Rank 0058 0009 -0.866 -6.705  0.001
INS GM Right 0883  27.511  0.002
L6 31659 9337 0438 3391  0.019
HC Left 0516 8465  0.027 ELO Rank -0.048 0017  -0.765 -2.909  0.027
HC

HC Right 0.501 8.032 0.030 ELO Rank -0.040 0.014 -0.757 -2.834 0.030
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Overall Model . . Predictor Variables
B. Retained Predictor
Dependent Variables Std.
. Adj.R® F Sig. ! B t Sig.
Variable J 9 Error B 9
BA 8 (dIPFC) Left 0.03 0.006 3.069 5.363 0.003
Affiliation 0.857 21.9 0.003
PFC GM Left -0.004 0.001 -2.416 -4.222 0.008
Choice Anxious-Aggression No Significant Predictors
Submissive-Fearful No Significant Predictors
Anxious-Avoidant No Significant Predictors
Affiliation No Significant Predictors
Anxious-Aggression  0.448 6.684 0.041 AMYG Left -0.012 0.004 -0.726 -2.585 0.041
LCD-Only
Submissive-Fearful 0.858 43.288 0.001 INS GM Left 0.014 0.002 0.937 6.579 0.001
Anxious-Avoidant No Significant Predictors




Table 3.4 Direct comparison of results from Table 3.3A. ROI predictors in both the

CH (red) and LCD-only (blue) subjects.

Dependent Variable

Significant Predictors

129

CHOICE LCD Only
J IL6
BA 32 (MPFC) Left J Avg. Weekly Total Consumed (kcal) n/a
J IL6
BA 9 (dIPFC) Right | Avg. Weekly HCD Consumed (kcal) n/a
PEC N TNFa
BA 25 (vmPFC) Left n/a J ELO Rank
BA 25 (vmPFC) Right n/a J ELO Rank
BA 46 (dIPFC) Left N ELO Rank n/a
PFC WM Left ‘N ELO Rank J ELO Rank
PFC WM Right ‘M ELO Rank J ELO Rank
AMYG Left n/a J ELO Rank
AMYG ‘ ™ Avg. Weekly Total Consumed (kcal)
AMYG Right J IL6 J ELO Rank
N CRP
INS GM Left n/a J ELO Rank
INS . J ELO Rank
INS GM Right n/a N
™ Avg. Weekly Total Consumed (kcal)
JIL6
HC HC Left A CRP J ELO Rank
™ TNFa
HC Right n/a J ELO Rank
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Figure 3.1 AMYG, HC and PFC ROIs used in the Autoseg pipeline (Styner,
Knickmeyer et al. 2007, Howell, Grand et al. 2014). From left to right: axial, coronal and
saggital views. (Top Row) Right (green) and left (fuschia) AMYG ROlIs; (Middle Row)
Right (red) and left (blue) HC ROIs; (Bottom Row) Right and left PFC ROIs: ACC (BAs

24) in yellow text, mPFC (BA 10, 32) in red text, vmPFC (BA 25) in light blue text,

vIPFC (BA 45) in white text, dIPFC (BAs 8, 9, 46) in dark blue text in red text.
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Figure 3.2 Example of automatic segmentation of GM, WM and CSF tissue classes

using the Autoseg pipeline. From left to right: axial, coronal and saggital views.

Green=GM, Red=WM and Blue=CSF.
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Chapter 4. Cortico-Limbic-Striatal Functional Connectivity and Behavior Are
Impacted by Dietary Environment and Exposure to Social Stressors in Female

Rhesus Macaques
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4.1 Abstract

Diet-induced obesity has become a significant worldwide health problem and results in
increased risk for numerous adverse health outcomes, including type 2 diabetes, cancer,
heart disease. Additionally, chronic social stressor exposure can increase the drive to
consume these palatable foods, further contributing to an obese phenotype. Data suggest
that obesity resulting from stress-induced overeating may compromise brain structure and
function, potentially leading to emotional dysregulation and behavioral impairment.
However, these impairments in brain structural and functional outcomes may emerge
before significant body fat accumulates, suggesting that consuming an obesogenic diet
itself may have adverse effects on the neurobehavioral outcomes. Social subordination in
female rhesus macaque monkeys is an established translational animal model to study a
number of stress-related phenotypes, including stress-induced over eating of a palatable
diet. Thus, we sought to investigate how the imposition of a social stressor, achieved by
forming new social social groups, interacts with dietary environment to affect brain
functional connectivity (FC) between prefrontal, striatal, and other limbic regions known
to affect emotional reactivity and motivated behavior. The impact of diet on
neurobehavioral outcomes was assessed in females who had been maintained on a low
fat, low sugar chow diet (low caloric diet only -LCD-only-) their entire lives and females
who had been consuming this chow diet in combination with a high fat, high sugar diet
(choice diet -CH-) for one year. Overall, we found that variance in region-specific FC for
each experimental group was predicted differentially by food intake, social status,
inflammatory factors and cortisol. In the CH subjects, number of calories consumed

positively predicted FC in the left hemisphere between amygdala (AMYG) and
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dorsolateral prefrontal cortex (dIPFC), in addition to AMYG and insular cortex (INS) FC.
This effect was reversed in the right hemisphere in the CH subjects, where total kcal
intake was negatively predictive of FC between AMYG and nucleus accumbens (NAcc)
with dIPFC. In the LCD subjects, food intake positively predicted right AMYG FC with
INS and negatively predicted right AMYG FC with orbitofrontal cortex (OFC). In the CH
subjects, social status negatively predicted right INS and OFC FC, whereas social status
positively predicted FC between left AMYG and OFC in the LCD subjects. Pro-
inflammatory factors entered into several models, which consistently predicted more
positive FC between ROIs. Cortisol significantly predicted FC in two models, where
lower baseline cortisol predicted more positive FC between right AMYG and dIPFC in
the CH subjects and greater stress-induced cortisol predicted stronger and more positive
FC between right AMYG and OFC in the LCD subjects. HCD consumption was
associated with decreased affiliative and submissive-fearful behavior in the CH subjects,
whereas more subordinate social status was associated with increased submissive-fearful
and decreased anxious-avoidant behavior in social group behavior and the Human
Intruder task. Taken together, the finding that greater caloric intake results in specific
altered FC in dIPFC-NAcc-AMY G-INS circuitry and resulting behavior, particularly
within the CH dietary condition, may suggest that the incentive salience of and
motivational drive to consume palatable foods is increased, while the ability to regulate
food intake is decreased in these subjects. The results of the present study revealed that
considerably different phenotypes emerge in rhesus macaques with access to either a
prudent LCD or a more complex dietary environment where a choice between LCD and

high sugar, high fat diet is available. These results underscore the view that calories
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derived from diets high in sugar and fat impact the brain and behavior differently than

calories derived from healthier low fat and sugar diets.
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4.2 Introduction

Obesity is a significant public health concern and economic burden (Tsai, Williamson et
al. 2011, Withrow and Alter 2011) and results in an increased risk for numerous adverse
health outcomes (Must, Spadano et al. 1999, Visscher and Seidell 2001, Hill 2006). Rates
of obesity have continued to rise over the last 20 years to greater than 30% of the United
States population and are expected to increase to 50% by 2030 (Flegal, Carroll et al.
2010). Given these concerning trends, there is concerted effort and resources dedicated to
understanding the etiology of and developing strategies to treat overweight and obesity
are essential. However, equally important is to determine pathophysiological impact of

consuming an obesogenic diet before frank obesity is evident.

The availability of highly palatable foods, rich in fat and sugar, can cause an individual’s
energy intake to exceed its energy expenditure, leading to excess weight gain, as
evidenced by the vast literature on diet-induced obesity (Keenan, Wallig et al. 2013).
Additionally, experiential factors, including chronic social stressor exposure, can increase
the drive to consume these palatable foods, further contributing to an obese phenotype
(Oliver, Wardle et al. 2000, Epel, Lapidus et al. 2001, Gibson 2006). Importantly, data
suggest that obesity resulting from stress-induced overeating may compromise brain
structure and function in humans, monkeys and rodents (Berthoud, Lenard et al. 2011,
Tryon, Carter et al. 2013, Ulrich-Lai, Fulton et al. 2015, Michopoulos, Diaz et al. 2016),
potentially leading to emotional dysregulation and behavioral impairment in humans
(Onyike, Crum et al. 2003, Galvez, Bauer et al. 2014). Indeed, mood disorders and

anxiety are frequently co-morbid with obesity (Ayensa and Calderon 2011, Capuron,
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Lasselin et al. 2016), especially in females (Zender and Olshansky 2009, Hillman, Dorn
et al. 2010), suggesting obesity-induced impaired neurobehavioral function. However,
these impairments in brain structure and functional outcomes may emerge before
significant body fat accumulates, suggesting that consuming an obesogenic diet itself
may have adverse effects on the neurobehavioral outcomes (Beilharz, Maniam et al.

2015, Morris, Beilharz et al. 2015).

Because obesity is also characterized by hypercortisolemia (Pasquali, Ambrosi et al.
2002) and sustained intake of an obesogenic diet increases glucocorticoid (GC) secretion
in response to a stressor (Pasquali, Ambrosi et al. 2002, Legendre and Harris 2006,
Michopoulos, Toufexis et al. 2012), elevated GCs may be key biological signals
mediating the adverse consequences of both stress and increased fat mass on
neurobehavioral outcomes. In addition, proinflammatory cytokines are likely important
mediators of both stress and diet on neurobehavioral outcomes. Chronic inflammation is
not only a hallmark of obesity (Gregor and Hotamisligil 2011, Miller and Spencer 2014),
but consumption of obesogenic diets increases both peripheral and central measures of
inflammation prior to the onset of obesity (Myles 2014, Vasconcelos, Cabral-Costa et al.
2016). Furthermore, persistent inflammation is positively associated with chronic stress
(Miller and Blackwell 2006, Cohen, Janicki-Deverts et al. 2012) and resulting adverse
behavioral outcomes such as depression (Dunn, Swiergiel et al. 2005, Hryhorczuk,

Sharma et al. 2013).



