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Abstract  
 

The Impact of Chronic Social Stress and Consumption of an Obesogenic Diet on the Trajectory 
of Insular Development in Infant and Juvenile Female Macaques 

By Khadeeja Shabbir  
 

Childhood obesity is a public health problem that continues to rise in the United States. Due 

to the long-term negative consequences in mental health, it is crucial to learn how children that 

are exposed to obesogenic, highly caloric diets (HCD) are impacted neurodevelopmentally. The 

consumption of obesogenic diets and the presence of chronic social stress are often comorbid, 

especially for children with a low socioeconomic status (SES). Both cause overlapping, 

potentially synergizing negative health effects. This longitudinal study investigates the effects of 

postnatal exposure to obesogenic diets and chronic psychosocial stress (social subordination 

stress) using a translational macaque model. The study followed 41 female macaques at Yerkes 

National Primate Research Center (YNPRC). There were 21 dominant animals from the top third 

of the hierarchy, and 20 subordinate animals from the bottom third of the hierarchy. Monkeys 

had access to either only low-calorie diet (LCD), or to both high-calorie diet (HCD) and LCD 

(Choice diet) from birth. Food intake (kilocalories (Kcal)) was recorded using radio-frequency 

identification (RFID) chips in subjects’ wrists that opened automatic feeders according to the 

diet assigned at birth. Cumulative Kcal consumption was measured from birth to 6 months and 

from 6 months to 16 months. Body weights were measured at birth, 2 weeks, 6 months, and 16 

months. 

Brain structural MRI (sMRI) scans were collected at 2 weeks, 6 months, and 16 months of 

age. This study focuses particularly on the developmental effects of postnatal stress and diet on 

the insula (and each of its subregions, including the agranular insula (AI), dysgranular insular 

(DI), and insular proisocortex (IPro)) due to its implications in emotional/limbic, socio-cognitive, 



 

and interoceptive functions. HCD exposure was associated with larger overall brain size 

(intracranial volume, or ICV) and insula and its subregions’ volumes throughout development. 

Some effects emerged at 2 weeks, suggesting that maternal factors might mediate these 

neurodevelopmental impacts. These findings suggest that postnatal exposure to obesogenic diets 

is associated with increased whole-brain and insular growth in primates. Interestingly, social 

rank did not have significant effects for ICV nor insular development in this study, which 

contrasts previous literature.  
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Introduction 
 

The Effects of Obesogenic Diets and Chronic Stress 

Pediatric obesity is a public health crisis, and its prevalence continues to rise (Anderson et 

al., 2019; Karnik & Kanekar, 2012). A review of the National Health and Nutrition Examination 

Survey, the official source for American obesity statistics, illustrated that the 5% pediatric 

obesity rate of 1978 had nearly quadrupled to 19.3% by 2018 (Anderson et al., 2019; Fryar et al., 

2020). These numbers are concerning from a public health perspective because childhood 

obesity also increases the likelihood of obesity in adulthood five-fold (Simmonds et al., 2016) 

and has long-term, chronic health problems (Kelsey et al., 2014; Must et al., 1999; Visscher & 

Seidell, 2001).  

Even for obese children who do not go on to become obese adults, there is still a higher risk 

of cardiac problems and higher mortality, for example (Kelsey et al., 2014). Furthermore, an 

increase in adipose tissue leads to increased pro-inflammatory adipokines, which can lead to 

chronic inflammation and obesity-related metabolic disorders; conversely, with calorie 

restriction, pro-inflammatory adipokines decrease and anti-inflammatory adipokines increase 

(Mancuso, 2016). Pediatric obesity increases the risk for various comorbidities in adulthood, 

including but not limited to hypertension, type 2 diabetes mellitus, coronary and cardiovascular 

disease, pulmonary disease, low self-esteem, anxiety, depression, and other psychiatric disorders 

(Morales Camacho et al., 2019; Perry et al., 2021; Rankin et al., 2016).  

Overweight and obese children also had reduced cognitive performance according to 

neuropsychological tests (Bauer et al., 2015), and there is emerging, though scarce, evidence of 

overall brain gray matter loss and regional alterations (Taki et al., 2008). Several ways to tackle 

the obesity epidemic involve adopting an energy-balance approach emphasizing diet and 
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exercise (Hill, 2006). In a rodent model, diet and exercise reversed metabolic health effects of 

obese mice that were fed a high-fat diet (Palmer et al., 2012). A study of a school-based nutrition 

and exercise intervention for obesity in human children also improved metabolic health and 

scores on a self-reported mental status (Yu et al., 2020).  

One important consideration to make regarding obesity is its relationship to chronic stress, 

including stress related to low socioeconomic status (SES). Low SES and poverty are major risk 

factors for both psychosocial stress and obesity, the latter aggravated by limited access to healthy 

foods in contrast to access to energy-dense “fast” foods and stress-induced emotional eating, 

which altogether results in higher consumption of cheaper, obesogenic, high-calorie diets (HCD) 

that are high in sugars and fat (Emerson et al., 2017; Larson et al., 2009; Morales Camacho et al., 

2019; Quon & McGrath, 2014). Certain racial and ethnic groups are more at risk for low SES 

due to environmental and systemic factors, so they are more vulnerable to obesity (Newsome et 

al., 2021). Health disparities in underprivileged, underserved African-American populations are 

particularly striking, showing higher risk of obesity than other groups (Sutherland, 2021).  

There may be specific, combined, or potentially synergistic effects of stress and obesity, and 

their underlying biological mechanisms and unfolding during brain development are not well 

understood. Chronic stress (including chronic psychosocial stress) can increase calorie 

consumption and thus play a role leading to obesity (Michopoulos, 2016), in addition to other 

alterations in physical, mental, and brain health (McEwen, 2017; Quon & McGrath, 2014). 

Along with many other consequences, chronic stress from low SES has been shown to alter brain 

development and cause alterations in cortico-limbic areas (Lucassen et al., 2014; Radley et al., 

2015; Tooley et al., 2021). In addition, chronic stress promotes over-eating in humans (Adam & 

Epel, 2007; Greeno & Wing, 1994) and animal models (Foster et al., 2006; Godfrey et al., 2018; 
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Hagan et al., 2003; Solomon et al., 2007), leading to increased risk for comorbid obesity (Evans 

et al., 2012). Particularly, chronic stress has been shown to influence obesity risk through 

emotional eating (Arce et al., 2010; Hill, 2006; Michopoulos, 2016). Females are also more 

vulnerable to emotional and stress-induced over-eating, obesity, and increased consumption of 

highly caloric (Western) diets (Arce et al., 2010; Suglia et al., 2012), which seem to result in 

brain structural alterations similar to those reported with chronic stress and ELS, including 

increased amygdala and decreased prefrontal cortex and insula volumes (Bruehl et al., 2011; 

Janowitz et al., 2015; Perlaki et al., 2018). For both humans and animal models, chronic stress 

shifts eating preferences to high-calorie foods (Hill et al., 2018). Furthermore, in the case of 

children, exposure to a high-fat diet in early life can affect dietary preferences as adults 

(Teegarden et al., 2009). 

 Chronic stress, particularly early in life (sometimes termed early-life stress -ELS- or early 

life adversity -ELA-) also has negative effects on the body, and it is especially problematic 

because of its effects on structural brain development (McEwen, 2017; Noble et al., 2012) that 

lead to long-term negative brain functional outcomes that underlie social, emotional, stress and 

reward/motivation alterations. Indeed, chronic stress and ELS result in neurodevelopmental 

alterations, including structural and functional alterations in cortico-limbic neural circuits such as 

the amygdala (Frodl et al., 2002; McEwen & Gianaros, 2010; Noble et al., 2012; Tottenham et 

al., 2010; Weniger et al., 2006), prefrontal cortex (Ansell et al., 2012; Arnsten, 2009), and insula 

(Ansell et al., 2012; Dannlowski et al., 2012). Alterations in these regions that are critical for the 

regulation of socioemotional, stress, and reward functions lead to psychopathology, including 

stress-related disorders such as anxiety, depression, drug addiction, and eating disorders 

(Boutelle et al., 2010; Carr et al., 2013; Dietz, 1998; Frodl et al., 2002; Goldstein & Volkow; 
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Sala et al., 2004; Tomasi & Volkow, 2013; VanTieghem & Tottenham, 2018; Weniger et al., 

2006).  

 Obesity and chronic stress effects appear to be synergistic, as they are very often 

comorbid (Björntorp, 2001). Therefore, it would be useful to study the relationship between 

chronic stress and obesity as well as their development.  

 Current literature is scarce regarding the biological mechanisms underlying the impact of 

obesogenic diets and its potential synergism with stress. Performing these studies in humans is 

not possible because it would require randomized assignment to experimental group (stress, no-

stress; highly caloric diet, low caloric diet) in longitudinal, prospective studies since birth.  

In this study, I propose to examine the neurodevelopmental effects of both postnatal diet and 

psychosocial stress. I will focus on the insular cortex due not only to its sensitivity to stress and 

diet, but to its strong role in emotional representation, integration of interoceptive and metabolic 

information, sensory processing, reward and decision-making, and complex social functions. I 

will study different insular subregions to identify region-specific developmental effects of these 

postnatal factors on specific functions in a translational non-human primate (NHP) model. 

The Macaque Social Subordination Stress Model 

In studying the potentially synergistic neurodevelopmental effects of chronic psychosocial 

stress and consumption of obesogenic diets on brain regions that control emotional/limbic, socio-

cognitive, and interoceptive functions, it is very helpful to use translational NHP models because 

they allow for strong experimental control of social status/rank, type of diet, and measures of 

kilocalories (Kcals) ingested from each diet, which is difficult to achieve with human subjects. In 

particular, social subordination in female rhesus macaque hierarchies has been validated as a 

translational model for chronic psychosocial stress (Michopoulos, Higgins, et al., 2012). 
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Automated feeders can be used to allow access of individuals to different diets while living in 

social groups and to measure the Kcals consumed of each diet, and these approaches have been 

validated by our group (Wilson et al., 2008).  

Furthermore, the macaque model controls for several confounding variables. In humans, the 

stigma and stereotypes surrounding obesity across many societal realms cause weight-based 

discrimination and victimization, which in turn increase the adverse risk of both physiological 

and psychosocial health effects (Beck, 2016; Browne, 2021; Fruh et al., 2021). Using an NHP 

model controls not only for stigma, but also for other confounders, such as cognitive awareness, 

education, and drug and alcohol use, while allowing a better examination of social stress and 

obesity interactions and their effects. At the same time, NHPs such as rhesus macaques have 

very sophisticated social behaviors/interactions and a well-developed brain at birth that allows 

for better comparison to the human brain than many other mammals (like rodents) when 

analyzing brain structural MRI data across development. In addition, their longer development 

relative to less sentient mammals also allows for more translational results to the human 

developmental experience. Macaques also have similar cortical developmental trajectories to 

humans, which also makes them a good translational model (Kovacs-Balint et al., 2021).  

Rhesus monkeys live in social groups with female, matrilineal-based social dominance 

hierarchies (Bernstein, 1976) and separate multi-male social dominance hierarchies. These social 

hierarchies are maintained through aggression, with socially subordinate animals receiving 

aggression and harassment from dominant animals (Abbott et al., 2003; Sapolsky, 2005; Silk, 

2002). Though it may be surprising, the existence of the dominance hierarchy decreases fighting 

due to subordinates being more likely to submit (Bernstein & Gordon, 1974; Bernstein et al., 

1974). The subordinates engage in submissive behaviors such as withdrawing, giving up their 



 6 

food, or bearing physical aggression without retaliation. While the females stay in their natal 

group and have a relatively stable social status based on their mothers’ status throughout their 

lifetime, males often migrate to different groups and can change their social rank (Wilson, 2016); 

for this reason, only females will be involved in this study.  

Subordinates in the hierarchy experience frequent and unpredictable aggression, which is a 

significant stressor for them and causes overactivation of the hypothalamic-pituitary-adrenal 

(HPA) axis and other chronic stress phenotypes (Wilson, 2016). Over time, HPA axis 

overactivation also leads to impaired HPA axis negative feedback and stress-related 

neurobehavioral phenotypes (Michopoulos, Higgins, et al., 2012; Shively, 1998; Shively et al., 

2005; Snyder-Mackler et al., 2016). A dysregulated HPA axis has huge impacts, from 

physiology to behavior to brain development. The resulting excessive cortisol causes an increase 

in adipose tissue in addition to chronic, low-grade inflammation, linking the process to obesity 

and negative health outcomes (Arce et al., 2010).  

Importantly, this appears to start early in development. Although most of those reports are 

based on studies in adult females, we have emerging evidence that by the time subordinates are 

juveniles, they already show elevated cortisol secretion as well as structural brain alterations 

(Howell et al., 2014). This can be explained because infants always assume their mother’s rank 

(Bernstein, 1976) and subordinates can begin receiving aggression as early as infancy in addition 

to observing harassment toward their relatives (Spencer-Booth, 1968). Although infants are 

rarely aggressed before weaning (Spencer-Booth, 1968) and there are maternal stress buffering 

effects, the adverse effects of subordinate status and obesogenic diets could still be transmitted to 

infants through maternal behavioral and biological signals in breast milk, such as glucocorticoids 

(GCs) and pro-inflammatory cytokines (Casabiell et al., 1997; Hart et al., 2004; Innis, 2007).  
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Furthermore, studies at the Yerkes NPRC have shown that adult subordinate female 

macaques show vulnerability to stress-induced overeating of highly caloric diets (Godfrey et al., 

2018; Michopoulos, Higgins, et al., 2012).  

Subordinates must frequently give up their food to dominant animals, so even in an 

environment with an abundance of food and other resources, the subordinate macaques must be 

vigilant and wait to feed until dominant animals have finished, limiting their feeding bouts. Prior 

studies have shown that subordinate macaques also tend to “emotionally eat” (induced by stress) 

when given the chance, and that they prefer a higher caloric diet compared to dominant and 

intermediate individuals, which leads to increased fat mass and obesity (Arce et al., 2010; 

Wilson, 2016). When presented a Choice diet (with both LCD and HCD available), female 

subordinate macaques consumed more Kcals than female dominant macaques (Arce et al., 2010; 

Michopoulos, Higgins, et al., 2012). Female subordinate macaques specifically prefer to over-eat 

high-calorie foods when available (Michopoulos, 2016; Michopoulos, Toufexis, et al., 2012). 

Therefore, social subordination causes chronic stress that not only affects the brain, but also 

predisposes the animal to obesity-related issues.  

 Because a low social status, particularly when associated with adverse early experiences, 

and chronic and sustained stress, is a strong predictor for negative physical and mental health 

developmental outcomes in different species (Murthy & Gould, 2018; Quon & McGrath, 2014; 

Tooley et al., 2021), it is important to uncover the biological mechanisms underlying specific 

neurodevelopmental alterations in order to develop efficacious treatments and interventions. 

Activation of neuroendocrine stress systems such as the HPA axis and chronic low grade 

inflammation are likely biological mechanisms by which both chronic stress (Loucks et al., 

2010; Lupien et al., 2000; Pollitt et al., 2008) and obesogenic diet consumption (Auvinen et al., 
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2012; Ludgero-Correia et al., 2012) can induce structural changes in the brain, by way of altered 

dendritic arborization, synaptic density, and myelination (Arnsten, 2009; Datta & Arnsten, 2019; 

Fuchs et al., 2001; Howell & Sanchez, 2011; Kucharova et al., 2011; Lucassen et al., 2014; 

McEwen et al., 2016; Mottahedin et al., 2017; Teicher & Khan, 2019; VanTieghem & 

Tottenham, 2018). 

Studying the developmental, potentially synergistic impact of social stress and high-calorie 

diet (HCD) on social and emotional networks in the brain via structural MRI (sMRI) is an 

interesting way to take a more in-depth, evidence-based approach in looking at what socio-

cognitive and emotional effects may be taking place by affecting the structural development of 

the brain regions that control those functions. The insula is a brain region strongly involved in 

social, cognitive, and sensory-perceptual processes (Evrard, 2019; Nieuwenhuys; Rachidi et al., 

2021), so analyzing its volume changes under different social and diet conditions would provide 

important insights. Currently, there is a paucity of literature on the effects of social subordination 

stress and HCD on the developmental trajectory of the insula and each of its subregions.  

 

Functions of the insular cortex subregions and insular relations to stress and diet conditions 

The human insular cortex is a complex, convoluted structure inside the Sylvian fissure 

that is divided by the central sulcus into anterior (three gyri) and posterior areas (two gyri) 

(Evrard, 2019; Nieuwenhuys, 2012). It occupies only two percent of cortical surface area, yet is 

connected to many sensory, limbic, and association areas in addition to its many intra-insular 

connections (Nieuwenhuys, 2012; Rachidi et al., 2021). The insula is involved in a myriad of 

functions, such as visceral sensing and motor activities, somatosensory integration, motor 

association, limbic integration, language, memory, autonomic functions, salience processing, 
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socio-emotional functions, cognition, and adaptive risk-taking in decision-making (Augustine, 

1996; Lighthall et al., 2012; Singer et al., 2009; Uddin et al., 2017). The posterior insula is 

involved in interoceptive, visceral, physiological, and sensorimotor functions, while the anterior 

insula is more involved in socio-emotional functions and the introspection of feelings (Chiarello 

et al., 2013). A model of insular function proposes that information flows from the posterior to 

the anterior pole, with the posterior insula representing interoception, which is then integrated 

with emotion in the middle, and then the anterior insula is involved in self-awareness related to 

the sensation (Craig, 2009). 

