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Abstract
Increased vulnerability to psychosocial stressors likely predisposes individuals to decreased immune
function and inability to control pathogens. While many factors influence the susceptibility to
psychosocial stress, genetic polymorphisms may modify individual reactivity to environmental
stressors. The present study evaluated how immune function was altered by the interaction of in
polymorphisms in the gene that encodes the serotonin reuptake transporter (5HTT) and the
psychosocial stress imposed by social subordination in adult female rhesus monkeys. Subjects were
dominant and subordinate females that carried both alleles of the long promoter variant (l/l) of the
5HTT gene, and dominant and subordinate that had at least one allele for the short promoter length
variant (l/s or s/s, s-variant). Plasma cortisol was higher in subordinate females in response to a social
separation paradigm, confirming their increased reactivity to psychosocial stressors. Subordinate
females exhibited increased T-cell activation and proliferation regardless of genotype. Despite these
higher levels of T-cell proliferation and activation, subordinate females showed significantly lower
frequency of T-cells. This latter finding may be due to an increased susceptibility to cell death, as
indicated by higher levels of annexin-V+ CD4+ and CD8+ T-cells in s-variant subordinate compared
to dominant females. These findings indicate that subordinate rhesus monkeys with the s-variant
5HTT genotype exhibit decreased T-cell numbers perhaps compromising their ability to mount an
immune response to pathogens. These data underscore the importance for considering gene
polymorphisms that influence emotional reactivity to better understand susceptibility to disease.
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Introduction
Chronic exposure to stressors increases the risk for a wide range of adverse health outcomes,
including accelerated progression of coronary artery disease (Kaplan et al., 1983; Rozanski et
al., 1999); affective disorders (Bale, 2006; de Kloet et al., 2006) and addictive behaviors (Koob
and Kreek, 2007); and reproductive dysfunction (Berga and Loucks, 2005). In addition, chronic
activation of the stress axis also adversely affects immune function (Sapolsky, 1994),
increasing vulnerability to opportunistic disease (Miller et al., 2002; Zozulya et al., 2008).

While a number of stress paradigms have been used to study alterations in immune function
in animals (Koolhaas, 2008), a range of immune parameters are influenced by social status
(Avitsur et al., 2002; Avitsur et al., 2001; Bohus et al., 1991b; de Groot et al., 2002; Sapolsky,
1994, 1995; Stefanski, 2000). For example, following establishment of a dominance hierarchy,
subordinate rats exhibit decreased corticosteroid-binding globulin and decreased CD4 T-cells
as compared to dominant animals (Stefanski, 2000). Another model shows subordinate mice
who lost territory ownership have lower IgG proliferation and IL-2 levels (Bartolomucci et al.,
2003). Additionally, social stressors also suppress lymphocyte proliferation, reduce control of
latent herpes viruses, blunt humeral responses to immunization, and slow wound healing
(Cohen, 1999; Herbert and Cohen, 1993; Kiecolt- Glaser et al., 1995; Kiecolt-Glaser et al.,
1996; Marucha and Favagehi, 1998). These findings illustrate the relationship between
exposure to social stressors and resulting immune compromise.

