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Abstract

In mammals, the hypothalamic-pituitary-adrenal (HPA) axis and immune system play an
important role in the maintenance of homeostasis. Dysregulation of either system resulting, for
example, from psychosocial or reproductive stress increases susceptibility to disease and mortality
risk, especially in aging individuals. In a study of free-ranging rhesus macaques, we examined
how female age, reproductive state, social rank, and body condition influence (i) aspects of
cytokine biology (plasma concentrations of interleukin-1 receptor antagonist (IL-1ra), IL-6 and
IL-8), and (ii) HPA axis activity (plasma and fecal glucocorticoid levels). We also assessed
individual differences in cytokine and hormone concentrations over time to determine their
consistency and to investigate relations between these two indicators of physiological regulation
and demand. Female monkeys showed marked increases in HPA axis activity during pregnancy
and lactation, and increased circulating levels of IL-1ra with advancing age. Inter-individual
differences in IL-1ra and IL-8 were consistent over successive years, suggesting that both are
stable, trait-like characteristics. Furthermore, the concentrations of fecal glucocorticoid hormones
in non-pregnant, non-lactating females were correlated with their plasma cortisol and IL-8
concentrations. Some individuals showed permanently elevated cytokine levels or HPA axis
activity, or a combination of the two, suggesting chronic stress or disease. Our results enhance our
understanding of within- and between-individual variation in cytokine levels and their relationship
with glucocorticoid hormones in free-ranging primates. These findings can provide the basis for
future research on stress and allostatic load in primates.
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1. INTRODUCTION

The hypothalamic-pituitary-adrenal (HPA) axis and immune system play important roles in
the maintenance of homeostasis in the face of perturbations induced by stress or disease.
Across a range of taxa, dysregulation of either system resulting from chronic psychosocial
or reproductive stress has been shown to increase susceptibility to disease and mortality risk,
especially in aging individuals [1-4]. Dysregulation also increases allostatic load, which is
the cumulative wear and tear produced by the physiological costs of repeated adjustments to
stressful perturbations and to the elevated activity of physiological systems under challenge
[5, 6].

To combat the effects of allostatic load, the endocrine and immune systems generally protect
the body from stress and illness by exerting reciprocal regulatory influences on one another
[7]. Proinflammatory cytokines, such as interleukin 1 (IL-1), IL-6 and IL-8, activate the
HPA axis and increase production of cortisol [8], and cortisol protects the body from
autoimmune disorders by down-regulating proinflammatory cytokine production [9].
Cortisol and proinflammatory cytokines can be elevated simultaneously [3], such as in
laboratory mice (Mus musculus) when chronic social threats increase allostatic load and
result in concurrent elevation of both glucocorticoids and proinflammatory cytokines [10].
Simultaneous elevation of glucocorticoids and proinflammatory cytokines indicates a
damaged cytokine-glucocorticoid feedback loop, which impairs healing [11, 12] and leads to
pathological conditions [13, 14].

Variation across individuals in allostatic load may lead to intra-individual consistency in
immune system and HPA axis measures over time. However, aside from evidence in
humans that there is a lack of intra-individual consistency in IL-6 over time [15, 16], little is
known about intra-individiual consistency or variation in cytokine concentrations.
Chronically elevated glucocorticoids, on the other hand, have been shown to accelerate
cellular aging [17] and to increase susceptibility to disease and mortality in a variety of
species, including humans [18, 19], rhesus macaques (Macaca mulatta) [20], rats (Rattus
norvegicus) [21, 22], and the European white stork (Ciconia ciconia) [23].

