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Abstract 

Evidence suggests that early life stress (ELS) has significant impacts on development and health. 

Neonatal intensive care unit (NICU) placement may be a form of ELS. Better understanding of 

the consequences and risk factors for NICU-associated adverse outcomes is important for 

improving knowledge about the long-term impact of ELS, potential gene-environment 

interactions and can be applied to refine neonatal and infant care practices. In this study of 106 

differentially reared rhesus monkeys, we used hair cortisol and cortisone, clinical health data, 

and pedigree-based sibling relationships to: (1) identify the persistent physiological effects of 

ELS and (2) evaluate potential genetic factors associated with vulnerability to NICU-NR effects. 

We found no differences in hair cortisol or cortisone among rearing groups, but found that 

animals reared in the NICU for greater than 30 days experienced more health problems later in 

life than the other groups, showing an interaction between rearing and age. 

INTRODUCTION 

Early life stress (ELS) is a potent risk factor for deleterious behavioral and health 

outcomes in later life, both in human and nonhuman primates (NHPs, Barrero-Castillero et al., 

2019; Bennett & Pierre, 2010). In NHP studies, differential rearing, comparing animals reared 

with their mothers (mother-reared, MR) to those reared in a nursery (nursery-reared, NR), has 

been used to identify the effects of ELS on various physiological, neural, and behavioral 

outcomes. The NR condition disrupts the secure attachment between mother and infant, a form 

of ELS. NR monkeys show significant and persistent physiological and behavioral differences 

compared to their MR counterparts (Corcoran et al., 2012; Dettmer et al., 2012; for review see 

Bennett & Pierre, 2010), influenced by genetics (Bennett et al., 2002). 

Many controlled experimental studies of early rearing (with animals assigned to NR or 

MR conditions at birth) exist, however little is known about animals that experience ELS via 

placement in clinical neonatal intensive care units (NICU) [a form of ELS that many humans 

experience]. While in the NICU, infants experience a period of rapid development which can be 

disrupted by the increased exposure to stressful procedures and socially limited environments 

(Valeri et al., 2015). Understanding the consequences and risk factors for NICU-associated 



adverse outcomes is important for improving knowledge about the long-term impact of ELS, 

potential gene-environment interactions and, in turn, refining neonatal and infant care practices. 

In this study I will evaluate the effects of NICU-NR rearing on health and hair cortisol, the utility 

of which is discussed below, as well as potential heritable differences in resilience to this ELS. 

The research complements an ongoing project (Pierre, Hopkins, Bennett) that has identified 

group differences in brain morphology in a subsample of these subjects, providing a foundation 

for the current proposal. Further, my data will help better understand health-relevant correlates of 

these neural measures. 

The hypothalamic-pituitary-adrenal (HPA) axis refers to the system composed of the 

hypothalamus, the pituitary and adrenal glands that regulates the physiological response to stress, 

including the release of the hormone cortisol. In NHPs, cortisol is frequently used as a measure 

of stress reactivity. Response to acute stressors is typically measured via blood or saliva. By 

contrast, hair cortisol provides a reliable marker of chronic HPA axis activity (Davenport et al., 

2006). Previous NHP studies demonstrate increases in hair cortisol following stressful events 

(Dettmer et al., 2012; Fairbanks et al., 2011; Laudenslager et al., 2013). Further, recent work has 

provided evidence for the heritability of hair cortisol (Fairbanks et al., 2011; Rietschel et al., 

2017). There is little evidence, however, on whether hair cortisol can be used to assess both the 

persistent effects of neonatal stress exposure and the heritability of increased vulnerability to 

ELS. Studies comparing NR and MR monkeys have produced mixed results, with some 

reporting higher baseline hair cortisol levels in NR monkeys than their MR counterparts 

(Dettmer et al., 2012), some reporting lower (Shannon et al., 1998), and some reporting no 

difference (Davenport et al., 2008). Thus, we aim to contribute to this research to help elucidate 



the effects of NR on long-term measures of cortisol and cortisone, which may serve as predictive 

markers of later life health. 