The integration of stress reactivity and immune function is, however, complicated by the large
degree of individual variability that exists in response to stressors (Koolhaas, 2008). This
variability likely depends on a number of factors, for example previous exposure to stressor
and the exacerbated response to new stressors (Bhatnagar and Dallman, 1998; Ma and Morilak,
2005). Furthermore, polymorphisms in genes whose protein products influence stress reactivity
may be important. Indeed, variations in the length of the promoter region of the gene (SLC6A4)
that encodes the serotonin reuptake transporter (5HTT) affects susceptibility to psychosocial
stress and may, thus, influence individual’s immune function. 5HTT regulates 5HT
neurotransmission by recycling serotonin back into the presynaptic neurons (Soeby et al.,
2005) and is a target of the selective serotonin reuptake inhibitor (SSRI) group of anti-
depressant/anti-anxiety medications (Sen et al., 2004). The 5HTT repeat polymorphism
(5HTTLPR) produces different transcriptional efficacies, with the long allele (l) being more
transcriptionally active than the shorter allele (s) (Lesch et al., 1996; Sen et al., 2004). Thus,
the presence of two l alleles has increased levels of mRNA, 5-HT binding, and 5-HT reuptake
(Mazzanti et al., 1998) compared to the l/s or s/s (s-variant) genotype. The presence of the s
allele is associated with a higher incidence of anxiety and depression in response to life stressors
(Caspi et al., 2003; Lesch et al., 1996; Melke et al., 2001; Serretti et al., 2006; Veenstra-
VanderWeele et al., 2000). Rhesus monkeys have homologous promoter length variations in
the 5HTT gene (Lesch et al., 1997), and, like humans, the presence of the short allele has
reduced transcriptional activity (Bennett et al., 2002). Studies of this species clearly show a
gene by environment interaction, as animals with the short allele exposed to adverse rearing
conditions show more anxiety-like behaviors in standardized tests of emotionality (Bethea et
al., 2004; Champoux et al., 2002), increases in stress hormone response to social separation
(Barr et al., 2004b), and heightened preference for alcohol consumption (Barr et al., 2004a).
Furthermore, female rhesus monkeys with an s-variant 5HTTLPR genotype show a greater
behavioral reactivity and more pronounce metabolic compromise to social subordination
(Jarrell et al., 2008). Because the 5HT system is thought to contribute to T cell activation and
function (Leon-Ponte et al., 2007), polymorphisms in the gene encoding 5HTT may alter
immune function directly or by increasing reactivity to psychosocial stressors.
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The present study used socially housed adult female rhesus monkeys to determine whether
dominance status interacts with polymorphisms in the gene that encodes 5HTT to alter immune
function. Social status is a major organizing feature in macaques living in social groups as
subordinate animals are frequently harassed by dominant animals and typically lack control
over their physical and social environments (Bernstein, 1976; Bernstein and Gordon, 1974).
A consequence of social subordination is a dysregulation of the limbic - hypothalamic –
pituitary –adrenal (LHPA) axis, resulting in hypercortisolemia (Abbott et al., 2003; Shively et
al., 1997). Because the s-variant polymorphism in the SLC6A4 gene exacerbates the adverse
consequences of social subordination on a number of behavioral and physiological systems
(Jarrell et al., 2008), the present study tested the hypothesis that the consequence of
psychosocial stress imposed by subordination would be exacerbated in females with the s-
variant 5HTT polymorphism.

Methods
Subjects

Thirty adult (8 to 12 years of age) female rhesus monkeys (Macaca mulatta) housed at the
Yerkes National Primate Research Center Field Station were used in this study. Females had
been ovariectomized 12 months previously and were not receiving any exogenous hormone
replacement. Animals were fed commercial monkey chow (Ralston Purina Company, St. Louis
MO) ad libitum twice daily and seasonal fresh fruit and vegetables once a day. All procedures
were approved by the Emory University Institutional Animal Care and Use Committee in
accordance with the Animal Welfare Act and the U.S. Department of Health and Humans
Services “Guide for Care and Use of Laboratory Animals”.

All subjects had been previously screened for polymorphisms in the gene that encodes the
5HTT (Hoffman et al., 2007). Of the thirty subjects, 16 were homozygous for the long promoter
length variant in the 5HTT gene (l/l) and 14 had at least one allele for the short promoter length
variant (s-variant: l/s or s/s). Rather than being housed individually, the thirty females were
members of one of eight small social groups consisting of five monkeys each that had been
established for 8 months. Groups, regardless of size, are organized by a linear dominance
hierarchy (Bernstein, 1976) that functions to maintain group stability. This is not accomplished
through contact aggression but rather through continual harassment and the threat of
aggression. Thus, each of the 30 subjects had a specific rank within their respective groups.
These ranks were determined empirically based on the outcome of dyadic interactions in which
a female clearly emitted a submissive response to another animal (Bernstein, 1976). Using
previously established conventions (Kaplan et al., 1984), females ranked 1or 2 in their group
were classified as dominant and those ranked 3, 4, or 5 were considered subordinate. Of the
thirty females used in this analysis, 15 were dominant (eight females ranked 1 and seven
females ranked 2) and 15 were subordinate (eight females ranked 4 and seven females ranked
five). Because four of the groups were comprised entirely of females with an l/l 5HTT genotype
and four with the s-variant genotype, the distribution of subjects was: eight dominant, l/l; seven
dominant, s-variant; eight subordinate, l/l; and 7 subordinate, s-variant.

