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Abstract

Socially inhibited individuals show increased vulnerability to viral infections, and this has been
linked to increased activity of the sympathetic nervous system (SNS). To determine whether
structural alterations in SNS innervation of lymphoid tissue might contribute to these effects, we
assayed the density of catecholaminergic nerve fibers in 13 lymph nodes from 7 healthy adult rhesus
macaques that showed stable individual differences in propensity to socially affiliate (Sociability).
Tissues from Low Sociable animals showed a 2.8-fold greater density of catecholaminergic
innervation relative to tissues from High Sociable animals, and this was associated with a 2.3-fold
greater expression of nerve growth factor (NGF) mRNA, suggesting a molecular mechanism for
observed differences. Low Sociable animals also showed alterations in lymph node expression of
the immunoregulatory cytokine genes IFNG and 1L4, and lower secondary IgG responses to tetanus
vaccination. These findings are consistent with the hypothesis that structural differences in lymphoid
tissue innervation might potentially contribute to relationships between social temperament and
immunobiology.
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INTRODUCTION

One of the most prominent dimensions of stable individual difference in behavior involves the
propensity to affiliate with others (Gosling, 2001; Goldberg, 1993; Kagan, 1994; Rothbart, et
al., 1994). Some individuals are drawn to novel social experiences and readily interact with
others (High Sociable), whereas other individuals tend toward social withdrawal, particularly
in the presence of strangers (Low Sociable). Individual differences in Sociability are conserved
across vertebrate evolution (Gosling, 2001; Capitanio, et al., 1999; Capitanio and Widaman,
2005) and over individual development (Kagan, 1994), with neurobiological antecedents
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observable in utero (Kagan, 1994) and behavioral manifestations in early infancy (Kagan and
Snidman, 1991; Plomin and Rowe, 1979). A diverse array of psychological processes have
attempted to explain individual differences in Sociability, including social inhibition (Kagan,
1994), introversion (Eysenck and Eysenck, 1985), behavioral inhibition (Rothbart, et al.,
1994; Gray, 1991; Carver and White, 1994), social anxiety (Liebowitz, et al., 1985), rejection
sensitivity (Kramer, 1997), reward dependence (Cloninger, 1986), and emotional reactivity
(Eisenberg, et al., 1995). A common theme in these theories is the hypothesis that individual
differences in social behavior stem from underlying variations in central nervous system (CNS)
affective responses to threat or uncertainty (Schwartz, etal., 2003; Kramer, 1997; Westergaard,
etal., 1999). Consistent with that perspective, low Sociability has also been linked to increased
activity of stress-responsive peripheral systems, including activity of the sympathetic nervous
system and hypothalamic-pituitary-adrenal axis (Block, 1957; Buck, et al., 1974; Jones,
1935, 1950, 1960; Kagan, 1994; Kagan, et al., 1988; Stansbury and Gunnar, 1994; Fox, et al.,
2005).

Clinicians have long observed that Low-Sociable individuals seem to fall at increased risk for
a variety of immune-mediated diseases, including viral infections, autoimmune diseases, and
allergic reactions (Kagan, 1994). Empirical studies have supported this hypothesis in finding
heightened vulnerability to viral upper respiratory infections (Broadbent, et al., 1984; Cohen,
etal., 1997; Totman, et al., 1980; Cohen, et al., 2003), atopic allergy (Bell, et al., 1990; Gauci,
et al., 1993; Kagan and Snidman, 1991), delayed type hypersensitivity reactions (Cole, et al.,
1999), and HIV-1 disease progression (Cole, et al., 1997; Cole, et al., 2003) in Low-Sociable
people, and heightened Simian Immunodeficiency Virus (SIV) disease pathogenesis in Low-
Sociable rhesus monkeys (Capitanio, et al., 1999). In the context of HIV/SIV infection,
Sociability-related differences in pathophysiology have been linked to variations in autonomic
nervous system (ANS) activity (Cole, et al., 2003). A central question of current research in
this area involves understanding which specific aspects of peripheral neurobiology link
individual differences in Sociability to variations in the biology of disease.