138

Several brain regions have been implicated in the consumption of obesogenic diets and
resulting diet-induced obesity (Warne 2009, Tomasi and Volkow 2013). The nucleus
accumbens (NAcc), amygdala (AMYG), insula (INS) and prefrontal cortex (PFC) are
often studied due to their involvement in both stress response and reward process
regulation (Ghashghaei, Hilgetag et al. 2007, Haber and Knutson 2010, Volkow, Wang et
al. 2012). The NAcc is involved in reward processing (Cohen, Asarnow et al. 2010), the
AMYG is involved in regulation of food reward (Baxter and Murray 2002) as well as fear
and anxiety (LeDoux 2000) and the INS integrates interoceptive, socio-emotional,
sensorimotor, olfacto-gustatory and cognitive information (Kurth, Zilles et al. 2010). In
recent years, investigators have begun to employ resting state-functional magnetic
resonance imaging (rs-fMRI) techniques to investigate obesity related alterations in brain
functional connectivity (FC), primarily in stress and reward networks. Rs-fMRI FC,
which measures temporal correlations in blood oxygen level dependent -BOLD-related
activity between regions, has been used in studies in obese humans to demonstrate altered
brain connectivity in PFC-AMY G-INS-NAcc circuitry. For example, women with high
body mass index (BMI) have stronger connectivity between NAcc and anterior cingulate
cortex (ACC) and ventromedial PFC (vmPFC) (Coveleskie, Gupta et al. 2015). Another
rs-fMRI study showed that obese women have higher activity within the INS compared
to lean women (Hogenkamp, Zhou et al. 2016). Excess weight has also been associated
with increased connectivity between the ventral striatum (which consists of the NAcc)
and medial PFC (mPFC) (Contreras-Rodriguez, Martin-Perez et al. 2015). In another
study looking at FC during fasting, obese subjects exhibited positive connectivity

between AMYG and INS, whereas lean individuals showed negative connectivity
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between these regions (Lips, Wijngaarden et al. 2014). Thus, resting state FC in obese
humans seems to be stronger between brain regions involved in emotion and reward
processing compared to lean individuals. Although several theories exist to explain the
physiological source of these differences, one idea is that this dysfunctional connectivity
reflects impaired top-down inhibitory control of feeding behavior (Nummenmaa,
Hirvonen et al. 2012). Because negative FC is thought to reflect increased activity of one
ROI and decreased activity in another, whereas positive FC is thought to relect
simultaneous activity in both ROIs (Fox and Raichle 2007), the positive hyper-
connectivity seen between prefrontal, striatal and limbic regions in obese humans may
reflect an overactive reward circuit, where typical top-down inhibitory control over
feeding (potentially represented as negative connectivity) and reward is impaired
(Nummenmaa, Hirvonen et al. 2012). This theory, however, is most likely an
oversimplification. For example, negative FC can be mathematically induced by a
preprocessing step, called global signal regression (Fox, Zhang et al. 2009, Murphy, Birn
et al. 2009). Nevertheless, it is accepted that negative FC has a biological basis, as it has
been recognized without the application of global signal regression (Chang and Glover
2009, Fox, Zhang et al. 2009, Chai, Castanon et al. 2012). Therefore, the physiological
mechanisms underlying positive vs. negative FC are extremely complex and not fully
understood, and are still a topic of intense debate in the field (Cole, Smith et al. 2010,

Goelman, Gordon et al. 2014).

Exposure to chronic stress also affects brain structure and function (Joels, Karst et al.

2004, Cerqueira, Pego et al. 2005, Dias-Ferreira, Sousa et al. 2009, Soares, Sampaio et al.
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2013). However, relatively few studies have specifically investigated the effects of
chronic stress on resting state FC. One study in humans found that chronic work-related
stress was associated with weaker FC within clusters in the PFC and stronger FC within
INS clusters in stressed compared to control subjects (Golkar, Johansson et al. 2014).
This study also found that FC between AMYG and PFC was weaker, whereas FC
between AMYG and INS was stronger in stressed compared to control subjects (Golkar,
Johansson et al. 2014). During a task-based fMRI study, FC was decreased between PFC
and INS in stressed individuals compared to controls (Liston, McEwen et al. 2009). Thus,
these limited data suggest that exposure to chronic stressors differentially affects brain

FC in a region specific manner.

Our focus on brain circuitry impacted by stress and diet-induced obesity has an
established anatomical basis. The PFC has direct reciprocal anatomical connections with
striatum, where vmPFC and orbitofrontal cortex (OFC) have stronger projections to
ventral striatum, and dorsolateral PFC (dIPFC) has stronger projections to dorsal striatum
(Haber and Knutson 2010). The AMYG and INS also reciprocally project to the NAcc
(Haber and Knutson 2010). Although much of the PFC has connections with the AMYG,
the densest projections from PFC to AMYG originate in the ACC and mPFC, especially
in Brodmann areas (BA) 24 and 25. The densest projections back to the PFC from
AMYG terminate in caudal OFC (Ghashghaei, Hilgetag et al. 2007). The vmPFC is
involved in emotional and motivational salience assessment, and emotional regulation
(Ma, Liu et al. 2010). The OFC is involved in goal-directed behavior, reward coding,

impulse control and salience/value of food (Kuhnen and Knutson 2005, Rolls and
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McCabe 2007, Grabenhorst, Rolls et al. 2008). The dIPFC is involved in working
memory for evaluation, comparison and selection of incentive-based behavioral response
(Haber and Knutson 2010). Finally, mPFC is involved in immediacy and anticipation of
the benefit/risk ratio of rewards (Knutson, Taylor et al. 2005, Yacubian, Glascher et al.
2006, Haber and Knutson 2010) as well as integration of value across different stimuli

(Blair, Marsh et al. 2006).

In human studies it is difficult to disentangle individual contributions of stress, diet and
caloric content (e.g., saturated fats and sugars) on alterations in brain FC, due to factors
like inaccuracies with self-reporting and lack of experimental control. Thus, a
translational animal model is warranted that allows a level of experimental control not
present in human studies (i.e social and dietary environment). Social subordination in
female rhesus macaque monkeys is a translational animal model to study a number of
stress-related phenotypes (Michopoulos, Higgins et al. 2012, Shively and Willard 2012),
including stress-induced over eating of an obesogenic diet (Arce, Michopoulos et al.
2010, Michopoulos, Toufexis et al. 2012, Michopoulos, Diaz et al. 2016). Macaque
groups, regardless of size, are organized by a matrilineal dominance hierarchy that
functions to maintain group stability (Bernstein and Gordon 1974, Bernstein 1976),
where lower-ranking animals receive more aggression from higher-ranking group mates
and terminate these interactions by emitting submissive behavior, a defining feature of
subordination (Bernstein and Gordon 1974, Bernstein, Gordon et al. 1974, Bernstein
1976, Shively and Kaplan 1984). A consequence of this continual harassment is impaired

limbic hypothalamic pituitary adrenal (LHPA) axis regulation, typically evidenced by
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reduced glucocorticoid (GC) negative feedback and hypercortisolemia in adult females
(Shively, Laber-Laird et al. 1997, Shively 1998, Wilson, Pazol et al. 2005, Jarrell,
Hoffman et al. 2008, Wilson, Fisher et al. 2008, Paiardini, Hoffman et al. 2009), a
physiological phenotype similar to what has been described in some humans suffering
from stress-induced psychopathology, such as depression (Coryell, Fiedorowicz et al.
2008, Jokinen, Nordstrom et al. 2008). Using this model, we sought to investigate how
the imposition of a social stressor, achieved by forming new social social groups,
interacts with dietary environment to affect brain FC between prefrontal, striatal, and
other limbic regions known affect emotional reactivity and motivated behavior. Based on
the evidence from the obesity literature summarized above, we hypothesized that
excessive calorie intake, particularly of a high caloric diet (HCD), would result in
increased FC between NAcc, AMYG, INS and PFC, and that these alterations would

result in altered socio-emotional behavior.

4.3 Methods

4.3.1 Subjects

Subjects were 16 adult female rhesus macaques (Macaca mulatta) embedded as members
of one of in six social groups housed in indoor-outdoor pens consisting of 4-6 adult
females each at the Yerkes National Primate Research Center (YNPRC) in
Lawrenceville, Ga. 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”. The social groups were formed following procedures previous described
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(Jarrell, Hoffman et al. 2008, Snyder-Mackler, Kohn et al. 2016). Briefly, females were
removed from the natal breeding groups and sequentially introduced to their new groups
over the course of two weeks. This process minimizes aggression towards newly
introduced animals. Dominance ranks are established within this two-week group
formation phase. The 16 animals chosen for the present analysis were the highest (n = 8)
and lowest ranking females (n = 8) in each of the six groups based on ELO rankings

described below.

Data for determining social rank were obtained from weekly 30-minute observations
using an established ethogram (Jarrell, Hoffman et al. 2008) and assessed using the
outcome of dyadic interactions (Bernstein 1976) to capture the frequency of submission
emitted and of aggression received. Rank was calculated using the ELO rating method, in
which higher scores correspond to higher status (Albers and de Vries 2001, Neumann,
Duboscq et al. 2011, Snyder-Mackler, Kohn et al. 2016). Briefly, ELO rating updates an
animal’s score after each dominance interaction based on “winning” or “losing” the
interaction. For example, if a lower-ranking female is defeated by a higher-ranking
female, the scores for both females would only change slightly (the lower ranking
female’s score would decrease and the higher-ranking female’s score would increase). If
a higher-ranking female is defeated by a lower-ranking female, however, their scores
would change considerably. One advantage to this method is that it distinguishes

individuals that are similarly ranked based on rates of agonistic interactions.
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4.3.2 Dietary Intervention

The automated feeding stations at the YNPRC (Wilson, Fisher et al. 2008) allows the
continual quantification of calories consumed from specific diets in socially-housed, free
feeding rhesus monkeys. This feeding system is employed in order to assess how
exposure to chronic social stress influences food intake in a complex dietary
environment, in which animals can choose freely between a HCD and a low caloric diet
(LCD) (Wilson, Fisher et al. 2008). Studies using this model in established female
macaque social groups have shown that although all animals prefer the HCD, subordinate
animals consume significantly more calories and gain more weight compared to more
dominant group mates (Arce, Michopoulos et al. 2010, Michopoulos, Toufexis et al.
2012, Michopoulos, Diaz et al. 2016). This model has also been used to detect alterations
in brain dopamine (DA) neurochemistry. Specifically, decreased dopamine D2 receptor
binding potential (D2R-BP) in the OFC predicts increased caloric intake, as measured by

positron emission tomography (PET) (Michopoulos, Diaz et al. 2016).

