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Abstract

The sympathetic nervous system regulates immune responses in part through direct innervation of lymphoid organs. Recent data indi-
cate that viral infections can alter the structure of lymph node innervation. To determine the molecular mechanisms underlying sympa-
thetic denervation during Simian Immunodeficiency Virus (SIV) infection, we assessed the expression of neurotrophic factors and
neuromodulatory cytokines within lymph nodes from experimentally infected rhesus macaques. Transcription of nerve growth factor
(NGF), brain-derived neurotropic factor (BDNF) and neurotrophin-4 (NT4) decreased significantly in vivo during chronic SIV infection,
whereas expression of the neuro-inhibitory cytokine interferon-c (IFNc) was up-regulated. Acute SIV infection of macaque leukocytes
in vitro induced similar changes in the expression of neurotrophic and neuro-inhibitory factors, indicative of an innate immune response.
Statistical mediation analyses of data from in vivo lymph node gene expression suggested that coordinated changes in expression of multi-
ple neuromodulatory factors may contribute to SIV-induced depletion of catecholaminergic varicosities within lymphoid tissue. Given
previous evidence that lymph node catecholaminergic varicosities can enhance SIV replication in vivo, these results are consistent with the
hypothesis that reduced expression of neurotrophic factors during infection could constitute a neurobiological component of the innate
immune response to viral infection.
� 2007 Elsevier Inc. All rights reserved.
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1. Introduction

All primary and secondary lymphoid organs are inner-
vated by sympathetic fibers of the autonomic nervous sys-
tem (ANS) (Felten et al., 1985). Following activation,
catecholamine neurotransmitters are released from varicos-
ities along the length of the nerve fiber and bind adrenergic
receptors on immune cells, thereby modulating immune
function (Sanders et al., 2001; Sanders, 2006). Catechol-
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amine signaling has also been found to promote replication
of Human Immunodeficiency Virus Type 1 (HIV-1) and
the closely related Simian Immunodeficiency Virus (SIV)
(Cole et al., 1998, 1999; Sloan et al., 2006). Recent work
has shown that sympathetic innervation of peripheral lym-
phoid organs is dynamic, with altered patterns of innerva-
tion observed during aging (Bellinger et al., 2005),
inflammation (Kelley et al., 2003) and viral infection (Sloan
et al., 2006). Recently, we showed that experimental infec-
tion of primates with SIV led to a significant reduction in
the density of sympathetic innervation in lymph nodes of
rhesus macaques (Sloan et al., 2006). Loss of lymphoid

mailto:esloan@ucla.edu


186 E.K. Sloan et al. / Brain, Behavior, and Immunity 22 (2008) 185–194
innervation has also been observed in the gastrointestinal
tract of individuals infected with HIV-1 (Batman et al.,
1991) and the spleen of mice infected with the LM-BP5
mixture of retroviruses (Kelley et al., 2003). These results
suggest that sympathetic nervous system (SNS) regulation
of immune function may change during the course of infec-
tion. However, the molecular mechanisms that mediate
these effects are currently unknown, and it is unclear what
their functional significance might be for viral
pathogenesis.

Several neuromodulatory factors are known to regulate
the density of sympathetic innervation under physiologic
conditions. Members of the neurotrophin family, including
nerve growth factor (NGF), brain-derived neurotrophic
factor (BDNF), neurotrophin-3 (NT3) and neurotrophin-
4/5 (NT4), are critical in shaping patterns and density of
innervation, both centrally and in the periphery. NGF
was first characterized as an essential factor for neuronal
development and survival (Levi-Montalcini, 1987) and is
expressed in a wide range of neuronal and non-neuronal
celltypes (Levi-Montalcini, 1987; Frossard et al., 2004).
Target-derived NGF is essential for guiding developing
sympathetic neurons to peripheral organs (Kuruvilla
et al., 2004). NT3 has a complementary role in neuronal
guidance, stimulating outgrowth of sympathetic neurons
from ganglia and intermediate targets including vascula-
ture (Belliveau et al., 1997; Francis et al., 1999; Kuruvilla
et al., 2004). The biological activity of neurotrophins is
mediated through, (1) the p75 neurotrophin receptor
(p75NTR), which binds all neurotrophins with similar avid-
ity, and, (2) the family of Trophomyosin receptor kinases
(TrkA, B and C), which differ in neurotrophin specificity.
Sympathetic neurons express p75NTR, and TrkA, which
binds NGF and NT3 (Reichardt, 2006). BDNF is pro-
duced by both sympathetic neurons and target-organ cells
including leukocytes (Kuruvilla et al., 2004; Bronzetti et al.,
2006; Edling et al., 2004). On sympathetic neurons, which
lack Trk B, BDNF acts via p75NTR to antagonize NGF-
mediated support for innervation (Kohn et al., 1999).
Expression of p75NTR is upregulated by high levels of
NGF in the target organ, providing a feedback loop to
ensure tight regulation of peripheral innervation density
(Kuruvilla et al., 2004). The role of NT4 in peripheral
innervation of tissues is unclear, although some evidence
indicates that NT4 can regulate the development of the
dorsal root ganglia (Liebl et al., 2000), and may help pro-
tect central nervous system (CNS) neurons against injury
(Cheng et al., 1994).