Secondary lymphoid organs represent a key physiologic context for the biology of immune-
mediated disease by serving as the primary environment in which antigen presenting cells from
the innate immune response interact with naive antigen-specific lymphocytes to generate
adaptive immune responses (von Andrian and Mempel, 2003). In the context of lymphotropic
infections such as HIVV-1 and SIV, these tissues also constitute primary sites of viral replication
and immunopathogenesis (Fox, et al., 1991; Fauci, 1988). One pathway by which Sociability-
related differences in ANS activity might impact immune system biology involves the
innervation of lymphoid tissues by nerve fibers from the sympathetic nervous system (Felten,
et al., 1987; Bellinger, et al., 2001; Nance and Sanders, 2007). Sympathetic nerve fibers
innervate all primary and secondary lymphoid organs (Felten, et al., 1984; Felten, et al.,
1985; Nance and Sanders, 2007), where they release the catecholamine neurotransmitter
norepinephrine from varicosities situated periodically over the length of the fiber (Bellinger,
etal., 2001). Catecholaminergic innervation of lymphoid tissue can regulate a wide variety of
immunologic processes (Madden, et al., 1994; Carlson, et al., 1997; Kohm and Sanders,
1999; Sanders and Straub, 2002; Nance and Sanders, 2007) and are implicated in the
pathophysiology of lymphotropic viral infections (Sloan, et al., 2006; Sloan, et al., 2007b).

Most analyses of lymphoid innervation have implicitly presumed that functional alterations in
neural activity constitute the primary mechanism by which behavioral factors regulate
lymphoid tissue biology (Shimizu, et al., 1994). However, recent studies have identified a
surprising degree of plasticity in the structure of lymphoid tissue innervation (Madden, et al.,
1997; Kelley, et al., 2003; Sloan, et al., 2006; Sloan, et al., 2007b; Sloan, et al., 2007c). In the
present research, we sought to determine whether individual differences in Sociability might
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be linked to alterations in the structure of lymphoid tissue sympathetic innervation in ways that
might ultimately contribute to differences in immune system biology.

MATERIALS AND METHODS

Subjects

Analyses were carried out on 13 axillary lymph nodes biopsied from 7 adult male rhesus
macaques. Animals ranged in age from 5.3-9.4 years (mean 7.2 years), and all served as non-
infected control animals for a larger study of SIV pathogenesis in 36 animals (Capitanio, et al.,
2008). SIV-infected animals were not included in this study of Sociability-related differences
in lymphoid innervation to avoid the potentially confounding effects of lymphotropic viral
infection on innervation density (Sloan, et al., 2006; Sloan, et al., 2007¢). Behavioral
characterization was carried out as previously described (Maninger, et al., 2003; Capitanio, et
al., 2008), with monkeys observed in their outdoor, half-acre, natal cages for 20 x 5-min periods
by human observers for two-week periods. Observers demonstrated > 85% agreement on
behavioral categories. Following behavioral coding, monkeys were rated by the observers
using an inventory of 50 social-behavioral traits
(http://psychology.ucdavis.edu/capitanio/rhesus_personality.pdf). Ratings that demonstrated
adequate inter-rater agreement and reliability were factor-analyzed, and a four-factor solution
was found (Maninger, et al., 2003) and subsequently confirmed (Capitanio and Widaman,
2005). The Sociability factor (Cronbach’s alpha = 0.92) comprised the traits “affiliative and
companionable’ (defined as ‘seeks out social contact with other animals’), ‘warm and
affectionate’ (defined as “seeks or elicits bodily closeness, touching or grooming”) and reverse-
scored ‘solitary’ (defined as “prefers to spend alone or avoids contact with other animals’).
Animals selected for the SIV study had Sociability z-scores ranging from +0.52 to +2.02 (HS:
High Sociability) and from —0.53 to —2.02 (LS: Low Sociability). Following Sociability
assessment, the animals described here were selected to be non-infected controls for the larger
study (Capitanio, et al., 2008), and moved to individual indoor cages. Animals were inoculated
with saline 22 months later, and axillary lymph nodes were biopsied after a further 9.5 months
prior as previously described (Capitanio, et al., 2008; Sloan, et al., 2006). All procedures were
carried out under protocols approved by the Institutional Animal Use and Care and University
Institutional Review Boards at the University of California, Davis and Los Angeles campuses.

