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Abstract
In nonhuman primate social groups, biological differences related to social status have proven
useful in investigating mechanisms of sensitivity to various disease states. Physiological and
neurobiological differences between dominant and subordinate monkeys have been interpreted in
the context of chronic social stress. The present experiments were designed to investigate the
relationships between basal cortisol and testosterone concentrations and the establishment and
maintenance of the social hierarchy in male cynomolgus monkeys. Cortisol concentrations were
measured at baseline and following suppression with dexamethasone (DEX) and subsequent
administration of ACTH while monkeys were individually housed (n=20) and after 3 months of
social housing (n=4/group), by which time dominance hierarchies had stabilised. Cortisol was also
measured during the initial three days of social housing. Neither pre-social housing hormone
concentrations nor HPA axis sensitivity predicted eventual social rank. During initial social
housing, cortisol concentrations were significantly higher in monkeys that eventually became
subordinate; this effect dissipated within three days. During the 12 weeks of social housing,
aggressive and submissive behaviours were observed consistently, forming the basis for
assignment of social ranks. At this time, basal testosterone and cortisol concentrations were
significantly higher in dominant monkeys and, following dexamethasone suppression, cortisol
release in response to a challenge injection of ACTH was significantly greater in subordinates.
These results indicate that basal cortisol and testosterone concentrations and HPA axis function
are state variables that differentially reflect position in the dominance hierarchy, rather than trait
variables that predict future social status.
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Introduction
Nonhuman primate social groups have proven useful for studying social status-related
differences in disease vulnerability and resistance, with such differences linked to
predictable variation in physiological, neurobiological and behavioural characteristics. For
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example, socially subordinate monkeys are more susceptible to immune, cardiovascular and
reproductive dysfunction compared to dominant monkeys (1–5). Moreover, subordinate
monkeys are more sensitive to the abuse-related effects of cocaine (6,7) and can serve as a
model of major depressive disorder (8,9). The influence of social rank on health in monkeys
parallels the direct relationship between control over resources and life expectancy in
humans (10,11) and the inverse relationship between socioeconomic status and susceptibility
to disease (12,13). These similarities have encouraged research into the physiological
correlates and consequences of assuming a particular social rank.

The linear dominance hierarchies that characterise many nonhuman primate social groups
are established in large part by dyadic agonistic interactions and maintained with aggressive,
submissive and affiliative behaviours (14). Dominant monkeys (i.e., those above the median
in social rank) typically have greater control over resources and maintain their status through
physical aggression and/or intimidation; subordinate monkeys often experience a shortage of
resources, fewer coping strategies and reproductive impairment (4). Thus, one explanation
put forth to explain physiological and neurobiological differences between dominant and
subordinate monkeys involves a relatively greater amount of stress experienced by
subordinate monkeys (15). Subsequent studies have revealed that the extent to which
different monkeys in such hierarchies experience stress, sometimes conceptualised as
allostatic load (e.g., 16), varies widely according to the particulars of the social structure,
including the stability of hierarchies, the availability of social support to subordinates and
style of dominance, i.e., whether dominance is maintained through physical aggression or
non-physical intimidation (e.g.,5,17,18).

Hypothalamic-pituitary-adrenal (HPA) axis function is routinely used as a measure of stress
sensitivity in macaques. Exposure to stressors in the environment result in increases in
release of CRH from the paraventricular nucleus of the hypothalamus, which acts to release
ACTH from the anterior pituitary into the circulation. ACTH acts in the adrenal cortex to
synthesise and release cortisol which mediates physiological responses to stress throughout
the body. When evaluating HPA axis function in monkeys, three commonly assessed
variables are circulating concentrations of cortisol, sensitivity to suppression by the
glucocorticoid receptor agonist dexamethasone (DEX), a glucocorticoid receptor agonist
which acts in the pituitary to suppress ACTH release via negative feedback and, following
DEX suppression, adrenal responsiveness to a challenge injection of an amount of ACTH
designed to be reflect stimulation due to exposure to a stressor. Although a review of the
vast literature describing the relationship between glucocorticoids and social rank is beyond
the scope of this paper, a considerable number of studies have been conducted in Old World
monkeys. The hypothesis that differences in HPA axis function among socially housed
monkeys are due to chronic stress experienced by subordinates is supported by the findings
that subordinate monkeys have heavier adrenal glands and greater cortisol secretion in
response to stressors than dominant monkeys (8,19–22; but see 23). However, the
relationship between social rank and basal cortisol concentrations in Old World monkeys is
less clear, with studies reporting higher circulating cortisol in dominant monkeys (24),
subordinate monkeys (8,21,25–30) or a lack of a relationship between cortisol concentration
and social rank (20,31–36). The relationship between social status and cortisol concentration
is extremely sensitive to setting and procedural details such that it may not be possible to
generalise from captive to free-ranging animals (cf. ref. 16). Moreover, the influence of sex
on this relationship is unclear. Nonetheless, in light of the experimental control afforded by
studying monkeys in captivity, a better understanding of the relationship between
glucocorticoid function and social rank in the laboratory setting would be valuable.