Glucocorticoid status
In order to characterize LHPA status in females, we performed a social separation test. Rhesus
monkeys are xenophobic, emitting anxiety-like behaviors and increases in LHPA activity when
separated from their groups and placed in novel environments with unfamiliar monkeys
(Gordon et al., 1992; Gust et al., 1993; Gust et al., 1992). Consequently, each subject was
removed from her group and placed in a cage in a remote room that contained unfamiliar
monkeys also temporarily housed in a single cage. The separation test lasted 30 minutes and
a plasma sample was obtained prior to the relocation immediately following the test for cortisol
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determination. Samples were assayed in the Yerkes Biomarker Core Lab using a commercially
available kit (Beckman - Diagnostic Systems Laboratory, Webster TX) having a sensitivity of
0.5 μg/dl and an intra- and inter-coefficient of variation of 4.90% and 8.45%, respectively.

Sample Collection
Whole blood (30 ml) was collected from each subject following induction of anesthesia with
ketamine (5 mg/kg, IM). The sample was collected in the morning following an overnight fast
and represents a random, baseline sample from each subject. The sample was kept on ice (4°
C) and was shipped overnight to the University of Pennsylvania. Prior to the shipment, an
aliquot was taken for the determinant of complete blood counts CBCs using a Sysmex KX 21N
instrument. Body weights were also obtained at the time of the blood sampling.

Lymphocyte studies and flow cytometry
Nine-color flow cytometric analysis was performed in the whole blood samples described
above. The antibodies used were as follows: anti-CD62L FITC (clone SK11), anti-CD4-PerCP-
Cy5.5 (clone SK3), anti-CD8- Pacific Blue (clone RTA-T8), anti-CD25 APC-Cy7 (clone M-
A251), anti-HLA-DR-APC-Cy7 (clone L243) (all from BD Bioscience, San Jose CA); Ki67-
FITC (clone B56), anti-CD3 Alexa700 (clone SP34-2), anti-CD95-PE-Cy5 (clone DX2) (all
from BD Bioscience); anti-CD28 PE-Cy7 (clone 28.2) (eBiosciences, San Diego CA). Flow
cytometric acquisition was performed on at least 100,000 events, gated on lymphocytes, on a
LSR-II flow cytometer driven by the FACSDiVa software. Analysis data was performed using
FlowJo software (Tree Star, Ashland OR).

Intracellular cytokines staining
Peripheral blood mononuclear cells (PBMCs) were isolated using density gradient
centrifugation according to standard procedures and resuspended to 1 × 106 cells/ml in
complete RPMI 1640 medium. Cells were then incubated for 4.5 h at 37°C in medium
containing PMA, A23187, and Golgi Stop. Following incubation, the cells were washed and
surface stained with anti-CD3, anti-CD4, anti-CD8, anti-CD28, and anti-CD95 for 30 min in
the dark at 4°C followed by fixation and permeabilization. After permeabilization, the cells
were washed and stained intracellularly with anti-human IL-2-APC (clone MQ1-17H12), anti-
human TNF-FITC (clone MAb11), and anti-human IFN-PE (clone B27) Abs (all from BD
Biosciences) for 1 hour in the dark at 4°C. Following staining, the cells were washed and fixed
in PBS containing 1% paraformaldehyde. In all experiments, at least 50,000 lymphocytes were
acquired.

Cell death analysis
Levels of baseline (ex vivo), spontaneous (48 hours incubation without stimulus), and
activation induced (48 hours incubation with concanavalin A) cell death was determined in
PBMC isolated. Cell death was measured by multicolor flow cytometry in both CD3+CD4+

and CD3+CD8+ T-cells following staining with Annexin V-PE (BD Biosciences).