Lymph node innervation

Six lymph nodes from 3 HS macaques and 7 lymph nodes from 4 LS macaques were randomly
selected for histological analysis. The distribution of catecholaminergic varicosities was
mapped in 16 pm cryostat sections using glyoxylic acid chemofluorescence as previously
described (de la Torre and Surgeon, 1976; Sloan, et al., 2006). To estimate the density of
functional innervation, we used the stereological approach described by Mouton (Mouton,
2002) to quantify the number of catecholaminergic varicosities (sites of norepinephrine release)
(Sloan, et al., 2006). Briefly, each lymph node section was digitally imaged over its entire
surface at 200x magnification using an Axioskop 2 microscope and color camera (Zeiss,
Thornwood NY). Individual images were assembled to compose a single digital file of the
entire organ section, and a grid of 250 um? tissue units was superimposed. Within each tissue
unit, the number of catecholaminergic varicosities was counted. Innervation density was
estimated at the level of the whole lymph node, and within functionally distinct anatomical
regions - paracortex, cortex, and medulla — that were identified by a veterinary pathologist
(author RPT) blinded to localization of catecholaminergic fibers. All assays were carried out
blind to information on Sociability classification.
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Expression of neurotrophic factors and cytokines

Real-time RT-PCR was used to quantify NGF, IFNG, and IL4 mRNA in 3 mg of tissue from
each of the lymph nodes analyzed. Total RNA was isolated using RNeasy (Qiagen, Valencia
CA), and cDNA was synthesized by iScript reverse transcriptase according to the
manufacturer’s protocol (Biorad, Hercules CA). NGF was assessed by real-time PCR utilizing
iQ SYBR Green Supermix (Biorad) with 45 PCR amplification cycles of 15 sec of strand-
separation at 95° C and 60 sec of annealing and extension at 60° C. Triplicate determinations
on each individual lymph node sample were quantified by threshold cycle analysis of SYBR
Green fluorescence intensity using iCycler software (BioRad), and normalization to parallel-
amplified GAPDH mRNA (Collado-Hidalgo, et al., 2006). Primer sequences were verified to
amplify macaque RNA, and were (NGF) F 5-GTTTTACCAAGGGAGCAGCTTTC-3'R 5'-
TAGTCCAGTGGGCTTGGGGGA-3', and (GAPDH) F 5'-
GAAGGTGAAGGTCGGAGTC-3' R 5-GAAGATGGTGATGGGATTC-3". Parallel real-
time RT-PCR analyses of macaque IFNG, 1L4, and ACTB mRNA were carried out using
TagMan gene expression assays (Rh02621721 m1, Rh02621716_m1, and Hs99999903 m1,
respectively; Applied Biosystems, Foster City CA) and Quantitect Probe RT-PCR enzymes
(Qiagen, Valencia CA) following the manufacturer’s protocol.

Secondary IgG response to vaccination

Following collection of a 3 ml baseline blood plasma sample, each animal received a 0.5-ml
tetanus toxoid booster immunization (Colorado Veterinary Products/Colorado Serum
Company, Denver, CO) intramuscularly. Subsequent 3 ml blood samples were drawn at 2
weeks and 9 months post-immunization. Plasma samples were stored at —80°C and assayed
for tetanus-specific 1gG using an enzyme-linked immunosorbent assay as previously described
(Maninger, etal., 2003; Capitanio, et al., 1998). Lymph nodes were biopsied at least 10 months
after vaccination to ensure that any acute reactive tissue structure had abated.