The present studies extended our examination of the relationship between cortisol and social
rank in male cynomolgus monkeys with the objective of determining the extent to which
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commonly used measures of HPA axis function could predict future social status or were
reflective of achieved social status. In these experiments, we expanded our earlier
investigations (34) by performing a more extensive characterisation of basal cortisol
concentrations and by assessing changes in cortisol during the initial week of social housing.
Based on previous studies in our laboratory and others (33,34,37–39), we hypothesised that
basal cortisol concentrations, extent of suppression by DEX and sensitivity to ACTH
administration would not predict future social rank. We hypothesised further that following
social group formation and stabilisation, subordinate monkeys would display higher basal
cortisol concentrations and a greater sensitivity to a pharmacological challenge in
comparison to dominant monkeys, as a result of chronic exposure to social stress. In
addition, we anticipated that testosterone concentrations would not predict social rank, but
would be higher in dominant vs. subordinate monkeys once ranks were established,
consistent with previous reports in Old World monkeys (e.g., 40–42).

Materials and Methods
Subjects

Twenty adult male cynomolgus monkeys (Macaca fascicularis) were used. Another monkey
was added to the study to replace an injured monkey (see below). Monkeys were housed in
cages (Allentown Caging, Allentown, New Jersey) divided into four equal quadrants by
removable partitions. Each quadrant measured 0.71 × 0.84 × 0.84 m and allowed visual,
auditory and limited tactile interactions. When partitions were removed, four monkeys
occupied the entire cage (0.71 × 1.73 × 1.83 m). Monkeys were weighed weekly and fed
enough food daily (LabDiet Monkey Chow and fresh fruit) to maintain body weights at
approximately 90%–95% of free-feeding weights. Each quadrant was equipped with a spout
from which water was available ad libitum. Nine subjects (aged 10–15 years) had previously
self-administered cocaine and had previously been socially housed (see 6). However, these
monkeys had not self-administered cocaine for at least 4 months and had been housed
individually for 4–6 months at the onset of the present experiments. Twelve additional
subjects (aged 5–8 years) were cocaine-naïve and had not been socially housed. Results of
statistical analysis using one-way analyses of variance (ANOVA) indicated that no
dependent variables differed significantly according to social housing or cocaine self-
administration history (not shown). Each monkey was fitted with a collar (Primate Products,
Redwood City, CA) and trained over several weeks to sit calmly in a standard primate
restraint chair (Primate Products) using a specially designed stainless steel pole that attached
to the collar.

Thirteen of the 21 subjects had previously been surgically prepared under sterile surgical
conditions with an indwelling venous catheter in a jugular or femoral vein which was
connected to a subcutaneous vascular access port (VAP; Access Technologies, Skokie, IL)
as described previously (6). All manipulations were performed in accordance with the 2003
National Research Council Guidelines for the Care and Use of Mammals in Neuroscience
and Behavioural Research and were approved by the Animal Care and Use Committee of
Wake Forest University.

Introduction of social housing conditions
Cage partitions remained in place during the individual-housing phase of the study, although
monkeys were allowed visual, auditory and limited tactile contact with each future pen-
mate. One pen consisted of 4 previously subordinate animals and one pen consisted of 3
previously intermediate-ranked monkeys plus 1 monkey who had not been previously
socially housed. The remaining 12 monkeys were randomly assigned to three pens by
weight, with the three heaviest monkeys designated to three separate pens, the next three
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heaviest randomly placed into those pens, and so on. The average weight of all subjects on
the first day of social housing was 5.4 kg (range = 4.3–6.2 kg). There were no significant
differences in average body weight across pens or eventual social ranks at any time during
the present studies. Initial evaluations of basal cortisol and HPA axis function were
performed while animals were housed individually with partitions between quadrants in
place (see Fig. 1 for sequence of experimental events).

