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Abstract

Exposure to psychosocial stressors increases consumption of palatable, calorically dense diets 

(CDD) and the risk for obesity, especially in females. While consumption of an obesogenic diet 

and chronic stress have both been shown to decrease dopamine 2 receptor (D2R) binding and alter 

functional connectivity (FC) within the prefrontal cortex (PFC) and the nucleus accumbens 

(NAcc), it remains uncertain how social experience and dietary environment interact to affect 

reward pathways critical for the regulation of motivated behavior. Using positron emission 

tomography (PET) and resting state functional connectivity magnetic resonance neuroimaging (rs-

fMRI), in female rhesus monkeys maintained in a low calorie chow (n=18) or a dietary choice 

condition (chow and a CDD; n=16) for 12 months, the current study tested the overarching 

hypothesis that the adverse social experience resulting from subordinate social status would 

interact with consumption of an obesogenic diet to increase caloric intake that would be predicted 

by greater cortisol, lower prefrontal D2R binding potential (D2R-BP) and lower PFC-NAcc FC. 

Results showed that the consequences of adverse social experience imposed by chronic social 

subordination vary significantly depending on the dietary environment and are associated with 

alterations in prefrontal D2R-BP and FC in NAcc-PFC sub-regions that predict differences in 

caloric intake, body weight gain, and fat accumulation. Higher levels of cortisol in the chow-only 

condition were associated with mild inappetence, as well as increased orbitofrontal (OFC) D2R-

BP and greater FC between the NAcc and the dorsolateral PFC (dlPFC) and ventromedial PFC 
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(vmPFC). However, increased cortisol release in females in the dietary choice condition was 

associated with reduced prefrontal D2R-BP, and opposite FC between the NAcc and the vmPFC 

and dlPFC observed in the chow-only females. Importantly, the degree of these glucocorticoid-

related neuroadaptations predicted significantly more total calorie intake as well as more 

consumption of the CDD for females having a dietary choice, but had no relation to calorie intake 

in the chow-only condition. Overall, the current findings suggest that dietary environment modifies 

the consequences of adverse social experience on reward pathways and appetite regulation and, in 

an obesogenic dietary environment, may reflect impaired cognitive control of food intake.

Introduction

The World Health Organization reports that the global prevalence of obesity approached 600 

million adults in 2014 (WHO, 2016) and additional data suggest that 32% of men and 36% 

of women in the United States are obese (Flegal et al., 2010). Because the health (Hill, 2006) 

and economic burden (Withrow and Alter, 2011) imposed by obesity are enormous, effective 

programs to prevent or alleviate obesity are a high priority. Although obesity can be 

explained in biological terms as the consequence of prolonged positive energy imbalance, 

complex gene by environment interactions likely affect both sides of energy balance (Feng et 

al., 2010; Haslam and James, 2005; Ogden et al., 2007). Clearly, a dietary environment that 

includes calorically dense foods, high in fats and sugars, often leads to increased caloric 

intake and obesity (la Fleur et al., 2011). However, the underlying neuroadaptations resulting 

from exposure to an obesogenic diet that lead to sustained food intake, increasing the risk for 

obesity, remain unclear.

Previous studies have shown that intake of calorically dense diets (CDD) induces dopamine 

(DA) release and activates reward pathways similar to what has been described in 

psychostimulant use (Volkow et al., 2008; Wise, 2006). Decreases in DA D2 receptor (D2R) 

binding potential (D2R-BP) within the ventral striatum, including the nucleus accumbens 

(NAcc) (Haber and Knutson, 2010), involved in reward and motivational processes (Cohen 

et al., 2010), are predictive of an addictive phenotype (Volkow et al., 2003; Volkow and 

Wise, 2005) and are observed in obese humans (Wang et al., 2001). This decrease in striatal 

D2R-BP with drugs of abuse is attributed to increased presynaptic DA release (Volkow and 

Li, 2004). Prefrontal cortex (PFC) regions, which are connected with the NAcc and are 

involved in regulating reward and goal-directed behaviors (Haber and Knutson, 2010), are 

also altered in obese individuals (Volkow et al., 2008). Reduced metabolic activity in the 

PFC of obese individuals is associated with reductions in striatal D2R (Volkow et al., 2008). 

Importantly, sustained intake of CDDs reduces striatal D2R expression in obese rats, 

whereas experimental knockdown of D2R expression increases intake of a CDD in rats 

(Johnson and Kenny, 2010). Together, these data suggest that impaired DA function within 

the NAcc and associated changes in PFC activity may be causally linked as well as a 

consequence of CDD consumption (Kenny, 2011), as is the case with psychostimulant abuse 

(Koob and Kreek, 2007; Koob and Le Moal, 2001; Tomasi and Volkow, 2013). Additionally, 

obesity in humans is associated with altered PFC-striatal functional connectivity (FC), as 

assessed by functional MRI (fMRI) methods (Contreras-Rodriguez et al., 2017; Coveleskie 

et al., 2015; Stoeckel et al., 2009). In the context of food intake, this decreased corticostriatal 
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FC may reflect lack of cognitive restraint on caloric intake (Nummenmaa et al., 2012). 

These neuroadaptations are characteristic of a hypodopaminergic state and may contribute to 

the maintenance of increased caloric intake in an obesogenic dietary environment. However, 

it remains unclear how these reductions in D2R relate to alterations in PFC-striatal FC and 

associated increased calorie intake.