In humans, upregulation of proinflammatory cytokines due to chronic inflammation is
known to accelerate the aging process and is associated with age-related diseases [24]. For
example, elevated concentrations of IL-6, which inhibits production of IL-1 and activates
production of IL-1 receptor antagonist (IL-1ra) [8], are predictive of mortality risk [25-27],
myocardial infarction [28], and sarcopenia [29], and indicate chronic, low-grade
inflammation [30]. High concentrations of IL-8 are associated with a variety of
inflammatory diseases [31, 32] and psychosocial stress [33—36]. Furthermore, advanced age
(>60 years) is associated with increased concentrations of IL-1, IL-6 and IL-8 [31, 37-39].
Unfortunately, studies of human aging may be confounded by the cumulative effects of
unhealthy behaviors. Obesity, for example, is more common in older than in younger
Americans [40], and has been linked to elevated production of IL-1ra, IL-6 and IL-8 [41,
42]. Consistent with the notion that such factors may be potential confounds, there are
differences in the relationship between IL-6 and age between Japanese and American
individuals, and these differences have been attributed to larger body mass indices among
Americans [43].

Free-ranging, nonhuman primates are excellent animal models for investigating hormonal
and immune markers of age-related physiological decline because, unlike their captive
conspecifics, they are active, group-dwelling individuals, and unlike humans, they are not
affected by confounding lifestyle and cultural variables. Although studies of captive rhesus
macaques suggest that levels of 1L-6 are a sensitive index of health, aging, and neural
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atrophy [44, 45], little is known about relations between IL-1ra or IL-8 concentrations and
rhesus macaque age, or between IL-6 concentrations and aging in free-ranging rhesus
macaques.

The effects of allostatic load and aging on the HPA axis have been documented in baboons
(Papio spp.) and rhesus monkeys [46, 47], making them ideal models for research on the
relationship between psychosocial and reproductive stress, endocrine and immune function,
and health in aging individuals. Among adult female free-ranging rhesus macaques, there is
significant variation in adult lifespan, with median lifespan being 15 years and maximum
lifespan 32 years [48]; mortality risk is highest during the birth season [49]. Females’
plasma cortisol concentrations following a stressor are correlated across years, indicating
that some individuals have a chronically hyperactive HPA axis [50]. Plasma cortisol
responses to stress are higher in lactating females than in non-pregnant, non-lactating
(NPNL) females [50, 51], and the increase in plasma cortisol response to stress from the
NPNL condition to the lactating condition is greater in low-ranking than in high-ranking
females [7]. These findings, along with the fact that rhesus macaques reside in highly
stratified social groups [52], suggest that differences in survival and longevity among female
rhesus macaques may be associated with differences in chronic activation of the immune
system and HPA axis, which could be the result of psychosocial and reproductive stress (i.e.
allostatic load).

In the present study, we investigated whether individual differences in immune system and
HPA axis function among free-ranging female rhesus macaques are consistent over time,
and whether they may be affected by age, reproductive state, body condition and social rank.
We assessed immune and HPA axis function by measuring plasma levels of 3
proinflammatory cytokines (IL-1ra, IL-6 and IL-8), plasma cortisol, and fecal glucocorticoid
metabolites. We examined IL-1ra as a proxy for IL-1 because concentrations of IL-1 and
IL-1ra are positively correlated [53], and concentrations of the receptor antagonist are higher
[54]. We assessed both plasma and fecal glucocorticoids because plasma samples can only
be collected from rhesus macaques under the stressful conditions of trapping. Multiple fecal
samples, however, can be collected noninvasively from individuals, and each individual’s
values can be averaged to assess HPA axis activity under more naturalistic conditions.

We predicted that fecal glucocorticoid levels would be related to reproductive state, but not
age, consistent with results from plasma cortisol data [50, 51]. We expected that IL-1ra and
IL-6 would be positively correlated since IL-6 activates the production of IL-1ra [8], and
that all proinflammatory cytokine levels would be higher in older individuals since
inflammation tends to increase with age [24]. We also predicted that plasma cytokine,
plasma cortisol and fecal glucocorticoid values collected over a 13-month period would be
correlated, demonstrating not only relationships between HPA axis and immune function,
but also consistency in these aspects of physiology over time. Consistency in these measures
over time would suggest that some individuals experience chronically higher allostatic load
than others, and as a consequence, may be subjected to health-related declines and mortality
at younger ages. To our knowledge, this is one of the first studies of free-ranging primates to
include measures of cytokine function, to examine whether glucocorticoid and cytokine
measures are consistent across years, and to assess relations between HPA axis activity and
immune function.