For the present study, half of the 16 subjects (LCD-only subjects) had ad libitum access
to the standard monkey chow [LCD; 3.45 kcal/g, Purina #5038] and half had ad libitum
access to a choice dietary environment (Choice -CH- subjects), wherein both the LCD
and a calorically dense diet or HCD [4.47 kcal/g, D07091204S Research Diets, New
Brunswick NJ) were available. The caloric composition of the LCD was 12% fat, 18%
protein, 4.14% sugar carbohydrate and 65.9% fiber carbohydrate. The calories of the
HCD were distributed as 36% fat, 18% protein, 16.4% sugar carbohydrate and 29.6%

fiber-starch carbohydrate. The rationale for providing access to both the LCD and HCD is
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based on well-established data showing that dietary choice sustains intake of HCDs (la
Fleur, van Rozen et al. 2010) and more closely models the dietary environment available
to humans. Food access was controlled using previously validated automated feeders that
allow for quantification of caloric intake in socially housed, free feeding monkeys
(Wilson, Fisher et al. 2008, Arce, Michopoulos et al. 2010, Michopoulos, Diaz et al.
2016). Briefly, subjects have radio-frequency identification chips inserted within each of
their wrists, so when they place either of their hands in the feeder, the chip is scanned and
signals a computer to dispense a single pellet of food via a pellet dispenser. Each social
group had access to two different automated feeders and a computer recorded each
feeding event in a log. This method has been previously validated and ensures that high-
ranking females rarely (<1%) take the pellet from subordinate animals and pellets are

never discarded (Wilson, Fisher et al. 2008).

4.3.3 Behavior

Social Behavior. Behavioral observations were collected weekly for 30 minutes using an

established ethogram (Jarrell, Hoffman et al. 2008) that quantifies frequencies and
durations of agonistic (aggression (threat, chase, slap, bite); affiliative (proximity and
grooming) and anxiety-like behaviors (yawn, scratch or groom self, body shake).
Behavior was coded in real time, using a notebook computer with an in-house program
WinObs (Graves and Wallen 2006), which records the actor, behavior, recipient and the
time for each behavior. Inter-observer reliability was calculated as percent agreement on

frequencies and durations of behaviors and was greater than 92%. Behavioral
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observations were initiated once all of the females had been introduced into their new

groups.

Human Intruder (HI) Test. Each subject received the HI test, a standardized test of

emotionality (Kalin and Shelton 1989), 7.70 &+ 0.11 months following group formation
and 4.44 + 0.07 months prior to the rs-fMRI scans. The test was administered as
previously described (Embree, Michopoulos et al. 2013, Wilson, Bounar et al. 2013).
Briefly, this paradigm consists of three consecutive ten-minute sessions, including an
alone condition, an intruder profile condition (an unfamiliar experimenter enters the room
and sits with his/her profile towards the subject) and an intruder stare condition (the
experimenter makes direct and continuous eye contact for the entire 10 minute session).
The HI task is designed to measure defensive and emotional behavior responses specific
to each condition, which pose different degrees of threat to rhesus monkeys. The alone
condition elicits exploratory and distress responses, such as vocalizations and
locomotion, whereas the intruder profile condition elicits behavioral inhibition, such as
freezing and visually scanning of the environment. Finally, the intruder stare condition
elicits aggressive and/or submissive behaviors directed towards the intruder, as direct eye
contact is threatening for rhesus macaques. Videos of each test were scored by trained
observers using a modification of published ethograms (Machado and Bachevalier 2006,
Howell, Godfrey et al. 2014, Howell, Grand et al. 2014) to capture and quantify
locomotion, aggressive, submissive, anxiety-like and fearful behaviors. Inter-observer

reliability was greater than 92%.
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Behavioral data reduction analysis. To reduce the number of behavioral variables, we

performed a principal components analysis (PCA) using a rotation method of Varimax
with Kaiser Normalization on social and HI behavior outcomes and diet condition (no
choice = 1; choice = 2) in all 16 subjects. Variables were entered into the PCA and were
chosen based on their relevance to rhesus macaque social behavior and emotional
reactivity (Social behavior: proximity duration, groom frequency and duration,
aggression and submission frequency; HI behavior: freeze duration in the alone, profile
and stare conditions, look away frequency in the profile and stare conditions, threat and
anxiety frequency in the stare condition). Dietary condition (1 for LCD only; 2 for CH)
was included as preliminary analyses revealed that the dietary choice condition was
associated with significantly reduced rates of initiating proximity (r3,=-0.36, p=0.03) and
grooming (r3,=-0.37, p=0.03) towards group mates. This PCA method was chosen in
order to consolidate behaviors into similar patterns of responses that represent the most
prominent behavioral phenotypes. PCAs have previously been used to identify clusters of
behaviors during the HI task in macaques (Williamson, Coleman et al. 2003, Wilson,
Bounar et al. 2013). Behaviors that had a loading score of 0.45 or less were excluded.
Four components emerged from the PCA analysis (Table 4.1). The first component was
labeled “affiliation” as both social groom frequency and duration loaded positively, in
addition to proximity duration (time spent sitting near another monkey). Grooming is a
prosocial behavior in rhesus macaques and functions to maintain social alliances
(Lindburg 1973). Dietary condition loaded negatively into this factor, suggesting that CH
subjects were less sociable, which is consistent with our preliminary correlational

analysis. The second component was labeled “anxious-aggression”, where rates of
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aggression directed at groups mates as well as three behaviors from the stare condition of
the HI, looking away from the intruder, threatening the intruder, and anxiety-like
behavior, loaded positively. Threat is a non-contact aggressive behavior in rhesus
macaques (Altmann 1962). Since a monkey cannot move away from the intruder during
the HI task, looking away during the stare condition may reflect increased anxiety and
avoidance of the intruder (Pelphrey, Viola et al. 2004, Patterson 2008). In addition,
freezing in the stare condition, a behavior indicative of fear (Kalin and Shelton 1998),
loaded negatively on component 2. Behaviors that loaded positively on the third
component were threat in the stare condition, freeze in the alone condition and
submissive behavior directed towards group mates. In contrast, aggression directed at
group mates loaded negatively. Because higher rates of rates of submissive and lower
rates of aggressive behaviors are characteristic of subordinate monkeys, this component
was labeled “submissive-fearful”. Although threat in the stare condition is being
interpreted as aggressive in the anxious-aggression component described above, in the
context of the other behaviors in this component it may also be indicative of non-contact,
defensive aggression, as previously reported (Meunier, Bachevalier et al. 1999). The
fourth component was labeled “anxious-avoidant” because looking away from the
intruder in the profile condition and anxiety in the stare condition loaded positively, while
freezing in the profile condition loaded negatively. Together, these four components

account for 82.7% of the variance for the included variables.
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4.3.4 Stress Physiology and Immune Markers

For all animal accesses and blood draws, animals were habituated to being removed from
their group for conscious venipuncture, using previously described procedures (Walker,
Gordon et al. 1982). Blood samples were obtained within 10 minutes of entering the

animal area to minimize arousal (Blank, Gordon et al. 1983).

Cortisol response to acute stressor. Plasma samples were collected immediately before

and after the 30 minute HI task to determine acute stress-induced cortisol increases.
Additional plasma samples were collected 60 and 240 minutes after the completion of the

HI task to assess recovery to baseline cortisol levels.

Basal Cortisol and Dexamethasone Suppression Test. Glucocorticoid negative feedback

was tested at 14.40 + 0.08 months following group formation and 2.34 + 0.08 months
following the rs-fMRI scans, according to previously published procedures (Jarrell,
Hoffman et al. 2008). A baseline, morning plasma sample was collected 1 hour after
sunrise and an additional sample was collected again 4 hours later. Another plasma
sample was collected 1 hour before sunset, immediately followed by dexamethasone
administration (0.25mg/kg [.M.). The following morning (1 hour after sunrise) another
blood sample was obtained to measure the degree to which dexamethasone suppressed
morning cortisol. All plasma levels of cortisol were measured by LC-ESI-tandem mass
spectrometry using a Discovery 5 cm % 2.1 mm C18 column (Supelco, PA) eluted at flow
rate of 0.5 ml/min at the YNPRC Biomarkers Core. The intra- and inter-assay coefficient

of variation (CV%) was 1.21% and 5.78%, respectively.



150

4.3.5 Cytokine/Immune Markers

Proinflammatory cytokine concentrations [C-reactive protein (CRP), tumor necrosis
factor alpha (TNFa) and interleukin 6 (IL6)] in plasma were measured in duplicate using
the following immunoassays: the V-Plex HumanCRP Kit; V-Plex custom NHP
Proinflammatory Panel (IL-6); and rhesus specific TNFa kit (Meso Scale Discovery,
Rockville, MD, USA). For measurement of CRP, samples were diluted 1:200. For all
other assays, samples were measured undiluted. Samples were collected within two

weeks of the MRI scan for each female.

4.3.6 Rs-fMRI

Rsf~-MRI acquisition. Neuroimaging scans were collected 52.74 + 0.39 weeks after group

formation, using a 3T Siemens Magnetom Trio Tim scanner (Siemens Med. Sol.,
Malvern, PA, USA), and an 8-channel phase array coil. Subjects were transported from
their social groups at the YNPRC Field Station in Lawrenceville, GA to the YNPRC
Imaging Center in Atlanta, GA, either the morning of the scan or the day prior to the
scan. Two 15 minute rs-fMRI (T2*-weighted) scans were acquired during a single
session, which included T1- and T2-weighted structural MRI scans for registration
purposes, in order to measure temporal changes in blood-oxygen-level dependent
(BOLD) signal. Subjects were scanned under isoflurane anesthesia (1% to effect,
inhalation) following induction with telazol (15-35mg, I.M.) and intubation to ensure lack

of motion artifacts. This dose (and higher doses) of isoflurane has previously been used
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to report coherent patterns of BOLD fluctuations in rhesus macaques, including sensory,
motor, visual and cognitive-task related systems (Vincent, Patel et al. 2007, Hutchison,
Womelsdorf et al. 2013, Li, Patel et al. 2013, Tang and Ramani 2016). Importantly, these
patterns are similar to those observed in awake, behaving monkeys (Vincent, Patel et al.
2007). For physiological monitoring, animals were fitted with an oximeter,
electrocardiograph, rectal thermometer and blood pressure monitor. Additionally, an [.V.
catheter was placed to administer dextrose/NaCl (0.45%) in order to maintain hydration.
All subjects were scanned in the same supine placement and orientation on an MRI-
compatible heating pad, using a custom-made head holder with ear bars and a mouth
piece. A vitamin E capsule was taped to the right temple to mark the right side of the
brain. Subjects were returned to their social groups upon completion of the scan and full
recovery from anesthesia. BOLD-weighted functional images were collected using a
T2*-weighted gradient-echo echoplanar imaging (EPI) sequence (400 volumes, TR/TE =
2290/25msec, 2x15min, voxel size: 1.5mm?’ isotropic) to analyze FC between brain
regions. The rs-fMRI scans were collected following the T1-MRI scan (which lasted
about 30 min) to standardize time from initial anesthesia to 45 minutes for all subjects.
An additional short reverse-phase encoding scan was also acquired for unwarping
distortions in the EPI scans, using previously published methods (Andersson, Skare et al.
2003). The first 3 volumes were removed from each scan to allow for scanner

equilibrium, resulting in a total of 794 concatenated volumes.