It is important to note that not all individuals maintained in an obesogenic dietary 

environment consume excess calories. Exposure to psychosocial stressors is a risk factor for 

increased intake of CDDs, a phenomenon that occurs more often in women than men 

(Laitinen et al., 2002). Furthermore, data from animal studies show calorie consumption 

increases, particularly those from a CDD, when animals experience chronic social (e.g. 

social defeat or subordination) (Arce et al., 2010; Foster et al., 2006; Meisel et al., 1990; 

Michopoulos et al., 2012c; Solomon et al., 2007; Tamashiro et al., 2006; Wilson et al., 2008) 

or physical (e.g. restraint) stressors (Dallman et al., 2003; Hagan et al., 2003; la Fleur et al., 

2005; Warne, 2009). Signals from the limbic-hypothalamic-pituitary-adrenal (LHPA) axis, 

such cortisol and corticotropin-releasing hormone (CRH), target DA neurons in mesolimbic 

regions (Harfstrand et al., 1986; Sauvage and Steckler, 2001; Swanson et al., 1983) 

producing a dysregulation of DA neurotransmission (Izzo et al., 2005) that increases the 

expression of anhedonia and the risk for developing an addictive phenotype (Anisman and 

Matheson, 2005; Koob and Kreek, 2007; Koob and Le Moal, 2001). Data showing that stress 

hormones, particularly glucocorticoids (e.g. cortisol in primates), are key signals changing 

food salience and increased caloric intake (Warne, 2009) are consistent with the notion that 

emotional feeding is sustained by activation of the LHPA axis (Michopoulos et al., 2012c; 

Warne, 2009). The functional consequence of chronic stress is a “reward deficiency 

syndrome”, characterized by reduced DA activity (Blum et al., 1996). Therefore, it is 

hypothesized that one biobehavioral strategy to overcome this reward deficiency may be to 

activate DA pathways compromised by stress exposure by consuming diets with fat and 

sugar to increase levels of DA in the NAcc, a finding not seen when consuming a low caloric 

diet or palatable food devoid of calories (Bassareo and Di Chiara, 1999; Blackburn et al., 

1986; Marinelli et al., 2006; Small et al., 2003).

Our previous studies show that socially subordinate adult female rhesus monkeys, 

maintained in long-established stable social groups, are mildly inappetent compared with 

more dominant group mates when fed laboratory chow, but consume nearly twice as many 

calories as do dominant females when given a choice between chow and a CDD (Arce et al., 

2010; Michopoulos et al., 2012c). More recent analyses show that the dietary environment 

affects DA neurochemistry and appetite in adult females immediately following new social 

group formation and the acquisition of new social ranks, with lower D2R-BP in the orbital 

PFC (OFC) was associated with increased caloric intake (Michopoulos et al., 2016). The 

present study extends these initial observations of these same female rhesus monkeys to 

determine how social experience and dietary environment interact to affect prefrontal D2R-

BP and corticostriatal FC, using positron emission tomography (PET) neuroimaging and 

resting state (rs)-fMRI, respectively, after one year in a chow or a dietary choice condition. 

The current study tested the overarching hypothesis that the adverse social experience 

resulting from subordinate status would interact with consuming an obesogenic diet to 

increase caloric intake, body weight and body fat. We also hypothesized that greater calorie 
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intake in an obesogenic dietary environment would be predicted by lower prefrontal D2R-

BP and weakened PFC-NAcc FC. Specifically, the dorsolateral PFC (dlPFC), ventromedial 

PFC (vmPFC), OFC, and anterior cingulate cortex (ACC) were assessed due to their 

connections with the NAcc and their role in incentive-based behavioral responses, goal-

directed behavior, reward coding, impulse control and salience/value of food, and 

anticipation of the benefit/risk ratio of rewards (Haber and Knutson, 2010; Knutson et al., 

2005; Yacubian et al., 2006).

Methods

Subjects and group formation

Adult female rhesus monkeys (n=34) living in one of six breeding groups located at the 

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

were selected as subjects based on age and familiarity with other females. As described 

previously (Michopoulos et al., 2016), females were removed from their natal groups to 

form new social groups of four to six females each. Briefly, a sequential group formation 

process was employed to introduce females in indoor-outdoor pens measuring 

approximately 144 ft2 (12×12 ft) with a randomized order of introduction, a process that 

results in immediate formation of a dominance hierarchy (Jarrell et al., 2008; Snyder-

Mackler et al., 2016). The Emory University Institutional Animal Care and Use Committee 

approved all procedures in accordance with the Animal Welfare Act and the U.S. 

Department of Health and Human Services “Guide for Care and Use of Laboratory 

Animals.”

Experimental Design

Females were randomly assigned to be a member of a new social group (4 to 6 monkeys per 

group) and these groups were then randomly assigned to have either access to the standard, 

low calorie monkey chow (4 groups, n = 18 monkeys) or access to a choice dietary 

environment wherein both the chow and a CDD were available (3 groups, n = 16 monkeys). 

The caloric composition of the chow diet (3.45 kcal/g; Lab Diets, St. Louis MO, #5038) was 

12% fat, 18% protein, and 4.14% sugar carbohydrate and 65.9% fiber carbohydrate 

(including 42.4% starch). The calories of the CDD (4.47 kcal/g; Research Diets, New 

Brunswick NJ, #D07091204S) were distributed as 36% fat, 18% protein, 16.4% sugar 

carbohydrate and 29.6% fiber-starch carbohydrate. While the chow diet contains a higher 

concentration of starch compared with the CDD, data show that starch intake is associated 

with reduced appetite and less body weight gain compared with intake of sugars in CDD 

(Aller et al., 2011). The rationale for providing access to both the chow and CDD is based 

on well-established data showing that dietary choice sustains intake of high caloric diets (la 

Fleur et al., 2010) and more closely models the human dietary environment.

All females had access to experimental diets ad libitum via previously validated automated 

feeders that allow for quantification of caloric intake in socially housed, free feeding 

monkeys (Arce et al., 2010; Wilson et al., 2008). Briefly, activation of a radio-frequency 

antenna by an identification chip within each animal’s wrist signaled a computer to dispense 

a single pellet of food via a pellet dispenser. Each social group had access to two automated 
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feeders and a computer recorded each feeding event in a log. Validation of the feeding 

system showed that high-ranking females in these small social groups rarely took a pellet 

from more subordinate animals and pellets were never discarded (Wilson et al., 2008). The 

observation that subordinate females consumed more calories in a dietary choice condition 

underscores that higher ranking animals did not restrict access to these automated feeding 

systems (Michopoulos et al., 2012c). Calorie intake was monitored continually for 12 

months following group formation to determine how status-related differences in social 

behavior and dietary environment predicts caloric intake.