2. METHODS
2.1 Field Site and Subjects

Cayo Santiago is a 15.2 ha island located 1 km off the southeastern coast of Puerto Rico.
The rhesus macaque colony on this island was established in 1938 with free-ranging
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monkeys captured in India [55]. Since then, no new individuals have been introduced into
the population, except through births. To maintain a stable population size of approximately
1000 monkeys, a portion of the yearlings and two-year olds are transferred off the island
each year. Monkeys living on Cayo Santiago forage on natural vegetation, but are also
provisioned with rainwater and commercial monkey chow. Rhesus macaques are seasonal
breeders, and in this population the 6-month mating season currently begins in March and is
followed by a 6-month birth season that begins in September [49]. The rhesus macaques
residing on Cayo Santiago are ideal candidates for studying immune function and HPA axis
activity because their living conditions, along with their promiscuous mating system, make
them susceptible not only to the psychosocial stressors associated with group living and
frequent reproduction but also to inflammation and infectious diseases.

All subjects in this study, which was conducted between January 2007 and February 2008,
were female, multiparous, belonged to one of six naturally-formed social groups, and ranged
between 7 and 26 years of age (average age: 15.2+5.8 years). Since the sample size of
females varied across measures, we report in Table 1 the sample size for each analysis. We
classified females who did not have an infant or show signs of pregnancy or miscarriage
during the 2007 birth season and the preceding mating season as non-pregnant, non-lactating
(NPNL) during the 2007 trapping period, and females who did not have an infant or show
signs of pregnancy or miscarriage during the 2008 birth season and preceding mating season
as NPNL between April 2007 and the 2008 trapping period. NPNL females may have been
cycling during a portion of the time they were classified as NPNL, but we refer to them as
NPNL throughout the period defined as we were unable to determine if and when they were
cycling. For females who did reproduce within a given birth season, we distinguished
between samples collected when females were cycling, pregnant (based on birth date and a
165 day gestation period [56]), and lactating.

Subjects, with the exception of 12 individuals for which behavioral data were not available,
were classified as high-, middle-, or low-ranking depending on whether their rank was
within the top, middle, or bottom third of the dominance hierarchy within their group [57].
Each female was followed twice a week for a minimum of 16 weeks during the study period,
and dominance ranks were assigned on the basis of behavioral scores on aggressive (i.e.,
threats, chases) and submissive (i.e., withdrawals, screams, grimaces) interactions collected
by trained observers. In dyadic interactions aggressors were scored as higher ranking than
submissive individuals, and dominance was only scored when submissive actions were
clearly shown. For a more detailed description of how the dominance hierarchies were
constructed, please see Nelson et al. (2010) [57].

2.2 Plasma Sample Collection and Analysis

Trained staff members captured monkeys in a feeding corral, approximately 100 m2, which
was provisioned daily with monkey chow. We collected blood samples for cortisol and
cytokine analyses between January 17 and March 13, 2007, and between January 16 and
February 7, 2008. Table 1 provides information about the number of lactating and NPNL
females trapped each year for these analyses. NPNL females ranged between 8 and 26 years
(X=18.2 years, SD=3.9 years), and lactating females ranged between 7 and 22 years
(X=16.6 years, SD=4.5 years). There was no significant age difference between groups (t=
—1.71, df=82, p=0.092). We had cortisol and cytokine data from both 2007 and 2008 for 22
females.

Trapping generally occurred between 0830 and 1200. Subjects were netted or captured by
hand in the corral, transferred to a holding cage (0.62x0.42x0.62 m), and moved to a small
field laboratory where they were kept overnight. The morning after capture, the trapping