Along with the anterior cingulate cortex (with which it often shows correlated activity), 

alterations in the insula underlie psychiatric disorders such as depression, anxiety, obsessive-

compulsive disorder (OCD), schizophrenia, PTSD, eating disorders, panic disorders, and bipolar 

disorder (Goodkind et al., 2015; Nagai et al., 2007). One study proposed that the insula contains 

a sensory-motor axis (the primary interoceptive cortex in the GI receives sensory inputs, and a 

part of the AI resembles the precentral gyrus in the frontal lobe), a spino-cranial axis (the dorsal 

fundus is organized topographically and represents spinal, trigeminal, and vagal inputs), and a 

cognition-emotion axis (dorsal AI corresponds to cognition, ventral AI to emotion) in the insula, 

illustrating the multitude of insular functions (Evrard, 2019).  

Unlike the human insula, the macaque insula is smooth, which makes it difficult to 

compare to human insular regions based on macroscopic criteria alone, so using cytoarchitecture 

is a better way to establish homologies (Evrard, 2019). Some studies use “cortical type” to do so, 

which distinguishes regions based on laminar organization and cell features, which include 

isocortex, periallocortex, proisocortex, and koniocortex (Barbas & Pandya, 1989; Carmichael & 

Price, 1994). Isocortex and proisocortex are types of neocortices, and periallocortex is a 
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transitional type between these two. Proisocortex and periallocortex mostly have connections to 

limbic areas, whereas isocortex has more connections to sensory areas (Carmichael & Price, 

1994). Another cytoarchitectural division categorization based on cell features, laminar 

distributions, and structural elements like the presence and type of Meynert’s granule cell, 

resulted in divisions into agranular (anterior), dysgranular (middle), and granular (posterior) 

regions (Barbas & Pandya, 1989; Carmichael & Price, 1994; Evrard, 2019). In this study,  I 

divided the insula into the agranular insula (AI), dysgranular insula (DI), granular insula (GI), 

and insular proisocortex (IPro) based on Paxinos and collaborators’ neuroanatomical criteria for 

the macaque insula (Paxinos et al., 2000) adapted to MRI data. Medially and superiorly, the 

whole insula was defined by white matter (WM), and laterally and inferiorly, it was defined by 

the lateral sulcus.  

The AI has many connections, receiving olfactory, thalamic, and limbic inputs (such as 

the locus coeruleus, the periaqueductal gray, and the amygdala) distributed over several areas 

(Carmichael & Price, 1994; Evrard, 2019; Evrard et al., 2014). Three AI areas anterior to the 

limen receive olfactory and/or thalamic inputs as well as the amygdala (Figure 2B). Other AI 

areas also have limbic inputs. The five AI areas anterior to the limen are similar to the areas 

described by Carmichael & Price (Carmichael & Price, 1994).  

Studies using correlations between the Balanced Emotional Empathy Scale and fMRI 

percent blood oxygen level-dependent (BOLD) signal showed that the anterior insula is involved 

in self-awareness and complex social functions, such as empathy, social decision-making, and 

social structure learning (Fahrenfort et al., 2010; Harlé et al., 2012; Lau et al., 2020). It is also 

responsible for controlling motivational vigor through a circuit that connects insula with the 

brainstem (Deng et al., 2021), and it also computes risk predictions for decision-making 
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(Lighthall et al., 2012; Singer et al., 2009; Yang et al., 2022). One study investigated the anterior 

insula’s role in binge-eating, which shares similarities with emotional eating) in rats, reporting 

that anterior insula activation suppressed binge intake, but not homeostatic food intake, or food 

intake for energy balance (Price et al., 2019).  

The DI can be further divided into areas related to different functions (Carmichael & 

Price, 1994; Evrard, 2019; Evrard et al., 2014). The dorsal dysgranular areas are responsible for 

intrapersonal, agency behaviors, while the mound and ventral dysgranular areas are involved 

with interpersonal, social functions. The DI areas linked to interpersonal and social functions 

areas have inputs from the amygdala, pre-supplementary motor area, mirror neurons, and ventral 

striatum; in contrast, the DI area linked to intrapersonal and agency functions has inputs from the 

supplementary motor area, dorsal striatum, and posterior cingulate cortex (Evrard, 2019).  

The GI also has separate areas related to different functions. The dorsal fundal areas are 

primarily involved in interoception and visceral representations (it is known as the primary 

interoceptive cortex), whereas the posterior granular areas are involved in vestibular and auditory 

functions (Evrard, 2019). The dorsal areas have inputs from the ventral medial thalamus through 

solitary tract nucleus and spinal lamina 1, coming ultimately from peripheral innervation. 

Interoceptive information may flow from the GI to the DI to the AI (Evrard, 2019).  

The IPro that we delineated overlapped with the AI and DI from previous studies, and it 

has limbic connections (Carmichael & Price, 1994; Evrard, 2019; Paxinos et al., 2000). 

The relationship between stress and the insula is complex. Post-traumatic stress disorder 

(PTSD) patients and individuals with ELS had significant insular volume reductions (Kunimatsu 

et al., 2020; Saleh et al., 2017). Cumulative adversity and stressful life events are also associated 

with right insular gray matter (GM) volume loss (Ansell et al., 2012). Furthermore, a meta-
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analysis also showed that the insula has a similar relationship to the amygdala for PTSD, social 

anxiety disorder (SAD), and specific phobias, as all three lead to insular hyperactivation (Etkin 

& Wager, 2007). In fact, there is increased activation of the insula for many anxiety disorders 

(Shin & Liberzon, 2010). This indicates that the relationship between chronic stress and insular 

structural development is one that leads to both volume decreases and activity increases. A 

rodent study also showed that the insula has a direct role in anxiety (Méndez-Ruette et al., 2019). 

Furthermore, anterior insula functional network connectivity had a role in mediating the 

association between ELS (childhood maltreatment) and symptoms of depression (He et al., 

2022), which relates to this study because it supports a role of the insula in both ELS and its 

neuropsychiatric outcomes.  

There is also conflicting evidence regarding the relationship between diet and the insula. 

One study showed that the insular GM volume was inversely related to body fat change in the 

first six months of human life (Rasmussen et al., 2017). In a study with human adolescents, a 

larger insula volume was associated with being more likely to choose a lower caloric food (Hall 

et al., 2021). This study also suggested that studying the insular subregions in relationship to 

food choices would be important because the anterior insula is more involved in salience 

detection, whereas the posterior is more involved with responding to homeostatic changes (Hall 

et al., 2021). It is also interesting to note that anterior insula activity suppresses binge intake of 

high-fat foods in rodents (Price et al., 2019). Furthermore, a meta-analysis showed that obesity 

patients had decreased insular GM volumes (Herrmann et al., 2019). Conversely, a different 

study found that successful dieters had overall insular GM volumetric loss than unsuccessful 

dieters, and it showed that weight loss is linked to insular volume loss (Honea et al., 2016). 

Despite some inconsistencies in the literature (as some studies found that smaller insular 
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volumes are associated with increased body fat and choosing higher caloric foods, while another 

study found that insular volume loss is associated with weight loss after dieting), the insula 

seems to play a role in the effects of psychosocial stress and diet during development.  

While the GI has a significant role in interoception, the other subregions are still relevant 

to diet, as obese subjects had more right anterior (AI, IPro) and middle insula (DI) activation 

than lean subjects to food (Scharmüller et al., 2012), and obese women had more AI activation in 

particular to HCDs than lean women (Stoeckel et al., 2008).  

 

Aim and Hypotheses   

The goal of this study was to examine the effects of postnatal exposure to social 

subordination stress and consumption of obesogenic diets on the structural development of the 

insula in female macaques, from infancy to the juvenile, prepubertal period. Female macaques of 

different social ranks (dominant, subordinate) were provided postnatal access to either a Choice 

diet (LCD, HCD) or to an LCD-only diet to examine whether postnatal diet interacted with social 

subordination stress to affect the developmental trajectory of specific insular subregion volumes. 

The AI is of interest due to its socio-limbic implications—many studies discuss the implications 

of the anterior insular cortex, which overlaps mostly with the AI, and some with the IPro. The DI 

is of interest here due to its involvement in both intrapersonal and interpersonal agency 

functions. The GI is of interest due to its interoceptive role, especially in relation to food 

consumption.  

With respect to social status, we hypothesized that subordinates would have smaller 

whole insula and insular subregion volumes than dominants, and that these differences will 

increase over the course of development. This is supported by the literature reviewed above, 



 14 

which indicates that chronic stress is linked to smaller insular volumes, though the insula is 

hyperactive. The limbic, emotional aspect of stress, fear, and avoidance is best represented in the 

anterior insula (AI, IPro) (Lin et al., 2015), and some in the intermediate (DI) region, while the 

posterior (GI) region mediates fear and threats (Rodríguez et al., 2020) without being involved in 

the self-awareness of these functions (Craig, 2009). Thus, all insular subregions are hypothesized 

to be smaller for subordinates relative to dominants.  

In relation to diet effects, I hypothesized that animals in the Choice diet (particularly 

those who consumed more HCD kilocalories) would have smaller insular and subregion volumes 

than LCD-only animals and those who consumed fewer kilocalories. This is supported by 

literature above reporting that obese individuals and those who chose high-calorie foods had 

smaller insulas (Hall et al., 2021; Herrmann et al., 2019; Rasmussen et al., 2017). Accordingly, I 

hypothesized that all insular subregions would be smaller in Choice than LCD-only animals. 

Given that reviewed literature on the relationship between the insula and chronic stress indicated 

that increased insular activation is sometimes found in situations of decreased insular volumes, 

this could be the case for diet and food perception literature as well.  The GI, involved in 

interoception and other sensory-related functions, is especially hypothesized to have a smaller 

size for Choice diet animals because viewing HCD foods increases cortical activation in regions 

associated with food perception (Ohla et al., 2012), and increased insular activity is sometimes 

reported in situations of decreased volumes. As for the other subregions, literature reviewed 

above showed that right anterior (AI, IPro) and middle insula (DI) were more activated in 

response to food in obese subjects than lean individuals (Scharmüller et al., 2012) and 

particularly more AI activation (Stoeckel et al., 2008), so this provides further support for the 

proposed effect on other regions.  
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Methods 
Subjects, Housing and Experimental Design 

This study used 41 female rhesus monkeys (Macaca mulatta), born and raised at the 

Yerkes National Primate Research Center (YNPRC) Field Station (Lawrenceville, Georgia). 

They lived with their mothers and families in complex social groups housed in outdoor 

enclosures with attached climate-controlled indoor areas. Social groups had 2-3 adult males, 30-

60 adult females, and their offspring. Behavioral, brain, body weight and food intake data were 

collected longitudinally between birth and menarche (see Figure 1 for overall experimental 

design, measures, and timeline) as part of a bigger study funded by an NIH/NICHD R01 grant 

(Stress and Obesity effects on Development -SOD-). Emory University’s Institutional Animal 

Care and Use Committee (IACUC) approved the procedures, which complied with both the 

United States Department of Health and Human Services’ “Guide for the Care and Use of 

Laboratory Animals” and the Animal Welfare Act. The YNPRC is fully accredited by 

AAALAC, International. 

Multiparous dams were chosen according to their relative social status/rank, which was 

determined by group dominance matrices based on observations of dyadic agonistic interactions. 

In rhesus macaque social groups, there is a social dominance hierarchy in which lower-ranking 

animals show submissive behaviors (e.g. withdraw) towards higher-ranking animals (Bernstein 

et al., 1974). Based on behavioral observations using a standard ethogram (Wilson et al., 2013) 

that determined social ranks, animals in the extremes of the social hierarchy were selected: 

dominant dams from families in the top third of the hierarchy (DOM), or subordinate dams from 

families in the bottom third of the hierarchy (SUB). We excluded from the study dams with a 

history of infant neglect or physical abuse and infants with birth weight <450g to avoid the 
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confounding effect of adverse caregiving and the known detrimental effects of low birth weights 

on brain and behavioral development (Aarnoudse-Moens et al., 2009). 

 In order to control for potential heritable, biological and prenatal factors related to 

maternal social rank, including prenatal stress exposure or genetic/epigenetic transmission of 

traits (Phelan et al., 2011; Schneider et al., 2001), a cross-fostering design was used to randomly 

assign infants at birth to the same or to a different social rank group to that of their biological 

mother. This was meant to disentangle the effects of postnatal exposure to social status (e.g., 

social subordination stress) from prenatal/heritable rank effects. Because rhesus infants assume 

their mothers’ rank (Bernstein, 1976), when an infant is raised by a foster mother of a different 

social status, they assume the foster mother’s social rank in the hierarchy. Table 1 shows the 

breakdown of groups based on social rank, diet, and cross-fostering. Twenty-one infants were 

selected randomly to be cross-fostered within 48 hours of birth according to established 

procedures (Howell et al., 2017); the other 20 infants were raised by their biological mothers to 

also examine the potential effects of the cross-fostering manipulation. There were a total of 21 

DOM and 20 SUB mother-infant pairs followed longitudinally throughout this study. Although 

female macaque social ranks are stable, they were reassessed monthly in case of rare changes. In 

addition to the categorical social rank group assignment (DOM, SUB), the relative rank of each 

subject was also calculated as the ratio of the postnatal dam’s social status divided by the number 

of animals in the group that were older than three years, except for adult males, who establish 

their own social rank among themselves (Wilson, 2016). For example, a dam with a rank of 40 

out of 100 animals would have a relative rank of 0.40, and her infant would also assume this rank 

(Bernstein, 1976).  
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Diet Conditions 

Because a focus of the NIH/NICHD-funded Stress and Obesogenic Diet project was to 

study the effect of postnatal exposure to a high-calorie diet (HCD) in comparison to a healthy, 

low sugar/fat calorie diet on the development of brain structure, dams consumed a low-calorie 

diet (LCD) throughout pregnancy to control for prenatal diet effects on brain structure and 

behavior (Janthakhin et al., 2017; Sullivan et al., 2010).  

Table 1 shows the experimental groups breakdown by social rank (DOM, SUB), 

postnatal diet (LCD-only, Choice -LCD, HCD-), and cross-fostering (cross-fostered: LCD -6 

DOM, 4 SUB-, Choice: -6 DOM, 5 SUB-; non-cross-fostered: LCD -5 DOM, 6 SUB-, Choice: -

4 DOM, 5 SUB-). Postnatal diet access of mothers and infants was experimentally controlled 

using automated feeders that subjects and their mothers could activate with radio-frequency 

identification (RFID) chips subcutaneously implanted in their wrists (Wilson et al., 2008). 

Automated feeders delivered either LCD or HCD pellets. Animals in the LCD diet had access to 

only the LCD feeders, whereas those in the Choice condition had access to both the LCD and 

HCD automated feeders, which models the Western human diet environment and allows for 

emotional eating in animal models (Michopoulos, Toufexis, et al., 2012; Wilson et al., 2008). 

The Choice condition also promotes increased consumption of HCD than providing access to 

only the HCD (Michopoulos, Toufexis, et al., 2012; Moore et al., 2013). LCD was sourced from 

LabDiet Monkey Diet 503A, which is a pelleted version of the standard, low-calorie feed, 

LabDiet Monkey Diet 5038 (Purina Mills International, St. Louis, MO). The LCD was 3.45 

kilocalories(Kcals)/gram, broken down into 12% fat, 65.9% starch, 4.14% sugar, and 18% 

protein (Table 2). The HCD pellets (from D14051502B, Research Diets, Inc.) had more 
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Kcals/gram (4.25), broken down into 30% fat, 20.2% starch, 29.8% sugar, and 20% protein 

(Table 2). Vitamin and mineral content for LCD and HCD pellets were comparable. 