The overall goal of the current study was to determine if a gene-by-environment 

interaction modulates vulnerability to ELS. We used pedigree analysis, hair cortisol assays, and 

clinical records to address two questions: 

(1) do animals who stay in the nursery long-term experience higher hair cortisol and greater 

adverse clinical outcomes than their MR counterparts as adults? (2) Can the interplay between 

genes and environment predict individual differences in cortisol and clinical outcomes? To 

examine the first question, we assayed cortisol and cortisone in hair and compared levels among 

an age and sex-matched sample of MR macaques to those reared in the NICU for greater than 30 

days (NICU-NR>30), and those spending less than 30 days in the NICU (NICU-NR<30). We 

also retrieved data on these animals’ clinical problems and encounters from the WNPRC 

electronic health database. Based on the literature, we hypothesized that monkeys that were 

NICU-NR for greater than 30 days would differ from MR animals in both mean hair cortisol and 

cortisone, as well as frequency of clinical health issues, while those that stayed for less than 30 

days would resemble the MR cohort. Within the MR animals we anticipated variation in hair 

cortisol, as has been demonstrated by previous studies (Yamanashi et al., 2016), and we 

hypothesized that NICU-NR animals whose MR sibs have higher hair cortisol would be at higher 

risk of both altered cortisol and clinical health issues, indicating the potential for a heritable 

predisposition. We also hypothesized that half sibling pairs would resemble one another more 

than other animals, in terms of cortisol and cortisone levels. 

PRELIMINARY WORK. In 2019 I completed a research project on the effects of differential 

rearing on hair cortisol and DHEA levels as an indicator of stress. My data showed a trend 



towards a positive correlation between hair cortisol and DHEA levels for the MR group, but not 

for the NR group, demonstrating cortisol’s ability to differentiate the two groups (Figure 1). It is 

important to note that these data were collected on a small opportunistic sample of differentially 

reared older males, which differs markedly from the sample used for the current study. In the 

spring of 2020, I collected initial clinical and demographic data on the subjects of the current 

proposal. In brief, I used the WNPRC 

electronic health record (EHR) database to 

identify NICU-NR and MR animals and 

their sibs, categorizing short- (less than 30 

days) and long-term (greater than 30 days) 

NICU-NR.   

METHODS 

Subjects. My preliminary analysis in 2020 identified a total of 513 rhesus macaques (Macaca 

mulatta) raised at the WNPRC from 2012-2019: 116 NR animals (61 males, 55 females) and 397 

MR animals (196 males, 201 females). This was an opportunistic sample, meaning that we were 

constrained to using the limited number of animals that were placed in the NICU from 2012-

2019, usually due to maternal rejection or clinical reasons. WNPRC aims to admit 10 animals or 

less (of mixed sex) to the NICU per year. We evaluated a total of 106 animals: 50 MR (26 males, 

24 females), 16 NR for fewer than 30 days (7 males, 9 females), and 40 NR for greater than 30 

days (20 males, 20 females). We included all available animals of the appropriate background, 

though some were unavailable due to assignment to other studies or confounding clinical issues 

or experiences. 



Pedigree. A comprehensive pedigree has been compiled and continually updated for this 

population by geneticists associated with the WNPRC. The pedigree allowed for identification of 

the dams, sires, full- and half-sibs (maternal and paternal, both concordant and discordant for 

rearing condition) of each of the animals.  