team anesthetized the monkeys with ketamine hydrochloride (approximately 10 mg/kg via
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IM injection), and then collected intravenous blood samples and recorded body mass and
crown-rump length measurements. Body Mass Index (BMI) for each adult female was
calculated by dividing mass (kg) by the square of crown-rump length (m2). Mother-infant
pairs were separated only for the period of time when mothers were anesthetized. Veterinary
technicians collected blood samples from the femoral vein into heparinized vacutainers
between 0715 and 1040 (average time of day: 8:18+5.0 min) and 22.1+2.7 min after
ketamine administration (range 0-127 min). Linear mixed models revealed there was no
relationship between female age and time of sample collection (F[1,73.4]=0.93, p=0.34), or
between female age and time lag between ketamine administration and blood draw
(F[1,57.2]=0.99, p=0.32). The plasma samples were taken under conditions that were
presumably stressful for the monkeys because they were captured and housed in cages
overnight prior to sample collection (see [51, 58]). We refrigerated the samples for 20 min
and then centrifuged them for 20 min at 1500 rpm. Plasma was aliquoted into
microcentrifuge tubes, which were then stored at —80 °C. Frozen samples were shipped on
dry ice to the Biomarker Assay Core Lab of the Yerkes National Primate Research Center,
where they were assayed for cortisol by radioimmunoassay using a commercial kit
(Diagnostic Systems Laboratories, Webster, TX) as described previously [50, 51], and to the
Prendergast Laboratory at the University of Chicago, where cytokine concentrations were
measured using enzyme-linked immunosorbent assays (ELISAS).

For cytokine assays, plasma samples were thawed at room temperature and diluted (IL-1ra:
1:5; IL-6: undiluted; IL-8: 1:10) in assay buffer. Roughly half of the samples on each plate
were collected in 2007, and the other half were collected in 2008. In addition, females
representative of each reproductive state and of the age span under study were included on
each plate. Concentrations of IL-1ra, IL-6, and 1L-8 were measured using three separate
ELISAs (Quantikine; R&D Systems, Minneapolis, MN, USA) according to the
manufacturer’s instructions. The IL-1ra ELISA had a detection limit (sensitivity) of 6.26 pg/
mL, an intra-assay CV of 7.3% and an inter-assay CV of 6.7%. The IL-6 ELISA had a
sensitivity of 0.39 pg/mL, an intra-assay CV of 7.8% and an inter-assay CV of 6.5%. The
IL-8 ELISA had a detection limit of 3.5 pg/mL, an intra-assay CV of 6.5% and an inter-
assay CV of 6.1%. All samples were run in duplicate. To avoid freeze-thaw effects, we
completed all 3 cytokine assays for each sample on a single day.

2.3 Fecal Sample Collection, Extraction, and Assay

We collected fecal samples opportunistically from 44 adult females between April 2007 and
December 2007. Of those 44 females, we had blood samples from 22 in 2007, and from 36
in 2008. Of the 29 females who gave birth during the 2008 birth season, we collected at least
2 fecal samples from 10 females when they were cycling (mean: 7 samples; range: 2-18),
from 25 females when they were pregnant (mean: 7 samples; range: 2-13) and from 27
females when they were lactating (mean: 4 samples; range: 2-11) (Table 1). We also
collected fecal samples from 13 females who were NPNL (mean: 18 samples; range: 6-33).
NPNL females ranged between 10 and 22 years (X=16.1, SD=4.3), pregnant females studied
ranged between 7 and 22 years (X=14.5 years, SD=5.4 years), and lactating females studied
ranged between 7 and 22 years (X=12.9 years, SD=5.2 years). There were no significant age
differences between these groups (F[2,58]=1.56, p=0.22).

All samples (in total n=606) were collected between 0700 and 1100. We placed samples in
labeled Zip-loc bags and stored them in an insulated cooler with frozen ice packs until we
could transfer them to a —30 °C freezer at 1430 on the day of collection. We shipped
samples on dry ice to the Brookfield Zoo in Riverside, IL, where they were kept in a —30 °C
freezer until extraction. 0.50 g of wet fecal matter was extracted overnight (14-18 h) in 5 ml
of 80% ethanol. The next day, we centrifuged tubes for 15 min at 1500 rpm. We then added
to a polypropylene test tube 1 mL of assay buffer and 1 mL of supernatant from the
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centrifuged tubes. After capping and vortexing the tubes, we stored them in a —30 °C freezer
until we shipped them on dry ice to the endocrine laboratory of the German Primate Center,
Gottingen, Germany.