At approximately 9:00AM on the first day of social housing, all animals in the pen received
a low ketamine dose (1.0–3.0 mg/kg based on knowledge of the extent of tolerance to
sedative effects of ketamine). Next, partitions were removed. For the next 5 days, partitions
were replaced at approximately 4:15PM and monkeys remained separated overnight. This
precaution was taken to prevent injury occurring when laboratory personnel were not
present. It is important to note that, when monkeys were separated overnight, all interactions
other than physical (i.e., visual, olfactory and auditory) were maintained, as monkeys
remained in close proximity. After approximately one week, monkeys were socially housed
overnight and separated each weekday morning, during which time monkeys were involved
in operant behavioural sessions (data not shown) and fed. On weekends, pens were separated
for one hour for feeding. Thus, time spent socially housed was approximately 15 hours on
weekdays and 23 hours on weekends. In rare cases of an injury that required veterinary care
or other routine veterinary procedures, the entire pen was individually housed overnight (or
until the injury healed).

Deviations from this protocol occurred for two pens. During the first week of social housing,
monkeys in the pen consisting of previously subordinate monkeys initially displayed a high
frequency of aggressive behaviours. Specifically, three monkeys frequently cornered and bit
the fourth, who made no attempt to escape. To facilitate establishment of the hierarchy,
these monkeys were transferred to the Wake Forest University Primate Centre (WFUPC)
where they were housed for 2.5 months in a larger enclosure (1.5 × 2.4 × 3 m), designed to
provide more room for escape. The #4-ranked monkey in this pen was removed two weeks
after being moved to the WFUPC due to injury. He was replaced with a monkey who had
also been subordinate in a previous social group and he became #4-ranked in the new social
group. A second pen of monkeys was housed in a similar enclosure at the WFUPC for three
weeks at the start of social housing. None of the subsequently acquired measurements
differed between the pens that underwent this manipulation and those that did not.

Determination of ranks
From week 2 through week 12 of social housing, two observers separately conducted a total
of 26 observation sessions per pen. Each 15-min session began immediately after partitions
were removed in the afternoon. Aggressive, submissive and affiliative behaviours were
recorded according to an ethogram described previously (43, see ref. 34, Table I) utilising
Noldus Observer software (Noldus Information Technology; Wageningen, The
Netherlands). In these focal group sessions, both initiators and recipients of behaviours were
recorded. The monkey in each pen aggressing towards all other monkeys and submitting to
none was ranked #1 (most dominant). The monkey aggressing at everyone except the #1-
ranked monkey and submitting only to the #1-ranked monkey was ranked #2, etc. The
monkey designated #4 displayed a low frequency of aggressive behaviours and submitted to
all other monkeys in the pen. Thus, a transitive, linear hierarchy was established in each pen.

Blood sampling: basal cortisol and testosterone measures
While monkeys (n=20) were seated in a primate chair, blood samples were collected at
7:00AM and 4:30PM at three stages of the present study: while monkeys were individually
housed during 5 days of the week prior to initial social housing, during the first three days of
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social housing and during 5 days of the 12th week of social housing. Samples were not
collected during the first week of social housing for the one pen that was moved to the
WFUPC during the first week (see above). Subjects from one pen were each placed into a
primate chair 15 minutes prior to sampling. Each monkey’s VAP site was cleaned with
betadine and 95% alcohol. Catheters were first flushed with 0.5 ml 0.9% NaCl to evacuate
old contents. Next, 0.5 ml of blood was extracted and discarded to minimise dilution from
the saline flush. An additional 2–3 ml was then extracted and immediately transferred to a
chilled K2-EDTA lined Vacutainer blood collection tube (Becton Dickinson, Franklin
Lakes, NJ). After collection, 2 ml of heparinised saline (100 U/ml) was flushed through the
catheter to prevent clotting. For the 7 subjects without indwelling catheters, samples were
obtained through percutaneous sticks of the femoral vein while the monkey was in the
primate chair. For each pen, all samples were acquired within 15 minutes of monkeys being
placed in chairs. Samples were kept on ice until centrifuged under refrigeration at 4°C at
3,000 rpm for 15 min. Plasma was separated and stored at −30°C until assayed by the
Biomarkers Core Lab, Yerkes National Primate Research Centre, Emory University using a
commercially prepared kit (Diagnostic Systems Laboratories, Webster, TX). The inter-assay
variance of the cortisol assay was 4.50% at 4.2 µg/dl and 8.74% at 19.7 µg/dl. Testosterone
was assayed from the 7:00AM blood samples. The inter-assay variance of the testosterone
assay was 5.95% at 0.7 µg/dl and 4.14% at 5.7 µg/dl. The intra-assay variances for cortisol
and testosterone assays were 4.9% (n=8) and 6.3% (n=6), respectively.