Physiology

All animals were trained and habituated to being removed from their group for conscious 

venipuncture using previously described procedures (Walker et al., 1982). Blood samples 

were obtained within 10 minutes from entering the animal area to provide baseline cortisol 

measures, although the training and habituation minimizes arousal (Blank et al., 1983). 

Diurnal plasma cortisol and sensitivity to glucocorticoid negative feedback were determined 

as part of a dexamethasone sensitivity test (Michopoulos et al., 2012b). Samples were 

obtained 1 and 4 hr after sunrise and again 1 hr before sunset, with the evening samples 

followed by administration of dexamethasone (0.125 mg/kg, IM). Samples were obtained 

again the following morning 1 and 4 hr after sunrise. Plasma levels of cortisol were 

measured by LC-ESI-tandem mass spectrometry using a Discovery 5cm × 2.1mm C18 

column (Supelco, PA) eluted at flow rate of 0.5 ml/min at the YNPRC Biomarkers Core. 

The intra- and inter-assay coefficient of variation (CV%) was 1.21% and 5.78%, 

respectively. Body weight was measured every two weeks and estimates of body fat, 

obtained using dual x-ray absorptiometry (DEXA, Norland), were assessed at baseline prior 

to the diet intervention and again at 12 months, coincident with the neuroimaging scans. 

Total activity levels were assessed using Actical accelerometers (Phillips Respironics, Bend 

Oregon) at baseline and again at 12 months. Accelerometers were attached to a primate 

collar (Primate Products), which the females wore for 10 to 12 days.

Behavioral data

Throughout the study period, social and solitary behaviors were obtained from weekly 30-

minute group focal observations using an established ethogram (Jarrell et al., 2008). The 

outcome of dyadic agonistic interactions determined the relative rank of females within each 

social group (Bernstein and Gordon, 1974). In addition to prosocial behaviors (frequency 

and duration of proximity and grooming initialed and received), rates of agonistic behavior 

(aggression and submission initiated and received) were recorded. Cumulative rates and 

durations of social behaviors from study start to 12 months were summarized by performing 

a Principal Components Analysis (PCA) with Direct Oblimin rotation. In addition, a 

female’s previous social rank in her natal group, as well as total activity levels derived from 

the Actical accelerometers, were included. Inclusion of activity measures was based on 

assumption that females moving about their enclosure could not engage in social behavior. 

Raw values were z-transformed prior to inclusion in the PCA. Two components emerged 

from this analysis (Table 1) that were labeled social engagement and adverse experience. 

Social engagement was comprised of positive loading of social behaviors (time spent in 

proximity; proximity initiated to others; time spent grooming others; and time others 
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groomed the female) and a negative loading of total activity level at 12 months. Adverse 

social experience was comprised of positive loading of natal group rank, rates of aggression 

received, submissive behaviors, and total activity levels and negative loadings of proximity 

initiated to others and time others groomed the female.

Acquisition and analyses of D2R-BP

A subset of females comprised of the six highest and six lowest ranking females from each 

dietary condition (n=12 for both groups; 24 total) received a PET scan 12 to 14 months after 

new group formation and imposition of the dietary conditions to assess D2R-BP. There were 

no differences in age at scan, natal group rank, or social engagement PCA scores between 

subjects in the LCD-only and Choice conditions (see Supplemental Table 1). [18F]-fallypride 

was used as the D2R radioligand because it provides robust in vivo measures of both striatal 

and extra-striatal D2R binding, due to its high D2R affinity (Riccardi et al., 2008; Vandehey 

et al., 2010). [18F]-fallypride-PET has been validated previously in monkeys and in humans 

(Mukherjee et al., 2002). Quantitative PET images were acquired using a MicroPET Focus 

220 scanner system (CTI Concorde Microsystems LLC, Knoxville, TN) and cyclotron 

located in the YNPRC Imaging Core. PET imaging occurred at the same time of day to 

control for any diurnal effects (Krajnak et al., 2003). Animal anesthesia (isoflurane 1 to 2% 

to effect) and monitoring followed standard veterinary practices (Michopoulos et al., 2014). 

A transmission scan was obtained with a germanium-68 source for attenuation correction of 

the emission data. [18F]-fallypride was infused over 1 min. Emission data were collected 

continuously over 120 min after injection and then binned into appropriate time frames. 

Structural MR images were obtained within three weeks of the PET scan using a 3T magnet 

(Siemens Trio) for co-registration of PET and calculation of D2R-BP in prefrontal region(s) 

of interest (ROIs).

The dlPFC was selected for its involvement in executive function and working memory for 

evaluation, comparison and selection of incentive-based behavioral responses (Haber and 

Knutson, 2010), goal-directed behavior, reward coding, impulse control and salience/value 

of food (Grabenhorst et al., 2008; Kuhnen and Knutson, 2005; Rolls and McCabe, 2007). 

The vmPFC was chosen because it is involved in emotional and motivational salience 

assessment, prosocial behavior, stress, and emotional regulation (Ma et al., 2010; Rilling et 

al., 2002; Rilling et al., 2004). The OFC was analyzed because it has been implicated in 

goal-directed behavior, reward coding, impulse control and salience/value of food 

(Grabenhorst et al., 2008; Kuhnen and Knutson, 2005; Rolls and McCabe, 2007) and 

prosocial behavior (Rilling et al., 2002; Rilling et al., 2004). Finally, the ACC ROI was 

investigated due to its involvement in emotional appraisal/regulation, immediacy, and 

anticipation of the benefit/risk ratio of rewards (Haber and Knutson, 2010; Knutson et al., 

2005; Yacubian et al., 2006) as well as integration of value across different stimuli (Blair et 

al., 2006).