Fecal extracts (diluted 1:100 in assay buffer prior to assay) were analyzed for
immunoreactive 11p-hydroxyetiocholanolone, a group-specific measurement of 5p-reduced
3a,11p-dihydroxylated cortisol metabolites (3a,11p--dihydroxy-CM, hereafter fecal
glucocorticoid or FGC) using an enzymeimmuno assay described in detail by Heistermann
et al. [59]. The assay has been validated and successfully applied to monitor glucocorticoid
output in a wide range of primate species, including various species of macaques (e.g.
Macaca sylvanus: [60, 61]; Macaca assamensis: [62]; Papio hamadryas anubis: [63];
Propithecus verreauxi: [64]; Macaca fascicularis: [60, 65]; Pygathrix nemaeus: [59]).
Sensitivity of the assay at 90% binding was 2.4 pg. Intra-assay variation, calculated from
repeated measures of high and low concentrated quality controls (n=16), was 6.5% (high)
and 8.7% (low) while measures of inter-assay variation (n=23) were 11.6% (high) and
14.4% (low). All samples were run in duplicate, and all assay results were standardized for
differences in extraction volume and fecal weight and are presented as ng hormone/g wet
fecal weight.

We confirmed the validity of our FGC assay for assessing glucocorticoid output in rhesus
macaques by undertaking a biological validation. For this, we collected fecal samples prior
to and following anesthetization (a well-known stressor eliciting an increase in cortisol
secretion [66]) for routine physical examinations of female rhesus macaques housed at the
Harlow Primate Laboratory in Madison, WI. We collected morning samples from 6
individuals during the 4 days preceding anesthetization. On the day of anesthetization and
physical exam and for the 3 days that followed, we collected every fecal sample deposited.
The 30,11p--dihydroxy-CM assay consistently showed higher concentrations of FGCs after
the procedure than before (t= —2.94, df=5, p=0.03), with FGC values across all females
beginning to be elevated 26 h following the sedation and handling, peaking at 38 h, and
returning to baseline by 48 h. The data confirm the predicted pattern, both in terms of
elevated FGC concentrations in response to the stressor as well as in terms of the delay time
in fecal hormone excretion and thus clearly indicate the biological validity of our fecal
hormone measure as a general index of arousal and disturbance in rhesus macaques.

2.4 Data Analysis

Hormone results reported in this paper are restricted to those concerning relationships
between cortisol and cytokines and with respect to FGC concentrations because Maestripieri
et al. [51] and Hoffman et al. [50] have already reported on the plasma cortisol data with
respect to reproductive state, age, social rank and BMI from this dataset (see Introduction).

For all data, we considered values that were more than 2 standard deviations above or below
the mean of the dataset for that variable to be outliers and so excluded them from analyses
(Table 1). After outliers were removed, FGC and cortisol values were normally distributed,
but plasma cytokine values were normally distributed only after log-transformation. Thus,
all results reported utilize raw FGC and cortisol values and log-transformed plasma cytokine
values.

We used Linear Mixed Models (LMM) for most analyses, which allowed us to control for
multiple observations of the same individual by including individual identity (all models)
and year (all models involving cytokines, or plasma cortisol and cytokines) as random
factors.
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Cytokines—We performed partial Pearson’s correlations to determine whether the 2007
cytokine values for the monkeys were correlated with their 2008 cytokine values while
controlling for female age, BMI, and the time of day when blood was collected. Collection
time was included as a control variable because although there was no individual
consistency across females trapped in 2007 and 2008 in the amount of time that passed
between ketamine administration and blood collection (r=0.03, p=0.91, n=22), there was a
positive correlation between 2007 and 2008 blood collection times (r=0.47, p=0.03, n=22).
We included in separate models 2 of the 3 cytokines (fixed covariates) to determine if any of
the cytokines predicted the other cytokine values (response variables). We used LMMs to
assess the effects of reproductive state and dominance rank (fixed factors) and age and BMI
(fixed covariates) on cytokine concentrations (response variables).