Structural MRI acquisition. High-resolution T1-weighted structural MRI scans were

acquired using a 3D magnetization prepared rapid gradient echo (3D-MPRAGE) parallel
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image sequence (TR/TE =2600/3.38msec, FoV: 128mm, voxel size: 0.5mm’ isotropic, 1
average, GRAPPA, R=2). T2-weighted MRI scans were also collected in the same
direction as the T1 (TR/TE = 3200/373msec, FoV: 128mm, voxel size: 0.5mm’ isotropic,

1 average, GRAPPA, R=2) to aid with registration and delineation of anatomical borders.

Rs-fMRI data preprocessing. Rs-fMRI is a useful tool to investigate FC between brain

regions, based on evidence that blood oxygen level dependent (BOLD)-related activity in
neural circuits during resting state recapitulates task-evoked activations in humans
(Cordes, Haughton et al. 2000), even in anesthetized macaques (Vincent, Patel et al.
2007, Margulies, Vincent et al. 2009). All raw data were preprocessed using the FMRIB
Software Library [FSL, Oxford, UK; (Smith, Jenkinson et al. 2004, Woolrich, Jbabdi et
al. 2009)], in addition 4dfp tools (ftp://ftp.imaging.wustl.edu/pub/raichlab/4dfp_tools/)
and an in-house built Nipype pipeline [based on (Gorgolewski, Burns et al. 2011)] with
modifications of previously published methods (Fair, Dosenbach et al. 2007, Fair, Cohen
et al. 2009, Fair, Nigg et al. 2012, Iyer, Shafran et al. 2013). Some methods were adapted
specifically for the rhesus monkey brain (Miranda-Dominguez, Mills et al. 2014). After
file conversion, in order to reduce noise and artifact, functional imaging series were 1.)
unwarped using a reverse phase-encoding distortion correction method (Andersson, Skare
et al. 2003), 2.) slice-time corrected (for the even vs. odd slice intensity differences due to
interleaved acquisition), 3.) motion-corrected (rigid body motion correction within-run,
linear registration from EPI to T1, and nonlinear registration from T1 to template applied
all in one resampling step), 4.) Normalized (signal normalization to a whole brain mode

value gradient of 1000). Next, the EPI functional time series were concatenated and rigid-
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body co-registered to the subject’s averaged T1-weighted structural image. This was then
transformed to the 112RM-SL (RM: Rhesus Macaque; SL: Saleem-Logothetis coordinate
space) atlas (McLaren, Kosmatka et al. 2009, McLaren, Kosmatka et al. 2010), using
rigid-body registration followed by linear (FLIRT) and non-linear registration (FNIRT)
methods in FSL. This 112RM-SL atlas is an average of 112 male and female adult
monkeys (McLaren, Kosmatka et al. 2009, McLaren, Kosmatka et al. 2010), in F99
space, and the EPI images were transformed into F99 space in one interpolation step for
the region of interest (ROI) analysis described below. Additional pre-processing steps
included: 6.) functional signal detrending, 7.) removing nuisance regressor (i.e.
regression of rigid body head motion parameters in 6 directions, global whole-brain
signal, ventricular and white matter functional signal -averaged from a ventricle and a
white matter mask, respectively-, and first-order derivatives for the whole brain,
ventricular and white matter signals) and 8.) temporal low-pass filtering (f < 0.1Hz) via a
second order Butterworth filter (Fair, Dosenbach et al. 2007, Fair, Cohen et al. 2009,
Fair, Nigg et al. 2012, Miranda-Dominguez, Mills et al. 2014). Analyses were conducted
with the removal of frames having displacement (FD) value greater than 0.2 mm (Power,
Barnes et al. 2012, Power, Mitra et al. 2014). Additionally, all imaging data were visually
inspected upon preprocessing completion, to determine if any series had unsatisfactory

co-registration or significant blood-oxygen-level dependent (BOLD) signal dropout.

FC between NAcc, AMYG, INS and PFC sub-regions was analyzed. PFC ROIs were
defined based on previously published anatomical parcellations (Lewis and Van Essen

2000, Markov, Ercsey-Ravasz et al. 2014), mapped onto the cortical surface of the
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112RM-SL atlas (registered to F99 space). The AMYG ROIs were manually drawn by
experts using cytoarchitectonic maps in an existing UNC-Wisconsin adolescent atlas
[RRID: SCR 002570 (Styner, Knickmeyer et al. 2007)] and then warped to the 112RM-
SL atlas (in F99 space) using deformable registration via ANTS [for details see (Shi,
Budin et al. under review)]. Each ROI was manually edited in both the 112RM-SL atlas
and each of the subjects to exclude overlapping ROIs, non-brain tissue or signal dropout).
The resting state BOLD time series were then correlated ROI by ROI for each subject.
For this, the time course of the BOLD signal was averaged across the voxels within each
ROI, and then correlated with the time course of all other ROIs. Correlation coefficients
(r-values) between ROIs were extracted from these correlation matrices using Matlab

(MathWorks Inc., Natick, MA, RRID: SCR_001622).

4.3.7 Statistical Analyses

To determine how caloric intake of specific diets, ELO rank, stress and proinflammatory
markers affect functional brain connectivity between PFC, NAcc, INS and AMYG,
stepwise multiple regression analyses were conducted separately for subjects in both the
CH and LCD conditions. For these regressions, the following were entered as dependent
variables: resting state connectivity correlations (ipsilateral) between right and left
AMYG, NAcc and INS, in addition to connectivity from AMYG, Nacc and INS to dIPFC
(BA 9, 46), ACC (BA 24, 32), vmPFC (BA 14, 25) and OFC (BA11, 13). Predictor
variables entered into the stepwise regression were the following: (1) For LCD-only
subjects: ELO rank and average weekly LCD consumed (kcal) across the entire study; (2)

For CH subjects, ELO rank, average weekly HCD consumed (kcal) and average weekly
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total kcal consumed (LCD+HCD), across the entire study; (3) Additional predictors for
all subjects included cortisol (baseline cortisol, change in response to dexamethasone
suppression and change from prior to and immediately after the HI test) and

proinflammatory markers (circulating CRP, TNFa and IL6).

Following this analysis, another stepwise multiple regression analysis was conducted
separately for subjects in both the CH and LCD conditions to investigate what functional
outcomes in behavior emerge as a result of the observed diet and rank induced alterations
in resting state functional brain connectivity. For this analysis, we used each of the
following predictor variables: ELO rank and resting state FC correlations (ipsilateral)
between right and left AMYG, NAcc and INS, as well as connectivity from AMYG,
Nacc and INS to BA 9, 46 (dIPFC), 24, 32 (ACC), 14, 25 (vmPFC) and 11, 13 (OFC).
The four components of behavior determined from the PCA (affiliation, anxious-
aggression, submissive-fearful and anxious-avoidant) were entered as dependent

variables.

4.4 Results

4.4.1 Predictors of alterations in ROI-ROI FC
For descriptive statistics of weight, BMI and predictor variables, see Table 4.2. For a
summary of the results, see Table 4.3A, for descriptive statistics of FC data, see Table 4.4

and for a graphic of the results, see Figure 4.1.

AMYG-dIPFC models
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CH subjects: Greater HCD consumption and greater CRP predicted more positive FC
between left AMYG and BA 9 [F=(2, 7)=47.099, p=0.001, Adj. R*=0.929]. Lower total
kcal consumed, lower baseline cortisol and higher IL6 predicted more positive FC
between right AMYG and BA 9 [F=(3, 7)=128.160, p<0.001, Adj. R>=0.982)].

LCD subjects: There were no significant AMY G-dIPFC FC models in the LCD subjects.

AMYG-OFC models

CH subjects: There were no significant AMY G-OFC FC models in the CH subjects.
LCD subjects: Higher ELO rank and greater TNFa predicted stronger and more positive
FC between left AMYG and BA 13 [F=(2, 7)=29.880, p=0.002, Adj. R*=0.892)]. Greater
change in cortisol in response to the HI task and lower LCD consumed predicted stronger
and more positive FC between right AMYG and BA 13 [F=(2, 7)=32.928, p=0.001, Adj.

R?*=0.901)].

AMYG-INS models

CH subjects: Greater HCD intake predicted stronger positive connectivity between left
AMYG and INS [F=(1, 7)=9.926, p=0.02, Adj. R*=0.560)].

LCD subjects: Greater LCD consumed and greater CRP predicted stronger, more positive

FC between right AMYG and INS [F=(2, 7)=18.547, p=0.005, Adj. R>=0.834)].

INS-OFC models
CH subjects: Higher ELO rank (more dominant) predicted weaker and more negative

connectivity between right INS and BA 11 [F=(1, 7)=10.061, p=0.019, Ad;. R?=0.564)].
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LCD subjects: There were no significant INS-OFC FC models in the LCD subjects.

NAcc-dIPFC models
CH subjects: Greater total kcal intake predicted more negative FC between right NAcc
and BA 46 [F=(1, 7)=11.101, p=0.016, Adj. R*=0.591)].

LCD subjects: There were no significant NAcc-dIPFC FC models in the LCD subjects.

4.4.2 Functional behavioral outcomes
The complete results from the stepwise multiple regression are summarized in Table
4.3B. The results reported here are the specific behavioral outcomes predicted by diet and

rank induced alterations in resting state functional brain connectivity.

Affiliation Component

CH subjects: Connectivity between left AMYG and BA 9(dIPFC) negatively predicted
the variance in the component score for affiliation [F(4, 3)=1614.93, p<0.001, Adj.
R?=0.999].

