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Abstract

Objective—This study sought to determine whether chronic social stress can desensitize
leukocytes to normal physiologic regulation by endogenous glucocorticoids.

Methods—We analyzed the longitudinal relationship between plasma cortisol levels and
peripheral blood lymphocyte counts over 16 monthly assessments in 18 rhesus macaques
randomized to recurrent social encounters with a stable set of conspecifics or continually varying
social partners (unstable socialization).

Results—Animals socialized under Stable conditions showed the expected inverse relationship
between plasma cortisol concentrations and circulating lymphocyte frequencies. That relationship
was significantly attenuated in animals subject to Unstable social conditions. Differences in
leukocyte redistributional sensitivity to endogenous glucocorticoids emerged within the first week
of differential socialization, persisted throughout the 60-week study period, and were correlated
with other measures of glucocorticoid desensitization (blunted HPA axis response to acute stress
and redistributional response to dexamethasone challenge). Effects of Unstable social conditions
on leukocyte sensitivity to cortisol regulation were not related to physical aggression.

Conclusion—Chronic social stress can impair normal physiologic regulation of leukocyte
function by the HPA axis in ways that may contribute to the increased physical health risks
associated with social adversity.
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INTRODUCTION

Social stress is a well-established risk factor for specific diseases (1-9) and for all-cause
mortality (10-14). Understanding the biological basis for these effects has been complicated
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by the paradoxical role of neuroendocrine mediators in relationships between social
conditions and the inflammatory drivers of disease pathogenesis (15-17). Inflammation
contributes to the initiation and progression of several diseases that are aggravated by social
stress, including cardiovascular disease, viral infections, and certain types of cancer (18-21).
Hypothalamic-pituitary-adrenal (HPA) axis release of glucocorticoids constitutes a primary
physiologic regulator of inflammation (22—26), implying that decreased glucocorticoid
signaling might contribute to the increased health risks associated with social stress.
However, stressful social conditions are generally associated with stable or increasing levels
of circulating glucocorticoids (15,27-29), rather than the decreased levels that would explain
pathological inflammation. In light of glucocorticoids’ anti-inflammatory actions, how can
their relative abundance during social stress accommodate a simultaneous increase in the
risk of inflammation-driven disease?

One potential explanation for this paradox has emerged from analyses showing that
impaired signal transduction by glucocorticoid receptor (GR) can render inflammatory cells
insensitive to glucocorticoid regulation even in the presence of high ambient glucocorticoid
hormone levels (24). Correlational studies of chronically stressed human beings show
several indications of leukocyte desensitization to glucocorticoid signaling, including
impaired glucocorticoid inhibition of LPS-induced cytokine responses ex vivo (16,17),
blunted glucocorticod regulation of leukocyte trafficking in vivo (30), and reductions in
glucocorticoid-mediated gene transcription in the presence of normal circulating
glucocorticoid levels (15,31). However, it remains unclear whether these correlational
observations reflect a causal effect of social factors on leukocyte sensitivity to
glucocorticoid regulation. Decisive experiments are difficult to perform in humans for
ethical reasons, but one line of experimental research in rodents has shown that repeated
social conflict can induce glucocorticoid resistance in leukocytes (32-34). It is unclear if
those effects are pertinent to human social stress, however, because the development of
glucocorticoid resistance in the murine social disruption model depends on aggression-
related tissue wounding (33,35) and consequent activation of the pro-inflammatory cytokine,
IL-1p (36). Several human experimental studies have shown that acute social stress can
transiently alter sensitivity of the circulating leukocyte pool to glucocorticoid inhibition
(16,37), although such effects last for a short period of time and vary as a function of sex,
reproductive hormones, and major depression (16,37). It is not known whether purely
psychological stress might induce a persistent impact on leukocyte sensitivity to regulation
by endogenous glucocorticoids.