Both food and water were available “ad libitum”. Dams had RFID chips implanted at the 

beginning of the study, whereas infants had them implanted at 6 weeks of age, which is before 

weaning but slightly after the typical first introduction of solid food (Maestripieri & Hoffman, 

2012). Depending on the diet assignment, the RFID chip could operate either only LCD or both 

LCD and HCD feeders. Feeders dispensed one pellet for every RFID chip scan, which allowed 

for the quantification of caloric intake (Wilson et al., 2008). This feeding system was validated 

previously, showing that monkeys consume food as desired while systematically controlling 

access to the two experimental diets and giving accurate recordings of the Kcals consumed from 

each diet (Wilson et al., 2008). Furthermore, validation of the model has demonstrated that 

subjects almost always consume a pellet of food after taking it from the automated feeder 

(Wilson et al., 2008). LCD and HCD Kcal intakes were recorded continuously from birth to 16 

months to determine how diet condition and social rank affected Kcal consumption, measured as 

Kcals per day. Diet intake data were then summed into total cumulative Kcal consumption of 

HCD and/or LCD consumption from the start of solid food consumption to 6 months, and from 6 

to 16 months of age. Body weight (kg) data were also collected at birth, 2 weeks, 6 months, and 

16 months. Developmental changes in Kcal intake of each diet as well as in body weight were 

analyzed using linear mixed models (LMM) by a previous undergraduate student in the lab and 

findings are currently being submitted to the journal Biological Psychiatry (Kyle et al., in 

preparation); a summary of those findings are presented in the Results section below with the 

proper citation, because they are also relevant for this thesis.  
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Structural Magnetic Resonance Imaging (sMRI) 

Acquisition of MRI Images 

The sMRI scans were obtained at 2 weeks, 6 months, and 16 months of age. On the day 

before the scan acquisition, 2 week- and 6-month-old infants were transported from the YNPRC 

Field Station with their mothers to the YNPRC Imaging Center; the 16-month-old juveniles were 

transported to the Imaging Center alone. A 3T Siemens Magnetom TRIO system (from Siemens 

Medical Solutions, Malvern, PA, USA) was used with an 8-channel phase array coil to collect 

T1- and T2-weighted sMRI scans in a single session. To collect T1-weighted scans, a 3D 

magnetization-prepared rapid acquisition with gradient echo (3D-MPRAGE) parallel imaging 

sequence was used (TR/TE = 2600/3.46msec; voxel size: 0.5mm3, isotropic; 8 repetitions; 

GRAPPA, R=2). T2-weighted scans were acquired in the same direction (TR/TE = 

3200/373msec; voxel size: 0.5mm3 isotropic; 3 repetitions; GRAPPA, R=2), and combined with 

the T1 data to improve white matter (WM), gray matter (GM), and cerebrospinal fluid (CSF) 

border contrast, which helps delineate regions of interest -ROIs- (Knickmeyer et al., 2010).  

Subjects were scanned under anesthesia (1% isoflurane, to effect) following induction by 

an intramuscular injection of telazol (2-4mg/kg body weight), and intratracheal intubation. 

During the scan, animals’ vital signs were monitored with an electrocardiograph, oximeter, blood 

pressure monitor, and a rectal thermometer. A dextrose and 0.45% NaCl solution was 

administered with an intravenous catheter to maintain hydration, and a heating pad was used to 

maintain body temperature. A head holder with a mouthpiece and ear bars was used to 

immobilize the head and help scan it in the same position for all subjects while supine, and a 

vitamin E capsule taped to the right temple identified the right side of the head.  
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Infants were returned to their mothers upon recovering from anesthesia, and all animals 

were transported back to their enclosure at the Field Station the next day. For the 2-week age 

group, scans for three subjects are missing because either the mother or the infant was ill, but 

because they had data at the other ages, they were not dropped from the study. For the 16-month 

group, two subjects were dropped from the study and are missing their scans.  

 

sMRI Data Processing 

All sMRI data were processed using one or both of two open-source, in-house, atlas-

based pipelines that were developed by the Neuro Image Research and Analysis Laboratories -

NIRAL; University of North Carolina- (Styner et al., 2007; Wang et al., 2014). All structural 

data were processed using the AutoSeg 3.3.2 package, except for some processing steps for the 

2-week data, where AutoSeg was used in combination with NeoSeg 1.0.7 to deal with neonatal 

challenges, such as GM/WM contrast inversion. The pipelines include semi-automatic 

processing tools that segment the brain images into probabilistic tissue maps of WM, GM, and 

CSF, and generate cortical lobar and/or ROI parcellations and subcortical ROIs. We have 

previously published these approaches and tools in studies of infant/juvenile macaque brain 

structural development (Kovacs-Balint et al, 2021). 

T1- and T2-weighted images of each animal were averaged respectively. Then, the first 

step of the AutoSeg pipeline was the bias field correction. In this step, inhomogeneities in the 

signal intensity of the brain image—usually caused by issues with the radiofrequency coils—

were corrected using N4-ITK bias field correction (Tustison et al., 2010; Wang et al., 2014) to 

improve tissue segmentation.  
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The next step was reference space alignment, in which AutoSeg registered the subject’s 

T1- or T2-weighted image to the reference brain T1- or T2-weighted atlas with BRAINSFit, a 

tool in Slicer software for rigid body registration (Fedorov et al., 2012; Shi et al., 2016; Styner et 

al., 2007; Wang et al., 2014). There were different atlases for each age because of structural 

differences such as myelination/tissue (GM, WM, CSF) contrast, cortical gyrification, and 

region-specific differences in shape (Knickmeyer et al., 2008; Kovacs-Balint et al., 2021; Li et 

al., 2014); infant atlases were generated by our group (Shi et al., 2017): see Figure 2A).  

Next, automatic atlas-based classification (ABC) tissue segmentation occurred. In this 

step, tissue was segmented into GM, WM, and CSF to distinguish brain from non-brain tissue by 

using Advanced Normalization Tools (ANTS) with the T1- and T2-weighted images (Liu et al., 

2015; Styner et al., 2007; Wang et al., 2014). This automatic brain skull-stripping step generated 

a brain mask that was manually corrected using the ITK-Snap program for more accurate 

elimination of all non-brain tissue from the image. Following this, Slicer was used to smooth the 

resulting brain masks. Researchers involved in manual skull-stripping were blind to the subject’s 

group assignment.  

After the manual brain skull-stripping step, ABC was run a second time with the skull-

stripped brain images for more accurate atlas registration, tissue segmentation into GM, WM, 

and CSF, and parcellation of ROIs (Wang et al., 2014). The second ABC round registered skull-

stripped brain images to the skull-stripped atlas and generated warp fields for ROI parcellations. 

ROI parcellations and tissue segmentations were combined, allowing for the computation of GM 

volume in the insular subregions.  

ROIs in the older brain atlas were manually edited and then backpropagated to earlier 

ages atlases, to be manually edited in the younger atlases according to published 
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neuroanatomical/functional macaque criteria (Paxinos et al., 2000; Paxinos et al., 1999; Saleem 

& Logothetis, 2006; Stephani et al., 2011). Figure 2 displays the specific macaque insula 

subdivisions we studied in our MRI images (agranular insula -AI-, dysgranular insula -DI-, 

granular insula -GI-, and insular proisocortex -IPro-) in a sagittal and coronal 12-month macaque 

atlas T1-MRI image following previous neurohistological, cytoarchitectonic and 

connectivity/functional criteria (Barbas & Pandya, 1989; Carmichael & Price, 1994; Evrard, 

2019) as well as macaque brain stereotaxic/MRI atlases (Paxinos et al., 1999; Saleem & 

Logothetis, 2006) and modifications of available MRI ROI sets (Paxinos ROIs in the scalable 

rhesus brain atlas, based on Paxinos et al, 2000 definitions, 

https://scalablebrainatlas.incf.org/macaque/PHT00_on_F99 (Bakker et al., 2015; Paxinos et al., 

2000)). AutoSeg generated GM, WM, and CSF tissue segmentations and ROI parcellations. 

Intracranial volume (ICV) was calculated as the sum of GM, WM, and CSF, and it was not 

calculated by hemisphere. Left and right whole insular, as well as AI, DI, GI, and IPro ROI 

volumes were calculated separately.  

 

Statistical Analysis  

IBM SPSS Statistics (version 28.0.1.0) was used to perform all statistical analyses. To 

summarize variables and visualize trends, we used mean±standard error of the mean (SEM). 

Data were first checked for normal distributions. Data that were not normally distributed 

according to the Shapiro-Wilk test were log10-transformed (p≤0.05) and checked again for 

normality. Repeated measures analysis of variance (RM ANOVA) was then used to evaluate the 

developmental effects of social subordination stress and obesogenic diet consumption on 
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structural MRI measures of intracranial volume (ICV) and insular total and subregions volumes. 

Effect sizes were calculated as η2. 

Although 41 subjects were studied longitudinally, there were 3 animals with missing 

sMRI data at 2 weeks, and 2 other animals with missing sMRI data at 16 months. As a result, 

RM ANOVA analyses was run on a total of 36 subjects. RM ANOVA was conducted with age 

(2 weeks, 6 months, 16 months) as the repeated measures factor, and social rank (DOM, SUB) 

and diet (LCD-only, Choice) as the fixed factors to examine the main effects of these factors and 

their interactions. For analyses of insula ROIs, hemisphere was included in the model as an 

additional repeated measures factor (left, right). Although it would be important to examine the 

effects of biological mother’s rank by repeating the RM ANOVA entering biological mother’s 

rank as a covariate, I did not have time to include these analyses in the thesis. When data did not 

pass Mauchly’s test of sphericity, Greenhouse-Geisser values were reported.  

Since significant effects of diet and age were detected on total brain size (ICV; see 

Results), RM ANOVA was re-run for each ROI for ICV-corrected values to account for group 

differences in ICV when assessing effects on insula or insula subregions. Since the AutoSeg 

pipeline does not calculate ICV per hemisphere, left and right insular ROI volumes were first 

added together and then divided by the ICV, yielding ICV-corrected ROI values that indicate the 

percent of the brain that is occupied by the insula regions. Therefore, hemisphere was not a 

variable when analyzing ICV-corrected values. Analyses of ICV-corrected insular ROIs growth 

accounts for differences in overall brain size and is a method we and others have used before 

(Kovacs-Balint et al., 2021).  

Post hoc pairwise comparisons using paired-sample t-tests were performed with 

Bonferroni multiple comparisons corrections when significant diet, rank and/or age interaction 
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effects were detected in the RM ANOVA models. The threshold for significant effects was set at 

a level of p≤0.05. 

 

Results 
 

Structural MRI data (RM ANOVA) 

Intracranial volumes (ICV) 

ICV data were normally distributed according to the Shapiro-Wilk test. It also passed 

Mauchly’s test of sphericity as well as Levene’s test of homogeneity of error variances. Upon 

running RM ANOVA, a main effect of age was found (F(2,64) = 1474.337, p=2.96*10-54, ηp2 

=0.979), with ICV increasing with age (Figure 3). A main effect of diet was detected as well 

(F(1,32) = 6.581, p=0.015, ηp2 =0.171), with Choice diet animals having a larger ICV than LCD-

only animals (Figure 3). No other main or interaction effects were detected.  

 

Whole Insula Volumes  

Prior to ICV corrections, all whole insula volume data were normally distributed 

according to the Shapiro-Wilk test, except for the left insula at 6 months. Log10 transformation 

normalized the data. Mauchly’s test of sphericity passed for age but not for age by hemisphere; 

therefore, Greenhouse-Geisser values were reported. All variables passed Levene’s test of 

homogeneity of variances.  

 A main effect of age was found for uncorrected whole insula volumes (F(2,64)= 2104.039, 

p= 4.1429*10-59, ηp2 =0.985), which increased with age (Figure 4). Main effects of diet were also 

found (F(1,32)=11.376, p=0.002, ηp2 =0.262), with animals in the Choice diet having a larger 
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whole insula volume than LCD-only animals (Figure 4). There was also an age by hemisphere 

interaction effect (F(1.502, 48.054)= 12.171, p= 0.001423, ηp2 = 0.276). No other significant main or 

interaction effects were detected. 

ICV-corrected data were not normally distributed according to the Shapiro-Wilk test, but 

log10 transformation resolved this. Age did not pass Mauchly’s test of sphericity, so 

Greenhouse-Geisser values are reported below. All variables passed Levene’s test of 

homogeneity of error variances. ICV-corrected values retained the main effects of age (F(2,64) 

=171.435, p= 1.9731*10-26, ηp2=0.843) and diet (F(1,32) =6.730, p=0.014, ηp2= 0.174) reported 

above. Thus, ICV-corrected global insula volume increased with age and was larger in animals in 

the Choice diet than LCD-animals (Figure 4). Because the ICV-corrected values were calculated 

by adding hemispheres and dividing by ICV, hemisphere was not included in the statistical 

model. No other main or interaction effects were detected.  

 

Agranular Insula (AI) Volumes 

Both uncorrected and ICV-corrected AI variables passed the Shapiro-Wilk test of normality, 

Mauchly’s test of sphericity, and Levene’s test of homogeneity of error variances.  

A main effect of age was found on AI uncorrected volumes (F(2,64) = 656.122, p = 

2.2882*10-43, ηp2 = 0.953), with increasing volumes with age (Figure 5). There was also a 

hemisphere effect (F(1,32) = 31.387, p= 0.000003, ηp2 = 0.495), with a larger left than right 

hemisphere. In addition, there was a main diet effect (F(1,32) = 16.551, p= 0.000289, ηp2 = 0.341), 

with Choice diet animals having a larger AI volume than LCD-only animals (Figure 5). There 

was also an age by hemisphere interaction effect (F(2,64) = 19.359, p= 2.6617*10-7, ηp2 = 0.377). 

No other main or interaction effects were found.  
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 After ICV corrections, the main age (F(2,64) = 91.145, p = 1.8684*10-19, ηp2 = 0.740) and 

diet effects remained (F(1,32) = 7.791, p =0.009 , ηp2 = 0.196), with Choice animals still showing 

larger AI volumes than those on the LCD-only diet (Figure 5). No other main or interaction 

effects were detected.  

 

Dysgranular Insula (DI) Volumes 

Uncorrected DI values passed the Shapiro-Wilk test of normality and Levene’s test of 

homogeneity of error variances. Age passed Mauchly’s test of sphericity, but age by hemisphere 

did not pass, so Greenhouse-Geisser values were reported.  

For the uncorrected data, a main effect of age was found on DI volumes (F(2,64) = 

611.234, p= 1.9815*10-42, ηp2 = 0.950), with volumes increasing with age (Figure 6). There was 

also a main effect of diet (F(1,32) = 12.491, p= 0.001269, ηp2 =0.281), with animals in the Choice 

diet showing higher DI volumes than those in the LCD-only condition (Figure 6). An interaction 

effect of age by diet was also found (F(2,64) = 4.559, p=0.014, ηp2 =0.125). Post hoc pairwise 

comparisons of the means showed significant differences in DI volumes between the diet groups 

at each age studied (at 2 weeks: p=0.004, at 6 months: p=0.003, and at 16 months: p=0.00046, 

based on a Bonferroni-adjusted threshold of p=0.0055 for multiple comparisons -p-value/9 

comparisons-; see asterisks in Figure 6). An age by hemisphere interaction effect was also 

detected (F(1.642,52.545) = 4.778, p= 0.017, ηp2 =0.130).No other main or interaction effects were 

found. 

ICV-corrected DI values passed the Shapiro-Wilk test of normality upon log10 

transformation, Mauchly’s test of sphericity, and Levene’s test of homogeneity of error variances 

for all ages except for 2 weeks. Only the main effect of age (F(2,64) = 101.324, p = 1.4714*10-20, 
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ηp2 = 0.760) and the main effect of diet (F(1,32) = 7.791, p =0.009 , ηp2 = 0.196) remained 

following ICV-correction. No other main or interaction effects were detected. 

 

Granular Insula (GI) Volumes  

For uncorrected values, GI did not pass the Shapiro-Wilk normality test at 6 months for 

both hemispheres, but log10 transformation resolved this. Age passed Mauchly’s test of 

sphericity, but age by hemisphere did not pass, so Greenhouse-Geisser values were reported. 

Levene’s test of homogeneity of error variances was passed.  

There was a main effect of age on GI volume (F(1.661,53.144) = 1259.707, p= 1.0722*10-43, 

ηp2 =0.975) with volume increasing with age; based on the graph, it seems that volumes grow 

much more from 2 weeks to 6 months than 6 months to 16 months (Figure 7). A main effect of 

hemisphere was also detected (F(1,32) = 26.867, p= 0.000012 ηp2 =0.456), with a larger right than 

left hemisphere. In addition, a main effect of diet was found (F(1,32) = 6.584 p= 0.015, ηp2 

=0.171), with Choice animals having higher GI volumes than LCD-only animals. No other main 

or interaction effects were found. 

For ICV-corrected values, even after log10-tranforming the data, the 6 months and 16 

months data did not pass the Shapiro-Wilk test of normality. Age did not pass Mauchly’s test of 

sphericity, so Greenhouse-Geisser values were reported. ICV-corrected GI data passed Levene’s 

test of homogeneity of error variances. After ICV correction, the diet effect disappeared, and 

only a main age effect (F(1.690, 54.064) = 106.501, p = 3.5058*10-18, ηp2 = 0.769) remained (Figure 

7). No other main or interaction effects were detected.  

 

Insular Proisocortex (IPro) Volumes  
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Uncorrected IPro data passed the Shapiro-Wilk normality test and Levene’s test of 

homogeneity of error variances. Age and age by hemisphere did not pass Mauchly’s test of 

sphericity, so Greenhouse-Geisser values were reported. 

There was a main effect of age on IPro volume (F(1.614,51.658) = 475.191, p= 4.7107*10-32, 

ηp2 =0.937) with volumes increasing with age (Figure 8). In addition, there was a main effect of 

diet (F(1,32) = 7.934, p=0.008, ηp2 =0.199) with larger IPro volumes in Choice than LCD-only 

animals. An age by hemisphere interaction effect was also detected (F(1.540,49.267) =5.597, 

p=0.011, ηp2 =0.149). No other main or interaction effects were found. 