Statistical Analysis
Data are expressed as mean ± sem for each social status – 5HTT genotype group. Data were
analyzed using analysis of variance models. Multiple comparisons used the Bonferroni post
hoc test. Statistical values having a p < 0.05 were considered significant.
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Results
Characteristics of the groups

There was a significant status by genotype interaction for body weight (p = 0.01). Dominant
l/l females were significantly heavier (8.49 ± 0.49 kg) than dominant s-variant animals (7.08
± 0.29 kg). While subordinate l/l females (6.52 ± 0.29 kg) and s-variant females 6.93 ± 0.59
kg) weighed the least. Results from CBCs for each of the groups are illustrated in Table 1.
There was a significant status by genotype interaction for platelet counts (p=0.031), due to the
subordinate s-variant females having significantly higher counts compared to the dominant s-
variant females. Additionally, there was a significant main effect of status in the following
parameters: (i) percentage of segmental neutrophils (segs) whereby subordinate females had
a significantly higher percentage of segs than dominant females (p = 0.013); (ii) number of
lymphocytes (lymphs) with subordinate females having a significantly lower number of
lymphocytes compared to dominant subjects (p = 0.001); (iii) percentage of total white blood
cells that are lymphocytes (lymphs %) with subordinate females having a significantly lower
% of lymphs compared to dominant females (p = 0.02).

Figure 1 illustrates the response in plasma cortisol to the social separation test. As can be seen,
subordinate females showed a significantly greater increase in cortisol compared with
dominant females (p = 0.03). There was no significant effect of genotype (p = 0.44) or status
by genotype interaction p = 0.14).

Levels of T cells and their main subsets
Multiparametric flow cytometry analysis of CD3+ CD4+ and CD3+ CD8+ T-cells in the
peripheral blood was performed to assess how status and genotype influenced the peripheral
compartment of T lymphocytes. As shown in Figure 2, the percentage of T-cells expressing
CD4+ and CD8+ did not differ between groups (left panel). However, subordinate animals
showed a significant reduction in the absolute number of CD4+ (p<0.05: dominant, l/l vs.
subordinate l/l; p<0.001: dominant, s-variant vs. subordinate, s-variant) and CD8+ (p<0.05:
dominant, s-variant vs. subordinate, s-variant) T-cells compared to the dominant females,
independent of 5HTT polymorphism (right panel).

The distribution of different T-cell subtypes in both CD4+ and CD8+ T-lymphocytes based on
the expression of CD28 and CD95 was assessed as previously described (Pitcher et al.,
2002). CD4+ and CD8+ are defined as naïve (TN,), central memory (TCM) and effector memory
(TEM) T-cells based on their functionality and the expression of specific surface markers.
Specifically, naïve cells were identified as CD28+ CD95-, and memory cells as CD95+;
memory T-cells were further divided in TCM and TEM based on their ability to express
(TCM) or not express (TEM) CD62L. No group differences were observed, as all the subsets,
i.e. TN, TCM, and TEM, were present at the same levels in the four groups of animals in both
CD4+ and CD8+ lymphocytes. Taken together, these data suggest that the size of the T-cell
compartment, but not the balance in the different subpopulations, is affected by social status,
independent of 5HTT polymorphism.

T cell activation and proliferation
The level of immune activation in CD4+ and CD8+ T-lymphocytes, using common surface
(HLA-DR, CD25, CD69) and intracellular (Ki67) markers of activation and proliferation was
assessed by multicolor flow cytometric analysis. Comparing the fraction of CD4+ and CD8+
T-cells that express those markers in all the studied groups, showed that subordinate animals,
independent of 5HTT polymorphism, had increased levels of T-cell activation and proliferation
compared to dominant females (Figure 3, left panel for CD4, right panel for CD8). In particular,
subordinate l/l females had a significantly greater expression of Ki67 and CD25 in CD4+ T-
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lymphocytes (p<0.05) compared to dominant l/l females while subordinate, s-variant showed
a significant increased expression of CD25 on CD4+ (p<0.05) and HLA-DR in both CD4+ and
CD8+ T-cells (p<0.01) compared to dominant s-variant females. Collectively, these findings
indicate that the social subordination results in increased levels of activation and proliferation
of their main T-cell subsets. Interestingly, this increased activating/proliferating status does
not result in an overall expansion but rather in a reduction of T-cell number (Figure 2).