Statistical analyses

To determine whether lymph node innervation density differed as a function of Sociability,
nested hierarchical linear model analyses were carried out using SAS v9.1 PROC MIXED
(SAS Institute, Cary NC) to analyze the density of catecholaminergic varicosities in tissue units
of lymph nodes biopsied from HS and LS animals. To ensure independence of residuals,
analyses controlled for differences in innervation density across individual lymph nodes
(treated as a random factor nested within individual macaques), and across individual macaques
(treated as a random factor nested within the fixed experimental factor of HS vs. LS) (Miller,
1986). Parallel linear model analyses treated Sociability z-scores as a continuous measure of
individual differences. RT-PCR data were analyzed in parallel using a hierarchical linear model
analysis that controlled for correlation among the triplicate determinations of mMRNA
concentration in each lymph node specimen.

To assess the potential contribution of differential NGF expression to differential innervation
density, statistical mediation analyses were conducted in the context of hiearchical linear
models (Hoyle and Kenny, 1999; Baron and Kenny, 1986). A “total effects” analysis first
quantified the entire relationship between Sociability and lymph node innervation density (i.e.,
the effect stemming from all sources: NGF + other influences). A subsequent “mediated model”
controlled for any variation in innervation density that could be attributed specifically to
NGF, and assessed the residual effect of Sociability (i.e., that attributable to other mediators).
Mediation was quantified as the percent of total Sociability-related variance in innervation that
was attributable specifically to differences in NGF expression, and Sobel’s test (Hoyle and
Kenny, 1999) assessed the statistical significance of the mediated pathway. To determine
whether changes in NGF expression might potentially account for all systematic relationships
between Sociability and innervation density, residual non-NGF effects of Sociability were
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tested for statistical significance (with non-significance of residual effects indicating that
NGF variation is sufficient to account for all systematic relationship between Sociability and
innervation density) (Hoyle and Kenny, 1999; Baron and Kenny, 1986). Parallel mediation
analyses were carried out to examine the role of differential innervation in relationships
between Sociability and vaccine-induced 1gG responses.

Characterization of Sociability

Rhesus macaques were classified as High Sociable (HS: falling in the upper 1/3 of the
Sociability distribution) or Low Sociable (LS: falling in the lower 1/3 of the Sociability
distribution) based on trained observer ratings of affiliative/companionable behavior, warm/
affectionate behavior, and (reverse-scored) solitary behavior in their field cages. HS and LS
animals differed substantially in rated levels of “affiliation” (HS: range 4.5-6.0 vs. LS: 3.0 -
3.5), ‘warm’ (HS: 4.5-5.5vs. LS: 1.0 - 3.0) and ‘solitary’ (HS: 1.5-3.0 vs. LS: 3.5-5.5)
(Table 1). Analysis of specific behaviors confirmed the trait rating-based distinction between
HS and LS animals, with HS animals showing significantly greater frequencies of initiating
and receiving approaches to within arm’s reach (HS: 98.3 £ 4.9 (mean + SEM) vs. LS: 67.5 =
6.8; p =.02), and marginally greater frequencies of physical contact (HS: 204.3 + 10.1 vs. LS:
131.0 £ 23.6; p =.053) and grooming (HS: 125.7 + 7.88 vs. LS: 90.5 + 11.20; p =.063).