Prefrontal ROIs were based on neuroanatomical definitions previously published in rhesus 

by our group (Embree et al., 2013; Parr et al., 2012). ROIs were manually traced on both 

hemispheres [left(l) and right(r)] for each monkey after realignment of sagittal, coronal and 

axial orthogonal planes into stereological space (see Supplemental Figure 1). Rhesus 
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macaque brain atlases (Paxinos et al., 2000; Saleem and Logothetis, 2007) were used to 

guide ROI tracing within structural MRI images in coronal and sagittal views (Embree et al., 

2013). Sub-regions of the PFC were drawn, including the dlPFC (-Brodmanns area- BA 46), 

vmPFC (BA 32), OFC (BA 11, 13) and the medial PFC (mPFC)/ACC (BA 24). The NAcc 

was traced using an adaptation of the technique applied to macaques (Li et al., 2013b) and 

humans (Mawlawi et al., 2001; Narendran et al., 2006). The non-vermis cerebellar gray 

matter served as reference region due to the relative absence of D2R binding sites. Regional 

measures D2R-BP were determined using the simplified reference tissue method (SRTM; 

CER served as reference tissue), a composite parameter that serves as an index for D2 

receptor availability (Lammertsma and Hume, 1996; Mintun et al., 1984).

Resting State fMRI Neuroimaging

A subset of high and low ranking females who received D2R PET scans comprised from 

each dietary condition (n=8 for each diet condition, 16 total) also received a rs-fMRI scan 

within one month of D2R PET scan at 12 months. There were no differences in age at scan, 

natal group rank, or social engagement PCA scores between subjects in the LCD-only and 

Choice conditions (see Supplemental Table 1). Neuroimaging scans were collected using a 

3T Siemens Magnetom Trio Tim scanner (Siemens Med. Sol., Malvern, PA, USA), and an 

8-channel phase array coil. Subjects were transported from their social groups at the 

YNPRC Field Station in Lawrenceville, GA to the YNPRC Imaging Center in Atlanta, GA, 

either the morning of the scan or the day prior to the scan. Two 15 minute rs-fMRI (T2*-

weighted) scans were acquired to measure temporal changes in regional blood-oxygen-level 

dependent (BOLD) signal during a single session that also included T1- and T2-weighted 

structural MRI scans for registration purposes (T1-weighted MRI scans were collected using 

a 3D magnetization prepared rapid gradient echo (3D-MPRAGE) parallel image sequence: 

TR/TE = 2600/3.38msec, FoV: 128mmx128mm, voxel size: 0.5mm3 isotropic, 1 average, 

GRAPPA acceleration factor of R=2; T2-weighted MRI scans were collected using a 3D fast 

spin-echo sequence: TR/TE = 3200/373msec, FoV: 128mmx128mm, voxel size: 0.5mm3 

isotropic, 1 average, GRAPPA acceleration factor of R=2). Subjects were scanned under 

isoflurane anesthesia (1% to effect, inhalation) following induction with telazol (2.16–3.82 

mg/kg, I.M.) and intubation to ensure lack of motion artifacts. This dose (and higher doses) 

of isoflurane has previously been used to report coherent patterns of BOLD fluctuations in 

rhesus macaques, including sensory, motor, visual and cognitive-task related systems (Birn 

et al., 2014; Hutchison et al., 2013; Li et al., 2013a; Tang and Ramani, 2016; Vincent et al., 

2007). Importantly, these patterns are similar to those observed in awake, behaving monkeys 

(Vincent et al., 2007). To ensure no potential confounding effects of anesthetic induction 

dose on FC, bivariate correlations were generated between FC values and mg/kg dosage of 

telazol. None of these correlations were statistically significant at p<0.05. For physiological 

monitoring, animals were fitted with an oximeter, electrocardiograph, rectal thermometer 

and blood pressure monitor. Additionally, an I.V. catheter was placed to administer dextrose/

NaCl (0.45%) in order to maintain hydration. All subjects were scanned in the same supine 

placement and orientation on an MRI-compatible heating pad, using a custom-made head 

holder with ear bars and a mouth piece. A vitamin E capsule was taped to the right temple to 

mark the right side of the brain. Subjects were returned to their social groups upon 

completion of the scan and full recovery from anesthesia. BOLD-weighted functional 
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images were collected using a single-shot gradient-echo-planar imaging (EPI) sequence (400 

volumes, FoV: 105 mm × 105 mm, slice thickness: 1.5 mm, matrix size: 70 × 70, TR/TE: 

2290/25msec, 2×15min, voxel size: 1.5mm3 isotropic) to analyze FC between brain regions. 

The rs-fMRI scans were collected following the T1-MRI scan (which lasted about 30 min) 

to standardize time from initial anesthesia to 45 minutes for all subjects. An additional short 

reverse-phase encoding scan was also acquired for unwarping susceptibility-induced 

distortions in the EPI images, using previously published methods (Andersson et al., 2003). 

The first 3 volumes were removed from each scan to allow for scanner equilibrium, resulting 

in a total of 794 concatenated volumes.

Rs-fMRI data preprocessing

Rs-fMRI is a useful tool to investigate FC between brain regions, based on evidence that 

BOLD-related activity in neural circuits during resting state recapitulates task-evoked 

activations in humans (Cordes et al., 2000), even in anesthetized macaques (Margulies et al., 

2009; Vincent et al., 2007). All raw data were preprocessed using the FMRIB Software 

Library [FSL, Oxford, UK, RRID: SCR_002823; (Smith et al., 2004; Woolrich et al., 

2009)], in addition 4dfp tools (ftp://ftp.imaging.wustl.edu/pub/raichlab/4dfp_tools/) and an 

in-house built Nipype pipeline [based on (Gorgolewski et al., 2011)] with modifications of 

previously published methods (Fair et al., 2009; Fair et al., 2007; Fair et al., 2012; Iyer et al., 

2013). Some methods were adapted specifically for the rhesus monkey brain (Miranda-

Dominguez et al., 2014). After file conversion, in order to reduce noise and artifact, 

functional imaging series were unwarped using a reverse phase-encoding distortion 

correction method (Andersson et al., 2003), slice-time corrected (for the even vs. odd slice 

intensity differences due to interleaved acquisition), motion-corrected (rigid body motion 

correction within-run, linear registration from EPI to T1, and nonlinear registration from T1 

to template applied all in one resampling step), and signal normalized to a whole brain mode 

value gradient of 1000. Next, the EPI functional time series were concatenated and rigid-

body co-registered to the subject’s averaged T1-weighted structural image. This was then 

transformed to conform to the 112RM-SL (RM: Rhesus Macaque; SL: Saleem-Logothetis 

coordinate space) atlas (McLaren et al., 2010), using rigid-body registration followed by 

linear (FLIRT) and non-linear registration (FNIRT) methods in FSL. This 112RM-SL atlas 

is an average of 112 male and female adult monkeys (McLaren et al., 2010; McLaren et al., 