T lymphocytes susceptibility to activation induced cell death
When T-cells are activated and proliferate, they become more susceptible to activation-induced
cell death (AICD) (Krammer et al., 2007). To determine if the increased activation found in
subordinate animals results in increased susceptibility to AICD, T-cells were assessed for their
responsiveness to annexin-V, a molecule with high affinity for phosphotydilserine extensively
used to identify apoptotic cells. This determination was performed ex vivo (baseline cell death)
and after 48 hours in culture without (spontaneous cell death) or with a mitogenic
(Concanavalin A, Con A) stimulus (activation induced cell death, AICD). Annexin-V staining
in CD4+ and CD8+ T-cells ex vivo and after 48 hours stimulation with Con A is shown in a
representative subject (Figure 4, panel A). Consistent with the increased levels of immune
activation, subordinate females showed high levels of annexin V+ expression after 48 hours
in culture with Con A compared to dominant animals. Specifically, subordinate s-variant
females had significantly (p<0.01) higher levels of both CD4+ and CD8+ T-lymphocytes
expressing annexin-V compared with dominant s-variant females (panel B). These data,
combined with those reported in Figures 2 and 3, indicate that the psychosocial stress
experienced by subordinate animals may profoundly impact the homeostasis of their immune
system, resulting in abnormal levels of activation, proliferation, and cell death of the T-cell
compartment that are ultimately associated with reduced size of the overall T-cell pool.

Ability of T cells to produce cytokines
Finally, the ability of T-cells to produce cytokines was assessed as a function of status and
genotype. Using intracellular cytokine staining assay, the fraction of CD4+ and CD8+ T-cells
producing IFNγ, IL-2, and TNFα following in vitro activation with PMA and Ionomycin was
determined. As shown in Figure 5, the fraction of T-cells producing cytokines were similar in
all studied groups, indicating that neither social status nor 5HTT polymorphisms affect this
function of T-cells.

Discussion
The purpose of this study was to determine whether social status interacts with a polymorphism
in the gene encoding 5HTT to help explain the individual variability observed in female rhesus
monkeys’ immune function. We hypothesized the s-variant 5HTT genotype may be associated
with altered immune function because of heightened stress reactivity. However, our assessment
of LHPA function showed that plasma cortisol in response to the social separation test was
significantly elevated in subordinate females compared to dominant animals regardless of
genotype. While subordinate females as a group were more compromised than dominant
animals, we still observed significant status by genotype interactions on several parameters of
immune function, suggesting indeed the s-variant genotype can exacerbate the consequences
of social subordination. Characteristically, subordinate females showed significantly greater
reactivity to a psychosocial stressor (Abbott et al., 2003; Sapolsky, 2005) as well as lower body
weight, increased percentage of segmental neutrophils, decreased levels of lymphocytes (both
as absolute numbers and percentage of white blood cells), and increased platelet count,
specifically in s-variant females. Significant differences between dominant and subordinate
animals were observed in levels of lymphocyte production, T-cell activation and proliferation,
and T-cell death. The s-variant 5HTT genotype did not exacerbate the effects of social status
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on T-cell production, activation and proliferation, but it did influence the level of T-cell cell
death in dominant versus subordinate animals. Specifically, subordinate s-variant animals had
significantly higher levels of both CD4+ and CD8+ T-lymphocytes expressing annexin V+
compared to dominant s-variant females, thus indicating that T-cells of s-variant subordinate
females were most susceptible to activation induced cell death.