Lymph node sympathetic innervation

To determine whether lymph node innervation patterns differed in HS vs. LS animals, we used
glyoxylic acid chemofluorescence to map the distribution of parenchymal and perivascular
catecholaminergic neural fibers in randomly selected 16 pm sections from 13 axillary lymph
nodes (Figure 1a, b). LS animals showed significantly greater density of lymph node
sympathetic innervation than did HS animals (Figure 1c). Across 4,574 individual 250 pm?
lymph node tissue units analyzed in a hierarchical linear model (tissue units nested within
lymph node, lymph node nested within animal, and animal nested within LS vs HS group), the
absolute density of parenchymal catecholaminergic varicosities averaged 1.08 per unit (£ 0.11)
for HS animals vs. 3.05 (£ 0.32) for LS animals (p < 0.0001). Individual differences across
animals accounted for 42.5% of the total systematic variance in innervation density across
lymph nodes (p <.0001), with localized effects specific to each lymph node (i.e., nested within
individual) accounting for 57.5% (p <.0001). Of the 42.5% of systematic variance attributable
to total individual differences, variations in Sociability accounted for 38.6% (i.e., 16.8% of
total variability; p <.0001), with 61.4% attributable to other individual-specific factors (i.e.,
26.7% of total variability; p <.0001). Expressed in terms of effect size correlations, replicate
observations from the same animal showed a correlation of r = +.132, localized effects specific
to each individual lymph node contributed a correlation of r = +.194, and effects of Sociability
contributed r = +.105 (all correlations adjusted for confounding with other effects). Similar
results emerged in analyses treating Sociability z-scores as a continuous measure of individual
differences, with each 1-SD increase in Sociability associated with 0.79 (x 0.12) fewer
parenchymal catecholaminergic varicosities per 250 um? tissue unit (p <.0001; Figure 1d).
Sociability-related differences occurred specifically within the parenchyma of the lymph node
and did not affect the density of perivascular catecholamineric varicosities (absolute densities
averaged 0.18 £ 0.06 for HS animals vs. 0.23 + 0.08 for LS animals, difference p =.641) (Figure
1c).

Analyses carried out within functionally distinct anatomic subregions of the lymph node found
elevated parenchymal innervation in LS animals within all major anatomic subcompartments
(Figure 2). These effects were most pronounced in the paracortex, where innervation density
was elevated by 4.12-fold in LS animals relative to their HS counterparts (p <.0001).
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Innervation density was increased by 3.26-fold in the medulla (p =.0070), and by 3.10-fold in
the cortex (p =.0011). Across these anatomic subcompartments, the magnitude of innervation
difference associated with Sociability increased in direct proportion to the basal density of
sympathetic innervation (i.e., the largest differential density was observed in the paracortex,
which also showed the highest basal innervation density). Similar results emerged in analyses
of continuous individual differences, with each 1-SD increase in Sociability associated with
an average 4.47 + 0.92 fewer catecholaminergic varicosities per tissue unit in the paracortex
(p <.0001), an average —0.91 * 0.25 fewer in the medulla (p =.0003), and an average —0.24
0.09 fewer in the cortex (p =.0082; data not shown).

NGF gene expression

To determine whether observed differences in the catecholaminergic innervation of lymphoid
tissue might stem from alterations in the expression of NGF, the key neurotrophic factor that
supports growth and maintenance of peripheral sympathetic fibers (Levi-Montalcini, 1987;
Farinas, 1999), we assayed expression of NGF mRNA using quantitative RT-PCR. Results
showed significantly greater concentration of NGF mRNA in lymph nodes from LS animals
(2.3-fold elevation relative to HS animals, p <.0001) (Figure 3a). NGF mRNA concentrations
emerged as a quantitatively plausible mediator of Sociability-related differences in innervation
in multivariate statistical mediation analyses (Figure 3b) (Baron and Kenny, 1986; Hoyle and
Kenny, 1999), with results indicating that NGF variation alone could potentially account for
94.7% of Sociability-related differences in lymphoid innervation density (p =.0099 by Sobel’s
test). NGF concentrations were strongly related to increased innervation density in analyses
controlling for Sociability (p =.0427), and could account for all significant Sociability-related
differences in innervation (i.e., no significant residual effect of Sociability remained after
control for NGF, p =.1485).