Sympathetic neural networks are also influenced by neg-
ative guidance cues that deflect innervation (Chen et al.,
1998). Cytokines, including leukemia inhibitory factor
(LIF) and interferon-c (IFN-c) have been shown to induce
dendritic retraction in cultured sympathetic neurons (Guo
et al., 1997; Kim et al., 2002). Consistent with a neural-
inhibitory role for IFN-c, intestinal denervation occurs fol-
lowing infection with the protozoan Trypanosoma cruzi in
wildtype mice but not in IFN-c knock-out mice (Arantes
et al., 2004). Semaphorins are locally-acting nerve repel-
lents (Huber et al., 2003) that also influence the develop-
ment and function of other systems including
cardiovascular, endocrine, gastrointestinal (Yazdani and
Terman, 2006). Increased expression of semaphorin 3C is
associated with loss of sympathetic nerve fibers in synovial
tissue from rheumatoid arthritis patients (Miller et al.,
2004).

To determine whether effects of viral infection on lym-
phoid tissue innervation might be driven by altered expres-
sion of the same neuromodulatory factors that regulate
sympathetic innervation density under normal physiologic
conditions, we examined the expression of genes encoding
NGF, BDNF, NT3, NT4, LIF, IFN-c and semaphorin
3C in lymph nodes sampled from rhesus macaques experi-
mentally infected with SIV. Results show a marked reduc-
tion in the expression of key neurotrophic factors relative
to non-infected controls. Additional analyses of macaque
leukocytes infected with SIV in vitro show similar changes
in the absence of any adaptive immune response to virus,
and in the absence of neural or stromal cells. The results
are consistent with the hypothesis that cells of the immune
system have evolved a coordinated gene-regulation pro-
gram that may act to alter local neural architecture during
chronic viral infection.
2. Materials and methods

2.1. Subjects

This study investigated 26 lymph nodes that were randomly selected
from 7 non-infected rhesus macaques (2 nodes from each of 5 animals,
1 node from 1 animal, 3 nodes from 1 animal) and from 9 macaques
infected with Simian Immunodeficiency Virus (SIV) (1 node from each
of 7 animals, 2 nodes from 1 animal , 3 nodes from 1 animal). Animals
came from a larger study comprising 36 male rhesus macaques aged 7–
10 years, that were individually housed for the duration of the study. At
week 0, twenty-four animals were experimentally infected with SIV
(102.66 TCID50 SIVmac251), and all became infected as documented by
RT-PCR detection of plasma viral genomes (Sloan et al., 2006). At week
37, four axillary lymph nodes were biopsied from each of 20 macaques,
two of which were fresh frozen and the remaining two of which were fixed
in OCT. Lymph nodes for the current study were selected from the pool of
40 fresh frozen lymph nodes. SIV replication within lymph node tissue was
confirmed by in situ hybridization using probes to detect SIV env, gag and
nef mRNA as previously described (Sloan et al., 2006; Canto-Nogues
et al., 2001). 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.