Despite the fact that the percentage of both CD4+ and CD8+ T-cells were similar in all groups,
subordinate animals showed a significant reduction in the absolute number of CD4+ and CD8
+ T-cells compared to dominant animals, independent of 5HTT. The reduction in T-cell
numbers observed in subordinate animals has been well documented in social confrontation
studies conducted in Long-Evans rats. After two days of continuous social confrontation, total
numbers of CD4+ and CD8+ T-cells in subordinate males declined significantly compared to
control males that were kept undisturbed in pairs (Stefanski and Engler, 1999). Similarly,
assembled colonies of unfamiliar rats resulted in establishment of a dominance system whereby
a marked decrease of CD4+ and CD8+ T-cells was observed in subordinate rats (Stefanski et
al., 2001). These studies, in conjunction with the findings of the present study, indicate that
subordinate animals subjected to chronic social stress exhibit altered immunological status and
reduced numbers of T-cells. Because T-helper cells (CD4+) are the key orchestrators of the
immune response and are necessary for the activation of major effector cells, including
cytotoxic T-cells (CD8+) and antibody producing B-cells, a decrease in CD4+ T-cell
production may result in subordinate animals having a weakened immune response to invading
pathogens and thus, an increased susceptibility to disease.

Although absolute CD4+ and CD8+ T-cell counts were significantly reduced in subordinate
female rhesus monkeys, the balance between the different T-cell subsets was not affected by
a subject’s 5HTT genotype or social status. The distribution of naïve, central memory, and
effector memory T-cell subsets was consistent amongst all four groups of animals and suggests
that neither social status nor 5HTT genotype influences T cell subtype balance. However, in
contrast to T-cell subtype balance, social status influenced levels of CD4+ and CD8+ T-
lymphocyte activation and proliferation as measured by expression of common surface (HLA-
DR, CD25, CD69) and intracellular (Ki67) markers of activation and proliferation.
Specifically, the subordinate females who showed increased secretion in cortisol in response
to a psychosocial stressor had increased levels of activation and proliferation of their T-cell
compartments. Previous studies conducted in male and female rats in colonies found an almost
complete suppression of all lymphocyte subclasses and lower proliferation to the mitogens
ConA and phytohemagglutinin A (PHA) in subordinate rats (Bohus et al., 1991a; Bohus et al.,
1993). Similarly, a decrease in T-cell proliferation was observed in response to the mitogen
ConA in subordinate male rats in colonies of unfamiliar rats who established a dominance
system (Stefanski et al., 2001). It is important to note that the aforementioned rodent studies
considered in vitro proliferative potential, i.e. the ability of cells to proliferate in response to a
mitogenic stimulus. The present study examined ex vivo proliferation, i.e. the levels of cells
that are proliferating in the blood of the animals, and thus differences between in vitro and ex
vivo proliferation may exist.

While we observed significant differences in the proliferative capacity of CD4 and CD8
positive cells, no group differences in cytokine production were detected. Several factors may
account for this discrepancy. First, levels of proliferation were assessed ex vivo, whereas
cytokine production was measured after in vitro stimulation with PMA and Ionomycin.
Another factor to take in account is that the changes induced by the stress of subordination on
cytokine production may be below the limit of detection of the technique used. Furthermore,
proliferating T cells are more susceptible to activation induced cell death, which may render
these cells more susceptible to die after in vitro stimulation, thus reducing their ability to
produce cytokines upon restimulation.
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Although T cell proliferation was elevated in the subordinate female rhesus monkeys, ultimate
expression of absolute numbers of CD4+ and CD8+ T-cells was reduced. This phenomenon
may be explained by the significantly higher levels of annexin-V expression observed in
subordinate monkeys, indicating that these subjects’ CD4+ and CD8+ T-cells were more
susceptible to die of activation induced cell death (AICD). These findings suggest that
subordinate rhesus monkeys may react differently than subordinate rodents who experienced
a decreased T-cell proliferation, to chronic psychosocial stress by initially mounting an
elevated immune response by increasing T cell activation and proliferation followed by AICD
and suppression of the immune response as evidenced by a reduction in absolute numbers of
T-cells. It is important to note that the higher levels of annexin-V+ expression observed in
subordinate females compared to dominant females was especially prominent in those females
with the s-variant 5HTT polymorphism. Thus, it seems that the s-variant polymorphism may
exacerbate a subordinate rhesus monkey’s susceptibility to T-lymphocyte cell death through
AICD. T-lymphocyte cell death through AICD may thus be specific to the s-variant
polymorphism, as this mechanism did not account for the reduction in T-cell numbers observed
in subordinate l/l females.