Immunoregulatory gene expression

To assess the potential immunoregulatory correlates of Sociability-related differences in lymph
node innervation, we assayed lymph node expression of genes encoding the Th1l cytokine
interferon-y (IFNG) and the Th2 cytokine IL-4 (IL4) (Table 2). Relative to HS animals, tissues
from LS animals showed slightly greater expression of IFNG (1.35-fold elevation, p =.0340)
and significantly greater expression of 1L4 (2.48-fold, p =.0002), resulting in a net reduction
in the overall equilibrium of Th1/Th2 signaling (.55-fold, p =.0401). Similar results were
observed in analyses treating Sociability as a continuous measure of individual differences in
relationship to all lymph nodes examined (correlation with IFNG, r = —.526, p =.0058;
correlation with IL4, r = —.683, p <.0001), and in relationship to mean gene expression levels
within each animal (Figure 4a). The density of parenchymal catecholaminergic varicosities
was not significantly correlated with IFNG (r = +.353, p =.1268), but did show a significant
positive relationship to IL4 (r = +.488, p =.0291).

Antibody response to vaccination

To define the functional impact of Sociability-related differences in lymph node innervation,
we assayed secondary 1gG responses to a tetanus toxoid booster vaccination. At baseline,
tetanus-specific 1gG levels varied substantially, and did not differ significantly as a function
of Sociability (p =.427) (Figure 4b). Peak tetanus-specific 1gG levels were also similar at 2
weeks post-vaccination (p =.835), but LS animals showed significantly lower I1gG levels at a
9-month follow-up (p =.018). Similar results emerged when Sociability was analyzed as a
continuous measure of individual differences, with nonsignificant associations observed at
baseline (r = +.332, p =.446) and during peak response (r = +.116, p =.805), followed by a
positive relationship between Sociability and plasma IgG levels at 9 months (r = +.707, p =.
048; Figure 4a). Thus, Sociability-related differences in immunobiology do not appear to
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substantially affect the acute phase of a secondary antibody response, but LS animals do show
poorer long-term maintenance of such responses.

Consistent with the possibility that differences in catecholaminergic innervation might mediate
differential antibody responses, parenchymal varicosity density was inversely correlated with
tetanus toxoid-specific 1gG levels at 9 months post-vaccination (r =—.553, p =.0497).
Quantitative mediation analyses estimated that 37.9% of that total relationship could be
attributable to differential innervation (p =.0080; Figure 4c). However, a significant residual
effect of Sociability also remained after control for lymph node innervation (p =.0070),
suggesting that other factors also contribute. Tetanus toxoid IgG levels at 9 months post-
vaccination showed a significant positive correlation with IFNG/IL4 expression ratios (r = +.
422, p =.0316).

DISCUSSION

Results of this study suggest that Sociability-related differences in immune function may stem
from underlying structural differences in the sympathetic innervation of lymphoid tissue.
Compared to rhesus macaques that were High in Sociability (HS), Low Sociable (LS) animals
showed significantly greater density of catecholaminergic varicosities throughout all regions
of the lymph node parenchyma (paracortex, cortex, and medulla). Differential innervation was
linked to increased expression of the key sympathetic neurotrophin, NGF, and statistical
mediation analysis indicated that differential NGF expression could account for much of the
sympathetic densification observed in LS animals. A functional impact of differential
innervation was suggested by data showing correlated alterations in the expression of key
immunoregulatory cytokine genes under basal conditions (IFNG and IL4), and long-term
differences in secondary IgG responses to vaccination. These results are consistent with other
recent data documenting systematic alterations in lymphoid sympathetic innervation (Madden,
etal., 1997; Kelley, et al., 2003; Sloan, et al., 2007b; Sloan, et al., 2007c), and establish
individual differences in social behavior as an additional correlate of lymphoid tissue
neurobiology.