2009), in F99 space, and the EPI images were transformed into F99 space following 

previously published protocols (Miranda-Dominguez et al., 2014) in one interpolation step 

for the region of interest (ROI) analysis described below. Additional preprocessing steps 

included functional signal detrending, temporal low-pass filtering (f < 0.1Hz) via a second 

order Butterworth filter, and nuisance regression of rigid body head motion parameters in 6 

directions, the global whole-brain signal, the ventricular and white matter functional signal 

(averaged from a ventricle- and a white matter mask, respectively), and their first-order 

derivatives (Fair et al., 2009; Fair et al., 2007; Fair et al., 2012; Miranda-Dominguez et al., 

2014). Analyses were conducted with the removal of frames having framewise displacement 

(FD) value greater than 0.2 mm (Power et al., 2012; Power et al., 2014). Additionally, all 

imaging data were visually inspected upon preprocessing completion, to determine if any 

series had unsatisfactory co-registration or significant BOLD signal dropout.
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Analysis of FC between NAcc and subdivisions of the PFC

The NAcc ROI was selected due to its involvement in reward processing (Cohen, Asarnow et 

al. 2010). Sub-regions of the PFC were assessed, including the dlPFC (BAs 9, 46), vmPFC 

(BAs 14, 25, 32), OFC (BAs 11, 13), and ACC (BA 24). The PFC ROIs were defined based 

on previously published anatomical parcellations (Lewis and Van Essen, 2000; Markov et 

al., 2012) mapped onto the cortical surface of the 112RM-SL atlas (registered to F99 space; 

see Supplemental Figure 2). Each ROI was manually edited in both the 112RM-SL atlas and 

each of the subjects to exclude overlapping ROIs, non-brain tissue or signal dropout). The 

resting state BOLD time series were then correlated ROI by ROI for each subject. For this, 

the time course of the BOLD signal was averaged across the voxels within each ROI, and 

then correlated with the time course of all other ROIs. Correlation coefficients (r-values) 

between ROIs were extracted from these correlation matrices using Matlab (MathWorks 

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

Statistical analyses

Data were summarized as mean ± standard error. Non-normal distributions were log-

transformed before analysis. PCA scores (described above) were used to reflect a composite 

of social experience during the 12 month interval rather than to the average rates of behavior 

for a specific month. We chose to use these PCA scores, rather than categorical ranks (e.g., 

high vs. low), to better assess the “dosing” effect of social experience provided by including 

these continuous variables in our statistical models. To test the hypothesis that a choice 

dietary condition would result in increased caloric intake, body weight and body fat 

accumulation, ANOVAs were used to assess differences in food intake, body weight and 

body fat mass, and behavioral phenotypes due to dietary condition (choice vs. chow-only). 

To test the hypothesis that greater adverse social experience would be associated with 

greater plasma cortisol concentrations, linear regressions were used to assess relations 

between social experience and plasma cortisol concentrations.

Because caloric intake varied significantly by diet condition (see results below) and 

consumption of a CDD is known to impact neurochemistry of reward pathways (Guo et al., 

2014; Johnson and Kenny, 2010), predictors of caloric intake were examined separately for 

each dietary condition. Using the bivariate correlations, we tested the a priori hypothesis that 

greater caloric intake in subjects in the choice dietary condition would be predicted by 

greater plasma cortisol concentrations, decreased D2R-BP, and decreased FC between PFC 

subregions (dlPFC, vmPFC, OFC, and ACC) and NAcc. In order to generate explanatory 

models of the diet- and experience-induced neuroadaptations that emerged, Fisher-z 

transformation of Pearson correlation values were used to generate composite r-values for 

parameters of glucocorticoid signaling, D2R-BP, and NAcc-PFC FC (Silver and Dunlap, 

1987).

Results

Effects of dietary environment on behavioral and endocrine phenotypes

Social engagement (F1,33=0.085, p=0.77) and adverse social experience component scores 

(F1,33=0.052, p=0.82) did not vary significantly between the two dietary conditions. 
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Increased social engagement was associated with decreased adverse social experience (r32=

−0.38; p=0.026) and greater sensitivity to glucocorticoid negative feedback inhibition on 

cortisol secretion as assessed by dexamethasone sensitivity test (r32=0.41; p=0.015), 

evidenced by lower morning cortisol following dexamethasone administration. However, 

this enhanced glucocorticoid sensitivity for socially engaged females did not vary 

significantly by dietary condition (r32=−0.07, p>0.05).

Effects of dietary environment on calorie intake and body weight

Females in the dietary choice condition consumed more total calories (CDD plus chow) than 

females in the chow-only condition (F1,33=4.59, p=0.040; Figure 1A). Females in the choice 

diet condition ate more of the CDD (57% of total caloric intake) than the chow (p=0.011; 

Figure 1A). This increased caloric intake in females maintained in the choice dietary 

environment was associated with greater absolute body weight (F1,33=5.30, p=0.028), 

greater increases in body weight (F1,33=8.62, p=0.006; Figure 1B), trunk fat (F1,33=5.14, 

p=0.031; Figure 1C), and total body fat (F1,33=5.38, p=0.028; Figure 1D) over the 12 month 

period.

Predictors of caloric intake in chow-only dietary condition

The impaired glucocorticoid regulation shown by less socially engaged females (r16=−0.61, 

p=0.008) predicted mild inappetence, as higher cortisol concentrations the morning 

following dexamethasone administration were negatively related to chow intake (r16=−0.51, 

p 0.031; see Figure 2). Higher pre-dexamethasone morning cortisol levels also were 

associated with increased D2R BP in the right (r10=0.66, p=0.021) and left OFC (r10=0.67, 

p=0.016; composite r10=0.66, p=0.018). No other significant relationships were found 

between D2R-BP with cortisol and other PFC regions or the NAcc (all p>0.05).