In the present study, we examined the effects of chronic social stress on leukocyte sensitivity
to glucocorticoid regulation in a rhesus macaque model that is analogous to human chronic
stress in the lack of socially mediated tissue wounding. Previous studies have shown that
daily social contact with a varying complement of peers activates behavioral and
neuroendocrine indicators of stress in adult male rhesus macaques (1,38). To determine
whether such unstable social conditions can decrease leukocyte sensitivity to regulation by
endogenous glucocorticoids, we utilized a hematological probe of GR-mediated signal
transduction based on cortisol regulation of leukocyte subset trafficking (30). Under normal
conditions, rising glucocorticoid levels lead to an increase in the number of circulating
neutrophils and a decrease in the number of circulating lymphocytes and monocytes (39—
44). These effects are driven by altered trafficking of leukocyte subsets between circulating
blood and extravascular compartments such as the bone marrow and spleen (34,41,45,46).
Because this process is mediated specifically by GR signaling (42,47), the strength of
association between circulating cortisol levels and leukocyte subset redistribution in
circulating blood provides an in vivo hematological measure of immune cell sensitivity to
regulation by endogenous glucocorticoids (30). The present study utilized that hematological
indicator to determine whether chronic social stress can desensitize leukocytes to normal
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physiologic regulation by endogenous glucocorticoids, and whether those effects are
associated with other indications of glucocorticoid desensitization such as blunted HPA
response to stress or reduced leukocyte redistributional sensitivity to pharmacologic
glucocorticoid challenge.

Study sample

Eighteen healthy adult male rhesus macaques (Macaca mulatta) aged 5-8 years were
selected based on good physical health, intermediate social status in their natal cages, no
prior participation in invasive research, and seronegativity for Simian Retrovirus Type D,
Simian Immunodeficiency Virus (SIV), and Simian T-Lymphotropic Virus. These animals
served as uninfected controls for a parallel condition analyzing social influences on
progression of SIV infection (1,48), and each received a 1 ml i.v. saline injection as a
control for SIV inoculation. Injections took place after 3 exposures to the experimental
social conditions described below. All procedures were conducted under the supervision of
Institutional Animal Care and Use Committee (IACUC) at the University of California at
Davis, and all efforts were made to minimize animal suffering, to reduce the number of
animals used, and to utilize alternatives to in vivo techniques.

Social stress

Animals were relocated from outdoor field cages to indoor individual housing for
approximately one year prior to the initiation of experimental procedures. As previously
described (1), animals were randomized to Stable or Unstable socialization conditions which
were implemented by transferring each animal to a 5.6 m? socialization cage containing one
to three other study macaques from the same experimental condition for 100 min per day on
three to five days each week. Under Stable conditions, the same three animals met on each
occasion. Under Unstable conditions, the size and composition of the group varied daily
(sets of two to four animals differing in composition on each occasion). Socialization
conditions were maintained over the entire 16 month study period (60 weeks) and were
continuously monitored for aggressive physical contact as previously described (1).
Unstable social conditions induce continual re-establishment of social dominance
hierarchies, resulting in behavioral and neuroendocrine indications of stress (1). However,
aggression-related wounding or injury virtually never occurs (as verified by continuous
observation of social encounters and IACUC-mandated intervention to prevent aggression-
related wounding, and confirmed by daily veterinary inspections for signs of injury or
illness, which did not differ across groups). When adult male macaques form relationships in
the absence of social complexities introduced by females and young animals, role
differentiation occurs quickly and with virtually no contact aggression (49). In the Stable
social condition of this study, animals were able to establish dominance hierarchies within
one socialization cycle (1). To the extent that aggression contributed to stress under
Unstable social conditions, it is the threat of harm, rather than actual wounding, that would
account for such effects.