Recently, the presence of 5HTT mRNA and protein was observed in different lymphocyte
subsets in rhesus monkeys (Yang et al., 2007). CD3+CD4+ T-lymphocytes, in particular, were
are 5HTT immunoreactive, by multicolor flow cytometry (Yang et al., 2007). This finding, in
conjunction with our observation of increased susceptibility to AICD in subordinate s-variant
females’ T-lymphocytes, suggests that 5HT may influence the degree of T-lymphocyte cell
death through 5HTT. Indeed, the number of lymphocytes expressing the 5HTT is reduced in
patients with major depression (Fazzino et al., 2008), a psychiatric condition thought to be due
to LHPA dysregulation (Ressler and Nemeroff, 2000). Similar to the observations made in the
present study, depressed patients also show increased T cell proliferation that is not influenced
by ConA (Fazzino et al., 2008). Consequently, the genetic polymorphism in 5HTT resulting
in s-variant genotypes may be more likely to exhibit altered immune function as a result of
increased T-cell cell death and hence may be more susceptible to diseases caused by invading
pathogens. These data are consistent with a number of studies showing that 5HT contributes
to T cell activation and function (Frick et al., 2008; Leon-Ponte et al., 2007). Importantly, 5HT
attenuates cell death in human monocytes (Soga et al., 2007) and there is some evidence that
increased 5HT activity resulting from treatment with SSRIs can increase natural killer cell
immunity and protect against opportunistic infection (Evans et al., 2008). Because diminished
5HT neurotransmission is a typical characteristic of the s-variant 5HTT genotype (Lesch et al.,
1997), one could have predicted a main effect of genotype on immune status in our subjects,
independent of social status. However, the prominent effect of genotype we observed in this
analysis was evident in its interaction with social status. This could be the result of heightened
stress reactivity in subordinate, s-variant females. However, the cortisol response to the social
separation test did not show any differences in subordinate females as a function of genotype.

Alternatively, because the 5HT system can be compromised by chronic exposure to
psychosocial stressors (Dinan, 1996; Graeff et al., 1996), 5HT may be most compromised in
subordinate s-variant females resulting in a greater immune system dysfunction. This would
account for the increased susceptibility to cell death exhibited by subordinate s-variant females.