Blood sampling: ACTH challenge
Experiments were performed on 20 subjects approximately 1 week prior to social housing
and again approximately 19 weeks after social housing was initiated (range = 13–23 weeks).
All four members of a pen underwent the experiment simultaneously. Samples collected at
11:00AM one week prior to the ACTH challenge served as a baseline measure. DEX (0.5
mg/kg, i.m.) was administered between 6:30 and 7:30 AM. Four hours later, each subject
was placed into a primate chair and a blood sample was obtained to assess the extent of
DAX suppression of cortisol concentrations. Approximately 15 min later, synthetic ACTH
(Cortrosyn: 10 ng/kg, i.v.) was administered through the VAP or, in the 7 subjects without a
VAP, through the saphenous vein via an external catheter using a 24 gauge angiocath (Insyte
Autoguard, Becton Dickinson, NJ), followed by 2 ml 0.9% NaCl. Doses of DEX and
cortrosyn were selected based on previous studies in cynomolgus monkeys (e.g., 8). Blood
samples were collected 15 and 30 min after ACTH administration. DEX and Cortrosyn were
purchased from the North Carolina Baptist Hospital pharmacy.

Data analysis
Comparisons were made using two-way, repeated-measures ANOVA with Fisher’s LSD
post-hoc tests. Cortisol values (ng/ml) were used to assess whether social rank was predicted
by AM or PM hormone concentrations while monkeys were individually housed (eventual
rank and time of day were factors in the ANOVA) and whether cortisol concentrations
differed according to social rank after 3 months of social housing (rank and time of day were
factors). A one-way ANOVA assessed whether basal testosterone concentrations (ng/ml)
varied across eventual rank in individually housed monkeys, or current rank for blood
samples taken after social housing. The percent change from AM or PM baseline was used
to assess rank-related differences in cortisol concentrations during initial social housing
(eventual rank and time/day were factors). To assess whether the cortisol response to ACTH
administration differed across eventual (when individually housed) or current (when socially
housed) rank, percent change from DEX-suppressed baseline was analysed (rank and time
after ACTH were factors). In addition, this approach was used to determine whether AM or
PM cortisol concentrations or the cortisol response to ACTH changed from individual to
social housing conditions. Finally, extent of DEX suppression was compared using a one-
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way ANOVA and post-hoc Fisher’s LSD test. Because we anticipated that moderate effects
in intermediate monkeys could obscure detection of differences in the ANOVA, a decision
was made a priori to conduct a post-hoc t-test between data from #1- and #4-ranked
monkeys in the event that ANOVA generated a non-significant F value. In all cases,
statistical significance was accepted at the 95% level of confidence (p<0.05). There were no
qualitative or statistically significant differences (assessed using t-tests) in any measures
depending on whether monkeys were experienced in cocaine self-administration or
experimentally naïve at the start of the experiment, so data from all monkeys were used in
all analyses.