Glucocorticoids—For FGC concentrations, we calculated the average FGC value for each
female within each reproductive state. For NPNL females, we determined that FGC values
collected did not differ significantly according to season (F[2,19.71]=0.04, p=0.96).
Therefore, we averaged FGC values collected across the entire study period for NPNL
females. Similarly, we averaged FGC concentrations across all females’ cycling samples
because sample collection date did not affect FGC values for these samples (F[2,3.33]=1.42,
p=0.36). Because FGC values differed across periods within pregnancy (between trimesters)
and lactation (between months) (pregnancy: F[2,38.86]=11.94, p<0.001; lactation:
F[2,33.68]=5.18, p=0.01), we controlled for this influence of reproductive stage by
averaging within periods and then across periods of pregnancy and lactation.

To determine whether FGC concentrations predicted cortisol concentrations, we used
LMMs, with FGC concentration as a fixed factor and plasma cortisol as the response
variable. Because reproductive state affects plasma cortisol concentrations [50, 51], we
analyzed lactating and NPNL females’ glucocorticoid values separately. Analyses
comparing FGC and plasma cortisol values were one-tailed since we had a priori reasons to
believe that these measures would correlate positively. We used LMMs to determine
whether reproductive state and social rank (fixed factors) and age and BMI (fixed
covariates) affected FGC values (response variable). We then performed paired t-tests to
determine how FGC values differed between reproductive states. Because of multiple testing
(three tests for pairwise comparisons of three reproductive states), we performed a
Bonferroni correction for paired comparisons between reproductive states, such that p-
values less than 0.05/3=0.017 were considered significant. We performed partial Pearson’s
correlations to determine whether FGC values collected in one reproductive state were
correlated with FGC values collected within another while controlling for female age and
BMI.

Cytokines and Glucocorticoids—We used LMMs to determine whether cortisol and
FGC values (fixed covariates) predicted cytokine values (response variables).

Unless otherwise stated, all tests were two-tailed, and we considered probabilities <0.05 to
be statistically significant. Analyses were conducted in SPSS 18.0 (SPSS Inc., Chicago, IL).

3. RESULTS

There were no effects of social rank or BMI on any of the cytokines or on the FGCs (for all
p>0.10), so these variables were excluded from subsequent analyses.

3.1 Cytokines

For individual monkeys with data for both years, there were significant positive correlations
between plasma concentrations of IL-1ra and IL-8 measured in 2007 and 2008 (IL-1ra:
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r=0.50, p=0.04, n=16; IL-8: r=0.75, p=0.001, n=13; Figs. 1a & 1b), but not for IL-6: r=0.13,
p=0.65, n=12. Thus, individual differences in IL-1ra and IL-8 concentrations, but not in
IL-6, were stable across the two years. IL-1ra values were related to IL-6 values
(F[1,4.14]=9.65, p=0.03 ), but IL-8 values were not associated with the other cytokines (all
results p>0.10). There were no significant effects of female reproductive condition on
plasma cytokine concentrations, or significant associations between age and IL-6 or IL-8 (all
results p>0.10), but the relationship between age and IL-1ra was significant
(F[1,76.80]=3.83, p=0.05; Fig. 2).

3.2 Glucocorticoids

There was a significant relationship between FGC and plasma cortisol concentrations for
NPNL females, but not for lactating females (NPNL females: F[1,9.84]=3.54, p=0.045, one-
tailed; lactating females: F[1,21]=0.73, p=0.20, one tailed; Fig. 3). FGC concentrations
varied significantly with respect to female reproductive state (F[2,35.52]=36.04, p<0.001),
but not in relation to age (p>0.10). Within-subject analyses with paired t-tests showed that
females had higher FGC concentrations when they were pregnant than cycling (pregnant:
X=387.8 ng/g, SD=105.3; cycling: X=174.8 ng/g, SD=57.7; t= —6.07, df=7, p=0.001,
Bonferroni correction) or lactating (lactating: X=289.5 ng/g, SD=82.5; t= —4.81, df=19,
p<0.001, Bonferroni correction); females also had higher FGC concentrations when
lactating than cycling (t= —4.16, df=7, p=0.004, Bonferonni correction). There was not a
significant correlation between females’ cycling and pregnancy FGC concentrations, or
between their cycling and lactating values (all results p>0.10). There was, however, a strong,
positive correlation between females’ pregnant and lactating FGC concentrations (r=0.60,
p=0.01, n=14).