Several limitations of the present study need to be considered when interpreting its findings.
The present results come from a small number of animals sampled from the tails of the
Sociability distribution. Future studies are needed to replicate these findings in a larger sample
spanning the entire range of variation in social temperament. In addition, this observational
study design cannot decisively resolve causal relationships between Sociability and lymphoid
innervation. Most theoretical accounts of Sociability would suggest that correlated variations
in both factors stem from shared underlying determinants in CNS response to threat or
uncertainty (Kagan, 1994). That hypothesis is consistent with recent studies showing
experimental effects of stress on sympathetic innervation of lymphoid tissue (Sloan, et al.,
2007b; Sloan, et al., 2007a), but it is also possible that primary differences in lymphoid
innervation might causally affect social tendencies (e.g., via cytokine effects on the brain
(Dantzer and Kelley, 2007)). It is also conceivable that variations in social behavior might
directly impact lymphoid innervation (i.e., independently of a common CNS determinant, for
example, by altering individual exposure to socially-transmitted pathogens (Boyce, et al.,
1995; Cole, 2006)). Experimental manipulations of social temperament and/or lymphoid
innervation will ultimately be required to define causal relationships. Similar issues impact the
interpretation of NGF as a mediator of differential innervation. Experimental studies have
shown that NGF activity is a necessary and sufficient determinant of lymphoid tissue
innervation density (Carlson, et al., 1995; Carlson, et al., 1998; Kannan, et al., 1996). Although
the quantitative mediation analyses presented here are consistent with that hypothesis, clear
attribution of these effect to NGF will require experimental manipulation (e.g., NGF
neutralization or genetic over-expression).
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Analyses of cytokine gene expression under basal conditions and secondary 1gG response to
vaccination suggest that Sociability-related differences in lymphoid innervation may have
functional implications for immunobiology. The differential secondary antibody responses of
LS and HS animals is consistent with previous data linking LS characteristics to quantitative
reductions in vaccine-induced antibody response (Coe, et al., 1987; Glaser, et al., 1992;
Maninger, et al., 2003; Pressman, et al., 2005). However, the observed Th2 skew in IFNG/
IL4 expression ratios in lymph nodes from LS animals seems paradoxical in light of the poorer
long-term maintenance of vaccine-induced IgG response in these animals. A potential
explanation is suggested by the empirical observation that a high IFNG/IL4 expression ratio
was associated with better 1gG response maintenance in this study. Th2 cytokine profiles are
essential for IgE and 1gG1 responses, but high 1L4 levels can inhibit production of 1gG2a, 19gG3,
and 1gG4 (Snapper and Paul, 1987). Total 1gG responses to tetanus booster vaccination include
substantial contributions from the later isotypes (Feehally, et al., 1986), and the relative
elevation of IL4 in lymph nodes from LS animals (and in densely innervated lymph nodes)
might have undermined the long-term maintenance of those components of the total 1gG
response. Such dynamics do not appear to affect the initial phase of secondary antibody
response (i.e., at the 2-week time-point), but both low Sociability and dense lymphoid
innervation are inversely correlated with total 1gG levels 9 months after vaccination. The
emergence of such correlations despite substantial time lags between the assessment of
antibody response and lymphoid innervation (which occurred ~10 months after the final 19G
sample was drawn) implies that Sociability-related differences in immune regulation are
relatively stable over time.

The impact of Sociability on clinical disease was not assessed in this study, and represents an
important topic for future research. Based on the present data linking low Sociability to
increased lymphoid innervation, and previous data linking lymphoid innervation to viral
pathogenesis (Sloan, et al., 2006; Sloan, et al., 2007b), it can be speculated that LS animals
might show increased vulnerability to viral infections and other immune-mediated diseases
(see additional evidence by Capitanio, Abel et al., 2008). That speculation remains to be tested
experimentally, but it would be consistent with the long-observed clinical relationships that
motivated the present inquiry into relationships between social temperament and lymphoid
tissue regulation by the autonomic nervous system (Broadbent, et al., 1984; Cohen, et al.,
1997; Totman, et al., 1980; Cohen, et al., 2003; Cole, et al., 1997; Cole, et al., 2003; Capitanio,
etal., 1999).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Sociability and lymph node innervation