ICV-corrected IPro volume data also passed the Shapiro-Wilk normality test and 

Levene’s test of homogeneity of error variances. Age did not pass Mauchly’s test of sphericity, 

so Greenhouse-Geisser values were reported. After ICV corrections, the age effect (F(1.456,46.590) = 

104.867, p = 7.1579*10-16, ηp2 = 0.766) and diet effect (F(1,32) = 4.168, p = 0.050, ηp2 = 0.115) 

remained, though notably, the diet effect was borderline significant (Figure 8). No other main or 

interaction effects were detected. 

 

Body Weight and Kilocalories consumed of the LCD and HCD Diets (LMM) 

The analyses of effects of social rank, diet and biological mother on body weight and Kcals 

consumed of each diet were performed by a previous undergraduate student in the lab and 

reported elsewhere (Kyle et al, in preparation). I am summarizing the main findings here, as they 

are of relevance for this project. The studies found that body weight increased with age with no 

significant main or interaction effects of social rank or diet (Figure 9). Older animals consumed 

more Kcals, Choice animals consumed more Kcals than LCD-only animals, and dominant 
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animals consumed more Kcals than subordinates (Figure 10); consumption of HCD Kcals also 

increased with age in Choice subjects.  

 

Discussion  
 

Summary 

This study examined the effects of postnatal exposure to a highly caloric diet and social 

subordination stress on the structural development of the total insular cortex and its subregions 

due to their role in emotional, socio-cognitive, and interoceptive functions. Brain structural MRI, 

body weight, and feeding data were collected longitudinally (from birth to 16 months of age) in 

female macaques from different social ranks (DOM, SUB) and diet conditions (LCD-only, 

Choice -access to both LCD, HCD-). The findings show that animals exposed postnatally to an 

obesogenic diet had larger overall brain volumes (ICV) and larger volumes of the insula and its 

subregions, except for the GI, even after controlling for the ICV differences. SUB and DOM 

animals had no significant differences between their insular volumes. Interestingly, several of the 

obesogenic diet effects were already detectable at 2 weeks of age, suggesting potential 

transmission through maternal biological signals (such as milk) since the infants did not have 

access to the automated feeders until 6 weeks of age. Altogether, our findings suggest that 

postnatal exposure to an obesogenic diet have significant, insult-specific effects on structural 

brain development, which emerge during infancy and remain present through the juvenile period. 

For the DI, the obesogenic diet effect at 2 weeks became exacerbated throughout the juvenile 

period. Our findings further suggest that cumulative HCD Kcals consumed are an important 

underlying biological mechanism of region-specific structural effects, excepting the GI.  
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Kilocalorie Consumption and Body Weight  

A previous study in the lab (Kyle el al, in preparation) showed that animals in the Choice 

diet condition consumed more Kcals of HCD than those in the LCD-only group, although 

contrary to predictions, it was the DOM and not SUB animals that showed hypercaloric 

consumption of HCD pellets, resulting in total higher HCD + LCD Kcals consumption from 0-6 

months and 6-16 months in DOM than SUB animals. From a life-history theory (Laskowski et 

al., 2021) and ontogenetic perspective, DOM animals could be consuming more HCD Kcals to 

increase their adipose tissue and accelerate menarche (Terasawa et al., 2012), which would allow 

them to start reproducing earlier. Indeed, DOM macaques tend to have an earlier menarche 

(Wilson et al., 2013).  

Despite this difference, there were no effects of rank on HCD kilocalories consumed, or 

on body weight between social rank or diet groups (Kyle et al., in preparation). Thus, postnatal 

access to obesogenic diets increases Kcal consumption without detectable body weight increases; 

however, it is possible that body weight differences emerge later on, during puberty, when 

female macaques go through a growth spurt (Tanner et al., 1990). Although these findings 

contrast with previous evidence of higher HCD and HCD+LCD Kcals consumed in SUB than 

DOM animals from adult female macaques studies in small social groups, the different findings 

in our study could be due to our developmental focus on infants and juveniles in large social 

groups (Arce et al., 2010; Michopoulos, Toufexis, et al., 2012; Moore et al., 2013). Another 

potential explanation could be that in the large social groups SUB animals had limited access to 

the feeders due to higher competition and/or group dynamics. There were also some LCD-only 

DOM animals that stole HCD pellets by holding the feeder gate open, but this was not a 

generalized phenomenon that explained the differences.  
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Diet Effects 

In addition to the expected ICV increase with age, the main findings of this study were 

that postnatal consumption of HCD in the Choice diet resulted in larger brain and overall insula 

size than in the LCD-only group (Choice>LCD-only) across development. The bigger ICV 

volumes in animals exposed to obesogenic diets contrasts with human literature where obesity in 

adults was associated with smaller whole brain GM volumes (Debette et al., 2010; Hamer & 

Batty, 2019; Han et al., 2021). However, the larger insula volumes in Choice animals are 

consistent with human studies showing that weight loss during dieting is linked to insular GM 

volume loss (Honea et al., 2016). A potential explanation for the difference between the human 

adult obesity studies, the Honea and collaborators, and ours is that chronic obesity could lead to 

neuronal damage through sustained stress hormones and inflammation mechanisms reviewed 

above; another difference is that our subjects were developing and not adults, and they were 

assessed at an age where the extensive pruning of cortical connections seen during adolescence 

had not yet occurred (Khundrakpam et al., 2016; Zhang et al., 2021). Also, the chronicity of 

obesity in the adult literature could have caused differences in insular development with an initial 

overgrowth (as reported here), followed by cortical over-pruning during puberty, and therefore 

later volume reductions. However, a study in children and adolescents also showed that obesity 

was associated with smaller frontal and limbic gray matter (Alosco et al., 2014). 

An interesting observation is that the effects of the Choice diet on ICV and insula 

volumes were present at 2 weeks already, before the introduction of solid food. This diet effect 

could potentially be transmitted through the subject’s mother’s milk, since all dams consumed 

LCD until birth (therefore, the diet effects are not due to prenatal programming), and the access 

of Choice mothers to HCD feeders was activated postpartum. In mouse and rat studies, maternal 
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high-fat diets lead to obesity and behavioral alterations in pups (Sasaki et al., 2013; Sun et al., 

2012), supporting the possibility that maternal diets could have impacted the fast ICV neonatal 

development. Furthermore, since there were no significant body weight differences, it is unlikely 

that Choice diet effects were mediated by obese phenotypes. An interesting alternative 

explanation is that early insular volume increases could have driven the HCD consumption rather 

than the other way around. However, although two weeks is a very rapid time frame for insular 

volume changes to take place based on maternal diet, it is possible that even small structural 

changes at that early developmental stage could program the insula to grow faster and increase 

preference for the HCD later on, driving further insula volume increases. In other words, HCD 

consumption could be programmed by early exposure through the mother’s milk. Further studies 

are required to clearly discern whether this is the case.  

Contrary to our hypothesis, animals in the Choice diet showed larger, rather than smaller, 

total insula volumes than those in LCD-only condition, even after data was ICV-corrected. 

Although this finding is not consistent with a study with human adolescents, where a larger 

insula volume was associated with choosing lower caloric foods (Hall et al., 2021) the larger 

insula volumes found in Choice animals are supported by other human studies showing that 

weight loss during dieting is linked to insular GM volume loss (Honea et al., 2016). As discussed 

above, a potential difference between obesity studies and ours is that obesity could lead to 

chronic neuronal damage through sustained elevations in inflammation and cortisol. Another 

difference is the developmental nature of our studies. Our results indicate that the consumption 

of HCD, which contains higher fat and sugar, is associated with insular volume growth. This 

could potentially be explained by increases in neuronal complexity and pruning dysfunctions 

caused by HCD consumption, as Sholl analysis in rats showed that a Western-style diet increased 
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neuronal complexity in the entorhinal cortex, which may be caused by decreased pruning (Sarfert 

et al., 2019). The insula is integral to both feeding and stress responses because of its 

interoceptive, emotion processing, and reward functions (Liberzon et al., 2007; Reynolds & 

Zahm, 2005). Overeating in adolescent girls has also been linked to increased insular activation 

(Carnell et al., 2012), and it could be a manifestation of an outcome of early diet-induced 

alterations in insular structure.  

For the AI, Choice animals showed larger volumes than LCD-only animals. The main 

diet effects were preserved after ICV correction, which suggests that there is more AI-regional 

growth for Choice animals than can be accounted by the diet-induced increase in overall brain 

size. This contrasts with previous literature showing that anterior insula activation (which mostly 

overlaps with AI) suppresses binge-eating (Price et al., 2019), which may lead one to posit that 

increased AI volume might also be associated with a decrease in emotional eating, and therefore 

a smaller HCD consumption. However, regional activations and volumes do not necessarily 

correlate with each other, as has been demonstrated for the amygdala in PTSD (Ousdal et al., 

2020). The right insula was also found to have a role in routine restraint from high-calorie food 

(Wood et al., 2016). Since AI has a role in restraint from food consumption, it would be helpful 

to carry out an fMRI study in order to gain insight of AI activity in the Choice animals in 

response to high-calorie foods. A larger AI volume for the Choice diet could point to the fact that 

interoceptive information flows from the GI to the DI to the AI, and because the interoceptive 

cortex activates more in response to seeing an HCD due to its involvement in taste pleasantness 

(Evrard, 2019; Ohla et al., 2012). So, the AI could be associated with consumption of Choice 

diet due to its role in the flow of interoceptive information.  
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For the DI, diet effects were preserved after ICV correction, suggesting that there is more 

DI-regional growth for Choice animals than can be accounted by the diet-induced increase in 

overall brain size. The intrapersonal/agency area of the DI helps integrate interoceptive 

information with input from other regions that relate to motion, and the rest of it has social 

function. The interoceptive inputs are most relevant part of the DI to feeding and therefore diet, 

so it is possible that this relates to the effects observed; in fact, insular cortex is activated more in 

response to viewing high-calorie diets than low-calorie diets due to its role in perceiving taste 

pleasantness (Ohla et al., 2012), and interoceptive information flows from the GI to the DI 

(Evrard, 2019). In relation to this macaque model, we could propose that eating an HCD pellet 

would activate the DI due to the flow of interoceptive information. The difference of DI volumes 

between the diets over time amplifies with age, indicating the important impact of different diet 

conditions on brain development.  

Surprisingly for the GI, diet effects disappeared after controlling for ICV. The right 

insula is involved in evaluating interoception about taste awareness of especially of high-calorie 

foods (Ohla et al., 2012). The GI is involved in interoception, so it is interesting that the part of 

the insula most involved in eating-related sensation/behavior does not have significant diet 

effects after correcting for ICV, which suggests that the diet effects are not specific to the GI but 

driven by global effects of diet on overall brain size. However, the interoceptive information 

about taste pleasantness is transmitted to the other three subregions where the diet effect was 

retained, and where there is a strong integration between the interoceptive information, emotion, 

and awareness (Craig, 2009; Simmons et al., 2013). The reason why the GI does not have a 

region-specific diet effect, whereas the other subregions do, remains to be elucidated.  
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For the IPro, the main effects of diet were preserved by the ICV correction, suggesting 

more IPro-regional growth for Choice animals than can be accounted by the diet-induced 

increase in overall brain size. Given that the interoceptive cortex (in GI) activates more in 

response to seeing an HCD as it is involved in taste pleasantness, this effect could extend to the 

other parts of the insula where interoceptive information flows (Evrard, 2019; Ohla et al., 2012). 

Since the IPro is at the most caudal part of the insula, interoceptive information that travels to it 

is abstract (Simmons et al., 2013). In addition, olfactory inputs could play a role in this taste 

perception since at the caudal insula there are olfactory and limbic connections (Evrard, 2019).  

Brain Growth Mechanisms Relevant to Diet  

Higher Kcal consumption of the HCD could initially lead to more dendritic arborization 

in GM and myelination (some of it taking place even in WM within the GM), which ultimately 

results in larger brain volumes. The reported brain shrinkage effects in obesity might not occur 

until the emergence of obese phenotypes, including increased adiposity, excess cortisol 

production, and inflammation (Baudrand & Vaidya, 2015; Ellulu et al., 2017; Pasquali et al., 

2002).  

Evidence from studies in adolescent rodents support the HCD consumption cellular 

effects on neuronal complexity, which could be also caused by pruning impairments induced by 

diet (Sarfert et al., 2019). However, this explanation is unlikely in our study, given that most GM 

pruning takes place during puberty and our study was completed before puberty.  

Studies in rat models have also shown other potential cellular mechanisms that explain 

HCD-related increase in brain GM volume, including elevated microglia and astrocytes in the 

hippocampus (Graham et al., 2016; Kang et al., 2016). As animals ingesting higher HCD Kcals 

may have more inflammation due to an overactivated HPA axis, this inflammation could over-
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activate microglia and also impact synaptic pruning, myelination, and brain structure, which 

influence brain volume (Kucharova et al., 2011; Mottahedin et al., 2017). More work is needed 

to uncover the details of the mechanisms behind the effect of a Choice diet on ICV and insular 

volumes. 

Absence of Rank Effect 

Contrary to the robust effects of diet on brain development and to our original 

hypotheses, no rank effects were found on ICV or on any insular ROI, which contrasts with a 

previous study by another undergraduate in the lab where SUB animals had larger whole insulas 

than DOM animals according to LMM analyses (Kyle et al., in preparation). One possible 

explanation of the differences with my study was that RM ANOVA omitted five subjects due to 

missing data at certain ages. Another potential difference between findings reported here and 

previous studies about how social subordination affects insular volumes is that most previous 

studies were done on adults (Ansell et al., 2012; Etkin & Wager, 2007; Kunimatsu et al., 2020). 

In this study, even though subjects were still exposed to the social hierarchy, the fact that they 

were still developing could have led to differences on neuronal structural effects. Notably, since 

the animals in this study did not go through puberty, the typical cortical GM pruning related to 

puberty has not taken place (Knickmeyer et al., 2010) and has not yet been impacted by social 

rank.   

Relevance of the Amygdala  

Another relevant structure as we discuss chronic stress and diet is the amygdala, a component in 

the limbic system which helps process strong emotions such as fear and modulates fear-related 

behavior. The amygdala, like the insula, is also sensitive to stress and it is hyperactivated in 

anxiety disorders such as PTSD, social anxiety disorder (SAD), and specific phobias, illustrating 
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that both brain regions may be involved in chronic stress and emotions associated with it (Etkin 

& Wager, 2007). In relation to diet, increased amygdala volumes are linked to a bigger waist 

circumference and obesity (Janowitz et al., 2015; Perlaki et al., 2018). A maternal diet high in fat 

is also linked to amygdala dendritic remodeling (Janthakhin et al., 2017). Notably, Kyle and 

collaborators found that subordination and the Choice condition in the same animals used here 

resulted in larger amygdala volumes, which could represent overactivity from both chronic 

psychosocial stress and HCD consumption.  

Interestingly, amygdala-prefrontal cortex wiring regulates food reward (Baxter & 

Murray, 2002). The amygdala helps regulate food intake and it plays a role in reward through its 

connections with the anterior cingulate cortex and striatum, and some of its neuropeptides also 

control food intake (Zhang et al., 2011). GABA and serotonin receptor 2a (5HT2a) in the central 

nucleus of the amygdala, in particular, modulate food consumption with a positive valence; 

rewarding factors such as taste can influence consumption, and some studies found that positive 

valence increases food intake by increasing its rewarding properties, as 5HT2a was involved in 

conditioning flavor preferences (Douglass et al., 2017).  

Limitations and Future Studies 

This study has several limitations. Due to time constraints, I used RM ANOVA instead of 

LMM, which is not ideal because it cannot deal with missing longitudinal data; therefore, a more 

flexible statistical model, such as linear mixed models (LMM) should be used for the preparation 

of the manuscript. Using RM ANOVA caused some subjects with missing data to be omitted 

entirely from the study, resulting in a final sample size of 36 (from the initial 41), with 8-11 

animals for our smallest cells (social rank by diet interaction effects), which limits the power to 

detect complex factors interactions. Future studies should use LMM for longitudinal statistical 
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analyses to account for any missing values. Also, in future statistical analyses, the effects of 

biological mother and cross-fostering should be included in the model as covariates, and multiple 

regression models run to address whether kilocalories, inflammatory markers, and/or cortisol are 

significant predictors of specific structural effects of diet and social rank. 

Another limitation was that only females were used in the study due to the female-bias 

composition of rhesus social groups, composed by matrilineal social hierarchies; that is, we do 

not have enough adult breeder males per social group (sometimes only 1) to do social rank 

studies in males. Previous studies have found that in male macaques, although adult SUB had 

higher cortisol than DOM, a significant difference in cortisol is not detected between different 

ranks of adolescents (Feng et al., 2016). It would be important to examine all the developmental 

questions in this study with male macaques. 

 In terms of the automatic feeders used in this design, it allowed for some LCD-only 

dominants to steal HCD pellets by holding the feeder open; although this occurred in relatively 

few instances, an ideal design would avoid such occurrences.  