In addition, high post-dexamethasone cortisol values also predicted reduced rs-MRI FC 

between the left NAcc and the dlPFC (r6=−0.74, p=0.037), as did pre-dexamethasone 

morning cortisol (r6=−0.85, p=0.007; composite r6=−0.79, p=0.018; Figure 2). In contrast, 

higher pre-dexamethasone morning (r6=0.75, p=0.033) and evening cortisol (r6=0.80, 

p=0.017) significantly predicted increased left NAcc-vmPFC FC (composite r6=0.77, 

p=0.025). However, none of these glucocorticoid-dependent associations of D2R-BP or 

NAcc-PFC FC were directly related to chow intake (p>0.05). Chow intake was positively 

associated with increased D2R-BP in the right ACC (r10=0.61, p=0.035). However, binding 

potential in the right ACC was unrelated to any parameter of cortisol release (all p>0.05).

Predictors of caloric intake in dietary choice condition

A very different pattern emerges in females maintained for 12 months in an obesogenic, 

dietary choice environment (Figure 3). Under these dietary conditions, the reduced 

sensitivity to glucocorticoid negative feedback observed in less socially engaged females 

(r14=−0.59, p=0.017) reflecting impaired glucocorticoid negative feedback regulation, is 

associated with significantly increased calorie intake, quite unlike the chow-only condition. 

Specifically, pre-dexamethasone morning (r14=0.631, p<0.01) and evening cortisol 

(r14=0.55, p=0.027) predict greater intake of the CDD. Post-dexamethasone plasma morning 

(r14=0.65, p=0.006) and mid-day cortisol (r14=0.52, p=0.039) predict more total caloric 
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intake (CDD plus chow). These associations yield a composite significant positive relation 

between cortisol concentrations and caloric intake for the dietary choice females (r14=0.59, 

p=0.015).

Higher concentrations of cortisol for females in the dietary choice condition also predicts 

reduced D2R BP in several PFC ROIs. Pre-dexamethasone morning (r10=−0.62, p=0.030) 

and evening cortisol (r10=−0.80, p=0.002) predicts significantly lower D2R-BP in the left 

OFC (composite r10=−0.73, p=0.007), an effect opposite to that observed in chow-only 

females. Furthermore, pre-dexamethasone evening cortisol also predicts significantly lower 

D2R-BP in the right dlPFC (r10=−0.67, p=0.017). Together these association between 

parameters of cortisol release and D2R-BP in the OFC and dlPFC yielded a significant 

composite association (r10=−0.71, p=0.010, Figure 3).

Increased parameters of cortisol release also predicted differences in NAcc-PFC FC. 

Notably, pre-dexamethasone morning (r6=−0.75, p=0.033) and evening cortisol (r6=−0.78, 

p=0.023) predicted reduced right NAcc-mPFC FC. In addition, pre-dexamethasone morning 

cortisol also predicted reduced left NAcc-OFC FC (r6=−0.73, p=0.040) and reduced right 

NAcc-vmPFC FC (r6=−0.74, p=0.036), with the latter opposite to what was observed in 

chow-only females. Together these associations between parameters of cortisol release and 

reduced NAcc-PFC FC yielded a significant composite association (r6=−0.75, p=0.033, 

Figure 3). In contrast, pre-dexamethasone evening cortisol predicted increased left NAcc-

dlPFC FC (r6=0.73, p=0.040), a pattern again opposite to that observed in chow-only 

females.

Unlike the consequences of the greater cortisol for females in the chow-only condition, 

differences in D2R-BP and NAcc-PFC FC associated with increased cortisol secretion 

predicted increased caloric intake. Reduced D2R BP in the left OFC (r10=−0.65, p=0.022) 

and both the left (r10=−0.59, p=0.043) and right dlPFC (r10=−0.72, p=0.008) predicted 

significantly more CDD intake (composite r10=−0.71, p=0.010). Furthermore, increased left 

NAcc-dlPFC FC also predicted greater CDD intake (r6=0.73, p=0.042). Increased total 

calorie intake was significantly related to reduced FC between the right NAcc-mPFC (r6=

−0.73, p=0.042) and right NAcc-vmPFC (r6=−0.71, p=0.047; composite r6=−0.72, p=0.046). 

Unlike these cortisol-related changes in brain function, the FC between the left NAcc and 

OFC was unrelated to any parameter of calorie intake (all p>0.05).

Greater calorie intake of the CDD intake predicted decreased D2R-BP in the right (r10=

−0.63, p=0.030) and left ACC (r10=−0.62, p=0.031) as well as the right (r10=−0.63, 

p=0.028) and left NAcc (r10=−0.59, p=0.040). While these lower levels of D2R-BP 

(composite r10=−0.62, p=0.031, Figure 3) were associated with more CDD consumption, 

D2R-BP in other corticostriatal regions was unrelated to any parameter of food intake 

(p>0.05). It is important to note the effect of calorie intake on D2R-BP in the right ACC was 

opposite to that observed in chow-only females for whom reduced binding potential was 

associated with reduced chow intake.
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Discussion

Our overarching hypothesis for this study was that the adverse social experience resulting 

from subordinate status would interact with consuming an obesogenic diet to increase 

caloric intake, body weight and body fat and that the greater intake, particularly from a 

CDD, would be predicted by lower prefrontal D2R-BP and reduced PFC-NAcc FC. In 

general, the data from our exploratory analysis support this broad hypothesis by showing 

that the consequences of adverse social experience, imposed by chronic social 

subordination, vary significantly by the dietary environment and are associated with 

differences in caloric intake that is predicted by lower D2R-BP and FC in NAcc-PFC 

regions in a diet-dependent manner. Less social engagement, a characteristic of social 

subordination in small groups of female rhesus monkeys (Snyder-Mackler et al., 2016), is 

associated with more cortisol release, but the consequences of greater cortisol concentrations 

differed between females maintained in a chow-only condition compared to those 

maintained in a dietary choice condition, with both chow and a CDD available. This 

hypercortisolemia in the chow-only condition was associated with mild inappetence, as well 

as increased OFC D2R-BP and greater FC between the NAcc and the dlPFC and vmPFC. 