Blood sampling

Arm pulls were employed to draw resting blood samples from the antecubital vein of
conscious animals between 1500 and 1530 hr on days in which no socialization occurred.
All samples were obtained within 5 min of initial animal contact (i.e., draw time), with draw
times lasting < 3 min in 90% of cases. Samples were drawn from animals in their individual
residential cages, and the duration of time between staff entry into the residence room and
initial contact with a given animal (time to contact) (50) ranged from 0-25 min (mean = 8.7,
SD =5.7), depending on the number of animals whose blood was drawn on a given day.
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Plasma was obtained by centrifugation of 1.5 ml EDTA-anticoagulated aliquots at 3,000
rpm for 20 min, followed by storage at —70°C. Blood samples were obtained 4 and 2 months
prior to the initiation of experimental social conditions, after 3 socialization cycles, and at 4-
week intervals thereafter for 60 weeks, generating a total of 18 blood samples for each
animal (2 baseline, 16 socialization).

Plasma cortisol

Plasma cortisol concentrations were assessed using a commercial radioimmunoassay
(Diagnostic Products, Los Angeles CA) with 9.6% inter-assay coefficient of variation and
8.5% intra-assay coefficient of variation in this sample (1). Data are available from 324
measurements (18 animals x 18 time points).

Hematological parameters

Frequencies of circulating lymphocytes, monocytes, and banded neutrophils were
determined by automated hematologic analysis using a Serono Baker Diagnostic System
(Allentown, PA) followed by a manual differential, as previously described (39,50).
Variation in replicate assays of the same sample was < 5%. Two hematology assessments
were not obtained due to technical difficulties, for a total of 322 available values.

HPA reactivity assessment

During weeks 15-21 of differential socialization, each animal was tested for stress-induced
HPA axis response to 2h of restraint stress, and for HPA axis feedback inhibition by
dexamethasone suppression test (DST), both as previously described (1). Briefly, each
individual animal received an i.m. injection of 50 pug/kg dexamethasone or an equivalent
volume of saline (150 ul) at 0700 hr. 6 h later, the animal was restrained in a primate chair
(Primate Products, Redwood City CA) for 2 hrs as a model of acute stress. Plasma cortisol
and lymphocyte frequencies were quantified as described above in 5 ml of antecubital
venous blood drawn immediately upon seating and 120 min later. This procedure was
repeated a second time at least ten days after the initial session, with the order of pre-
treatments (dexamethasone vs. saline) counterbalanced. HPA axis and hematological
response to stress was gauged by the change in circulating cortisol and leukocyte subset
numbers from baseline to 120 min in the saline-treated condition. HPA axis sensitivity to
dexamethasone inhibition was gauged by the difference in baseline cortisol levels obtained 6
hrs after dexamethasone injection vs. saline injection (i.e., immediately after seating).

Statistical analyses

Exploratory data analyses found plasma cortisol levels to be positively correlated with both
time to animal contact (Spearman rank correlation rg = .20, p <.001) and blood draw time
(rs =.14, p =.011) (SAS PROC CORR; SAS Institute, Cary NC), and these procedural
parameters were thus included as covariates in all subsequent analyses. To identify the
optimal hematological indicator of glucocorticoid regulation, nonparametric Spearman
correlation analyses assessed relationships between plasma cortisol levels and circulating
leukocyte subset frequencies while controlling for time to contact and blood draw time.
Mixed effect linear models (51) were used to analyze leukocyte subset distributions as a
function of plasma cortisol levels while controlling for blood draw procedural parameters.
Models were fit using SAS PROC MIXED, specifying longitudinal measurements from the
same animal as a repeated measure (51) and rank-transforming lymphocyte numbers at each
time point to minimize the effect of outliers (52). In mixed model analyses, glucocorticoid
sensitivity was quantified by the parameter relating leukocyte subset frequencies to cortisol
levels, and the differential strength of that relationship under Stable vs. Unstable social
conditions was quantified by a Cortisol x Social Stability interaction term (in a model
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including main effects of Cortisol and Social Stability). Change in the magnitude of group
differences from baseline to the differential socialization period was tested by a Period x
Cortisol x Social Stability 3-way interaction. Residual plots verified that results met the
distributional assumptions of general linear models (51,53). Effects of experimental
condition on cortisol and hematological responses to Dexamethasone and physical restraint
stress were analyzed by repeated measures analysis of variance (PROC GLM). All available
data were analyzed, and reported p-values represent two-sided significance levels.