Furthermore, despite manually editing the insular subregions in each age brain atlas 

(template) using published neuroanatomical criteria for macaques (Paxinos et al., 2000; Paxinos 

et al., 1999; Saleem & Logothetis, 2006), and the high resolution (0.5mm3, isotropic) of our T1- 

and T2-weighted MRI , there are still limits in our the ability to identify cytoarchitectonic 

divisions. Future studies using higher strength magnets and better coils could improve 

anatomical resolution to evaluate the structural development of the smaller regions within the 

insular subregions studied here. In particular, given that the mound, ventral, and posterior ventral 

fundal regions of the DI have social functions, whereas the dorsal region has agency functions, it 

would be interesting to compare the development between these different DI areas. Also, in 
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future studies WM insular volumes should be included, and fMRI techniques can be used to 

examine the functional correlates of the structural effects reported here.  

We are currently collecting structural MRI data on these animals now that they are adults. 

These adults are all eating LCD diets, but evaluating their sMRI data will provide insight into the 

long-term effects of exposure to a particular diet (Choice or LCD-only) during development and 

cumulative effects of psychosocial subordination stress throughout their lives.  

Significance 

This study is significant despite its limitations because it demonstrates the effects of 

postnatal exposure to highly caloric, obesogenic diets and social subordination on the structural 

development of the insula and its subregions in comparison to whole brain growth. A strength of 

the study was its ability to disentangle confounding variables often found in humans through use 

of a NHP model, as well as its ability to disentangle rank and diet from each other by assigning 

subjects from each rank to each diet condition. No effects of social ranks were detected in this 

study on ICV and insular cortex volumes, which is interesting given the literature about the 

topic. Some aspects of this study may contribute to this discrepancy; for example, subjects were 

still developing, and they were reared in large social groups, which could lead to different effects 

of social/stress experiences on their brain structural development at the same time that group 

dynamics may differ from those in small social groups in prior publications. HCD exposure was 

shown to increase insular volumes, even after controlling for overall brain size effects (except for 

GI). It also showed that HCD-related volumetric changes were not due to an obese phenotype. 

Diet effects appeared in infancy, indicating that there may be transmission of effects via maternal 

factors such as milk. Diet effects on the insula remained when subjects were juveniles, showing 

the lasting nature of diet conditions during development. Given that the insula is associated with 
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neuropsychiatric disorders, the presence of these conditions could be affected during infancy and 

sustained throughout development. The data presented in this study suggest that an obesogenic 

diet changes the development of the ICV, insula, and its subregions. This has major implications 

for people who consume obesogenic diets, such as those with a low SES.  
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Tables and Figures 
 
Table 1. Experimental Groups. Experimental groups showing the infant’s social rank (SUB, 
DOM) and Diet condition (LCD-only, Choice), broken down by cross-fostered vs. non-cross-
fostered animals.  
 

Cross-fostered Subjects Non-Cross-fostered Subjects 
Total 
(diet) 

Mother’s rank SUB DOM DOM SUB Mother's rank DOM SUB  
Infant’s rank DOM SUB DOM SUB Infant rank DOM SUB   
LCD-only 4 1 2 3 LCD-only 5 6 21 
Choice 4 2 2 3 Choice 4 5 20 
Total (status) 8 3 4 6 Total (status) 9 11 41 
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Table 2. Percent composition of nutrients in LCD and HCD pellets. 

Diet Kcal/g/pellet %Fat %Sugar %Starch %Protein 
LCD 3.45 12 4.14 65.9 18 
HCD 4.25 30 29.8 20.2 20 
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Figure 1. Experimental Design. At birth, infants were assigned to a diet condition and cross-
fostered, if applicable. Body weight was measured at birth, 2 weeks, 6 months, and 16 months. 
Behavioral observations occurred at every age listed. Cumulative kilocalorie (Kcal) consumption 
was calculated from birth to 6 months, and from 6 to 16 months. Structural MRI (sMRI) scans 
were acquired at 2 weeks, 6 months, and 16 months.  
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Figure 2. Atlases and Insular Subregions.  (A) Infant-juvenile rhesus macaque atlases for the 
three different ages. (B) primate insular organization, and (C -sagittal view-, D -coronal view-) 
insular subregions in atlas space for AutoSeg. (C) sagittal slice of left 12-month insular 
subregion atlas: turquoise: AI; pink: DI; teal: GI; mustard: IPro. (D) coronal slice of 12-month 
insular subregion atlas: left hemisphere: red: AI; green: DI; yellow: IPro. Right hemisphere: 
turquoise: AI; pink: DI; mustard: IPro (GI not visible in this coronal slice).  
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Figure 3. Effects of social rank, diet, and age on intracranial volume (ICV) development. 
Mean± SEM of ICV by experimental group are displayed at 2 weeks, 6 months, and 16 months 
of age. ICV increased with age (F(2,64) = 1474.337, p=2.96*10-54, ηp2 =0.979). Animals in the 
Choice diet had a larger ICV than LCD-only animals (F(1,32) = 6.581, p=0.015, ηp2 =0.171). 
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Figure 4. Effects of social rank, diet, and age on whole insula volume development. Mean± 
SEM of whole insular volumes by experimental group are depicted at ages 2 weeks, 6 months, 
and 16 months. Whole insula volumes increased with age (F(2,64)= 2104.039, p= 4.1429*10-59, ηp2 

=0.985). Choice diet animals had larger whole insula volumes than LCD-only animals 
(F(1,32)=11.376, p=0.002, ηp2 =0.262). There was also an age by hemisphere interaction effect 
(F(1.502, 48.054)= 12.171, p= 0.001423, ηp2 = 0.276). The main effects of age (F(2,64) =171.435, p= 
1.9731*10-26, ηp2=0.843) and diet (F(1,32) =6.730, p=0.014, ηp2= 0.174) are also displayed in the 
ICV-corrected graph.   
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Figure 5. Effects of social rank, diet, and age on agranular insula (AI) volume development. 
Mean± SEM of AI volumes by experimental group are depicted at ages 2 weeks, 6 months, and 
16 months. AI volumes increased with age (F(2,64) = 656.122, p = 2.2882*10-43, ηp2 = 0.953). 
Choice diet animals had larger AI volumes than LCD-only animals (F(1,32) = 16.551, p= 
0.000289, ηp2 = 0.341). There was also a main hemisphere effect (F(1,32) = 31.387, p= 0.000003, 
ηp2 = 0.495), with a larger left AI hemisphere than right, and an interaction effect of age by 
hemisphere (F(2,64) = 19.359, p= 2.6617*10-7, ηp2 = 0.377). The ICV-corrected graph also shows 
AI volumes increasing with age (F(2,64) = 91.145, p = 1.8684*10-19, ηp2 = 0.740) and larger AI 
volumes for Choice animals (F(1,32) = 7.791, p =0.009 , ηp2 = 0.196).  
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Figure 6. Effects of social rank, diet, and age on dysgranular insula (DI) volume development. 
Mean± SEM of DI volumes by experimental group are depicted at ages 2 weeks, 6 months, and 
16 months. DI volumes increased with age (F(2,64) = 611.234, p= 1.9815*10-42, ηp2 = 0.950). 
Choice diet monkeys had larger DI volumes than LCD-only animals (F(1,32) = 12.491, p= 
0.001269, ηp2 =0.281). There was also age by diet interaction effect (F(2,64) = 4.559, p=0.014, ηp2 

=0.125; *: p<0.0055 show post hoc significant differences between Choice and LCD-only 
groups at different ages), and an age by hemisphere interaction effect (F(1.642,52.545) = 4.778, p= 
0.017, ηp2 =0.130). The ICV-correct graph also shows DI volumes increasing with age (F(2,64) = 
101.324, p = 1.4714*10-20, ηp2 = 0.760) and larger volumes in Choice than LCD-only animals 
(F(1,32) = 7.791, p =0.009 , ηp2 = 0.196).  
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Figure 7. Effects of social rank, diet, and age on granular insula (GI) volume development. 
Mean± SEM of GI volumes by experimental group are depicted at ages 2 weeks, 6 months, and 
16 months. GI volumes increased with age (F(1.661,53.144) = 1259.707, p= 1.0722*10-43, ηp2 

=0.975). Choice diet animals had larger GI volumes than LCD-only animals (F(1,32) = 6.584 p= 
0.015, ηp2 =0.171). A main effect of hemisphere was detected as well (F(1,32) = 26.867, p= 
0.000012 ηp2 =0.456). The ICV-correct graph also depicts that GI volumes increase with age 
(F(2,64) = 101.324, p = 1.4714*10-20, ηp2 = 0.760).  
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Figure 8. Effects of social rank, diet, and age on insular proisocortex (IPro) volume 
development. Mean± SEM of IPro volumes by experimental group are depicted at ages 2 weeks, 
6 months, and 16 months. IPro volumes increased with age (F(1.614,51.658) = 475.191, p= 
4.7107*10-32, ηp2 =0.937). Choice diet animals had larger IPro volumes than LCD-only animals 
(F(1,32) = 7.934, p=0.008, ηp2 =0.199). A main effect of hemisphere was detected as well 
(F(1.540,49.267) =5.597, p=0.011, ηp2 =0.149). The ICV-correct graph also depicts IPro volumes 
increase with age (F(1.456,46.590) = 104.867, p = 7.1579*10-16, ηp2 = 0.766) and larger IPro volumes 
in Choice than LCD-only animals (F(1,32) = 4.168, p = 0.050, ηp2 = 0.115).  
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Figure 9. Effects of social rank, diet, and age on body weight. Mean±SEM body weight are 
plotted by experimental group at birth, 2 weeks, 6 months, and 16 months of age. As expected, 
body weight increased with age (F(3, 47)=1181.10, p<.001). No other main diet or social rank or 
interaction effects were detected. Courtesy of Margaret Kyle (Kyle et al, in preparation).  
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Figure 10. Effects of social rank, diet, and age on kilocalorie consumption of each diet. 
Mean±SEM cumulative LCD Kcals (in dark grey) and HCD Kcals (in light grey) are shown by 
experimental group at 6 and 16 months of age (cumulative Kcals consumed from RFID 
implanted at 6 wks-6months, and from 6-16 months, respectively). Total Kcal consumption 
increased with age (F(1, 37)=304.56, p<.001). There were also main effects of diet (F(1, 37)=11.74, 
p=.002; HCD>LCD), and rank (F(1, 37)=12.53, p=.001; DOM>SUB), as well as age by diet (F(1, 

37)=6.43, p=.016) and age by rank (F(1, 37)=7.38, p=.010) interaction effects on total Kcals 
consumed. In Choice subjects, HCD Kcal consumption also increased with age (F(1, 37)=80.52, 
p<.001). Courtesy of Margaret Kyle (Kyle et al, in preparation).  
 

 

 

 

  

0

2000

4000

6000

8000

10000

12000

14000

16000

18000

20000

LCD-SUB LCD-DOM Choice-SUB Choice-DOM LCD-SUB LCD-DOM Choice-SUB Choice-DOM

6 months 16 months

C
um

ul
at

iv
e k

ilo
ca

lo
ri

es
LCD kcals HCD kcals



 53 

References 
 
Aarnoudse-Moens, C. S., Weisglas-Kuperus, N., van Goudoever, J. B., & Oosterlaan, J. (2009). 

Meta-analysis of neurobehavioral outcomes in very preterm and/or very low birth weight 

children. Pediatrics, 124(2), 717-728. https://doi.org/10.1542/peds.2008-2816  

Abbott, D. H., Keverne, E. B., Bercovitch, F. B., Shively, C. A., Mendoza, S. P., Saltzman, W., 

Snowdon, C. T., Ziegler, T. E., Banjevic, M., Garland, T., Jr., & Sapolsky, R. M. (2003). 

Are subordinates always stressed? A comparative analysis of rank differences in cortisol 

levels among primates. Horm Behav, 43(1), 67-82. http://dx.doi.org/  

Adam, T. C., & Epel, E. S. (2007). Stress, eating and the reward system. Physiol Behav, 91(4), 

449-458. https://doi.org/10.1016/j.physbeh.2007.04.011 

10.1016/j.physbeh.2007.04.011. Epub 2007 Apr 14.  

Alosco, M. L., Stanek, K. M., Galioto, R., Korgaonkar, M. S., Grieve, S. M., Brickman, A. M., 

Spitznagel, M. B., & Gunstad, J. (2014). Body mass index and brain structure in healthy 

children and adolescents. Int J Neurosci, 124(1), 49-55. 

https://doi.org/10.3109/00207454.2013.817408  

Anderson, P. M., Butcher, K. F., & Schanzenbach, D. W. (2019). Understanding recent trends in 

childhood obesity in the United States. Econ Hum Biol, 34, 16-25. 

https://doi.org/10.1016/j.ehb.2019.02.002  

Ansell, E. B., Rando, K., Tuit, K., Guarnaccia, J., & Sinha, R. (2012). Cumulative adversity and 

smaller gray matter volume in medial prefrontal, anterior cingulate, and insula regions. 

Biol Psychiatry, 72(1), 57-64. https://doi.org/10.1016/j.biopsych.2011.11.022 

10.1016/j.biopsych.2011.11.022. Epub 2012 Jan 3.  



 54 

Ansell, E. B., Rando, K., Tuit, K., Guarnaccia, J., & Sinha, R. (2012). Cumulative Adversity and 

Smaller Gray Matter Volume in Medial Prefrontal, Anterior Cingulate, and Insula 

Regions. Biological Psychiatry, 72(1), 57-64. 

https://doi.org/10.1016/j.biopsych.2011.11.022  

Arce, M., Michopoulos, V., Shepard, K. N., Ha, Q. C., & Wilson, M. E. (2010). Diet choice, 

cortisol reactivity, and emotional feeding in socially housed rhesus monkeys. Physiol 

Behav, 101(4), 446-455. https://doi.org/10.1016/j.physbeh.2010.07.010  

Arnsten, A. F. (2009). Stress signalling pathways that impair prefrontal cortex structure and 

function. Nat Rev Neurosci, 10(6), 410-422. https://doi.org/10.1038/nrn2648 

10.1038/nrn2648.  

Augustine, J. R. (1996). Circuitry and functional aspects of the insular lobe in primates including 

humans. Brain Res Brain Res Rev, 22(3), 229-244. https://doi.org/10.1016/s0165-

0173(96)00011-2  

Auvinen, H. E., Romijn, J. A., Biermasz, N. R., Pijl, H., Havekes, L. M., Smit, J. W., Rensen, P. 

C., & Pereira, A. M. (2012). The effects of high fat diet on the basal activity of the 

hypothalamus-pituitary-adrenal axis in mice. J Endocrinol, 214(2), 191-197. 

https://doi.org/10.1530/joe-12-0056 

10.1530/JOE-12-0056. Epub 2012 May 22.  

Bakker, R., Tiesinga, P., & Kötter, R. (2015). The Scalable Brain Atlas: instant web-based 

access to public brain atlases and related content. Neuroinformatics.  

Barbas, H., & Pandya, D. N. (1989). Architecture and intrinsic connections of the prefrontal 

cortex in the rhesus monkey. J Comp Neurol, 286(3), 353-375. 

https://doi.org/10.1002/cne.902860306  



 55 

Baudrand, R., & Vaidya, A. (2015). Cortisol dysregulation in obesity-related metabolic 

disorders. Curr Opin Endocrinol Diabetes Obes, 22(3), 143-149. 

https://doi.org/10.1097/med.0000000000000152 

10.1097/MED.0000000000000152.  

Bauer, C. C., Moreno, B., González-Santos, L., Concha, L., Barquera, S., & Barrios, F. A. 

(2015). Child overweight and obesity are associated with reduced executive cognitive 

performance and brain alterations: a magnetic resonance imaging study in Mexican 

children. Pediatr Obes, 10(3), 196-204. https://doi.org/10.1111/ijpo.241  

Baxter, M. G., & Murray, E. A. (2002). The amygdala and reward. Nat Rev Neurosci, 3(7), 563-

573. https://doi.org/10.1038/nrn875  

Beck, A. R. (2016). Psychosocial Aspects of Obesity. NASN Sch Nurse, 31(1), 23-27. 

https://doi.org/10.1177/1942602x15619756  

Bernstein, I. S. (1976). Dominance, aggression and reproduction in primate societies. J Theor 

Biol, 60(2), 459-472. https://doi.org/10.1016/0022-5193(76)90072-2  

Bernstein, I. S., & Gordon, T. P. (1974). The function of aggression in primate societies. Am Sci, 

62(3), 304-311. https://www.ncbi.nlm.nih.gov/pubmed/4857115  

Bernstein, I. S., Gordon, T. P., & Rose, R. M. (1974). Aggression and social controls in rhesus 

monkey (Macaca mulatta) groups revealed in group formation studies. Folia Primatol 

(Basel), 21(2), 81-107. https://doi.org/10.1159/000155607  

Björntorp, P. (2001). Do stress reactions cause abdominal obesity and comorbidities? Obes Rev, 

2(2), 73-86. https://doi.org/10.1046/j.1467-789x.2001.00027.x  



 56 

Boutelle, K. N., Hannan, P., Fulkerson, J. A., Crow, S. J., & Stice, E. (2010). Obesity as a 

prospective predictor of depression in adolescent females. Health Psychol, 29(3), 293-

298. https://doi.org/10.1037/a0018645 

10.1037/a0018645.  