However, greater cortisol release in females in the obesogenic dietary condition was 

associated with more extensive and, in some cases, opposite relationships to that observed in 

chow-only condition. Notably, D2R-BP was reduced in the OFC and dlPFC, and NAcc FC 

was reduced with the vmPFC, but increased with the dlPFC, opposite to the outcomes for 

the chow-only females. Importantly, these glucocorticoid-associated neuroadaptations 

predicted significantly more calorie intake of the CDD or CDD plus chow combined for the 

choice females, but had no relation to calorie intake in the chow-only condition. Together 

these data show how the dietary environment interacts with variation in social experience, 

particularly being socially engaged, to shape how the brain responds to higher cortisol 

secretion and food intake.

We have previously reported that adult female monkeys maintained on a chow diet exhibit 

distinct, rank-related metabolic phenotypes including mild inappetence, reduced body 

weight and fat, and increased activity levels (Michopoulos et al., 2012a; Michopoulos et al., 

2012c). These observations were replicated and extended in the current project, as the 

impaired glucocorticoid regulation shown by less socially engaged females significantly 

predicted less chow intake, consistent with a large body of data showing stressor exposure 

attenuates chow intake in laboratory animals (Harris et al., 1998; Heinrichs and Richard, 

1999; Krahn et al., 1990). These higher cortisol levels also were associated with increased 

D2R BP in the OFC and reduced FC between the NAcc and the dlPFC, possibly reflecting 

impaired top down inhibition of striatal-dependent behaviors that would otherwise lead to an 

addictive-like phenotype under the right circumstances. In contrast, higher cortisol was 

associated with increased NAcc-vmPFC FC, which may reflect ability to correctly assess 

behaviorally risky situations – an adaptive response for chronically stressed animals. 

However, none of these glucocorticoid-related associations were directly related to chow 

intake.

A very different series of outcomes were observed for females in the dietary choice 

condition, as hypercortisolemia was associated with greater overall food intake in this 
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obesogenic dietary condition. These current data corroborate previous findings implicating 

glucocorticoids as key signals for altering food salience and increasing caloric intake in a 

complex dietary environment (Warne, 2009), and are consistent with the notion that 

increased caloric intake of CDD in the face of stressor exposure is sustained by activation of 

the LHPA axis (Michopoulos et al., 2012c; Warne, 2009). Additionally, higher 

concentrations of cortisol were associated with reduced D2R-BP in the left OFC and dlPFC 

as well as reduced FC between the NAcc and the right ACC, left vmPFC, and left OFC. In 

contrast, FC between the right and left NAcc and dlPFC was significantly higher in relation 

to increased cortisol concentrations. Signals from the stress axis, including cortisol and 

CRH, act on DA neurons in corticostriatal and mesolimbic regions (Harfstrand et al., 1986; 

Sauvage and Steckler, 2001; Swanson et al., 1983) to alter DA neurotransmission (Izzo et 

al., 2005). Importantly, this disruption in DA function increases the expression of anhedonia 

and the risk for developing an addictive phenotype (Anisman and Matheson, 2005; Koob 

and Kreek, 2007; Koob and Le Moal, 2001), suggesting that glucocorticoids may act to 

increase caloric intake in the current study by dysregulating DA neurotransmission. While 

we have previously shown that antagonism of CRH receptor 1 reduces caloric intake in a 

choice dietary environment in subordinate female rhesus monkeys (Moore et al., 2015), it 

remains to be determined how direct manipulation of the stress signals impacts reward 

neuroadaptations described in the current study.

Reduced D2R BP within the OFC, dlPFC, and NAcc was significantly associated with 

increased caloric intake, particularly of the CDD, in females exposed to the dietary choice 

condition. These data highlight the importance of dopaminergic function in the PFC and 

NAcc for behavioral responses to food (Petrovich, 2011). Lower levels of prefrontal D2R in 

females exposed to the dietary choice condition may facilitate increased caloric intake by 

increasing compulsivity and disrupting the ability to inhibit motivated behavior, as the 

dlPFC is critical for incentive-based behavioral responses (Haber and Knutson, 2010) and 

the OFC for goal-directed behavior, reward coding, impulse control and salience/value of 

food (Grabenhorst et al., 2008; Kuhnen and Knutson, 2005; Rolls and McCabe, 2007). 

Lower metabolic activity in the OFC, dlPFC, and NAcc is associated with increased food 

craving (Wang et al., 2009) and body mass index in humans, and is predictive of reduced 

executive function (Volkow et al., 2009). Importantly, lower prefrontal D2R levels have been 

linked to reduced sensitivity to reward in obese individuals, which may facilitate overeating 

(Davis et al., 2009), and decreased dopaminergic function in rodents has been linked to 

increased appetite (Cordeira et al., 2010; Geiger et al., 2008).

Differences in FC between corticostriatal regions were also significantly associated with 

increased total caloric intake and CDD consumption in females exposed to the dietary 

choice condition. Specifically, greater NAcc-dlPFC FC predicted greater CDD intake and 

reduced FC between the NAcc-ACC and NAcc-vmPFC predicted greater overall calorie 

intake. These results are divergent from previous findings in women indicating that FC 

between the NAcc and vmPFC and mPFC is increased in women who have high body mass 

index (Contreras-Rodriguez et al., 2015; Coveleskie et al., 2015). It is important to note, 

however, that existing rs-fMRI studies in the context of eating have focused on obesity as a 

surrogate measure of food intake as opposed to actual measures of calorie consumption 

assessed in the current study. To our knowledge, no studies have specifically investigated 

Godfrey et al. Page 13

Psychoneuroendocrinology. Author manuscript; available in PMC 2019 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



dlPFC connectivity with NAcc in the context of differences in food intake in an obesogenic 

environment, but studies in both drug addiction and obesity have shown alterations in NAcc 

FC with other prefrontal regions. For example, some studies show increased FC between 

NAcc and PFC subregions in both obesity (Contreras-Rodriguez et al., 2015; Coveleskie et 

al., 2015) and drug addiction (Ma et al., 2010; Wilcox et al., 2011), whereas other studies in 

drug addiction show decreased corticostriatal FC (Upadhyay et al., 2010; Wang et al., 2010). 