LCD subjects: No significant resting state FC correlations between brain regions

predicted the PCA component affiliation.

Anxious-Aggression Component
No pairs of ROI FC, that were previously predicted by diet and rank induced alterations
in resting state functional brain connectivity, entered into these models in either the CH

or the LCD-only subjects.
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Submissive-Fearful Component

CH subjects: The PCA component submissive-fearful was negatively predicted by
connectivity between left AMYG and BA 9(dIPFC) [F(4, 3)=1159.27, p<0.001, Ad;.
R?=0.998].

LCD subjects: Left AMYG FC with BA13(OFC) positively predicted the variance in this

model [F(2, 5)=27.20, p=0.002, Adj. R?=0.882].

Anxious-Avoidant Component

CH subjects: No resting state FC correlations between brain regions predicted the PCA
component anxious-avoidant.

LCD subjects: Left AMYG FC with BA 13(OFC) negatively predicted the variance in

this model [F(5, 2)=1754.93, p=0.001, Adj. R>=0.999].

4.5 Discussion

The results of the present study revealed strikingly different phenotypes in rhesus
macaques with access to a LCD or a more complex dietary environment where a choice
between LCD and HCD was available, underscoring the notion that calories derived from
diets high in sugar and fat impact the brain differently than calories derived from
healthier low sugar and fat diets. Overall, the significant ROI-ROI FC in the CH and
LCD-only subjects was predicted by food intake, inflammatory factors, social status and
cortisol. However, no significant FC pairs emerged in both the CH and the LCD-only

subjects, thus, different variables were responsible for predicting FC in each dietary
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environment. In the CH subjects, HCD consumption positively predicted FC in the left
hemisphere between AMYG and dIPFC, in addition to AMYG and INS FC. The
direction of these effects was reversed in the right hemisphere, where total kcal intake
was negatively predictive of FC between AMYG and NAcc with dIPFC. In the CH
subjects, ELO rank negatively predicted right INS and OFC FC, whereas ELO rank
positively predicted FC between left AMYG and OFC in the LCD subjects. In the LCD
subjects, food intake positively predicted right AMYG FC with INS and negatively
predicted right AMYG FC with OFC. Pro-inflammatory signals entered into several
models, where greater CRP, IL6 and TNFa consistently predicted more positive FC
between ROIs. Cortisol significantly predicted FC in two models, where lower baseline
cortisol predicted more positive FC between right AMYG and dIPFC in the CH subjects
and greater stress-induced cortisol predicted stronger and more postitive FC between
right AMYG and OFC in the LCD subjects. HCD consumption was associated with
decreased affiliative and submissive-fearful behavior in the CH subjects, whereas more
subordinate social status was associated with increased submissive-fearful and decreased
anxious-avoidant behavior in social group behavior and the Human Intruder task. Taken
together, the findings that greater caloric intake result in specific altered FC in dIPFC-
NAcc-AMYG-INS circuits and resulting behavior, particularly within the CH subjects,
may suggest that the incentive salience of and motivational drive to consume palatable
foods is increased, while the ability to regulate food intake is decreased in these subejcts

(Figure 4.1).
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In the CH subjects, greater intake of the HCD predicted more positive connectivity
between left AMYG and dIPFC. Interestingly, this relationship was reversed in the right
hemisphere for females in the CH condition, where right AMYG and dIPFC FC was
negatively predicted by total caloric intake. Although these two regions have weak direct
anatomical connectivity (Ghashghaei, Hilgetag et al. 2007), they have both been
implicated in executive function, emotional regulation, social cognition, craving and
conditioned responses to food (Haber and Knutson 2010, Volkow, Wang et al. 2012,
Bickart, Dickerson et al. 2014). This result suggests an effect of laterality in FC between
AMYG and dIPFC in the right and left hemispheres. There is some evidence of laterality
in both AMYG and dIPFC function. Previously, in both task-evoked and rs-fMRI studies,
the left dIPFC has been implicated in approach behaviors for potentially rewarding
outcomes (Spielberg, Miller et al. 2011, Krmpotich, Tregellas et al. 2013). For example,
greater rs-fMRI BOLD signal in the executive control network (which comprises the
dIPFC) in the left hemisphere was associated with potentiated behavioral approach
tendencies, which was interpreted as contributing to drug seeking behavior in substance-
dependent subjects (Krmpotich, Tregellas et al. 2013). Additionally, AMYG FC with
middle frontal gyrus (which contains the dIPFC subdivision) shows a laterality effect in
healthy adult humans, where both right and left hemispheres exhibited a negative
correlation, but right hemisphere was more strongly negative than left hemisphere (Roy,
Shehzad et al. 2009). Although the literature is limited, one task-evoked fMRI study (in
response to pictures of appetizing food) suggests a functional relevance to these observed
difference in AMYG laterality. In this task-evoked fMRI study, greater right AMYG

activation was associated with lack of ability to regulate and adapt behavior (interpreted
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as subject prone to respond reflexively to external triggers of eating) and greater left
AMYG activation in subjects who reported greater ability to successfully regulate food
intake (Grimm, Jacob et al. 2012). The results of these studies are difficult to synthesize,
however, because some measure network connectivity during rs-fMRI and others
measure task-evoked BOLD activation in specific regions. Additionally, the described
literature in the executive control network, involving the dIPFC, does no include the
AMYG. Although speculative, the literature described here may provide a theoretical
framework in which to understand the laterality in the findings from the present study.
Perhaps the positive connectivity in the CH subjects (associated with greater HCD
consumption) in the left hemisphere reflects a greater drive to obtain environmental
rewards [palatable food, for example, supported by the findings from (Krmpotich,
Tregellas et al. 2013)] and the negative connectivity [associated with greater total food
intake, supported by the findings from (Grimm, Jacob et al. 2012)] seen in the right
hemisphere between the AMYG and dIPFC is reflective of impaired behavioral
regulation/cessation of food intake, as suggested by the human literature described above.
This hypothesis is consistent with theories underlying the development of addictions,
where a loss of control over drug intake is reported (Koob and Volkow 2016). As this
hypothesis was not directly tested in the current study, future research is necessary to
better understand functional relevance of laterality in AMYG and dIPFC FC.
Interestingly, left AMYG FC with BA 9 (dIPFC) was the only significant ROI pair in the
behavioral analysis for the CH subjects, which showed that these regions negatively
predicted the PCA components affiliation and submissive-fearful, providing a valuable

insight to the functional outcomes of the diet and inflammation associated effects. Thus,
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the more positive FC between these regions in the left hemisphere predicted by higher
HCD consumption leads to decreased affiliative and submissive-fearful behavior in the
CH subjects. Perhaps the decreased affilitive behavior in these subjects is because they
forgo social interacitons in favor of consuming the HCD. The finding of decreased
submissive-fearful behavior may be consistent with the proposed increased drive to
consume food in these subjects (described above), because decreased fear of potential
negative consequences of feeding behavior (such as being displaed from the feeder by a

more dominant animal) is potentiated, facilitating the increased consumption of food.

Ingestion of the HCD by CH females was predictive of stronger and more positive
connectivity between left AMYG and INS. The AMYG and INS are anatomically
reciprocally connected (Mesulam and Mufson 1982, Ghashghaei and Barbas 2002,
Reynolds and Zahm 2005, Hoistad and Barbas 2008) and have both been implicated in a
salience network which is thought to function to identify the most relevant internal and
external stimuli in order to select appropriate behavioral responses (Seeley, Menon et al.
2007). These findings are consistent with one previous study in obese humans that
showed positive connectivity between AMYG and INS during a fasting state, whereas
lean individuals exhibited negative connectivity between these regions (Lips,
Wijngaarden et al. 2014). One interpretation of the increased FC between the AMYG and
INS in subjects eating more of the HCD could be that in those subjects, the HCD is more
salient, palatable and rewarding, which has been argued in the case of obese humans
(Rolls 2011). Indeed, the INS has been implicated in gustatory processing and

interoception in humans (Craig 2009). Additionally, information about the emotional
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valence and rewarding properties of a stimulus may be conveyed to the INS through it’s
direct reciprocal connections with the AMYG and NAcc (Mesulam and Mufson 1982,
Ghashghaei and Barbas 2002, Reynolds and Zahm 2005, Hoistad and Barbas 2008).
Furthermore, activation of the INS in task-evoked fMRI studies in humans positively
correlates with the subjective pleasantness of taste (Grabenhorst and Rolls 2008,

Grabenhorst, Rolls et al. 2008).

Greater total total caloric intake predicted more negative FC between right NAcc and
dIPFC in the CH subjects. While some previous studies show increased FC between
NAcc and other PFC regions in both obesity and drug addiction (Ma, Liu et al. 2010,
Contreras-Rodriguez, Martin-Perez et al. 2015, Coveleskie, Gupta et al. 2015), other
studies in drug addiction show decreased FC (Sutherland, McHugh et al. 2012). To our
knowledge, no studies have specifically investigated dIPFC connectivity with AMYG
and NAcc in the context of obesogenic feeding, but the addiction literature has
interpreted this decreased FC as decreased functioning of reward circuitry, which
precipitates the transition from using drugs into the development of addiction (Koob and
Le Moal 2008, Sutherland, McHugh et al. 2012). FC between these regions in healthy
humans, without a history of neuropsychiatric disease, is positive (Di Martino, Scheres et
al. 2008). Therefore, the negative FC between right NAcc and dIPFC in the CH subjects
may reflect decreased rewarding properties of the HCD. Although speculative and not
directly measured in the present study, these findings may be mediated by decreased
D2R-BP in the NAcc. Calorically dense foods elicit DA release in the NAcc (Spanagel

and Weiss 1999, Hajnal, Smith et al. 2004), which is interconnected with cortico-limbic
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regions including the PFC and serves as a critical region integrating reward processes
(Lodge and Grace 2005, Wanat, Hopf et al. 2008). Sustained DA release in the NAcc, as
a result of sustained HCD consumption, results in D2R down regulation in rats (Johnson
and Kenny 2010). Indeed, obese people not only show decreased D2R availability in the
striatum but also exhibit reduced PFC activity compared to lean individuals (Volkow,
Wang et al. 2008). The PFC, which also receives DA innervation (Haber and Knutson
2010), plays a critical role in top-down inhibitory control of the NAcc (e.g., inhibiting
impulsive eating, drug intake), reducing impulsive behavior. As such, decreases in PFC
D2R have been linked with increased vulnerability to cocaine addiction in women
(Volkow, Tomasi et al. 2011). Thus, the finding that greater total total caloric intake
predicted more negative FC between right NAcc and dIPFC in the CH subjects may be, in

part, due to mechanisms involving changes in DA signaling.