Cortisol regulation of leukocyte subset trafficking

To identify the optimal hematologic indicator of immune cell sensitivity to glucocorticoid-
mediated trafficking, preliminary analyses examined relationships between plasma cortisol
levels and circulating numbers of lymphocytes, monocytes, and neutrophils in 322 available
observations from 18 repeated measurements on each of 18 animals (9 each in Stable and
Unstable social conditions). Consistent with the established effects of glucocorticoids on
leukocyte subset trafficking in humans (30,40-42,45), results showed the expected negative
relationship between plasma cortisol concentrations and circulating lymphocyte numbers (rs
=—.20, p <.001). Contrary to previous observations in humans (30), however, plasma
cortisol levels were not associated with either lower monocyte counts (rs = —.03, p = .66) or
higher neutrophil counts (rs = .07, p = .24).

Experimental verification of the hematological indicator

To experimentally confirm the reliability of circulating leukocyte numbers as a
hematological indicator of glucocorticoid regulation, each animal was injected with
dexamethasone or saline and assessed for circulating neutrophil and lymphocyte frequencies
6 hrs later. Dexamethasone altered circulating numbers of each leukocyte subset in the
predicted direction (average +3,017 + 547 neutrophils/ul and —2,898 + 244 lymphocytes/ul;
both F(1,16) > 20.00, p < .001). Consistent with lymphocytes’ greater cross-sectional
correlation with endogenous cortisol variation (above), experimental glucocorticoid
administration also affected lymphocyte counts more reliably than neutrophil counts (Figure
1; difference in standardized effect size coefficients, z = 2.96, p = .005).

Effects of social stress on glucocorticoid regulation of lymphocyte distributions

This study’s primary analyses sought to determine whether chronic social stress might
reduce lymphocyte sensitivity to redistribution by endogenous glucocorticoids. In 2 baseline
blood samples collected 2 months apart, animals that were subsequently randomized to
Stable vs. Unstable social conditions showed no difference in circulating lymphocyte
numbers or plasma cortisol concentrations (Table 1). Mixed effect linear model analyses
also confirmed that the groups did not differ in lymphocyte redistributional sensitivity to
cortisol (F(1,12) = 1.14, p = .30). The entire sample showed the expected inverse
relationship between circulating lymphocyte numbers and plasma cortisol levels (rg = —.30,
p =.09).

During 16 subsequent months of differential socialization, animals randomized to interact
with a stable set of partners continued to show an inverse relationship between plasma
cortisol levels and circulating lymphocyte numbers (mean rg = —.21, p = .006) (Figure 2).
However, that relationship was substantially attenuated in animals subject to Unstable social
conditions (mean rg = —.03, p = .78). Statistical significance of differential change in
cortisol sensitivity was verified by a Period (Baseline vs. Socialization) x Group (Stable vs.
Unstable) x Cortisol 3-way interaction term in a mixed effect linear model analysis of
circulating lymphocyte numbers (F(1,296) = 7.06, p = .008). Social conditions did not affect

Psychosom Med. Author manuscript; available in PMC 2010 December 22.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Cole etal.

Page 6

average levels of plasma cortisol or circulating lymphocyte numbers or percentages (Table
1); only the correlation between cortisol and circulating lymphocyte numbers was affected
by Unstable socialization.

We next asked whether the magnitude of lymphocyte desensitization to cortisol regulation
might progressively increase or decrease over the 16-month socialization period. Analysis of
the three-way interaction term in a Month x Cortisol x Social Condition mixed effect linear
model analysis showed no significant time trend in the magnitude of differential sensitivity
across groups (F(1,260) = 0.67, p = .41).