Results
Basal cortisol and testosterone concentrations when individually housed

In blood samples obtained from individually housed monkeys, diurnal fluctuations in basal
cortisol concentrations were observed in all subjects. Representative data from two pens of
monkeys are shown in the left and centre panels of Fig. 2; mean (+SEM) cortisol
concentrations from all groups are depicted in the right panel of Fig. 2. There was a
significant main effect of time (F1,16=41.31, p<0.0001), but not eventual social rank, with no
significant interaction. Post-hoc analysis indicated that average morning cortisol
concentrations were significantly higher than average evening concentrations for all ranks
(p<0.01 except eventual #2-ranked, p<0.05). There were no significant differences in AM or
PM cortisol concentrations observed across ranks. Regarding testosterone concentrations,
ANOVA revealed no significant differences as a function of eventual social rank when
monkeys were individually housed (Table 1). In no case during this study were cortisol or
testosterone concentrations correlated with age.

Initial social housing
Cortisol concentrations measured in the evening immediately after monkeys’ initial
experiences with social housing were elevated compared to monkeys’ normal PM baseline
(Fig. 3). There was a significant main effect of day (F3,36=12.04; p<0.0001) but not rank,
and a significant interaction between rank and time (F9,36=2.29; p<0.05). Post-hoc analysis
indicated that, on the first evening after social housing, cortisol concentrations were higher
than average PM concentrations for #2-ranked (p<0.05) and #4-ranked monkeys (p<0.01).
Moreover, after the first day of social interaction, #4-ranked monkeys had significantly
higher average cortisol concentrations than all other ranks (p<0.01). Evening concentrations
after the second day of social housing were elevated significantly only in #4-ranked
monkeys (p<0.05). PM concentrations on Day 2 were also significantly different between
#3- and #4-ranked monkeys (p<0.05). No significant differences were observed after the
third day of social housing. Morning cortisol concentrations did not differ from pre-social
housing AM baselines (data not shown), a result that was expected because monkeys were
individually housed overnight during the first week of social housing.

Behavioural observations
Considering that the rate of aggressive and submissive behaviours did not change across
three months of sampling (data not shown), data were collapsed across months. Table 2
depicts the total aggressive and submissive behaviours across ranks, indicating the initiator
and recipient. Similar rates of initiating aggression were observed in #1-, #2-, and #3-ranked
monkeys, whereas rates of aggressive behaviour were much lower in #4-ranked monkeys.
Receiving aggressive behaviour and initiating submissive behaviour correlated positively
with rank and with each other while receiving submissive behaviour correlated negatively
with rank. That is, monkeys tended to receive aggression from and submit towards higher
ranking monkeys, and receive submission from lower ranking monkeys. Because ranks were
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assigned based on these data, these relationships are not surprising. They are presented here
to demonstrate the extent of differences in frequency of the behavioural measures across
ranks. Regarding affiliative behaviours, over 75% of total grooming was received by #1-
ranked monkeys whereas less than 3% of the total grooming was directed to #4-ranked
monkeys (Fig. 4). Moreover, very little grooming was initiated by #4-ranked monkeys. No
significant correlations were observed between body weight or age and eventual social rank
or aggressive, submissive or grooming behaviours (data not shown).

Basal cortisol and testosterone concentrations when socially housed
Morning and evening cortisol concentrations were again measured after at least 12 weeks of
social housing by which time ranks had stabilised (Fig. 5). There was a significant main
effect of time (F1,16=57.90; p<0.0001) but not rank, and no significant interaction. Post-hoc
analysis indicated that morning cortisol concentrations in #1-ranked monkeys were
significantly higher than those observed in #2-, #3- and #4-ranked monkeys (p<0.01 except
#3-ranked, p<0.05). Within each rank, average morning cortisol concentrations were
significantly higher than evening concentrations (p<0.01). When a comparison was made
between morning values obtained during individual versus social housing, a main effect of
rank was observed (F3,16=3.34; p<0.05) with no main effect of time and no interaction.
Importantly, post-hoc testing revealed no significant differences in morning cortisol
concentrations between individual vs. social housing within any social rank. A similar
analysis of evening cortisol concentrations revealed no significant differences. Regarding
testosterone concentrations, ANOVA revealed no main effect of rank when monkeys of all
four ranks were considered, but a post-hoc t-test indicated that the average morning
testosterone concentration in dominant monkeys was significantly higher than that of
subordinates (t8=2.57, p<0.05; Table 1).