Browne, N. T. (2021). Obesity and Children. Nurs Clin North Am, 56(4), 583-597. 

https://doi.org/10.1016/j.cnur.2021.07.006  

Bruehl, H., Sweat, V., Tirsi, A., Shah, B., & Convit, A. (2011). Obese Adolescents with Type 2 

Diabetes Mellitus Have Hippocampal and Frontal Lobe Volume Reductions. Neurosci 

Med, 2(1), 34-42. https://doi.org/10.4236/nm.2011.21005 

10.4236/nm.2011.21005.  

Carmichael, S. T., & Price, J. L. (1994). Architectonic subdivision of the orbital and medial 

prefrontal cortex in the macaque monkey. J Comp Neurol, 346(3), 366-402. 

https://doi.org/10.1002/cne.903460305  

Carnell, S., Gibson, C., Benson, L., Ochner, C. N., & Geliebter, A. (2012). Neuroimaging and 

obesity: current knowledge and future directions. Obes Rev, 13(1), 43-56. 

https://doi.org/10.1111/j.1467-789X.2011.00927.x 

10.1111/j.1467-789X.2011.00927.x.  

Carr, C. P., Martins, C. M., Stingel, A. M., Lemgruber, V. B., & Juruena, M. F. (2013). The role 

of early life stress in adult psychiatric disorders: a systematic review according to 

childhood trauma subtypes. J Nerv Ment Dis, 201(12), 1007-1020. 

https://doi.org/10.1097/nmd.0000000000000049 

10.1097/NMD.0000000000000049.  



 57 

Casabiell, X., Pineiro, V., Tome, M. A., Peino, R., Dieguez, C., & Casanueva, F. F. (1997). 

Presence of leptin in colostrum and/or breast milk from lactating mothers: a potential role 

in the regulation of neonatal food intake. J Clin Endocrinol Metab, 82(12), 4270-4273. 

https://doi.org/10.1210/jcem.82.12.4590 

10.1210/jcem.82.12.4590.  

Chiarello, C., Vazquez, D., Felton, A., & Leonard, C. M. (2013). Structural asymmetry of 

anterior insula: behavioral correlates and individual differences. Brain and language, 

126(2), 109-122. https://doi.org/10.1016/j.bandl.2013.03.005  

Craig, A. D. (2009). How do you feel — now? The anterior insula and human awareness. Nature 

Reviews Neuroscience, 10(1), 59-70. https://doi.org/10.1038/nrn2555  

Dannlowski, U., Stuhrmann, A., Beutelmann, V., Zwanzger, P., Lenzen, T., Grotegerd, D., 

Domschke, K., Hohoff, C., Ohrmann, P., Bauer, J., Lindner, C., Postert, C., Konrad, C., 

Arolt, V., Heindel, W., Suslow, T., & Kugel, H. (2012). Limbic scars: long-term 

consequences of childhood maltreatment revealed by functional and structural magnetic 

resonance imaging. Biol Psychiatry, 71(4), 286-293. 

https://doi.org/10.1016/j.biopsych.2011.10.021 

10.1016/j.biopsych.2011.10.021. Epub 2011 Nov 23.  

Datta, D., & Arnsten, A. F. T. (2019). Loss of Prefrontal Cortical Higher Cognition with 

Uncontrollable Stress: Molecular Mechanisms, Changes with Age, and Relevance to 

Treatment. Brain sciences, 9(5), 113. https://doi.org/10.3390/brainsci9050113  

Debette, S., Beiser, A., Hoffmann, U., Decarli, C., O'Donnell, C. J., Massaro, J. M., Au, R., 

Himali, J. J., Wolf, P. A., Fox, C. S., & Seshadri, S. (2010). Visceral fat is associated 



 58 

with lower brain volume in healthy middle-aged adults. Ann Neurol, 68(2), 136-144. 

https://doi.org/10.1002/ana.22062  

Deng, H., Xiao, X., Yang, T., Ritola, K., Hantman, A., Li, Y., Huang, Z. J., & Li, B. (2021). A 

genetically defined insula-brainstem circuit selectively controls motivational vigor. Cell, 

184(26), 6344-6360 e6318. https://doi.org/10.1016/j.cell.2021.11.019  

Dietz, W. H. (1998). Health consequences of obesity in youth: childhood predictors of adult 

disease. Pediatrics, 101(3 Pt 2), 518-525. http://dx.doi.org/  

Douglass, A. M., Kucukdereli, H., Ponserre, M., Markovic, M., Gründemann, J., Strobel, C., 

Alcala Morales, P. L., Conzelmann, K.-K., Lüthi, A., & Klein, R. (2017). Central 

amygdala circuits modulate food consumption through a positive-valence mechanism. 

Nature Neuroscience, 20(10), 1384-1394. https://doi.org/10.1038/nn.4623  

Ellulu, M. S., Patimah, I., Khaza'ai, H., Rahmat, A., & Abed, Y. (2017). Obesity and 

inflammation: the linking mechanism and the complications. Arch Med Sci, 13(4), 851-

863. https://doi.org/10.5114/aoms.2016.58928  

Emerson, J. A., Hurley, K. M., Caulfield, L. E., & Black, M. M. (2017). Maternal mental health 

symptoms are positively related to emotional and restrained eating attitudes in a statewide 

sample of mothers participating in a supplemental nutrition program for women, infants 

and young children. Matern Child Nutr, 13(1). https://doi.org/10.1111/mcn.12247  

Etkin, A., & Wager, T. D. (2007). Functional neuroimaging of anxiety: a meta-analysis of 

emotional processing in PTSD, social anxiety disorder, and specific phobia. Am J 

Psychiatry, 164(10), 1476-1488. https://doi.org/10.1176/appi.ajp.2007.07030504  



 59 

Evans, G. W., Fuller-Rowell, T. E., & Doan, S. N. (2012). Childhood cumulative risk and 

obesity: the mediating role of self-regulatory ability. Pediatrics, 129(1), e68-73. 

https://doi.org/10.1542/peds.2010-3647 

10.1542/peds.2010-3647. Epub 2011 Dec 5.  

Evrard, H. C. (2019). The Organization of the Primate Insular Cortex. Front Neuroanat, 13, 43. 

https://doi.org/10.3389/fnana.2019.00043  

Evrard, H. C., Logothetis, N. K., & Craig, A. D. (2014). Modular architectonic organization of 

the insula in the macaque monkey. J Comp Neurol, 522(1), 64-97. 

https://doi.org/10.1002/cne.23436  

Fahrenfort, J., Pelloux, B., Stallen, M., & Winden, F. (2010). The role of empathy and social ties 

in cooperation and sharing.  

Fedorov, A., Beichel, R., Kalpathy-Cramer, J., Finet, J., Fillion-Robin, J. C., Pujol, S., Bauer, C., 

Jennings, D., Fennessy, F., Sonka, M., Buatti, J., Aylward, S., Miller, J. V., Pieper, S., & 

Kikinis, R. (2012). 3D Slicer as an image computing platform for the Quantitative 

Imaging Network. Magn Reson Imaging, 30(9), 1323-1341. 

https://doi.org/10.1016/j.mri.2012.05.001  

Feng, X., Wu, X., Morrill, R. J., Li, Z., Li, C., Yang, S., Li, Z., Cui, D., Lv, L., Hu, Z., Zhang, 

B., Yin, Y., Guo, L., Qin, D., & Hu, X. (2016). Social correlates of the dominance rank 

and long-term cortisol levels in adolescent and adult male rhesus macaques (Macaca 

mulatta). Scientific Reports, 6(1), 25431. https://doi.org/10.1038/srep25431  

Foster, M. T., Solomon, M. B., Huhman, K. L., & Bartness, T. J. (2006). Social defeat increases 

food intake, body mass, and adiposity in Syrian hamsters. Am J Physiol Regul Integr 

Comp Physiol, 290(5), R1284-1293. https://doi.org/10.1152/ajpregu.00437.2005 



 60 

10.1152/ajpregu.00437.2005. Epub 2005 Dec 22.  

Frodl, T., Meisenzahl, E., Zetzsche, T., Bottlender, R., Born, C., Groll, C., Jäger, M., Leinsinger, 

G., Hahn, K., & Möller, H. J. (2002). Enlargement of the amygdala in patients with a first 

episode of major depression. Biol Psychiatry, 51(9), 708-714. 

https://doi.org/10.1016/s0006-3223(01)01359-2  

Fruh, S. M., Graves, R. J., Hauff, C., Williams, S. G., & Hall, H. R. (2021). Weight Bias and 

Stigma: Impact on Health. Nurs Clin North Am, 56(4), 479-493. 

https://doi.org/10.1016/j.cnur.2021.07.001  

Fryar, C., Carroll, M., & Afful, J. (2020). Prevalence of Overweight, Obesity, and Severe 

Obesity Among Children and Adolescents Aged 2–19 Years: United States, 1963–1965 

Through 2017–2018. (December 2020).  

Fuchs, E., Flugge, G., Ohl, F., Lucassen, P., Vollmann-Honsdorf, G. K., & Michaelis, T. (2001). 

Psychosocial stress, glucocorticoids, and structural alterations in the tree shrew 

hippocampus. Physiol Behav, 73(3), 285-291. http://dx.doi.org/  

Godfrey, J. R., Diaz, M. P., Pincus, M., Kovacs-Balint, Z., Feczko, E., Earl, E., Miranda-

Dominguez, O., Fair, D., Sanchez, M. M., Wilson, M. E., & Michopoulos, V. (2018). 

Diet matters: Glucocorticoid-related neuroadaptations associated with calorie intake in 

female rhesus monkeys. Psychoneuroendocrinology, 91, 169-178. 

https://doi.org/10.1016/j.psyneuen.2018.03.008 

10.1016/j.psyneuen.2018.03.008. Epub 2018 Mar 14.  

Goldstein, R. Z., & Volkow, N. D. Dysfunction of the prefrontal cortex in addiction: 

neuroimaging findings and clinical implications. Nat Rev Neurosci, 12(11), 652-669. 

https://doi.org/10.1038/nrn3119 



 61 

10.1038/nrn3119.  

Goodkind, M., Eickhoff, S. B., Oathes, D. J., Jiang, Y., Chang, A., Jones-Hagata, L. B., Ortega, 

B. N., Zaiko, Y. V., Roach, E. L., Korgaonkar, M. S., Grieve, S. M., Galatzer-Levy, I., 

Fox, P. T., & Etkin, A. (2015). Identification of a common neurobiological substrate for 

mental illness. JAMA Psychiatry, 72(4), 305-315. 

https://doi.org/10.1001/jamapsychiatry.2014.2206  

Graham, L. C., Harder, J. M., Soto, I., Vries, W. N. d., John, S. W., & Howell, G. R. (2016). 

Chronic consumption of a western diet induces robust glial activation in aging mice and 

in a mouse model of Alzheimer's disease. Sci Rep, 6.  

Greeno, C. G., & Wing, R. R. (1994). Stress-induced eating. Psychol Bull, 115(3), 444-464. 

http://dx.doi.org/  

Hagan, M. M., Chandler, P. C., Wauford, P. K., Rybak, R. J., & Oswald, K. D. (2003). The role 

of palatable food and hunger as trigger factors in an animal model of stress induced binge 

eating. Int J Eat Disord, 34(2), 183-197. https://doi.org/10.1002/eat.10168 

10.1002/eat.10168.  

Hall, P. A., Best, J., Danckert, J., Beaton, E. A., & Lee, J. (2021). Morphometry of the Lateral 

Orbitofrontal Cortex is Associated With Eating Dispositions in Early Adolescence: 

Findings From a Large Population-Based Study. Soc Cogn Affect Neurosci. 

https://doi.org/10.1093/scan/nsab084  

Hamer, M., & Batty, G. D. (2019). Association of body mass index and waist-to-hip ratio with 

brain structure: UK Biobank study. Neurology, 92(6), e594-e600. 

https://doi.org/10.1212/wnl.0000000000006879  



 62 

Han, Y. P., Tang, X., Han, M., Yang, J., Cardoso, M. A., Zhou, J., & Simó, R. (2021). 

Relationship between obesity and structural brain abnormality: Accumulated evidence 

from observational studies. Ageing Res Rev, 71, 101445. 

https://doi.org/10.1016/j.arr.2021.101445  

Harlé, K. M., Chang, L. J., van't Wout, M., & Sanfey, A. G. (2012). The neural mechanisms of 

affect infusion in social economic decision-making: a mediating role of the anterior 

insula. Neuroimage, 61(1), 32-40.  

Hart, S., Boylan, L. M., Border, B., Carroll, S. R., McGunegle, D., & Lampe, R. M. (2004). 

Breast milk levels of cortisol and Secretory Immunoglobulin A (SIgA) differ with 

maternal mood and infant neuro-behavioral functioning. Infant Behav Dev, 27(1), 101-

106. https://doi.org/10.1016/J.INFBEH.2003.06.002  

He, C., Fan, D., Liu, X., Wang, Q., Zhang, H., Zhang, H., Zhang, Z., & Xie, C. (2022). Insula 

network connectivity mediates the association between childhood maltreatment and 

depressive symptoms in major depressive disorder patients. Transl Psychiatry, 12(1), 89. 

https://doi.org/10.1038/s41398-022-01829-w  

Herrmann, M. J., Tesar, A. K., Beier, J., Berg, M., & Warrings, B. (2019). Grey matter 

alterations in obesity: A meta-analysis of whole-brain studies. Obes Rev, 20(3), 464-471. 

https://doi.org/10.1111/obr.12799  

Hill, D. C., Moss, R. H., Sykes-Muskett, B., Conner, M., & O'Connor, D. B. (2018). Stress and 

eating behaviors in children and adolescents: Systematic review and meta-analysis. 

Appetite, 123, 14-22. https://doi.org/https://doi.org/10.1016/j.appet.2017.11.109  

Hill, J. O. (2006). Understanding and addressing the epidemic of obesity: an energy balance 

perspective. Endocr Rev, 27(7), 750-761. https://doi.org/10.1210/er.2006-0032  



 63 

Honea, R. A., Szabo-Reed, A. N., Lepping, R. J., Perea, R., Breslin, F., Martin, L. E., Brooks, 

W. M., Donnelly, J. E., & Savage, C. R. (2016). Voxel-based morphometry reveals brain 

gray matter volume changes in successful dieters. Obesity (Silver Spring), 24(9), 1842-

1848. https://doi.org/10.1002/oby.21551  

Howell, B. R., Grand, A. P., McCormack, K. M., Shi, Y., LaPrarie, J. L., Maestripieri, D., 

Styner, M. A., & Sanchez, M. M. (2014). Early adverse experience increases emotional 

reactivity in juvenile rhesus macaques: relation to amygdala volume. Dev Psychobiol, 

56(8), 1735-1746. https://doi.org/10.1002/dev.21237  

Howell, B. R., McMurray, M. S., Guzman, D. B., Nair, G., Shi, Y., McCormack, K. M., Hu, X., 

Styner, M. A., & Sanchez, M. M. (2017). Maternal buffering beyond glucocorticoids: 

impact of early life stress on corticolimbic circuits that control infant responses to 

novelty. Soc Neurosci, 12(1), 50-64. https://doi.org/10.1080/17470919.2016.1200481  

Howell, B. R., & Sanchez, M. M. (2011). Understanding behavioral effects of early life stress 

using the reactive scope and allostatic load models. Dev Psychopathol, 23(4), 1001-1016. 

https://doi.org/10.1017/s0954579411000460  

Innis, S. M. (2007). Human milk: maternal dietary lipids and infant development. Proc Nutr Soc, 

66(3), 397-404. https://doi.org/10.1017/s0029665107005666 

10.1017/S0029665107005666.  

Janowitz, D., Wittfeld, K., Terock, J., Freyberger, H. J., Hegenscheid, K., Volzke, H., Habes, M., 

Hosten, N., Friedrich, N., Nauck, M., Domanska, G., & Grabe, H. J. (2015). Association 

between waist circumference and gray matter volume in 2344 individuals from two adult 

community-based samples. Neuroimage, 122, 149-157. 

https://doi.org/10.1016/j.neuroimage.2015.07.086 



 64 

10.1016/j.neuroimage.2015.07.086. Epub 2015 Aug 6.  

Janthakhin, Y., Rincel, M., Costa, A. M., Darnaudéry, M., & Ferreira, G. (2017). Maternal high-

fat diet leads to hippocampal and amygdala dendritic remodeling in adult male offspring. 

Psychoneuroendocrinology, 83, 49-57. https://doi.org/10.1016/j.psyneuen.2017.05.003  

Kang, E. B., Koo, J. H., Jang, Y. C., Yang, C. H., Lee, Y., Cosio-Lima, L. M., & Cho, J. Y. 