The role of aggression

Aggressive physical contact (bite, hit, slap) was uncommon (mean 0.153 + 0.038 instances
per hr of social contact), but did occur more often in Unstable social conditions (mean 0.301
+ 0.074) than in Stable conditions (mean 0.005 + 0.005; difference p = .003). Analyses
controlling for rates of physical aggression continued to show reductions in lymphocyte
sensitivity to cortisol redistribution under Unstable social conditions (Period x Group x
Cortisol 3-way interaction: F(1,295) = 6.67, p = .01).

Relationship to HPA axis glucocorticoid response

To determine whether blunted hematological sensitivity to glucocorticoids paralleled other
physiologic alterations in glucocorticoid regulation, we assessed HPA axis response to acute
stress during weeks 15-21 of differential socialization (Figure 3a). Animals in the Unstable
social condition showed a blunted cortisol response to physical restraint stress compared to
animals in the Stable condition (F(1,16) = 15.21, p =.001). Inter-individual variations in the
magnitude of stress-induced cortisol response also showed a significant positive association
with the magnitude of lymphocyte redistributional sensitivity to endogenous cortisol
variation (F(1,16) = 3.03, p = .008).

Consistent with blunted glucocorticoid regulation of leukocyte trafficking in response to
endogenous cortisol, animals in the Unstable condition also showed a 52% reduction in
sensitivity to dexamethasone-induced suppression of circulating lymphocyte numbers
relative to animals socialized under Stable conditions (Figure 3b). Although the group
difference failed to reach statistical significance (F(1,16) = 0.22, p = .64), the sample-wide
correlation between lymphocyte redistributional response to dexamethasone and
redistributional sensitivity to endogenous cortisol variations was highly significant (F(1,16)
=10.23, p =.006).

DISCUSSION

The present results show that chronic social stress can persistently desensitize cells of the
immune system to normal physiologic regulation by endogenous glucocorticoids. Rhesus
macaques that socialized daily with a stable set of peers showed the well-established inverse
relationship between plasma cortisol levels and circulating lymphocyte numbers (30,40-
45,47). However, this regulatory dynamic was significantly attenuated in macaques that
were randomized to more stressful daily socialization with a continually varying set of
peers. Group differences in leukocyte redistributional sensitivity to endogenous cortisol
emerged rapidly and did not significantly diminish over 60 weeks of continuing
socialization. Consistent with previous observational studies of chronically stressed humans
(15,30,54-56) and non-human primates (39,57), these regulatory alterations emerged in the
absence of increased circulating cortisol levels and were accompanied by parallel reductions
in HPA response to acute stress. Also consistent with previous studies in humans, but in
contrast to rodent models of socially induced glucocorticoid resistance (33,35), these
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alterations emerged in the absence of tissue wounding and were independent of aggressive
social interaction. Thus, social-psychological dynamics alone appear to be sufficient to
desensitize lymphocytes to physiologic regulation by the HPA axis in primates.

The present experimental findings parallel previous observational studies in suggesting that
chronic social stress can inhibit glucocortiocid signaling pathways in ways that might
ultimately contribute to increased risk of inflammation-mediated disease (15-17,30,31).
These results also extend previous studies showing that acute laboratory stress can
transiently alter glucocorticoid regulatory dynamics in the circulating leukocyte pool (16,37)
by documenting more persistent decreases in immune cell sensitivity to glucocorticoid
regulation in vivo (i.e., measured at least 24 h after differential social activity, and persisting
for at least 60 wks). We interpret changes in leukocyte redistribution sensitivity as a
functional marker of GR signaling dynamics that may also impact other glucocorticoid-
regulated processes more directly relevant to disease (e.g., inflammatory gene expression
and cytokine response) (15,24,32-34,58-60). However, some have argued that stress-
induced alterations in leukocyte trafficking may be health-relevant in their own right (47).
Clear health implications of GR desensitization have been observed in mouse models of
inflammatory and infectious diseases (61-63), but it has been unclear how the wounding-
related biology of those models might apply to contemporary human conditions. The present
results indicate that purely social stress can also alter regulatory interactions between the
HPA axis and immune system, and they establish the macaque social stability paradigm as a
useful experimental model for defining the health consequences of such dynamics.