The present study provides a unique model to study how psychosocial stress may interact with
genetic polymorphisms to influence individual variability in T-cell phenotype and function.
Given the increased activation of the LHPA axis that results from the imposition of social
subordination, this model provides an ethologically relevant paradigm of chronic psychosocial
stress in individuals. Additionally, the ability to evaluate the genetic contribution to this
vulnerability contributes to the utility of this model. We must emphasize that our sample size
was not adequate to fully determine the genetic contributions of polymorphisms in the gene
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encoding the 5HTT and it is entirely likely that many genes influence the phenotypes examined
in this study. The data from the present study can best serve as the foundation for broader
linkage and association analyses to understand individual differences in immune function and
susceptibility to disease. In future studies, this unique model may be utilized to answer key
questions that could help elucidate mechanisms linking environmental stressors with altered
immune function in addition to explaining co-morbidities such as altered neurotransmitter
function seen in depression and decreased immune function.
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Figure 1.
Mean ±sem plasma cortisol at baseline, immediately following the social separation test, and
the change from baseline to the post separation sample in dominant (“D”) and subordinate
(“S”) female of both 5HTT genotypes (l/l or “l” and s-variant or “s”).
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Figure 2.
Social status (dominant or “D” vs. subordinate or “S”), independently by 5HTT polymorphism
l/l or “l” vs s-variant or “s”), affects the level of the T cell compartment. (A) Levels (mean ±
S.D.) of CD4+ and CD8+ T lymphocytes are showed in the four studied groups both as
percentage of the total CD3+ T cell population (left panel), and absolute number for mm3 (right
panel). Statistically significant differences were indicated with * for p<0.05 and *** for
p<0.001.
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Figure 3.
Social status (dominant or “D” vs. subordinate or “S”), independently by 5HTT polymorphism
l/l or “l” vs s-variant or “s”), affects the level of activation and proliferation of T cells. The
percentage (mean ± S.D.) of CD4+ (left panel) and CD8+ (right panel) T cells expressing the
activation markers DR and CD25 and the proliferating markers Ki67 are reported in the four
studied groups. Statistically significant differences were indicated with * for p<0.05 and **
for p<0.01.
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Figure 4.
Social status (dominant or “D” vs. subordinate or “S”) affects T lymphocytes susceptibility to
activation induced cell death. (A) Annexin V staining is showed in CD4+ and CD8+ T cells
from a representative rhesus monkey ex vivo and after 48 hours stimulation with Concanavalin
A (Con A). (B) The percentage (mean ± S.D.) of CD4+ (left panel) and CD8+ (right panel) T
cells expressing annexin V is reported in the four studied groups at three different conditions:
ex vivo (baseline), after 48 hours in culture without (spontaneous) or with Con A stimulus
(activation induced cell death, AICD). Statistically significant differences were indicated with
** for p<0.01.
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Figure 5.
Effects of social status (dominant or “D” vs. subordinate or “S”) and 5HTT polymorphism l/
l or “l” vs s-variant or “s”) on the levels of T cell cytokines production. Percentage (mean ±
S.D.) of CD4+ (left panel) and CD8+ (right panel) T cells producing IFNγ, IL-2, and TNFα
following in vitro activation was assessed by intracellular cytokine staining in the four studied
groups.
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Table 1
Results of complete blood counts (CBCs) (mean ± sem) for each social status – 5HTT genotype group. For a given
measure, different lettered superscripts indicate groups differ significantly (P < 0.05).

Dominant, l/l Subordinate, l/l Dominant, s- variant Subordinate, s- variant

RBC 6.09 ± 0.16 5.82 ± 0.24 5.83 ± 0.19 5.66 ± 0.16

WBC 6625 ± 844 6871 ± 822 7663 ± 584 7700 ± 1573

Hgb 13.5 ± 0.45 12.8 ± 0.63 13.1 ± 0.41 12.5 ± 0.49

Hct 43.7 ± 1.24 41.7 ± 1.55 42.3 ± 1.40 41.0 ± 1.51

MCV 71.8 ± 0.78 72.0 ± 2.70 72.5 ± 0.97 72.4 ± 1.41

MCH 22.1 ± 0.38 22.2 ± 1.15 22.5 ± 0.43 22.1 ± 0.52

MCHC 30.8 ± 0.34 30.7 ± 0.60 31.1 ± 0.30 30.6 ± 0.20

Pltx1000 413 ± 46a 387 ± 35a 313 ± 27b 468 ± 48c

Segs 3451 ± 991a 4315 ± 799a 3160 ± 244a 5246 ± 1610a

Segs % 46.8 ± 7.0a 60.9 ± 5.2b 43.1 ± 4.6a 60.9 ± 6.7b

Lymphs 2754.4 ± 206a 2146.7 ± 227b 4065.9 ± 538a 2164.6 ± 104b

Lymphs % 46.3 ± 5.8a 33.4 ± 4.8b 51.4 ± 4.0a 34.4 ± 6.0b

Monos 159.4 ± 36 195.9 ± 50 159.5 ± 58 132.3 ± 26

Monos % 2.5 ± 0.5 2.9 ± 0.7 2.0 ± 0.7 2.0 ± 0.5

Eos 253 ± 64.5 214 ± 70.0 257 ± 80.2 158 ± 45.6

Eos % 4.4 ± 1.24 2.86 ± 0.70 3.25 ± 0.94 2.71 ± 0.86

Baso 7.13 ± 7.13 0 ± 0 10.4 ± 10.4 0 ± 0

Baso % 0.13 ± 0.13 0 ± 0 0.13 ± 0.13 0 ± 0

Bands 0 ± 0 0 ± 0 9.75 ± 9.75 0 ± 0

Bands % 0 ± 0 0 ± 0 0.13 ± 0.13 0 ± 0
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