Cortisol response to ACTH after dexamethasone suppression
When monkeys were individually housed, administration of DEX resulted in a decrease in
circulating cortisol concentrations in all monkeys that was comparable across eventual social
ranks (Fig. 6). A similar extent of suppression by DEX was observed when monkeys were
socially housed. When monkeys were individually housed, administration of ACTH resulted
in increased cortisol concentrations at 15 min in all monkeys, with concentrations
approaching basal values at 30 min (Fig. 6). There was a significant main effect of time
(F1,16=21.52; p<0.001), but not rank, and no significant interaction. Post-hoc testing
indicated that 15 min after ACTH injection, #1 and #2 ranked monkeys differed
significantly from #3-ranked monkeys (p<0.05). Cortisol concentrations at 15 min were
significantly higher than at 30 min for monkeys ranked #1 (p<0.01), #2 and #4 (p<0.05). No
significant rank-related differences were observed at 30 min. Thus, administration of DEX
and subsequently, ACTH affected all monkeys similarly with the exception of #3-ranked
monkeys which were somewhat less sensitive to ACTH.

When the ACTH challenge was repeated after 3 months of social housing, #4-ranked
monkeys displayed greater sensitivity to ACTH than monkeys of other ranks (Fig. 6). There
was a significant main effect of time (F1,16=26.67; p<0.0001) but not of rank, nor was there
a significant interaction between time and rank. Post-hoc analyses revealed significant
differences at the 15-min time point between #4 ranked monkeys and each of the other three
groups (p<0.01), and no significant differences at the 30-min point. When data from 15 min
or 30 min after ACTH were examined as a function of housing condition, there was no
significant main effects or interactions. However, at both time points, post-ACTH cortisol
concentrations were higher during the social housing condition for #4-ranked monkeys than
when those monkeys were individually housed. For #1-, #2- and #3-ranked monkeys, no
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differences were observed at either time point when individual and socially housed effects
were compared.

Discussion
Physiological and neurobiological differences have been described in monkeys as a function
of social rank. The present studies extended our previous investigations of the relationship
between HPA axis function and social rank in male cynomolgus monkeys (34) to more
thoroughly characterise cortisol fluctuations and the relationship of cortisol concentrations
and adrenal sensitivity to social rank. The results indicated that these measures did not
predict eventual social rank. Once socially housed, subordinate monkeys performed the
majority of submissive behaviours, received the majority of aggressive behaviours and
rarely participated in grooming, reinforcing the conceptualisation of social subordination as
characterised by chronic social stress. Although basal cortisol concentrations were, on
average, higher in dominant monkeys, adrenal responsiveness to a pharmacological
challenge was higher in subordinate monkeys.

Measures of HPA axis function were initially collected while monkeys were individually
housed to determine whether these variables could predict eventual social rank. Similar
diurnal fluctuations of plasma cortisol concentrations were observed in all subjects.
Moreover, similar reductions in circulating cortisol were observed after DEX administration.
On average, 15 min after ACTH administration, cortisol concentrations were elevated to
approximately 150–200% of DEX-suppressed concentrations in all monkeys, similar to
previous results (33,34,37–39). Basal, DEX-suppressed and ACTH-induced cortisol
concentrations while monkeys were individually housed were unrelated to future social
rank. Thus, differences in HPA axis function among socially housed monkeys appear to
result from exposure to environmental variables associated with establishment of the
dominance hierarchy (i.e., state variables), and do not pre-exist and determine social rank
(i.e., trait variables). Consistent with previous studies in Old World monkeys (34,40–42),
testosterone concentrations also did not predict future social rank.

During the initial three days of social housing, monkeys were group-housed for
approximately 7 hours per day. After the first day, evening cortisol was elevated in all
monkeys relative to concentrations observed at that time of day when individually housed,
as noted previously (e.g., 18,38,39,44–46). In the present studies, the extent of elevation of
cortisol was inversely related to future social rank. Specifically, monkeys who would
eventually occupy the lowest position in the dominance hierarchy had significantly higher
concentrations of cortisol than future dominant monkeys. These results are inconsistent with
previous reports cited above, in which cortisol increased similarly across ranks, but support
the view that the animals that would become subordinate experienced a greater degree of
stress on the first day of social housing. The significant difference between #1- and #4-
ranked monkeys was also observed after the second day of social housing. This effect was
not simply carried over from the previous day, since cortisol concentrations in all monkeys
returned to normal morning concentrations after monkeys were individually housed
overnight. Because morning cortisol concentrations are high, and evening concentrations
remained high after social housing in subordinate monkeys, these monkeys experienced a
persistently high concentration of plasma cortisol for more than 48 hours after introduction
of social housing. Such persistent activation of the HPA axis has been shown to exert a
deleterious effect on resistance to a variety of disease states (for reviews see 5,47). Although
the frequency of aggressive and submissive behaviours were consistent throughout the first
12 weeks of social housing, the ability of several hours of social housing to elevate cortisol
in subordinates dissipated by Day 3. Thus, in subordinates, the HPA axis response appeared
to habituate rapidly to social stress experienced in the social housing condition. Such a rapid
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dissipation in cortisol response despite the continued presence of stressors has been
observed previously in rhesus monkeys (48).