3.3 Cytokines and Glucocorticoids

Because female reproductive state had such a strong effect on glucocorticoid concentrations,
the relationships between cytokine and glucocorticoid values were analyzed separately for
NPNL and lactating females (no cytokine data were available for pregnant females). There
was a significant positive correlation between FGC and IL-8 values for both NPNL and
lactating females (NPNL females: F[1,12.91]=6.48, p=0.03; lactating females:
F[1,19.38]=6.10, p=0.02; Fig. 4a), while the relationship between plasma cortisol and IL-8
values approached significance for NPNL females (F[1,26]=4.03, p=0.06), but not for
lactating females (F[1,41]=1.80, p=0.19; Fig. 4b). Neither the IL-1ra nor the IL-6 values
were significantly associated with FGC or plasma cortisol values in either NPNL or lactating
females (all results p>0.10).

4. DISCUSSION

In our study of free-ranging rhesus macaque females, we found that age and reproductive
state significantly affected measures of immune and endocrine function, with older females
having higher IL-1ra concentrations than younger females, and with females having higher
glucocorticoid concentrations when pregnant and lactating than when non-pregnant, non-
lactating (NPNL). The data also provide evidence for consistency of individual differences
in cytokine and glucocorticoid concentrations over time, as well as positive associations
between glucocorticoid and IL-8 concentrations. These findings suggest that some
individuals experience higher allostatic load than others, perhaps as a result of greater
reproductive output over time, which may affect susceptibility to disease and may at least
partially explain the variation in age at death previously reported for this population [48].

Female age was positively associated with IL-1ra concentrations, but we did not find a
relationship between age and IL-6 or IL-8 concentrations. The increase in IL-1ra
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concentrations by age indicates that older females experience greater inflammation and
immune system activity, which may contribute to age-associated increases in interbirth
intervals and declines in maternal condition, infant mass, and offspring survival that have
been reported for this population [48]. Our sample size may have been insufficient to detect
an age-related increase in IL-6 or IL-8 concentrations, or it may be that age-associated
increases in IL-6 and IL-8 concentrations that have been reported in human studies are
confounded by age-associated increases in obesity [40—-42]. Unlike in humans, where BMI
typically increases with age, BMI declines with age in female rhesus macaques on Cayo
Santiago [48].

Consistent with plasma cortisol measures reported elsewhere [50, 51], fecal glucocorticoid
(FGC) values differed across reproductive states. Furthermore, females” FGC values when
pregnant correlated with their FGC values when lactating, and were significantly higher
when females were in these reproductive states than when they were cycling. Because
gestation in rhesus macaques is approximately 165 days [56], the most intense period of
lactation lasts roughly 3 months [67], and most females give birth annually [48], females are
likely to experience elevated concentrations of glucocorticoids for much of their adult life.
Such long-term hyperactivation of the HPA axis can impact allostatic load and survival [1].
Furthermore, since chronic hyperactivation of the HPA axis increases susceptibility to
illness [18-21], chronically elevated glucocorticoids observed during pregnancy and
lactation might at least partially explain why female mortality rates in this population are
highest during the birth season [49].

We found that inter-individual differences in 2 of the 3 immune measures tested, as well as
glucocorticoid concentrations, were highly consistent over time, with females’ 2007 IL-1ra
and IL-8 values predicting their respective 2008 values. Individuals’ 2007 IL-6 values were
not predictive of their 2008 values, consistent with previous research on humans [15, 16].
There was, however, a positive association between IL-1ra and IL-6 values, which was
expected since IL-6 activates the production of IL-1ra [8]. FGC values were predictive of
plasma cortisol values for NPNL females but not for lactating females, perhaps because
lactating females experience more intense physiological changes than NPNL females
outside of the mating season. FGC values collected from lactating females were averaged
across the first 3 months post-partum, but by the time plasma samples were collected, most
females’ infants were at least 3 months old. At this point in an infant’s development,
suckling intensity declines [67], which may cause females’ cortisol concentrations to start
returning to pre-pregnancy (i.e. cycling) levels. Although previous studies in various
mammalian species have demonstrated that fecal and plasma glucocorticoid values are
positively correlated [68—70], this is the first study to show that these values are correlated
even when relatively long intervals (2-9 months) separate the collection of fecal and plasma
samples.