Cortisol and Cortisone. 9 of our samples were archival samples collected in 2013 and 2014 and 

97 were collected in 2021. These archival samples allowed for age- and sex-matching, as well as 

generated a larger overall sample and a subsequently more robust analysis. A small, 2 inch 

section of hair was trimmed from the shoulder blade area while the animals were sedated for 

semiannual health exams. All samples were stored in foil, away from light, until analysis. Hair 

samples were analyzed for cortisol content using a liquid extraction and high-pressure liquid 

chromatography-triple quadrupole mass spectrometry technique. Hair was initially weighed to 

100+/-20 mg, washed with 3 ml isopropanol, and vortexed for 3 minutes, twice. Following the 

second wash and vortex, isoproponal was pippeted off and samples were allowed to dry 

completely. Samples were then incubated for 24 hours using 2 ml of methanol to allow liquid 

extraction. After incubation, all solvent was removed via pasteur pipette, transferred to a clean 

glass test tube and frozen until the next step. Samples were then unfrozen, dried down and 

reconstituted in 100 ul of 100% ethanol. 1.5 ml of ammonium bicarbonate buffer pH 10 and 2 ml 

of 70:30 ethyl acetate hexanes were added, samples were capped, vortxed for 8 minutes, then 

centrifuged at 1500 rpm for 3 minutes. Finally, the organic phase was removed via pipet and 

placed in a clean test tube. Samples were dried down and reconstituted in 50 ul 20% 

acetonitrile/water, vortexed and centrifuged at 1000 rpm for 1 minute. Samples were transferred 

to minivials and frozen until analysis. Hair washing, steroid extraction, and LC/MS/MS will 

follow the methods of Kapoor et al. (2014). Cortisol and cortisone values were summed because 



previous work has determined that circulating cortisol is incorporated into the hair as both 

cortisol and cortisone (Kapoor et al., 2018). 

Clinical health outcomes. Clinical health data (e.g., number of surgeries, diarrhea incidents, 

body condition scores, behavioral assessments, body weight, etc.) on all subjects was collected 

from the WNPRC electronic health record (EHR). 

RESULTS 

 

Cortisol and Cortisone. Overall, we saw no significant differences in combined cortisol and 

cortisone levels between the three rearing groups (Figures 2 and 3). Untransformed mean ± 

standard deviation analyte levels for each group are reported in Table 1. A two-way ANOVA 

was performed to analyzed the effect of rearing and paternal half sibship on cortisol. We found a 

statistically significant interaction between the effects of rearing and paternal half sibship (F2, 71 

=  3.314 , p < 0.0421). There was no main effect of either rearing or paternal half sibship. Two-

way ANOVA analyzing the effects of rearing and maternal half sibship found no significant 

interaction between their effects and no main effect of either rearing or maternal half sibship. 

Linear regression revealed that combined cortisol and cortisone levels were negatively correlated 

with age at sample (R2 = 0.343) (Figure 4). Because of this, age was included as a covariate on all 

subsequent analyses.  

Clinical Health Outcomes. Two-way ANOVA revealed an interaction between age and rearing 

on number of health problems such that when the animals were between ages of 7-10, the NICU-

NR>30 animals had a significantly higher mean number of health problems than their MR and 

NR<30 counterparts (F4, 95 = 4.067, p = 0.0044) (Figure 5). Analysis also revealed significant main 

effects of both rearing (F2, 95 = 8.257, p = 0.0005) and age group (F2, 95 = 18.427, p < 0.0001). 

Fischer’s LSD revealed a significant difference in mean number of health problems between the 



MR and NR>30 groups (p = 0.0002). No significant differences in mean number of health 

problems were found among the NR<30 and MR groups or between the NR<30 and NR>30 

groups.  

Heritability. Linear regression revealed no association between rearing and combined cortisol 

and cortisone levels among full and half-sibling pairs. We found substantial variability in 

combined cortisol and cortisone among the discordant paternal half-sibling pairs (Figure 6), but 

saw no significant differences in mean cortisol or cortisone between rearing groups when 

maternal and paternal half sibship were used as a covariate.  