Catecholaminergic neural fibers were mapped using glyoxylic acid chemofluorescence to
define structural varicosities containing the sympathetic neurotransmitter norepinephrine
within the lymph node parenchyma (a) or surrounding blood vessels (b). (c) Parenchymal and
perivascular innervation density was compared across lymph nodes biopsied from adult male
rhesus macaques characterized as High Sociable and Low Sociable. (d) Relationship between
mean parenchymal innervation density for each animal and Sociability levels expressed as a
continuous dimension of individual differences (z-score). The solid regression line summarizes
the linear relationship between innervation density and Sociability for all animals analyzed
(Spearman r =—.642, p =.119) and the dashed regression line shows the same relationship after
exclusion of the high-range outlier (r = —.846, p =.034).
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Figure 3. NGF gene expression and Sociability-related differences in lymph node innervation

(a) Expression of NGF mRNA in lymph nodes from High and Low Sociable animals (mean +
standard error). (b) Statistical analysis of NGF expression as a mediator of Sociability-related
differences in lymph node innervation.

Brain Behav Immun. Author manuscript; available in PMC 2009 July 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Sloan et al.

[ V)

b

Tetanus toxoid-specific IgG

MRNA (log2 vs. avg)

N

-
I

o

1
-

-2

(% of positive control)

Page 16

IFNG mRNA IL4 mRNA Anti-tetanus IgG (9 mo.)
2 — 100 -
> £
MR S o5
> )
o N =
Py ) é’ 0 Z 90 -
< e
° 5 -1 X 85
E o
T T T T T ‘2 T T T T - 80 T T T T
3210 1 2 3 3 2 101 2 3 3210 1 2 3
Sociability (z-score) Sociability (z-score) Sociability (z-score)
Anti-tetanus toxoid IgG ¢ Mediation analysis
120 A p=.835
E Sociability
100 - p=.018
=
p=.427
80 - . p =.001
Direct effect
Lymph node (controlling for
60 innervation SNS innervation)
density =63.1% of total
relationship
40 A p =.049
20 Long-term

Baseline 2week 9 month IgG response

1 High sociable
[ Low sociable

Figure 4. Sociability and 1gG response to tetanus vaccination

(a) Relationship between individual differences in Sociability (z-score) and average expression
of IFNG mRNA (r = —.668, p =.100) or IL4 mRNA (r = —.849, p =.016) over all biopsied
lymph nodes for each animal, or each animal’s plasma anti-tetanus toxoid IgG level at 9 months
post-immunization (r = +.820, p =.046). (b) Anti-tetanus toxoid 1gG levels measured prior to
vaccination, 2 weeks post-immunization, and 9 months post-immunization. Boxes cover the
range of observed 1gG values, with a horizontal bar at the average value. (c) Statistical analysis
of lymph node SNS innervation density as a mediator of Sociability-related differences in
tetanus-specific 1gG at 9 months post-vaccination.
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Table 1
Observer trait ratings of High vs. Low Sociable rhesus macaques. Mean score + standard error.
Trait High Sociable Low Sociable|
Affilitive, companionable] 5.00 +.50 3.25+.14
Warm, affectionate 5.00 +.29 237 +47
Solitary 2.33+44 4.50 +.41
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Table 2
IFNG and IL4 mRNA expression as a function of Sociability.
Analyte High Sociable] Low Sociable
IENG 0.86 +.16 1.16 +.17
IL4 0.64 +.18 1,57 +.11
IENG/IL4 ratio 1.35 +.22 0.74 +.28

Page 18

All values represent mean + standard error of expression level relative to average mRNA expression across all samples (after normalization to ACTB

expression levels).
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