Some individuals experienced heightened HPA axis and immune system activity
simultaneously. There were strong relationships between FGC and IL-8 values for both
NPNL and lactating females, and the relationship between plasma cortisol and IL-8 values
approached significance for NPNL females. These results are consistent with research in
humans showing that chronically elevated glucocorticoid concentrations increase
vulnerability to viral infections and decrease antibody production [18], though our data do
not allow us to infer causation. Reyes and Coe [8, 71] demonstrated experimentally that 1L-6
stimulated the release of cortisol in rhesus macaques, but in the current study, there was no
relationship between either IL-1ra or IL-6 and cortisol, perhaps because cytokines and
glucocorticoids were assessed in individuals that were healthy and not subjected to
experimental immune challenges.
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Collectively, our results provide some of the first evidence from free-ranging primates for
consistent variation between individuals in glucocorticoid and cytokine activity, and for
relationships between these two measures of endocrine and immune function. The results of
our study can provide the basis for further research on the relationship between psychosocial
and reproductive stress, allostatic load, and health in aging free-ranging populations. Future
studies are required to test the hypothesis that chronic stress associated with low social
status and frequent reproduction may have cumulative effects on allostatic load, and that
high allostatic load results in greater risk of disease and reduced longevity in aging females.
Additionally, further investigation is needed on the specific endocrine and immune
mechanisms through which psychosocial and reproductive stress impacts health and survival
in female primates.
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Figure 1.
Relationship between free-ranging, female rhesus macaque plasma levels of (a) IL-1ra and
(b) IL-8 across the 2 study years. All cytokine values were log-transformed.
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Figure 2.
Relationship between the age of adult female rhesus macaques and plasma concentrations of

IL-1ra (log-transformed).
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Figure 3.

Relationship between concentrations of fecal glucocorticoid (FGC) metabolite 3a,11p--
dihydroxy-CM and plasma cortisol for non-pregnant, non-lactating rhesus macaques
(diamonds and solid regression line) and lactating rhesus macaques (squares and dotted
regression line).
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Relationship between log-transformed concentrations of free-ranging, female rhesus
macaque plasma IL-8 and (a) fecal glucocorticoid (FGC) metabolite 3a,11B-dihydroxy-CM
and (b) plasma cortisol. Diamonds and the solid regression line represent NPNL females,
and squares and the dotted regression line represent lactating females.
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Sample description. This table includes the number of females within each reproductive state from which
samples were collected. It also includes information on the outliers removed from each analyte and the sample
size after the removal of outliers.

Analyte Reproductive state | Sample size | Outliers | Sample size after outliers removed
FGC NPNL 13 0 13
FGC Cycling 10 0 10
FGC Pregnant 25 0 25
FGC Lactating 27 1 26
2007 Cortisol NPNL 20 1 19
2007 Cortisol Lactating 25 2 23
2008 Cortisol NPNL 14 0 14
2008 Cortisol Lactating 26 1 25
2007 IL-1ra NPNL 18 0 18
2007 IL-1ra Lactating 25 2 23
2008 IL-1ra NPNL 14 1 13
2008 IL-1ra Lactating 26 0 26
2007 IL-6 NPNL 18 1 17
2007 IL-6 Lactating 25 2 23
2008 IL-6 NPNL 14 2 12
2008 IL-6 Lactating 26 1 25
2007 IL-8 NPNL 18 2 16
2007 IL-8 Lactating 25 1 24
2008 IL-8 NPNL 14 14
2008 IL-8 Lactating 26 2 24
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