CONCLUSION 

The results of this study further our knowledge of early life experience and its effects on cortisol 

levels and later life health outcomes. In line with previous work, we found that both cortisol and 

cortisone decreased significantly with age (Figure 4). Contrary to previous studies, we found no 

difference in cortisol or cortisone levels between rearing groups (Figures 2 and 3). This effect 

could be attributed to a variety of factors. Perhaps more informed care practices, including 

evidence-based enrichment policies, are helping to mitigate or at least delay the physiological 

impacts of NICU-NR infant rearing. Indeed, previous work by our lab has found that enhanced 

cognitive enrichment may moderate the effects of NR on cortisol. We also found that experience 

with environmental enrichment is associated with less variability in cortisol levels, suggesting a 

more typical stress response (Meidam et al., in review).  

This study did, however, find an interaction between rearing and age on number of health 

problems, such that NICU-NR>30 animals show greater numbers of clinical health issues in later 

adulthood than both the MR and NICU-NR<30 animals (Figure 5). Our results suggest that the 

persistent effects of NICU-NR on health outcomes are most pronounced later in adulthood (ages 



7-10), which has intriguing implications for ELS and its impact on human health. Multiple 

regression revealed that rearing accounted for a significant proportion of the variance in number 

of health problems, after controlling for both age and total cortisol and cortisone. This suggests 

that early rearing is indeed playing a role in modulating individual differences in frequency of 

clinical health outcomes. It is important to note, however, that age accounts for both 

physiological changes associated with maturation and senescence as well as exposure to a greater 

number of life experiences. Further research is needed to elucidate the mechanisms underlying 

this effect. We are unfortunately unable to differentiate between these two factors and thus the 

cumulative effects of more life experiences may be masquerading as an age effect.  

While we cannot make any causal claims, we see evidence of significant variation in 

combined cortisol+cortisone levels among discordantly reared paternal half-sibling pairs – some 

pairs have very similar cortisol+cortisone levels, while other have very different levels (i.e., MR 

has very low levels, while NR has very high levels). This may indicate that a heritable element is 

acting to either buffer the effects of NICU-NR, or to predispose animals to HPA axis 

dysregulation. The observed pattern of variation suggests that neither genetics nor environment 

can fully account for individual variation in cortisol and cortisone levels. This finding warrants 

further investigation of the pairs with the most convergent and divergent cortisol+cortisone 

values to determine to what degree genetics and environment mediate cortisol and cortisone 

levels, and whether or not they interact. 

Our study was limited in that we were unable to control for various factors prior to NICU 

placement such as days of age when placed, sex, maternal parity, etc. We were also unable to 

assess longitudinal behavioral outcomes, as this was outside the scope of this project, though 

previous research suggests that behavioral differences among NR and MR animals may narrow 



with age. Though our study found no significant differences among concordantly reared and 

discordantly reared siblings and half-siblings, the opportunistic nature of our sample challenges 

full analysis of genetic contributions as we cannot control for genetic predispositions for NICU 

placement. 

Understanding the degree to which later life health outcomes are controlled by early 

environment and to what degree they are controlled by genetics is essential to our disease 

prevention efforts. Knowing the factors that contribute to biobehavioral development and disease 

in NHP models can inform more effective strategies for prevention and treatment in both NHPs 

and humans. Future studies can focus on specific genetic elements that may modulate stress 

vulnerability, as well as work to uncover the mechanism underlying the relationship between age 

and NICU-NR rearing on clinical health outcomes in hopes of applying this work to human 

NICU healthcare. 
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APPENDIX 
Table 1. 

 Mean Cortisol (ng/mg) 
Mean Cortisone 

(ng/mg) 

MR 27.304  ± 13.683  28.702 ± 20.165 

NR<30 24.096 ± 12.495  26.690 ± 16.620 

NR>30 26.798 ± 12.082  27.871 ± 21.836 
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Figure 3. 

 



Figure 4. 

 
 

 

 

Figure 5. 

 
 



 

Figure 6. 

 