Although dlPFC-NAcc FC has not been explicitly investigated or was not significant in these 

previous studies, our finding that greater NAcc-dlPFC FC predicted greater CDD intake may 

reflect decreased functioning of reward circuitry and loss of PFC top-down inhibitory 

control, which in drug addiction studies is thought to precipitate the transition from using 

drugs into the development of addiction (Koob and Le Moal, 2008). Future studies are 

clearly necessary to characterize changes that occur in the initial periods of CDD access and 

worsen over time to facilitate greater caloric intake in dietary environments wherein CDD 

are available. Such studies will be critical for disentangling neuroadaptations specific to 

eating behavior as opposed to obesity, a consequence of increased caloric intake.

Overall, the patterns of FC and reduced D2R BP described in the current study suggest that 

these neuroanatomical alterations may together reflect lack of cognitive restraint of feeding 

as each of these regions is involved in executive function and impulse control. Critically, 

because the glucocorticoid-related changes in D2R and FC were not observed in the chow-

only condition – and, indeed, OFC D2R BP as well as NAcc-dlPFC and NAcc-vmPFC FC 

were opposite in the choice compared with the chow-only condition – the current data 

underscore the hypothesis that an obesogenic diet interacts with experience-dependent 

increases in cortisol to promote feeding and increase the risk for obesity (Warne, 2009). The 

interactions, and underlying mechanisms, between how a complex dietary environment and 

social experience affect the brain and behavior highly warrant future elucidation and 

underscore the necessity for considering dietary environment in any translational animal 

model of adverse health outcomes in humans.

Despite the current data showing the importance of the dietary environment on shaping 

neural responses to differences in social experience, the study has several limitations. While 

the magnitude of the significant correlations was indicated by relatively high effect sizes, the 

fact that subsets of females from each diet condition contributed to PET and MRI imaging 

data limitations of the current study. Moreover, the low sample size used for these analyses 

is also a study limitation; however, the fact that these significant relationships were observed 

between cortisol, FC, and D2R-BP with these reduced samples sizes for females in the 

choice dietary conditions warrants further investigation of the synergistic effects of diet and 

adverse social experience on appetite regulation. Because were testing a priori hypotheses 

regarding associations between social experience, plasma cortisol, appetite and 

neuroimaging endpoints in this largely exploratory analysis, we did not correct for multiple 

comparisons. Thus, a concern that a significant correlation may be spurious is noted. Future 

studies are necessary with a larger sample size in order to replicate and extend these 

findings. Another limitation is that PFC ROIs assessed are not completely congruent 

between PET and rs-fMRI data analyses due to differences in image resolution, data 

processing and analytical pipelines. Furthermore, the present exploratory analysis is largely 

one of associations, despite the dietary intervention. To infer causality, the social experience 
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and the dietary environment must be manipulated in the same females. For example, our 

group has previously manipulated social ranks in female monkeys and has shown that social 

experience associated with specific ranks has causal effects on immune gene regulation 

(Snyder-Mackler et al., 2016). Thus, a similar manipulation that would include a diet switch 

could be applied to the paradigm used in the present study to determine how diet and social 

experience causally shape brain function to regulate appetite. Additionally, the experiment 

was conducted exclusively in female monkeys, limiting whether the result of females, that 

are more at risk to overeat in the face of psychosocial stressors in an obesogenic dietary 

environment, is generalizable to males (Laitinen et al., 2002). Finally, despite the low levels 

of anesthesia used in this study, there may be potential isoflurane effects on BOLD signal 

compared to studies investigating awake states. However, the dose of isoflurane used in this 

study (and higher doses) has previously been used to report coherent patterns of BOLD 

fluctuations in rhesus macaques, including sensory, motor, visual and cognitive-task related 

systems (Birn et al., 2014; Hutchison et al., 2013; Li et al., 2013a; Tang and Ramani, 2016; 

Vincent et al., 2007). Future studies are necessary to understand the impact of psychosocial 

stressor exposure and the dietary environment on reward pathways and appetite regulation in 

males.
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Refer to Web version on PubMed Central for supplementary material.
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Research Highlights

• Chronic social subordination interacts with obesogenic dietary environment to 

facilitate increased food intake

• Corticostriatal dopamine 2 receptor (D2R) binding and functional 

connectivity (FC) predict differences in caloric intake that are dependent on 

the dietary environment

• Greater cortisol in the dietary choice condition was associated with lower 

prefrontal D2R-BP and NAcc-vmPFC FC.

• This effect was not present in females in the chow-only diet condition

• These consequences on reward pathways and appetite regulation may reflect 

impaired cognitive control of food intake.
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Figure 1. 
Females in the dietary choice condition consumed more total calories during the 12 month 

study (A), gained more body weight (B), had an increase in trunk fat (C), and body fat (D) 

compared to females maintained in the chow-only (LCD) dietary environment. Asterisks 

denote significant differences between dietary conditions (p<0.05) and # denotes greater 

consumption of the CDD compared to the LCD in the Choice subjects (p<0.05). Error bars 

indicate standard error of the mean (SEM).
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Figure 2. 
Bivariate correlations between social behavior, measures of cortisol release, D2R-BP, and 

NAcc-PFC FC for females maintained in the chow-only condition for 12 months. The 

designation of r* reflects a composite correlation coefficient. All correlations are significant 

(p < 0.05). See text for details.
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Figure 3. 
Bivariate correlations between social behavior, measures of cortisol release, D2R-BP, and 

NAcc-PFC FC for females maintained in dietary choice condition for 12 months. The 

designation of r* reflects a composite correlation coefficient. All correlations are significant 

(p < 0.05). See text for details.
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Table 1

Loading scores for social behaviors, previous social rank, and activity levels for the PCA.

Behavior Social Engagement Adverse Experience

Natal group social rank 0.694

Total time in proximity to others 0.959

Frequency of initiation to others 0.758 −0.441

Duration of grooming others 0.770

Duration of other grooming female 0.740 −.449

Frequency of aggression towards others −.496

Frequency of aggression received from others 0.886

Frequency of submission towards others 0.956

Total activity levels −0.593 0.460
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