(2016). Neuroprotective Effects of Endurance Exercise Against High-Fat Diet-Induced 

Hippocampal Neuroinflammation. J Neuroendocrinol, 28(5). 

https://doi.org/10.1111/jne.12385 

10.1111/jne.12385.  

Karnik, S., & Kanekar, A. (2012). Childhood obesity: a global public health crisis. International 

journal of preventive medicine, 3(1), 1-7. https://pubmed.ncbi.nlm.nih.gov/22506094 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3278864/ 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3278864/pdf/IJPVM-3-1.pdf  

Kelsey, M. M., Zaepfel, A., Bjornstad, P., & Nadeau, K. J. (2014). Age-Related Consequences of 

Childhood Obesity. Gerontology, 60(3), 222-228. https://doi.org/10.1159/000356023  

Khundrakpam, B. S., Lewis, J. D., Zhao, L., Chouinard-Decorte, F., & Evans, A. C. (2016). 

Brain connectivity in normally developing children and adolescents. Neuroimage, 134, 

192-203. https://doi.org/https://doi.org/10.1016/j.neuroimage.2016.03.062  

Knickmeyer, R. C., Gouttard, S., Kang, C., Evans, D., Wilber, K., Smith, J. K., Hamer, R. M., 

Lin, W., Gerig, G., & Gilmore, J. H. (2008). A structural MRI study of human brain 

development from birth to 2 years. J Neurosci, 28(47), 12176-12182. 

https://doi.org/10.1523/jneurosci.3479-08.2008  



 65 

Knickmeyer, R. C., Styner, M., Short, S. J., Lubach, G. R., Kang, C., Hamer, R., Coe, C. L., & 

Gilmore, J. H. (2010). Maturational trajectories of cortical brain development through the 

pubertal transition: unique species and sex differences in the monkey revealed through 

structural magnetic resonance imaging. Cerebral cortex (New York, N.Y. : 1991), 20(5), 

1053-1063. https://doi.org/10.1093/cercor/bhp166  

Knickmeyer, R. C., Styner, M., Short, S. J., Lubach, G. R., Kang, C., Hamer, R., Coe, C. L., & 

Gilmore, J. H. (2010). Maturational trajectories of cortical brain development through the 

pubertal transition: unique species and sex differences in the monkey revealed through 

structural magnetic resonance imaging. Cereb Cortex, 20(5), 1053-1063. 

https://doi.org/10.1093/cercor/bhp166  

Kovacs-Balint, Z. A., Payne, C., Steele, J., Li, L., Styner, M., Bachevalier, J., & Sanchez, M. M. 

(2021). Structural development of cortical lobes during the first 6 months of life in infant 

macaques. Dev Cogn Neurosci, 48, 100906. https://doi.org/10.1016/j.dcn.2020.100906  

Kucharova, K., Chang, Y., Boor, A., Yong, V. W., & Stallcup, W. B. (2011). Reduced 

inflammation accompanies diminished myelin damage and repair in the NG2 null mouse 

spinal cord. J Neuroinflammation, 8, 158. https://doi.org/10.1186/1742-2094-8-158 

10.1186/1742-2094-8-158.  

Kunimatsu, A., Yasaka, K., Akai, H., Kunimatsu, N., & Abe, O. (2020). MRI findings in 

posttraumatic stress disorder. J Magn Reson Imaging, 52(2), 380-396. 

https://doi.org/10.1002/jmri.26929  

Kyle, M. H., Pincus, M., Godfrey, J., Kovacs-Balint, Z. A., Morin, E., DeLeon, D., Kaldas, A., 

Meyer, J. S., Li, L., Howell, B. R., Styner, M., Payne, C., Ethun, K., Wilson, M. E., & 

Sanchez, M. M. (in preparation). Early adverse social experience and consumption of an 



 66 

obesogenic diet alter postnatal structural brain development from birth through 

adolescence in female rhesus monkeys. Emory University.  

Larson, N. I., Story, M. T., & Nelson, M. C. (2009). Neighborhood environments: disparities in 

access to healthy foods in the U.S. Am J Prev Med, 36(1), 74-81. 

https://doi.org/10.1016/j.amepre.2008.09.025  

Laskowski, K. L., Moiron, M., & Niemelä, P. T. (2021). Integrating Behavior in Life-History 

Theory: Allocation versus Acquisition? Trends Ecol Evol, 36(2), 132-138. 

https://doi.org/10.1016/j.tree.2020.10.017  

Lau, T., Gershman, S. J., & Cikara, M. (2020). Social structure learning in human anterior insula. 

Elife, 9, e53162.  

Li, G., Wang, L., Shi, F., Lyall, A. E., Lin, W., Gilmore, J. H., & Shen, D. (2014). Mapping 

longitudinal development of local cortical gyrification in infants from birth to 2 years of 

age. J Neurosci, 34(12), 4228-4238. https://doi.org/10.1523/JNEUROSCI.3976-13.2014  

Liberzon, I., King, A. P., Britton, J. C., Phan, K. L., Abelson, J. L., & Taylor, S. F. (2007). 

Paralimbic and medial prefrontal cortical involvement in neuroendocrine responses to 

traumatic stimuli. Am J Psychiatry, 164(8), 1250-1258. 

https://doi.org/10.1176/appi.ajp.2007.06081367 

10.1176/appi.ajp.2007.06081367.  

Lighthall, N. R., Sakaki, M., Vasunilashorn, S., Nga, L., Somayajula, S., Chen, E. Y., Samii, N., 

& Mather, M. (2012). Gender differences in reward-related decision processing under 

stress. Soc Cogn Affect Neurosci, 7(4), 476-484. https://doi.org/10.1093/scan/nsr026  



 67 

Lin, C.-S., Wu, S.-Y., & Wu, L.-T. (2015). The anterior insula and anterior cingulate cortex are 

associated with avoidance of dental treatment based on prior experience of treatment in 

healthy adults. BMC Neuroscience, 16(1), 88. https://doi.org/10.1186/s12868-015-0224-9  

Liu, C., Tian, X., Liu, H., Mo, Y., Bai, F., Zhao, X., Ma, Y., & Wang, J. (2015). Rhesus monkey 

brain development during late infancy and the effect of phencyclidine: a longitudinal 

MRI and DTI study. Neuroimage, 107, 65-75. 

https://doi.org/10.1016/j.neuroimage.2014.11.056  

Loucks, E. B., Pilote, L., Lynch, J. W., Richard, H., Almeida, N. D., Benjamin, E. J., & 

Murabito, J. M. (2010). Life course socioeconomic position is associated with 

inflammatory markers: the Framingham Offspring Study. Soc Sci Med, 71(1), 187-195. 

https://doi.org/10.1016/j.socscimed.2010.03.012 

10.1016/j.socscimed.2010.03.012. Epub 2010 Mar 23.  

Lucassen, P. J., Pruessner, J., Sousa, N., Almeida, O. F., Van Dam, A. M., Rajkowska, G., 

Swaab, D. F., & Czéh, B. (2014). Neuropathology of stress. Acta Neuropathol, 127(1), 

109-135. https://doi.org/10.1007/s00401-013-1223-5  

Ludgero-Correia, A., Jr., Aguila, M. B., Mandarim-de-Lacerda, C. A., & Faria, T. S. (2012). 

Effects of high-fat diet on plasma lipids, adiposity, and inflammatory markers in 

ovariectomized C57BL/6 mice. Nutrition, 28(3), 316-323. 

https://doi.org/10.1016/j.nut.2011.07.014 

10.1016/j.nut.2011.07.014. Epub 2011 Nov 12.  

Lupien, S. J., King, S., Meaney, M. J., & McEwen, B. S. (2000). Child's stress hormone levels 

correlate with mother's socioeconomic status and depressive state. Biol Psychiatry, 

48(10), 976-980. http://dx.doi.org/  



 68 

Maestripieri, D., & Hoffman, C. L. (2012). Behavior and Social Dynamics of Rhesus 

Macaques on Cayo Santiago. In Bones, Genetics, and Behavior of Rhesus Macaques (pp. 247-

262). Springer.  

Mancuso, P. (2016). The role of adipokines in chronic inflammation. Immunotargets Ther, 5, 47-

56. https://doi.org/10.2147/itt.S73223  

McEwen, B. S. (2017). Neurobiological and Systemic Effects of Chronic Stress. Chronic Stress 

(Thousand Oaks), 1. https://doi.org/10.1177/2470547017692328  

McEwen, B. S., & Gianaros, P. J. (2010). Central role of the brain in stress and adaptation: links 

to socioeconomic status, health, and disease. Ann N Y Acad Sci, 1186, 190-222. 

https://doi.org/10.1111/j.1749-6632.2009.05331.x  

McEwen, B. S., Nasca, C., & Gray, J. D. (2016). Stress Effects on Neuronal Structure: 

Hippocampus, Amygdala, and Prefrontal Cortex. In Neuropsychopharmacology (Vol. 41, 

pp. 3-23). https://doi.org/10.1038/npp.2015.171  

Méndez-Ruette, M., Linsambarth, S., Moraga-Amaro, R., Quintana-Donoso, D., Méndez, L., 

Tamburini, G., Cornejo, F., Torres, R. F., & Stehberg, J. (2019). The Role of the Rodent 

Insula in Anxiety [Original Research]. Frontiers in Physiology, 10. 

https://doi.org/10.3389/fphys.2019.00330  

Michopoulos, V. (2016). Emotional Eating in Socially Subordinate Female Rhesus Monkeys. In 

M. E. Wilson & C. A. Shively (Eds.), Social Inequalities in Health in Nonhuman 

Primates. Springer International Publishing.  

Michopoulos, V., Higgins, M., Toufexis, D., & Wilson, M. E. (2012). Social subordination 

produces distinct stress-related phenotypes in female rhesus monkeys. 



 69 

Psychoneuroendocrinology, 37(7), 1071-1085. 

https://doi.org/10.1016/j.psyneuen.2011.12.004  

Michopoulos, V., Toufexis, D., & Wilson, M. E. (2012). Social stress interacts with diet history 

to promote emotional feeding in females. Psychoneuroendocrinology, 37(9), 1479-1490. 

https://doi.org/10.1016/j.psyneuen.2012.02.002  

Moore, C. J., Michopoulos, V., Johnson, Z. P., Toufexis, D., & Wilson, M. E. (2013). Dietary 

variety is associated with larger meals in female rhesus monkeys. Physiol Behav, 119, 

190-194. https://doi.org/10.1016/j.physbeh.2013.06.014  

Morales Camacho, W. J., Molina Díaz, J. M., Plata Ortiz, S., Plata Ortiz, J. E., Morales 

Camacho, M. A., & Calderón, B. P. (2019). Childhood obesity: Aetiology, comorbidities, 

and treatment. Diabetes/Metabolism Research and Reviews, 35(8). 

https://doi.org/10.1002/dmrr.3203  

Mottahedin, A., Ardalan, M., Chumak, T., Riebe, I., Ek, J., & Mallard, C. (2017). Effect of 

Neuroinflammation on Synaptic Organization and Function in the Developing Brain: 

Implications for Neurodevelopmental and Neurodegenerative Disorders. Front Cell 

Neurosci, 11. https://doi.org/10.3389/fncel.2017.00190 

10.3389/fncel.2017.00190.  

Murthy, S., & Gould, E. (2018). Early Life Stress in Rodents: Animal Models of Illness or 

Resilience? [Opinion]. Frontiers in Behavioral Neuroscience, 12. 

https://doi.org/10.3389/fnbeh.2018.00157  

Must, A., Spadano, J., Coakley, E. H., Field, A. E., Colditz, G., & Dietz, W. H. (1999). The 

disease burden associated with overweight and obesity. Jama, 282(16), 1523-1529. 

https://doi.org/10.1001/jama.282.16.1523  



 70 

Nagai, M., Kishi, K., & Kato, S. (2007). Insular cortex and neuropsychiatric disorders: a review 

of recent literature. Eur Psychiatry, 22(6), 387-394. 

https://doi.org/10.1016/j.eurpsy.2007.02.006  

Newsome, F. A., Gravlee, C. C., & Cardel, M. I. (2021). Systemic and Environmental 

Contributors to Obesity Inequities in Marginalized Racial and Ethnic Groups. Nurs Clin 

North Am, 56(4), 619-634. https://doi.org/10.1016/j.cnur.2021.07.003  

Nieuwenhuys, R. (2012). The insular cortex: a review. Prog Brain Res, 195, 123-163. 

https://doi.org/10.1016/B978-0-444-53860-4.00007-6  

Noble, K. G., Houston, S. M., Kan, E., & Sowell, E. R. (2012). Neural correlates of 

socioeconomic status in the developing human brain. Dev Sci, 15(4), 516-527. 

https://doi.org/10.1111/j.1467-7687.2012.01147.x  

Ohla, K., Toepel, U., le Coutre, J., & Hudry, J. (2012). Visual-gustatory interaction: orbitofrontal 

and insular cortices mediate the effect of high-calorie visual food cues on taste 

pleasantness. PLoS One, 7(3), e32434. https://doi.org/10.1371/journal.pone.0032434  

Ousdal, O. T., Milde, A. M., Hafstad, G. S., Hodneland, E., Dyb, G., Craven, A. R., Melinder, 

A., Endestad, T., & Hugdahl, K. (2020). The association of PTSD symptom severity with 

amygdala nuclei volumes in traumatized youths. Transl Psychiatry, 10(1), 288. 

https://doi.org/10.1038/s41398-020-00974-4  

Palmer, N. O., Bakos, H. W., Owens, J. A., Setchell, B. P., & Lane, M. (2012). Diet and exercise 

in an obese mouse fed a high-fat diet improve metabolic health and reverse perturbed 

sperm function. American Journal of Physiology-Endocrinology and Metabolism, 302(7), 

E768-E780. https://doi.org/10.1152/ajpendo.00401.2011  



 71 

Pasquali, R., Ambrosi, B., Armanini, D., Cavagnini, F., Uberti, E. D., Del Rio, G., de Pergola, 

G., Maccario, M., Mantero, F., Marugo, M., Rotella, C. M., & Vettor, R. (2002). Cortisol 

and ACTH response to oral dexamethasone in obesity and effects of sex, body fat 

distribution, and dexamethasone concentrations: a dose-response study. J Clin 

Endocrinol Metab, 87(1), 166-175. https://doi.org/10.1210/jcem.87.1.8158  

Paxinos, G., Huang, X.-F., & Toga, A. (2000). The Rhesus Monkey Brain in Stereotaxic 

Coordinates. Sat Lake City, Academic Press, USA, 1.  

Paxinos, G., Huang, X.-F., & Toga, A. W. (1999). The Rhesus Monkey Brain in Stereotaxic 

Coordinates.  

Perlaki, G., Molnar, D., Smeets, P. A. M., Ahrens, W., Wolters, M., Eiben, G., Lissner, L., 

Erhard, P., Meer, F. V., Herrmann, M., Janszky, J., & Orsi, G. (2018). Volumetric gray 

matter measures of amygdala and accumbens in childhood overweight/obesity. PLoS 

One, 13(10), e0205331. https://doi.org/10.1371/journal.pone.0205331 

10.1371/journal.pone.0205331. eCollection 2018.  

Perry, C., Guillory, T. S., & Dilks, S. S. (2021). Obesity and Psychiatric Disorders. Nurs Clin 

North Am, 56(4), 553-563. https://doi.org/10.1016/j.cnur.2021.07.010  

Phelan, S., Hart, C., Phipps, M., Abrams, B., Schaffner, A., Adams, A., & Wing, R. (2011). 

Maternal behaviors during pregnancy impact offspring obesity risk. Exp Diabetes Res, 

2011, 985139. https://doi.org/10.1155/2011/985139  

Pollitt, R. A., Kaufman, J. S., Rose, K. M., Diez-Roux, A. V., Zeng, D., & Heiss, G. (2008). 

Cumulative life course and adult socioeconomic status and markers of inflammation in 

adulthood. J Epidemiol Community Health, 62(6), 484-491. 

https://doi.org/10.1136/jech.2006.054106 



 72 

10.1136/jech.2006.054106.  

Price, A. E., Stutz, S. J., Hommel, J. D., Anastasio, N. C., & Cunningham, K. A. (2019). 

Anterior insula activity regulates the associated behaviors of high fat food binge intake 

and cue reactivity in male rats. Appetite, 133, 231-239. 

https://doi.org/10.1016/j.appet.2018.11.011  

Quon, E. C., & McGrath, J. J. (2014). Subjective socioeconomic status and adolescent health: A 

meta-analysis. Health Psychology, 33(5), 433-447. https://doi.org/10.1037/a0033716  

Rachidi, I., Minotti, L., Martin, G., Hoffmann, D., Bastin, J., David, O., & Kahane, P. (2021). 

The Insula: A Stimulating Island of the Brain. Brain Sci, 11(11). 

https://doi.org/10.3390/brainsci11111533  

Radley, J., Morilak, D., Viau, V., & Campeau, S. (2015). Chronic stress and brain plasticity: 

Mechanisms underlying adaptive and maladaptive changes and implications for stress-

related CNS disorders. Neurosci Biobehav Rev, 58, 79-91. 

https://doi.org/10.1016/j.neubiorev.2015.06.018  

Rankin, J., Matthews, L., Cobley, S., Han, A., Sanders, R., Wiltshire, H. D., & Baker, J. S. 