In the CH subjects, more subordinate status predicted stronger and more positive
connectivity between right INS and OFC. The INS and OFC have direct anatomical
connections (Mesulam and Mufson 1982, Mufson and Mesulam 1982) and, as previously
discussed, also comprise part of the salience network, particularly the INS, which is
involved in the identification and processing of the saliency of social and environmental
simuli (Menon and Uddin 2010). Both regions have also been associated with social
decision making (Lee 2008). Thus, stronger connectivity between these regions in more
subordinate CH subjects may reflect hyperactive processing of salient social
environmental stimuli, although this was not directly tested in the present study. This

putative neural adaptation to social stress would be necessary for a subordinate monkey
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to successfully navigate social environments, which require recognizing one’s social
status in relation to others and selecting behaviors accordingly (for example, withdrawing

from a more dominant animal).

In the LCD-only subjects, two models were predicted by caloric intake, where higher
LCD consumption predicted increased FC between right AMYG and INS and decreased
FC between right AMYG and OFC. As previously discussed, the AMYG and INS have
been implicated in a salience network which is thought to function to identify the most
relevant internal and external stimuli in order to select appropriate behavioral responses
(Seeley, Menon et al. 2007). The result that FC between INS and AMYG was increased
with greater kcal intake, in both the LCD and the CH subjects, indicates that circuitry
between these regions becomes hyperactive with increased food inake, regardless of
caloric content, potentially through increasing the salience of food. Decreased FC
between right AMYG and OFC was also predicted by greater LCD intake. As yet, no
studies have examined resting state FC between AMYG and OFC in diet-induced obesity
specifically, however, the orbitofrontal cortex is important in regulating control over food
intake (Batterham, ffytche et al. 2007, Rolls 2008) and decreased connectivity between
AMYG and OFC may reflect lack of control over caloric consumption, even when only a

LCD is available.

More dominant rank also predicted increased FC between AMYG and OFC in the LCD
subjects, but in the left hemisphere. These regions have been implicated in a social

perception network in macaques and humans, responsible for identification and
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interpretation of relevant social stimuli, especially facial expressions (Azzi, Sirigu et al.
2012, Bickart, Dickerson et al. 2014). Importantly, FC between left AMYG and OFC was
the only ROI pair to enter into the behavioral analysis, where increased FC between these
regions predicted greater submissive-fearful behavior and less anxious-avoidant behavior.
While this functional outcome may seem contentious (more dominant status predicts
increased AMY G-OFC FC, which leads to increased submissive-fearful behavior), some
of behaviors which make up the PCA component submissive-fearful are derived from the
HI task. As dominant monkeys are rarely presented with direct social threats in their
social group, they may be more reactive to the HI task than more subordinate animals

who have adapted to continual threats and harassment by other monkeys.

Interestingly, circulating pro-inflammatory cytokines entered into several models, where
greater CRP, IL6 and TNFa always predicted more positive FC between ROI pairs. CRP,
IL6 and TNFa all were predictive of models including feeding behavior and ELO rank,
suggesting an important role for inflammation in mediating FC between the ROI pairs
investigated in the current study. Peripheral pro-inflammatory cytokines, resulting from
increased adipose tissue, may be affecting FC by recruiting peripheral macrophages into
the brain, thereby activating microglia and facilitating neuroinflammation (Quan and
Banks 2007, Miller, Maletic et al. 2009). Additionally, microglia can also be activated by
stressor exposure (Frank, Baratta et al. 2007), which may help to explain the cytokine
predictors in the LCD models where ELO rank negatively predicted FC. Furthermore,
greater microglia density and activation in the PFC has been associated with stress-

induced psychopathology (Steiner, Bielau et al. 2008, Setiawan, Wilson et al. 2015).
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Indeed, decreased connectivity between ventral striatum and vimPFC has been associated

with increased CRP in depressed patients (Felger, Li et al. 2015).

Cortisol significantly predicted FC in both the CH and LCD subjects. In the CH subjects,
lower baseline cortisol predicted more positive FC between right AMYG and dIPFC and
in the LCD subjects, greater stress-induced cortisol (change in cortisol in response to the
HI task) predicted stronger and more postitive FC between right AMYG and OFC.
Negative feedback of glucocorticoids is regulated by PFC and other regions (Herman
2013). Glucocorticoids have known actions in mediating energy homeostasis (Uchoa,
Aguilera et al. 2014) and acute stress response has been linked to increased feeding
behavior in previous studies, particularly when palatable food is available. For example,
injection of dexamethasone into the brain in rats stimulates food intake and subsequent
body weight gain (Zakrzewska, Cusin et al. 1999, Cusin, Rouru et al. 2001). Importantly,
this result underlies a critical interplay between glucocorticoids and feeding behavior

evident in both the CH and LCD subjects.

It is important to acknowledge several limitations in the present study. A network-based
approach would add complementary information to this ROI-focused analysis, as it is
possible that the impact of social status and dietary environment have generalized effects
on global brain circuitry and behavioral outcomes, and it will be interesting how the
affected circuits identified here are part of even bigger affected networks, as no two brain
regions function in isolation (Miranda-Dominguez, Mills et al. 2014, Paolini, Laurienti et

al. 2014). With a network approach, other important circuits not selected as ROIs in the
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present study may emerge as importantly affected by social status and dietary
environment. For example, the executive control network is comprised of many
subdivisions of the PFC (including dIPFC) and INS, but also includes lateral parietal
cortex (Seeley, Menon et al. 2007), which was not included in the present study. Next,
care must be taken when making strong inferences about anti-correlated results, as global
signal regression (used in the preprocessing of the resting state data) has been shown to
induce negative correlations (Murphy, Birn et al. 2009). Additionally, causality cannot be
determined with the current study design, as baseline scans were not obtained prior to
study initiation. Future studies are necessary with baseline measures, collected prior to
diet intervention, in order to determine whether diet-induced changes in cortisol, immune
markers, brain FC and behavior are directly caused by consumption of a HCD. Also,
since our sample size was small (n=8 per group), we may have been underpowered to
detect statistically significant effects. Therefore, future studies are necessary to replicate
these findings with a larger sample size. Nevertheless, the differences in FC and
associated behavior between the CH and LCD-only females suggest a significant impact

of the dietary environment on brain function.

In summary, the present study revealed robust phenotypic differences between rhesus
macaques consuming either a standard laboratory chow, LCD or a complex diet
comprised of both a LCD and HCD. Overall, the significant ROI-ROI FC in the CH and
LCD-only subjects was predicted by food intake, inflammatory factors, social status and
cortisol. However, no significant FC pairs emerged in both the CH and the LCD-only

subjects, thus, different variables were responsible for predicting FC in each dietary
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environment. In the CH subjects, greater caloric intake positively predicted FC in the left
hemisphere between AMYG and dIPFC, in addition to AMYG and INS FC. This effect
was reversed in the right hemisphere, where total kcal intake was negatively predictive of
FC between AMYG and NAcc with dIPFC. These effects were also associated with
increased inflammatory factors, decreased baseline cortisol, in addition to decreased
affiliative and submissive-fearful behavior. Conversely, in the LCD subjects, different
connectivity patterns were predicted by caloric intake, where food intake positively
predicted right AMYG FC with INS and negatively predicted right AMYG FC with OFC.
These findings in the LCD-only subjects were associated with greater change in cortisol
in response to an acute stressor and increased inflammation. There were no functional
outcomes of diet-induced changes in brain FC in the LCD-only subjects. ELO rank also
predicted different patterns of FC in the CH compared to the LCD subjects. In the CH
subjects, ELO rank negatively predicted right INS and OFC FC, while ELO rank
positively predicted FC between left AMYG and OFC in the LCD subjects. The
functional outcomes predicted by social status were only evident in the LCD-only
subjects, where they exhibited increased submissive-fearful and decreased anxious-
avoidant behavior. Taken together, the findings that greater caloric intake result in
specific altered FC in dIPFC-NAcc-AMY G-INS circuits and resulting behavior,
particularly within the CH subjects, suggest that the incentive salience of and
motivational drive to consume palatable foods is increased, while the ability to regulate
food intake is decreased in these subjects. The complex interactions, and underlying

mechanisms, between how dietary environment and chronic stress affect brain and
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behavior highly warrant future elucidation, in order to successfully prevent and treat

stress and diet-induced obesity related illness.
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Table 4.1 Principal component analysis (PCA) factor loading of human intruder
and social behavior. Four components emerged and were labeled affiliation, anxious-

aggression, submissive-fear and anxious avoidant.

Factor Loading
Component1l Component2 Component3 Component4
Variable Affiliation Anxim{s- Sumissive- Anx.ious-
Aggression Fearful Avoidant
Groom Dur. 0.935
Groom Freq. 0.922
Proximity Dur. 0.870
Diet -0.568
Look Away Freq.-Stare 0.963
Freeze Dur.-Stare -0.945
Threat Freq.-Stare 0.693 0.630
Freeze Dur.-Alone 0.870
Submission Freq. 0.849
Aggression Freq. 0.560 -0.583
Freeze Dur.-Profile -0.857
Look Away Freq.-Profile 0.688
Anxiety Freq.-Stare 0.550 0.624
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Table 4.2 Descriptive statistics of BMI, weight and predictor variables. Descriptive statistics of body weight, BMI and predictor

variables used in regression analyses in the CH and LCD-only subjects.

CH Subjects LCD-only Subjects
Minimum  Maximum Mean SEM Minimum  Maximum Mean SEM
BMI 11.282 19.364 16.313 0.982 11.242 16.870 14.373 0.700
Weight 8.180 13.780 11.473 0.685 7.440 11.030 9.525 0.488
Avg. Weekly HCD Consumed (kcal) | 3626.000 9962.000 6715.810 762.010 n/a
Avg. Weekly LCD Consumed (kcal) | 4174.527 10118.635 6601.941 804.222
Avg. Weekly Total Consumed (kcal) | 8400.954 20081.034 13317.746 1407.779 >313.757 13680232 9730.659 896.618
CRP 13920.249 117141.714 57610.088 13872.672 6366.685 130380.635 37714.541 14343.221
TNFa 4.444 62.089 24.179 6.952 0.610 59.068 16.206 6.902
IL6 0.496 1.293 0.981 0.094 0.364 2.757 1.064 0.292
Baseline Cortisol 15.100 29.258 19.898 1.763 13.934 24.313 17.662 1.265
A Cortisol Dex Suppression -28.533 -11.415 -17.165 1.969 -22.053 -13.012 -16.217 1.091
A Cortisol Pre-Post Hi -0.050 5.200 2.875 0.690 0.550 5.300 3.406 0.613
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Table 4.3 Summary of significant models from stepwise multiple stepwise regression for both CH and LCD experimental
groups. (A) Predictors of alterations in ROI-ROI resting state FC; and (B) Functional behavioral outcomes of ROI-ROI resting state

FC. ROI-ROI resting state FC pairs in bold were significant in both multiple stepwise regressions.