After 12 weeks of social housing, average morning cortisol concentrations were slightly but
significantly higher in dominant monkeys compared to subordinates. The biological
significance of this change is unclear considering that, despite this significant difference
between ranks, basal cortisol concentrations did not significantly change from individually
housed values for any rank. Clearly, however, these data are inconsistent with studies
reporting higher basal circulating concentrations of cortisol in subordinate monkeys
(8,21,25–30,44,49). In contrast to this discrepancy, the observations that DEX reduced basal
cortisol similarly across ranks and that subordinate monkeys were significantly more
sensitive to administration of a biologically relevant amount of ACTH were consistent with
previously published studies in cynomolgus monkeys (8,19,21), and may be explained by
the finding that adrenal glands were larger and heavier in subordinate monkeys (19,22).
Thus, although social stress-induced elevations in evening cortisol dissipated in #4-ranked
monkeys within three days, subordinate monkeys remained more sensitive to activation of
the HPA axis by ACTH administration. Although it is possible that assessments of HPA
reactivity in the DEX-suppressed state do not accurately reflect the response in the normal
state, an alternative explanation is that greater sensitivity to an acute pharmacological
stressor was maintained in subordinates despite habituation of basal cortisol concentrations.
As seen with cortisol, dominant monkeys had higher circulating concentrations of
testosterone than subordinates, in agreement with previous studies in macaques (40–42) and
other nonhuman primate species (27,50,51). One notable exception is our previous study
(34), in which no rank-related difference in testosterone was observed. This discrepancy is
likely due to variability in the time of sample collection. In the present study, samples were
collected in all animals around 7:00AM, whereas in the Morgan et al. study, samples were
collected in conjunction with concurrent brain imaging studies that occurred throughout the
day. In addition, it should be noted that the studies involving DEX suppression and ACTH
administration reflect only one component of HPA axis, the sensitivity of the adrenal gland
to ACTH, and that adaptations could occur elsewhere in the axis that could compensate for
adrenal hyper-responsiveness. A more complete understanding of social rank-related
differences in HPA axis function will be gained through studies involving CRH
administration.

Over the past 40 years, the relationship between HPA axis function and social rank has been
examined in numerous primate species under diverse experimental settings with varying
approaches and strikingly equivocal results. It is thus not surprising that there is
inconsistency among results, particularly in relation to basal cortisol concentrations.
However, stimulation of the HPA axis under controlled conditions appears to unmask a
more consistent pattern in which subordinate monkeys exhibit increased HPA reactivity
relative to dominants. In this regard, the current data from male cynomolgus monkeys are in
agreement with studies that have reported higher circulating cortisol concentrations in
dominant monkeys compared to subordinates (24,39,52–55) and with data indicating that the
HPA axis of subordinates is more sensitive to acute stressors (8,19–21). There are several
factors that may contribute to the apparent discrepancies with other studies that have
reported different relationships between cortisol concentrations and social rank.