The fact that GR desensitization emerged independently of physical aggression suggests that
more subtle cognitive and affective responses to unfamiliar others may play a key role in the
biological effects observed here. As Charles Horton Cooley noted more than a century ago
(64), “even sitting in the same room with unfamiliar people can be harassing and
exhausting.” “The mere presence of people... can cause a vague discomfort, doubt, and
tension.” The present findings suggest that chronic exposure to such social uncertainty can
impact immunoregulatory dynamics, and may also illuminate previous results showing
increased viral pathogenesis in individuals facing chronic social uncertainty (1,65). In
holding constant the quantity of social opportunity, these results emphasize the critical role
of the guality of social contact in shaping its immunobiological consequences (38).

Findings from this study’s in vivo hematological probe of glucocorticoid sensitivity are
consistent with data from human observational studies (30) and analyses of genome-wide
transcriptional profiling of circulating leukocytes (15,31) in suggesting that stressful social
conditions can alter basal immunoregulatory relationships (i.e., in the absence of any
exogenous immunological challenge). Previous experimental studies have shown that
glucocorticoid-induced leukocyte redistribution is specifically attributable to GR signaling
(42), and represents a causal effect of glucocorticoids (i.e., glucocorticoid manipulation
induces hematological redistribution (40-42,45,47), but hematological manipulations do not
directly influence glucocorticoid levels (66,67)). The experimental dexamethasone challenge
examined here confirms that glucocorticoids causally regulate leukocyte trafficking in
rhesus macaques, and identifies the lymphopenic response as the most sensitive indicator of
that dynamic in this non-human primate model. This study’s ancillary results also verify that
desensitization of the in vivo hematological redistribution probe is correlated with blunting
of the HPA response to acute stress, and with blunted lymphocyte redistribution in response
to dexamethasone. Thus, chronic social stress may induce coordinated alterations in
glucocorticoid responsiveness across multiple tissue systems (57). However, the physiologic
generality of these results should be considered provisional until future studies assess the
relationship between the in vivo hematological probe used here and other measures of GR
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desensitization based on ex vivo cytokine inhibition assays (16,17,32—34) or genome-wide
transcriptional profiles (15,31).

Several limitations need to be considered when interpreting the results of this study. Given
the diurnal variation in circulating cortisol levels and hematologic parameters (68), greater
density of sampling over the course of a day would be desirable to more precisely quantify
the magnitude lymphocyte redistributional sensitivity. In addition, this study’s finding that
GR desensitization can emerge within three cycles of differential socialization (i.e., < 1
week) and persist for up to 60 weeks should be considered provisional until it is replicated in
larger samples with additional measures of GR sensitivity. The rapid onset of GR
desensitization observed here is remarkable, but it is consistent with previous observations
from rodent models showing altered endocrine, hematological, and functional parameters
within two cycles of differential social exposure (35,69). Because glucocorticoids induce
leukocyte redistribution over several hours (40), the present analysis of concurrent plasma
cortisol and hematological parameters may not provide an optimal measure of GR
sensitivity (30). However, the present results do show that the expected relationships can be
identified in concurrent measures if enough longitudinal data are available to average over
occasion-specific noise (e.g., 16 repeated measurements per individual over 60 weeks). The
sub-optimal measurement format of the present study likely attenuated the observed
relationships between cortisol and hematological parameters, but that effect applied to all
samples similarly and would not explain group differences in GR sensitivity as a function of
differential socialization. Finally, no direct measures of GR number or functional alteration
(e.g., phosphorylation) are available in the present study, so future analyses will be required
to identify the specific molecular mechanism of social stress-induced GR desensitization.