(2016). Psychological consequences of childhood obesity: psychiatric comorbidity and 

prevention. Adolesc Health Med Ther, 7, 125-146. https://doi.org/10.2147/ahmt.S101631  

Rasmussen, J. M., Entringer, S., Kruggel, F., Cooper, D. M., Styner, M., Gilmore, J. H., Potkin, 

S. G., Wadhwa, P. D., & Buss, C. (2017). Newborn insula gray matter volume is 

prospectively associated with early life adiposity gain. Int J Obes (Lond), 41(9), 1434-

1439. https://doi.org/10.1038/ijo.2017.114  



 73 

Reynolds, S. M., & Zahm, D. S. (2005). Specificity in the projections of prefrontal and insular 

cortex to ventral striatopallidum and the extended amygdala. J Neurosci, 25(50), 11757-

11767. https://doi.org/10.1523/jneurosci.3432-05.2005  

Rodríguez, M., Ceric, F., Murgas, P., Harland, B., Torrealba, F., & Contreras, M. (2020). 

Interoceptive Insular Cortex Mediates Both Innate Fear and Contextual Threat 

Conditioning to Predator Odor [Original Research]. Frontiers in Behavioral 

Neuroscience, 13. https://doi.org/10.3389/fnbeh.2019.00283  

Sala, M., Perez, J., Soloff, P., Ucelli di Nemi, S., Caverzasi, E., Soares, J. C., & Brambilla, P. 

(2004). Stress and hippocampal abnormalities in psychiatric disorders. Eur 

Neuropsychopharmacol, 14(5), 393-405. https://doi.org/10.1016/j.euroneuro.2003.12.005 

10.1016/j.euroneuro.2003.12.005.  

Saleem, K., & Logothetis, N. (2006). A combined MRI and histology atlas of the rhesus monkey 

brain in stereotaxic coordinates. Academic Press, Elsevier Ltd.  

Saleh, A., Potter, G. G., McQuoid, D. R., Boyd, B., Turner, R., MacFall, J. R., & Taylor, W. D. 

(2017). Effects of early life stress on depression, cognitive performance and brain 

morphology. Psychol Med, 47(1), 171-181. https://doi.org/10.1017/s0033291716002403  

Sapolsky, R. M. (2005). The influence of social hierarchy on primate health. Science, 308(5722), 

648-652. https://doi.org/10.1126/science.1106477 

10.1126/science.1106477.  

Sarfert, K. S., Knabe, M. L., Gunawansa, N. S., & Blythe, S. N. (2019). Western-style diet 

induces object recognition deficits and alters complexity of dendritic arborization in the 

hippocampus and entorhinal cortex of male rats. Nutr Neurosci, 22(5), 344-353. 

https://doi.org/10.1080/1028415x.2017.1388557  



 74 

Sasaki, A., de Vega, W. C., St-Cyr, S., Pan, P., & McGowan, P. O. (2013). Perinatal high fat diet 

alters glucocorticoid signaling and anxiety behavior in adulthood. Neuroscience, 240, 1-

12. https://doi.org/10.1016/j.neuroscience.2013.02.044  

Scharmüller, W., Übel, S., Ebner, F., & Schienle, A. (2012). Appetite regulation during food cue 

exposure: a comparison of normal-weight and obese women. Neurosci Lett, 518(2), 106-

110. https://doi.org/10.1016/j.neulet.2012.04.063  

Schneider, M. L., Moore, C. F., Roberts, A. D., & Dejesus, O. (2001). Prenatal stress alters early 

neurobehavior, stress reactivity and learning in non-human primates: a brief review. 

Stress, 4(3), 183-193. https://doi.org/10.3109/10253890109035017  

Shi, Y., Budin, F., Yapuncich, E., Rumple, A., Young, J. T., Payne, C., Zhang, X., Hu, X., 

Godfrey, J., Howell, B., Sanchez, M. M., & Styner, M. A. (2016). UNC-Emory Infant 

Atlases for Macaque Brain Image Analysis: Postnatal Brain Development through 12 

Months. Front Neurosci, 10, 617. https://doi.org/10.3389/fnins.2016.00617  

Shi, Y., Budin, F., Yapuncich, E., Rumple, A., Young, J. T., Payne, C., Zhang, X., Hu, X., 

Godfrey, J., Howell, B., Sanchez, M. M., & Styner, M. A. (2017). UNC-Emory Infant 

Atlases for Macaque Brain Image Analysis: Postnatal Brain Development through 12 

Months [Methods]. Frontiers in Neuroscience, 10. 

https://doi.org/10.3389/fnins.2016.00617  

Shin, L. M., & Liberzon, I. (2010). The neurocircuitry of fear, stress, and anxiety disorders. 

Neuropsychopharmacology, 35(1), 169-191. https://doi.org/10.1038/npp.2009.83  

Shively, C. A. (1998). Social subordination stress, behavior, and central monoaminergic function 

in female cynomolgus monkeys. Biol Psychiatry, 44(9), 882-891. http://dx.doi.org/  



 75 

Shively, C. A., Register, T. C., Friedman, D. P., Morgan, T. M., Thompson, J., & Lanier, T. 

(2005). Social stress-associated depression in adult female cynomolgus monkeys 

(Macaca fascicularis). Biol Psychol, 69(1), 67-84. 

https://doi.org/10.1016/j.biopsycho.2004.11.006 

10.1016/j.biopsycho.2004.11.006. Epub 2005 Jan 7.  

Silk, J. B. (2002). Practice Random Acts of Aggression and Senseless Acts of Intimidation: The 

Logic of Status Contests in Social Groups. Evol Anthropol, 11(6), 221-225. 

https://doi.org/10.1002/evan.10038  

Simmonds, M., Llewellyn, A., Owen, C. G., & Woolacott, N. (2016). Predicting adult obesity 

from childhood obesity: a systematic review and meta-analysis. Obes Rev, 17(2), 95-107. 

https://doi.org/10.1111/obr.12334  

Simmons, W. K., Avery, J. A., Barcalow, J. C., Bodurka, J., Drevets, W. C., & Bellgowan, P. 

(2013). Keeping the body in mind: insula functional organization and functional 

connectivity integrate interoceptive, exteroceptive, and emotional awareness. Hum Brain 

Mapp, 34(11), 2944-2958. https://doi.org/10.1002/hbm.22113  

Singer, T., Critchley, H. D., & Preuschoff, K. (2009). A common role of insula in feelings, 

empathy and uncertainty. Trends Cogn Sci, 13(8), 334-340. 

https://doi.org/10.1016/j.tics.2009.05.001  

Snyder-Mackler, N., Sanz, J., Kohn, J. N., Brinkworth, J. F., Morrow, S., Shaver, A. O., Grenier, 

J. C., Pique-Regi, R., Johnson, Z. P., Wilson, M. E., Barreiro, L. B., & Tung, J. (2016). 

Social status alters immune regulation and response to infection in macaques. Science, 

354(6315), 1041-1045. https://doi.org/10.1126/science.aah3580 

10.1126/science.aah3580.  



 76 

Solomon, M. B., Foster, M. T., Bartness, T. J., & Huhman, K. L. (2007). Social defeat and 

footshock increase body mass and adiposity in male Syrian hamsters. Am J Physiol Regul 

Integr Comp Physiol, 292(1), R283-290. https://doi.org/10.1152/ajpregu.00330.2006 

10.1152/ajpregu.00330.2006. Epub 2006 Aug 31.  

Spencer-Booth, Y. (1968). The behaviour of group companions towards rhesus monkey infants. 

Anim Behav, 16(4), 541-557. https://doi.org/10.1016/0003-3472(68)90050-x  

Stephani, C., Fernandez-Baca Vaca, G., Maciunas, R., Koubeissi, M., & Lüders, H. O. (2011). 

Functional neuroanatomy of the insular lobe. Brain Struct Funct, 216(2), 137-149. 

https://doi.org/10.1007/s00429-010-0296-3  

Stoeckel, L. E., Weller, R. E., Cook, E. W., 3rd, Twieg, D. B., Knowlton, R. C., & Cox, J. E. 

(2008). Widespread reward-system activation in obese women in response to pictures of 

high-calorie foods. Neuroimage, 41(2), 636-647. 

https://doi.org/10.1016/j.neuroimage.2008.02.031  

Styner, M., Knickmeyer, R., Joshi, S., Coe, C., Short, S., & Gilmore, J. (2007). Automatic Brain 

Segmentation in Rhesus Monkeys. Proceedings of SPIE - The International Society for 

Optical Engineering, 6512. https://doi.org/10.1117/12.710027  

Suglia, S. F., Duarte, C. S., Chambers, E. C., & Boynton-Jarrett, R. (2012). Cumulative social 

risk and obesity in early childhood. Pediatrics, 129(5), e1173-1179. 

https://doi.org/10.1542/peds.2011-2456  

Sullivan, E. L., Grayson, B., Takahashi, D., Robertson, N., Maier, A., Bethea, C. L., Smith, M. 

S., Coleman, K., & Grove, K. L. (2010). Chronic consumption of a high-fat diet during 

pregnancy causes perturbations in the serotonergic system and increased anxiety-like 



 77 

behavior in nonhuman primate offspring. J Neurosci, 30(10), 3826-3830. 

https://doi.org/10.1523/jneurosci.5560-09.2010  

Sun, B., Purcell, R. H., Terrillion, C. E., Yan, J., Moran, T. H., & Tamashiro, K. L. (2012). 

Maternal high-fat diet during gestation or suckling differentially affects offspring leptin 

sensitivity and obesity. Diabetes, 61(11), 2833-2841. https://doi.org/10.2337/db11-0957  

Sutherland, M. E. (2021). Prevalence of Overweight and Obesity Among African American 

Children and Adolescents: Risk Factors, Health Outcomes, and Prevention/Intervention 

Strategies. J Racial Ethn Health Disparities, 8(5), 1281-1292. 

https://doi.org/10.1007/s40615-020-00890-9  

Taki, Y., Kinomura, S., Sato, K., Inoue, K., Goto, R., Okada, K., Uchida, S., Kawashima, R., & 

Fukuda, H. (2008). Relationship between body mass index and gray matter volume in 

1,428 healthy individuals. Obesity (Silver Spring), 16(1), 119-124. 

https://doi.org/10.1038/oby.2007.4  

Tanner, J. M., Wilson, M. E., & Rudman, C. G. (1990). Pubertal growth spurt in the female 

rhesus monkey: Relation to menarche and skeletal maturation. Am J Hum Biol, 2(2), 101-

106. https://doi.org/10.1002/ajhb.1310020202 

10.1002/ajhb.1310020202.  

Teegarden, S. L., Scott, A. N., & Bale, T. L. (2009). Early life exposure to a high fat diet 

promotes long-term changes in dietary preferences and central reward signaling. 

Neuroscience, 162(4), 924-932. https://doi.org/10.1016/j.neuroscience.2009.05.029  

Teicher, M. H., & Khan, A. (2019). Childhood Maltreatment, Cortical and Amygdala 

Morphometry, Functional Connectivity, Laterality, and Psychopathology. Child 

Maltreatment, 24(4), 458-465. https://doi.org/10.1177/1077559519870845  



 78 

Terasawa, E., Kurian, J. R., Keen, K. L., Shiel, N. A., Colman, R. J., & Capuano, S. V. (2012). 

Body weight impact on puberty: effects of high-calorie diet on puberty onset in female 

rhesus monkeys. Endocrinology, 153(4), 1696-1705. https://doi.org/10.1210/en.2011-

1970  

Tomasi, D., & Volkow, N. D. (2013). Striatocortical pathway dysfunction in addiction and 

obesity: differences and similarities. Crit Rev Biochem Mol Biol, 48(1), 1-19. 

https://doi.org/10.3109/10409238.2012.735642 

10.3109/10409238.2012.735642. Epub 2012 Nov 23.  

Tooley, U. A., Bassett, D. S., & Mackey, A. P. (2021). Environmental influences on the pace of 

brain development. Nat Rev Neurosci, 22(6), 372-384. https://doi.org/10.1038/s41583-

021-00457-5  

Tottenham, N., Hare, T. A., Quinn, B. T., McCarry, T. W., Nurse, M., Gilhooly, T., Millner, A., 

Galvan, A., Davidson, M. C., Eigsti, I. M., Thomas, K. M., Freed, P. J., Booma, E. S., 

Gunnar, M. R., Altemus, M., Aronson, J., & Casey, B. J. (2010). Prolonged institutional 

rearing is associated with atypically large amygdala volume and difficulties in emotion 

regulation. Dev Sci, 13(1), 46-61. https://doi.org/10.1111/j.1467-7687.2009.00852.x 

10.1111/j.1467-7687.2009.00852.x.  

Tustison, N. J., Avants, B. B., Cook, P. A., Zheng, Y., Egan, A., Yushkevich, P. A., & Gee, J. C. 

(2010). N4ITK: improved N3 bias correction. IEEE Trans Med Imaging, 29(6), 1310-

1320. https://doi.org/10.1109/tmi.2010.2046908  

Uddin, L. Q., Nomi, J. S., Hébert-Seropian, B., Ghaziri, J., & Boucher, O. (2017). Structure and 

Function of the Human Insula. J Clin Neurophysiol, 34(4), 300-306. 

https://doi.org/10.1097/wnp.0000000000000377  



 79 

VanTieghem, M. R., & Tottenham, N. (2018). Neurobiological Programming of Early Life 

Stress: Functional Development of Amygdala-Prefrontal Circuitry and Vulnerability for 

Stress-Related Psychopathology. Curr Top Behav Neurosci, 38, 117-136. 

https://doi.org/10.1007/7854_2016_42  

Visscher, T. L., & Seidell, J. C. (2001). The public health impact of obesity. Annu Rev Public 

Health, 22, 355-375. https://doi.org/10.1146/annurev.publhealth.22.1.355  

Wang, J., Vachet, C., Rumple, A., Gouttard, S., Ouziel, C., Perrot, E., Du, G., Huang, X., Gerig, 

G., & Styner, M. (2014). Multi-atlas segmentation of subcortical brain structures via the 

AutoSeg software pipeline. Front Neuroinform, 8, 7. 

https://doi.org/10.3389/fninf.2014.00007  

Weniger, G., Lange, C., & Irle, E. (2006). Abnormal size of the amygdala predicts impaired 

emotional memory in major depressive disorder. J Affect Disord, 94(1-3), 219-229. 

https://doi.org/10.1016/j.jad.2006.04.017 

10.1016/j.jad.2006.04.017. Epub 2006 Jun 5.  

Wilson, M. E. (2016). An Introduction to the Female Macaque Model of Social Subordination 

Stress. In M. E. Wilson & C. A. Shively (Eds.), Social inequalities in health in nonhuman 

primates the biology of the gradient. Springer International Publishing.  

Wilson, M. E., Bounar, S., Godfrey, J., Michopoulos, V., Higgins, M., & Sanchez, M. (2013). 

Social and emotional predictors of the tempo of puberty in female rhesus monkeys. 

Psychoneuroendocrinology, 38(1), 67-83. https://doi.org/10.1016/j.psyneuen.2012.04.021  

Wilson, M. E., Fisher, J., Fischer, A., Lee, V., Harris, R. B., & Bartness, T. J. (2008). 

Quantifying food intake in socially housed monkeys: social status effects on caloric 



 80 

consumption. Physiol Behav, 94(4), 586-594. 

https://doi.org/10.1016/j.physbeh.2008.03.019  

Wood, S. M., Schembre, S. M., He, Q., Engelmann, J. M., Ames, S. L., & Bechara, A. (2016). 

Emotional eating and routine restraint scores are associated with activity in brain regions 

involved in urge and self-control. Physiol Behav, 165, 405-412. 

https://doi.org/10.1016/j.physbeh.2016.08.024  

Yang, Y. P., Li, X., & Stuphorn, V. (2022). Primate anterior insular cortex represents economic 

decision variables proposed by prospect theory. Nat Commun, 13(1), 717. 

https://doi.org/10.1038/s41467-022-28278-9  

Yu, H.-j., Li, F., Hu, Y.-f., Li, C.-f., Yuan, S., Song, Y., Zheng, M., Gong, J., & He, Q.-q. 

(2020). Improving the Metabolic and Mental Health of Children with Obesity: A School-

Based Nutrition Education and Physical Activity Intervention in Wuhan, China. 

Nutrients, 12(1). https://doi.org/10.3390/nu12010194  

Zhang, Q., Li, H., & Guo, F. (2011). Amygdala, an important regulator for food intake. Frontiers 

in Biology, 6(1), 82-85. https://doi.org/10.1007/s11515-011-0950-z  

Zhang, Y. Q., Lin, W. P., Huang, L. P., Zhao, B., Zhang, C. C., & Yin, D. M. (2021). Dopamine 

D2 receptor regulates cortical synaptic pruning in rodents. Nat Commun, 12(1), 6444. 

https://doi.org/10.1038/s41467-021-26769-9  

 