Importantly, the social rank of the monkey that experiences the greatest amount of social
stress can vary according characteristics of the social group including sex, social structure
and stability of the hierarchy (for reviews see 3,5,16,17,47,56). Dominant monkeys may
experience relatively greater stress during periods of instability when dominance is being
contested, and in settings in which dominance is maintained through physical aggression.
Conversely, characteristics of social groups in which subordinates experience a higher
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amount of stress include hierarchy stability, an abundance of resources, reliance of dominant
monkeys on non-physical intimidation, inability of subordinates to avoid dominants and a
lack of social support as a means for coping with stress. Although dominant monkeys had
higher basal cortisol concentrations, the social organisation of monkeys in the present
experiments appears to share features of the latter type of hierarchy in which subordinates
experience more stress. For example, cortisol was measured when the hierarchy appeared
stable, competition for resources was minimal because monkeys were separated during
feeding and had no access to females, the enclosure was small enough that subordinates had
difficulty avoiding dominants, subordinates had few outlets for coping (as evidenced by low
rates of grooming) and rates of aggression and submission remained as high at 12 weeks as
they were during initial weeks of social housing. It should be noted, however, that judging
stability of a hierarchy is not straightforward; instability may persist despite consistency in
social ranks. Allowing more time to pass before measuring cortisol may have produced data
more similar to those of Sapolsky (25) or others who have reported no difference in cortisol
across ranks in stable social groups (33,35). Additionally, it should be noted that the living
space was relatively small compared to other studies of nonhuman primate social behaviour.
The increased density of monkeys may have functioned in this study to elevate stress longer
than has been observed in other studies.

An alternative interpretation of the present results which may reconcile the apparent
difference between basal cortisol concentrations (higher in dominants) and greater reactivity
to ACTH (in subordinates) involves adaptation in subordinate monkeys. In several studies,
rank-related differences in basal cortisol concentrations only shortly after group formation,
in some cases documenting dissipation of those differences (18,38,45,46). In the present
studies, cortisol concentrations were greatly elevated after the first day of social housing in
monkeys that would become subordinate despite the fact that dominant monkeys had higher
average cortisol concentrations 12 weeks later. Adaptation to the cortisol-elevating effect of
social interaction took place within three days, suggesting that a reduction in circulating
cortisol may have occurred as an adaptation to chronic stimulation of the HPA axis. Despite
this adaptation of basal cortisol concentrations, adrenal responsiveness to a pharmacological
challenge was significantly greater in subordinates. Whether subordinates are also more
sensitive to more relevant social stressors would be hypothesised, but remains to be
explored.
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Figure 1.
Timeline of experimental events.
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Figure 2.
Diurnal fluctuations in basal cortisol in individually housed monkeys. Left and centre panels
depict data from individual monkeys in representative pens prior to social housing. For each
rank, mean morning and evening cortisol concentrations were significantly different (all
p<0.01 except future rank #2, p<0.05). Right panel shows mean (+S.E.M.) for 5 monkeys of
each eventual rank.
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Figure 3.
PM cortisol concentrations at baseline and after each of the first three days of social
housing. Points represent mean (+S.E.M., n=4) across social ranks. *, p<0.05 compared to
baseline for the same rank; †, p<0.01 compared to #1-, #2-, and #3-ranked monkeys on Day
1; ††, p<0.05 compared to #3-ranked monkeys on Day 2.
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Figure 4.
Percent of total observation time spent grooming according to social rank and divided
according to grooming initiated and received. Bars indicate the mean of 5 monkeys.
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Figure 5.
Average morning and evening cortisol concentrations in socially housed monkeys. Each bar
represents mean (+S.E.M.) for 4 (#4-ranked) or 5 (#1-, #2- and #3-ranked) monkeys. For
each rank, mean morning and evening cortisol concentrations were significantly different
(p<0.01). *, p<0.01 compared to #1-ranked monkeys’ AM cortisol concentration; †, p<0.05
compared to #1-ranked monkeys’ AM cortisol concentration.
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Figure 6.
Time course of effects of ACTH administration on cortisol concentrations determined when
monkeys were individually (left) and socially housed. Data are expressed as mean (±S.E.M.)
change in cortisol concentrations (ng/ml) from baseline. †, #3-ranked monkeys different
from #1-and #2-ranked groups, p<0.05; *, #4-ranked monkeys different from #1-, #2- and
#3-ranked groups, p<0.01.
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Table 1

Testosterone concentrations (ng/ml) before and after social housing according to eventual social rank.

individually housed socially housed

Eventual Rank mean (S.E.M.) mean (S.E.M.)

1 10.0 (3.1) 14.0 (4.7)

2 8.8 (2.3) 10.5 (3.1)

3 6.5 (1.6) 11.1 (4.7)

4 9.7 (4.1) 5.3 (1.5)

*
p< 0.05.
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