A. Overall Model Retained Predictor Predictor Variables
Dependent Variable Adj. R? F Sig. Variables B  Std. Error B t Sig.
AMYG-INS Left 0560 9926 0020 AV WeekyHCD o oo 163p05 0789 3151 0.020
Consumed (kcal)
‘é"g' Wee';'kach 6.10E-05 7.34E-06 0.843 8309 4.12E-04
AMYG-9(dIPFC) Left 0929  47.099  0.001 onsumed (kcal)
CRP 1.53E-06 4.03E-07 0385  3.793  0.013
IL6 0315 0020 0810 15879 9.19E-05
Choice

Avg. Weekly Total
Consumed (kcal)

Baseline Cortisol -0.004 0.001 -0.170 -3.202 0.033

AMYG-9(dIPFC) Right 0.982 128.160 1.98E-04 -1.44E-05 1.38E-06 -0.553 -10.400 4.83E-04

Avg. Weekly Total

NAcc-46(dIPFC) Right 0591 11101  0.016 -1.75E-05 5.24E-06 -0.806  -3.332  0.016
Consumed (kcal)
INS-11(OFC) Right 0564  10.061  0.019 ELO Rank -1.03E-04 3.24E05 -0.791  -3.172  0.019
CRP 2.38E-06 4.26E-07 0.865 5586  0.003
AMVYG-INS Right 0.834 18547  0.005
Avg. WeeklyLCD 5 41 05 6.82E-06 0456  2.943 0032
Consumed (kcal)
TNFa 0.011 0001 1135 7731  0.001
LCD-Only | AMYG-13(OFC) Left 0.892  29.880  0.002
ELO Rank 1.28E-04 3.12E-05 0.605  4.120  0.009

A Cortisol Pre-Post HI  0.057 0.007 1.217 7.687 0.001

AMYG-13(OFC) Right 0.901 32.928 0.001
( ) Rig Avg. Weekly LCD

-1.58E-05 5.05E-06 -0.495 -3.129 0.026
Consumed (kcal)
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B. Overall Model Retained Predictor Predictor Variables
Dependent Variable  Adj. R? F Sig. Variables B Std. Error B t Sig.
AMYG-9(dIPFC) Left -1.118 0.046 -0.338 -24.473  1.50E-04
NAcc-14(vmPFC) Left 8.137 0.11 1.004 73.646  6.00E-06
Affiliation 0.999 1614.93 2.50E-05
NAcc-25(vmPFC) Right ~ 0.802 0.052 0.253 15.314 0.001
NAcc-32(mPFC) Right  -0.549 0.096 -0.082 -5.725 0.011
AMYG-46(dIPFC) Right ~ 5.003 0.001 0.532  7454.913 8.50E-05
AMYG-24(ACC) Left 0.02 3.70E-04  0.004 54.37 0.012
NAcc-11(OFC) Right 3.102 0.002 0.192  1976.115 3.20E-04
Anxious-Aggression 1.000 4.52E+07 1.14E-04
Choice NAcc-14(vmPFC) Left  -7.411 0.002 -0.423  -4156.4 1.50E-04
INS-13(OFC) Left -5.736 0.001 -0.608 -5180.78 1.20E-04
ELO Rank -3.49E-05 1.15E-07 -0.031 -302.364  0.002
AMYG-9(dIPFC) Left -0.548 0.123 -0.071 -4.463 0.021
NAcc-INS Right -3.383 0.268 -0.218  -12.624 0.001
Submissive-Fearful 0.998 1159.271 4.10E-05
INS-46(dIPFC) Right 6.814 0.106 1.013 64.326  8.00E-06
INS-14(vmPFC) Left -5.389 0.202 -0.409  -26.627 1.20E-04
Anxious-Avoidant No Significant Models
Affiliation No Significant Models
NAcc-AMYG Left -1.738 0.001 -0.134 -1233.970 0.001
NAcc-INS Right -7.573 0.002 -1.012 -4269.750 0.0001
NAcc-13(OFC) Left -0.784 0.0004 -0.151 -1752.970 0.0004
Anxious-Aggression 1.000 3.41E+07 1.31E-04
INS-11(OFC) Right 3.809 0.001 0.506 3273.951 0.0002
INS-46(dIPFC) Right 0.293 0.001 0.091 454.691 0.001
INS-9(dIPFC) Right 0.034 0.001 0.008 41.791 0.015
LCD-Only
AMYG-13(OFC) Left 3.308 0.727 0.753 4.550 0.006
Submissive-Fearful 0.882 27.203 0.002
NAcc-AMYG Left 14.315 1.941 1.221 7.376 0.001
AMYG-9(dIPFC) Right -4.541 0.120 -0.518 -37.720 0.001
AMYG-13(OFC) Left -7.104 0.142 -0.994  -50.054  0.0004
Anxious-Avoidant 0.999 1754.926 0.001 NAcc-AMYG Left -2.950 0.284 -0.155 -10.392 0.009
NAcc-14(vmPFC) Left 2.951 0.090 0.550 32.684 0.001
NAcc-9(dIPFC) Left 0.385 0.080 0.057 4.824 0.040




Table 4.4 Descriptive statistics of ROI-ROI resting state FC, which were significantly predicted by inflammatory factors,

175

cortisol, feeding behavior and/or ELO rank. Minimum, median, maximum, range and mean of ROI-ROI resting state FC pairs are

reported.

ROI-ROI FC Minimum Median Maximum Range Mean

AMYG-INS Left -0.0863 0.1697 0.3508 0.4371 0.1464
Choice AMYG-9(dIPFC) Left -0.3016 -0.1112 0.2311 0.5327 -0.0762
(LCD+HCD) AMYG-9(dIPFC) Right -0.1799 -0.0622 0.0858 0.2658 -0.0465
NAcc-46(dIPFC) Right -0.1475 0.0482 0.0865 0.2339 0.0138

INS-11(OFC) Right -0.0887 0.0259 0.3174 0.4061 0.0502

AMYG-INS Right -0.0840 0.0967 0.3229 0.4069 0.1006

LCD Only AMYG-13(OFC) Left -0.2547 0.0064 0.4210 0.6757 0.0410
AMYG-13(OFC) Right -0.0066 0.1334 0.1974 0.2040 0.1079
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Figure 4.1 Illustration of significant models predicting FC in the Choice (red lines) and LCD (blue lines) groups and their functional

outcomes.
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Chapter 5. General Discussion
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5.1 Summary of results

5.1.1 Summary of Chapter 2

The goals of chapter 2 were to (1) examine the impact of social subordination stress on
female macaque neurobehavioral development, (2) determine whether pubertal timing
and duration of estradiol (E2) exposure modulate the impact of stress on structural
development of corticolimbic regions involved in emotional and stress regulation
(specifically amygdala -AMY G-, prefrontal cortex -PFC- and hippocampus -HC-),
disentangling it from the effects of chronological age, and (3) examine whether these
brain structural differences were related to behavioral and physiological outcomes. It was
hypothesized that these social status effects would be evident in the AMYG, the PFC and
the HC which are involved in social and emotional processing and have high levels of
both glucocorticoid and estrogen receptors. Specifically, based on available literature
discussed above, we predicted that subordinate juvenile females would have larger
AMYG, but smaller PFC and HC volumes compared to dominant subjects and that these
alterations would result in increased fear and anxiety behavior and stress reactivity.
Because prepubertal E2 is bioactive in female rhesus monkeys (Pohl, deRidder et al.
1995, Wilson, Fisher et al. 2004), it was also hypothesized that these status-induced brain
and behavioral effects would be exacerbated in females with delayed exposure to E2. We
found that in addition to expected developmental effects, subordinates had larger AMYG
volumes than dominant animals (particularly in the right hemisphere), but pubertal delay
with Lupron-treatment abolished those differences, suggesting a role of gonadal

hormones potentiating the structural impact of social stress. Subordinates had elevated
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baseline cortisol, indicating activation of stress systems. In general, Lupron-treated
subjects had smaller AMYG and HC volume than controls, but larger total PFC (due to
more gray matter -GM-), and different, region-specific, developmental patterns
dependent on age and social status. These findings highlight a region-specific effect of E2
on structural development during female adolescence, independent of those due to
chronological age. Additionally, pubertal delay and smaller AMYG volume were
associated with increased emotional reactivity during the Human Intruder task (HI) and
decreased social behavior compared to controls. These data provide evidence that
exposure to developmental increases in E2 modify the consequences of social stress on
the volume of cortico-limbic regions involved in emotional and stress regulation during
maturation. Also, even more importantly, they support different brain structural effects of
chronological age and pubertal developmental stage in females, which are very difficult
to disentangle in human studies. These findings have additional relevance for young girls
who experience prolonged pubertal delays or for those whose puberty is clinically

arrested by pharmacological administration of Lupron.