2.2. Lymph node innervation

16 lm fresh-frozen tissue sections were mapped for the distribution of
catecholaminergic varicosities using glyoxylic acid chemofluorescence as
previously described (Sloan et al., 2006; de la Torre and Surgeon, 1976).
Glyoxylic acid reacts with catecholamines to cyclize their ethylamine side
chain. This may be visualized as blue-white fluorescence under ultraviolet
illumination, thereby distinguishing catecholaminergic from peptidergic
nerve fibers (Guidry, 1999). The density of parenchymal- and blood ves-
sel-associated variocosities per 250 lm2 tissue unit was assessed using a
stereologically-based statistical analysis (Sloan et al., 2006). Briefly, each
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lymph node section was digitally imaged over its entire surface at 200·
magnification using an Axioskop 2 microscope equipped with an Axio-
Cam HRc color camera and AxioVision 4.2 software (Zeiss, Thornwood
NY). Individual images were assembled to compose a single digital file
representing the entire organ section, and a grid of 250 lm2 tissue units
was superimposed. Within each tissue unit, the number of catecholamin-
ergic varicosities was counted, and the tissue unit was allocated to a func-
tionally distinct subregion (cortex, paracortex, medulla) by a veterinary
pathologist (RPT) based on an adjacent section stained by hematoxylin
and eosin.
2.3. Statistical analysis

To determine whether SIV infection might influence lymph node
innervation, generalized linear model analyses were carried out using
SAS v9.1 (SAS Institute, Cary NC) to assess the frequency of cate-
cholaminergic varicosities in tissue units of lymph nodes biopsied
from SIV-infected animals vs. non-infected controls. To ensure inde-
pendence of observations, all analyses included indicator variables
controlling for differences in innervation density across individual
lymph nodes (treated as a random factor nested within the fixed
experimental factor of SIV infection vs. control) (Miller, 1986). The
frequency of SIV replication sites varied substantially across lymph
nodes from SIV-inoculated animals, and Spearman correlations were
computed to determine whether increasing prevalence of SIV replica-
tion within a given lymph node might relate to the prevalence of cat-
echolaminergic varicosities.

Statistical mediation analyses (Hoyle and Kenny, 1999; Baron and
Kenny, 1986) were conducted in the context of generalized linear model
analyses to determine whether the effects of SIV infection on lymph
node innervation density might be attributable to variations in the
expression of neurotrophic or neuro-inhibitory gene products (as quan-
tified below). Briefly, a ‘‘total effects’’ analysis first quantified the entire
relationship between SIV infection and lymph node innervation density
(i.e., the effect stemming from all sources: neurotrophic factors + other
influences). Subsequent analyses controlled for any variation in innerva-
tion density that could be attributed specifically to neurotrophic factors,
and quantified the residual effect of SIV infection (i.e., that attributable
to other effects besides changes in neurotrophic factor expression).
Mediation was quantified as the percent of total SIV-induced denerva-
tion attributable specifically to changes in neurotrophic factors. To
determine whether changes in neurotrophin expression might potentially
account for all systematic effects of SIV infection on innervation den-
sity, residual (non-neurotrophin) effects of SIV infection were tested
for statistical significance (i.e., non-significance of residual effects indi-
cating that neurotrophins are sufficient to account for all systematic
effects of SIV on innervation) (Hoyle and Kenny, 1999; Baron and
Kenny, 1986).
2.4. Expression of neurotrophic factors and cytokines

Real-time RT-PCR was used to quantify NGFB, BDNF, NT3, NT4

(NT4/5), IFNG, LIF, and SEMA3C mRNA in total RNA extracted from
3 mg of lymph node tissue (or 106 rhesus peripheral blood leukocytes in
in vitro infection studies outlined below) using an RNeasy Kit (Qiagen,
Valencia CA). cDNA was synthesized with iScript reverse transcriptase
according to the manufacturer’s protocol (Bio-Rad, Hercules CA). Real-
time RT-PCR utilized iQ SYBR Green Supermix (Bio-Rad) and 45
amplification cycles of 95 �C for 15 s followed by 60 �C for 60 s on an
iCycler instrument (Bio-Rad). Assays were completed in triplicate and
quantitated by threshold cycle analysis of SYBR Green fluorescence.
Values were normalized to GAPDH and ACTB mRNA amplified in par-
allel. Triplicate determinations of normalized threshold cycle data were
averaged for t-test analysis of differences between SIV-infected vs. non-
infected tissues. Primer sequences and gene regions that were amplified
are as follows:
NGF: Genbank: XM_001100522, bp: 434–601
F 5 0-GTTTTACCAAGGGAGCAGCTTTC-30