The emergence of glucocorticoid desensitization in the absence of increased plasma cortisol
concentrations underscores the need to assess HPA axis regulation of immune cell function
using post-receptor measures that integrate the effects of hormone concentrations with
variations in receptor-mediated signaling response (70). Several other studies have also
shown that social stress can alter glucocorticoid regulation of cellular function in the
absence of chronic glucocorticoid elevations (15,17,30,31,56). From a physiologic
perspective, the relative abundance of glucocorticoids and the GR’s sensitivity to
glucocorticoid ligation are functionally separate parameters (70). Several non-glucocorticoid
molecular signaling pathways have been found to regulate GR sensitivity, including the pro-
inflammatory cytokine IL-1f (36) and GR phosphorylation by serine/threonine and tyrosine
kinase signaling cascades (24,70). It is conceivable that the increased levels of sympathetic
nervous system activity documented in other studies of the macaque unstable socialization
paradigm (38,71,72) could potentially alter GR signal transduction efficiency via
catecholamine induction of GR phosphorylation by PKA (70). Identification of the specific
molecular pathways mediating stress-induced desensitization of glucocorticoid
immunoregulation in the present model is an important topic for future research.

In addition to coordinating a wide variety of physiologic responses to stress, the HPA axis
also plays a key physiologic role in controlling systemic inflammation via glucocorticoid
inhibition of the pro-inflammatory transcription factor NF-xB (23-26). To the extent that
social stress undermines that immunoregulatory relationship by inhibiting glucocorticoid
signal transduction, the consequent increase in pro-inflammatory gene expression might
contribute to the variations in inflammation-related disease observed in human social
epidemiology (2-4,6-15). The non-human primate paradigm analyzed here provides an
ecologically valid experimental model for dissecting the psychological and biological
mechanisms of social stress-induced GR desensitization, and defining its teleologic role in
relationships between social behavior and immunity (15,38,71,73-76).
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FIGURE 1.

Effect of dexamethasone administration on (a.) circulating neutrophil numbers, and (b.)
circulating lymphocyte numbers. (c.) Reliability of leukocyte subset responses to
dexamethasone injection, expressed as change relative to baseline standard deviation
(Cohen’s d).
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Sensitivity of circulating lymphocyte frequencies to endogenous cortisol levels in Stable vs.
Unstable social conditions. Magnitude of cortisol sensitivity is quantified by the Spearman
rank correlation between plasma cortisol concentrations and circulating lymphocyte
numbers at 2 and 4 months prior to study entry, and monthly afterward during 16 months of

differential socialization.
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FIGURE 3.

(a.) Effect of acute restraint stress on plasma cortisol levels in macaques subject to Stable
(dashed line) vs. Unstable social conditions (solid line). (b.) Effect of pharmacologic
dexamethasone challenge on circulating lymphocyte numbers in macaques subject to Stable
(dashed line) vs. Unstable social conditions (solid line).
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TABLE 1

Basal hematologic and endocrine parameters by group.

Parameter Stable Unstable  Difference
Cortisol (ug/dl)
Baseline? 1326 (19) 149(13) p=.37
Socialization® 136 (16) 136 (1.2) p=.53
Month 1 159 (1.4)  17.5(1.3) p=.42
Month 16 154 (1.4)  15.6 (1.0) p=.93
Lymphocytes (cells/ul)
Baseline 4,088 (275) 4,340 (251) p=.65
Socialization 4,124 (399) 4,129 (495) p=.62
Month 1 3,938(359) 3,830(334) p=.83
Month 16 4,398 (398) 4,532 (375) p=.81
Lymphocytes (% WBC)
Baseline 53.8 (2.0) 53.0 (2.6) p=.95
Socialization 43.3 (3.0) 45.2 (3.5) p=.30
Month 1 30.1(3.8) 405 (4.0) p=.82
Month 16 446(20) 457 (25) p=.72

a . . . I
Average of 2 baseline observations 4 and 8 weeks prior to socialization

b o ’
Average of 16 socialization observations over 60 wks

CMean (SE)
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