5.1.2 Summary of Chapter 3

The goals of chapter 3 were to investigate how social status interacts with dietary
environment to affect brain structure of corticolimbic regions, specifically, the AMYG,
PFC, insular cortex -INS- and HC, known to affect emotional reactivity and motivated
behavior in adult female rhesus macaques. The impact of diet on neurobehavioral
outcomes were assessed in females who had been maintained on a low fat, high sugar

chow diet their entire lives and females who had been consuming this chow diet in
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combination of a high fat, high sugar diet for one year. Although some studies have
reported increases in brain volume as a consequence of consumption of calorically dense
diets, the data overall suggest that there is a reduction in overall and regional brain
volumes. Therefore, it was hypothesized that excessive calorie intake, particularly of a
high caloric diet (HCD), would result in decreased volume of AMYG, PFC, INS and HC.
Additionally, it was hypothesized that subordination stress would result in decreased
PFC, INS and HC, but increased AMYG volume, and that these diet and stress-induced
alterations would result in altered social and emotional behavior. We found a significant
impact of the choice (CH) dietary condition on regional brain structure, with number of
calories consumed both positively and negatively predicting region-specific differences
in brain volume, while calorie intake did not predict any variance in regional brain
volumes for females in the LCD-only diet condition. Additionally, in the CH subjects,
social status positively predicted PFC white matter (WM) and dorsolateral PFC (dIPFC)
volumes, whereas in the low caloric diet only (LCD-only) subjects, social status
negatively predicted PFC WM, ventromedial PFC (vmPFC), AMYG, INS GM and HC
volumes. Interestingly, exposure to the CH diet reversed the direction of the dominance
rank effects in bilateral PFC WM. A functional outcomes analysis revealed that in the CH
subjects, larger left dIPFC and smaller left PFC GM volumes predicted increased
affiliative behavior. In the LCD-only subjects, more subordinate rank predicted larger left
AMYG and left INS GM volumes, which resulted in decreased anxious-aggressive and
increased submissive-fearful behavior, respectively. The results of the present study
revealed that considerably different phenotypes emerge in rhesus macaques with access

to either a prudent LCD or a more complex dietary environment where a choice between
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LCD and high sugar, high fat diet is available. These results underscore the idea that
calories derived from diets high in sugar and fat impact the brain and behavior differently

than carioles derived from healthier low fat and sugar diets.

5.1.3 Summary of Chapter 4

Using the same females and experimental conditions for chapter 3, the goals of chapter 4
were to investigate how social status interacts with dietary environment to affect brain
functional connectivity (FC) between prefrontal, striatal, and other limbic regions known
affect emotional reactivity and motivated behavior. It was hypothesized that excessive
calorie intake, particularly of a HCD, would result in increased FC between nucleus
accumbens (NAcc), AMYG, INS and PFC, and that these alterations would result in
altered social and emotional behavior. We found that in the CH subjects, number of
calories consumed positively predicted FC in the left hemisphere between AMYG and
dIPFC, in addition to AMYG and INS FC. This effect was reversed in the right
hemisphere, where total kcal intake was negatively predictive of FC between AMYG and
NAcc with dIPFC. In the CH subjects, social status negatively predicted right INS and
orbitofrontal (OFC) FC, while social status positively predicted FC between left AMYG
and OFC in the LCD subjects. In the LCD subjects, right AMYG with both INS and OFC
FC was positively predicted by food intake. Pro-inflammatory factors entered into several
models, which consistently predicted more positive FC between ROIs. Cortisol
significantly predicted FC in two models, where lower baseline cortisol predicted more
positive FC between right AMYG and dIPFC in the CH subjects and greater stress-

induced cortisol predicted stronger and more positive FC between right AMYG and OFC
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in the LCD subjects. Finally, social and emotional reactivity behaviors were predicted
from different pairs of region of interest (ROI)-ROI correlations in the CH compared to
the LCD-only subjects. As in chapter 3, these results underscore the idea that calories
derived from diets high in sugar and fat impact neurobehavioral outcomes differently

than calories derived from more prudent, low fat and sugar diets.

5.2 Integration of findings

Exposure to chronic social stressors during childhood, adolescence and adulthood leads
to alterations in brain structure and circuitry. Importantly, these stress-induced alterations
can lead to emotional dysregulation and psychopathology, particularly in women.
However, the mechanisms underlying the emergence of, and the factors contributing to,
these stress-induced alterations are poorly understood. Therefore, the primary, overall
goal of this thesis was to investigate what factors underlie and modify chronic stressor-
induced changes in brain structure and function and resulting behavior. Social
subordination in female rhesus macaque monkeys is an established translational animal
model that produces a number of stress-related phenotypes (Shively, Laber-Laird et al.
1997, Michopoulos, Toufexis et al. 2012), including stress-induced over eating of an
obesogenic diet (Arce, Michopoulos et al. 2010, Michopoulos, Toufexis et al. 2012,
Michopoulos, Diaz et al. 2016). Using this social subordination model of chronic stressor
exposure, we found that developmental suppression of E2 and consumption of an
obesogenic diet both modify chronic stressor alterations in brain structure, FC and
function. In chapter 2, the effects of social subordination on regional brain volumes

across pre- and peripuberty were modified by Lupron-treatment (suppression of E2). For



183

example, we found that subordinates had larger AMYG volume than dominant subjects,
but Lupron-treatment neutralized this effect. In chapter 3, the effects of social
subordination on regional brain volumes in adults were modified by dietary environment.
For example, the availability of an obesogenic diet reversed the direction of the
dominance rank effects in bilateral PFC WM, where in the LCD-only subjects, more
subordinate status predicted larger PFC WM volume, although in the CH subjects, more
subordinate status predicted smaller PFC WM volume. In chapter 4, the effects of social
subordination on brain FC were also modified by dietary environment, where social
status predicted different pairs of ROI-ROI functional connectivity. These results are
important as they provide evidence that (1) exposure to developmental increases in E2
modify the consequences of social subordination on the volume of cortico-limbic regions
involved in emotional and stress regulation during maturation (specifically, delayed
puberty and E2 suppression may be protective against the impact of social stress on
AMYG volume), and (2) exposure to an obesogenic diet in adulthood modifies the
consequences of social subordination on the volume and FC of cortico-limbic regions
involved in stress regulation, in addition to emotional and motivational behavior in
female rhesus macaques. Specifically, consumption of a HCD overrides the effects of
social subordination on regional brain volume and FC, although the exact functional

significance of these alterations is yet to be elucidated.

An important and consistent finding was that social subordination affected brain structure
and FC in all three studies. Social subordination resulted in increased volume of AMYG

during the pre- and peripubertal ages studied and also in adulthood. Additionally, social
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status positively predicted FC between left AMYG and OFC in the adult subjects fed a
LCD, an effect which may be driven by the increased left AMYG volume observed in
these subjects. Interestingly this effect was not observed in subjects with access to a
choice between a HCD and a LCD, where social status negatively predicted right INS
and OFC FC, providing evidence that the effects of social status on ROI-ROI brain FC
were modified by dietary environment and the availability of a HCD. The finding that
social subordination was associated with an increase in AMYG volume is likely due to
increases in dendritic arborization and/or density of dendritic spines, as has been
demonstrated in rodent models in response to chronic stress or direct administration of
glucocorticoids into the AMYG (Vyas, Mitra et al. 2002, Vyas, Bernal et al. 2003, Mitra,
Jadhav et al. 2005, Vyas, Jadhav et al. 2006, Mitra and Sapolsky 2008, Rosenkranz,
Venheim et al. 2010, Eiland, Ramroop et al. 2012). Our findings are also consistent with
studies reporting AMYG volume increases in response to stress in non-human primates
and humans. For example, studies in non-human primates include variable foraging
demand stress (Coplan, Fathy et al. 2014) and infant maltreatment (Howell, Grand et al.
2014) and human developmental studies include impact of traumatic stress (Weems,
Scott et al. 2013) and institutional rearing, particularly evident in the right amygdala,
which is also consistent with our findings (Mehta, Golembo et al. 2009, Tottenham, Hare

et al. 2010).

Functional outcomes also emerged to help explain the relevance of these alterations in
AMYG volume and FC. In chapter 2, larger left AMYG volume was associated with

decreased emotional reactivity in the HI task, as evidenced by increased freezing,
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averting gaze and threats. For this chapter, we argued that the relation between AMYG
volume and emotional reactivity may seem paradoxical, it is important to note that it
involves the left and not the right AMYG, whose volume was bigger in subordinate
animals. There is, indeed, literature highlighting the asymmetry of this structure and
lateralized effects of stress during its development, sometimes resulting in increased right
AMYG volume, as previously discussed (Mehta, Golembo et al. 2009, Tottenham, Hare
etal. 2010, Weems, Scott et al. 2013), and sometimes in smaller left AMYG volume
(Hanson, Nacewicz et al. 2015). In chapter 3, larger left AMYG volume, which was
predicted by more subordinate status, also significantly predicted decreased anxious-
aggressive behavior. Therefore, another result which was consistent across studies
(chapters 2 and 3) was that larger AMYG volume, associated with more subordinate
status, resulted in decreased emotionally reactive behavior [primarily measured in the HI
task]. Subordinate monkeys have to cope with high social pressures and successfully
navigate social environments, which require recognizing one’s social status in relation to
others and selecting behaviors accordingly. Thus, this finding suggests that subordinate
animals have adapted (and maybe even habituated) to continual threats and harassment
by other monkeys and consequently react less strongly compared dominant monkeys in

response to an acute social stressor.

5.3 Conclusions and future directions

Overall, this dissertation provides evidence that (1) exposure to developmental increases

in E2 modify the consequences of social subordination on the volume of cortico-limbic
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regions involved in emotional and stress regulation during maturation (specifically,
delayed puberty and E2 suppression may be protective against the impact of social stress
on AMYG volume), and (2) exposure to an obesogenic diet in adulthood modifies the
consequences of social subordination on the volume and FC of cortico-limbic regions
involved in stress regulation, in addition to emotional and motivational behavior in
female rhesus macaques. Specifically, consumption of a HCD overrides the effects of
social subordination on regional brain volume and FC, although the exact functional

significance of these alterations is yet to be elucidated.

It is difficult to draw all-encompassing conclusions from these different studies, but a few
consistent findings emerged. In all three studies, social subordination was associated with
larger AMYG volumes. Additionally, the larger AMYG volume associated with
subordinate status resulted in decreased emotionally reactive behavior, primarily
measured in the HI task. Future studies are necessary to answer several remaining
questions, some of which include: What prenatal effects, such as differences in maternal
physiological function of dominant versus subordinate animals, affect neurobehavioral
development of offspring? Do Lupron-related differences reported in chapter 2 persist
across development into adulthood, after Lupron-treatment is discontinued? What
specific nuclei in the AMYG are responsible for the social subordination-induced
increases in volume? What additional brain regions, not examined in this dissertation, are
affected by social subordination and availability of an obesogenic diet? As only females
were examined in this dissertation, how would social subordination and availability of an

obesogenic diet affect brain structure, FC and behavior in male rhesus macaques? In
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conclusion, the results of the present study provide translational evidence to help
understand what factors underlie and modify chronic stressor-induced changes in brain
structure and function and resulting behavior, which may assist in understanding the

etiology of and treating stress and diet-induced disease and psychopathology in humans.
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