R 50-TAGTCCAGTGGGCTTGGGGGA-3 0

BDNF: Genbank: AF208982, bp: 33–294
F 5 0-TAACGGCGGCAGACAAAAAGACT-30

R 50-GTGTCTATCCTTATGAATCGCCAGCCAA-30

NT3: Genbank: XM_001118191.1, bp: 254–515
F 5 0-GCATCCAAGGTAACAACATGGATC -3 0

R 50- GGTGAGTTGTAGCGTCTCTGTTG -3 0

NT4: Genbank: XM_001114610.1, bp: 655–716
F 5 0- CCTCCGCCAGTACTTCTTTGA-30

R 50- CCGGGCCACCTTCCTC-3 0

IFNG: Genbank: A4376145, bp: 346–423
F 5 0-GAAAAGCTGACCAATTATTCGGTAA-30

R 50-AGCCATCACTTGGATGAGTTCA-30

LIF: Genbank: BC093733, bp: 222–297
F 5 0-TGCCAATGCCCTCTTTATTC-3 0

R 50-GCCACATAGCTTGTCCAGGT-30

SEMA3C: Genbank: XM_001108385.1, bp: 863–1139
F 5 0- GCAAAATGGCTGGCAAAGATCC-30

R 50- CCCATGAAATCTATATACATTCC-3 0

GAPDH: Genbank: BC083511, bp 58–226
F 5 0-GAAGGTGAAGGTCGGAGTC-30

R 50-GAAGATGGTGATGGGATTC-3 0

ACTB: Genbank: NM_001101, bp: 549–573
F 5 0-TCACCCACACTGTGCCCATCTACGA-3 0

R 50-CAGCGGAACCGCTCATTGCCAATGG-30
2.5. In vitro SIV infection

107 rhesus macaque peripheral blood mononuclear cells (PBMC) were
cultured under standard conditions (5% CO2, RPMI + 10% fetal bovine
serum), activated with 25 lg/mL phytohemagglutinin (PHA, Sigma, St.
Louis MO) and 50 U/mL recombinant human interleukin-2 (University
of California, Davis), and incubated for 45 min in 1 mL of cell culture
supernatant containing 102.66 TCID50 SIVmac251 (grown in CEMx174
cells) for infection, or 1 mL uninfected cell culture supernatant for a
non-infected control. PBMC were then washed, and cultured for 6 days
in RPMI + 10% fetal bovine serum. At 2, 4, and 6 days post infection,
viral replication was assessed by ELISA for SIV p27 (Coulter, Miami
FL) within cell-free culture supernatants, and by real-time RT-PCR detec-
tion of SIV RNA in 106 PBMC using previously published primer
sequences against SIV gag and env (Canto-Nogues et al., 2001) and the
protocol outlined above (Expression of neurotrophic factors and cytokines).
Threshold cycle data were normalized to GAPDH mRNA as described
above, and triplicate determinations were averaged for statistical analysis
by t-test.

3. Results

3.1. SIV replication in lymph nodes

To assess the effects of SIV infection on sympathetic
innervation of peripheral lymphoid tissue, we biopsied axil-
lary lymph nodes from adult rhesus macaques 37 weeks
after experimental inoculation with SIVmac251 and parallel
non-infected controls. At this time, SIV-positive animals
were chronically infected but had not progressed to end-
stage disease (e.g., no evidence of opportunistic infection).
In situ hybridization for SIV nef, gag and env mRNA
(Fig. 1c, inset) confirmed active viral replication in all but
one lymph node sampled from SIV-infected animals.
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Fig. 1. Effect of SIV infection on lymph node sympathetic innervation. Parenchymal catecholaminergic varicosities (arrowheads) were localized in lymph
node sections using glyoxylic acid chemofluorescence (a). Immune cells are counterstained red. Sites of innervation were mapped (yellow dots) onto whole
lymph node sections from non-infected (b) and SIV-infected rhesus macaques (c). SIV-infection was confirmed by in situ hybridization against viral gag,
pol, and env genes (c, inset). Spatial stereological techniques quantified the density of innervation in non-infected and SIV-infected lymph nodes (d).
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Active SIV replication was detected in two other lymph
nodes biopsied from the same animal, confirming that this
animal had contracted systemic infection. Primary analyses
focused on lymphoid tissues harboring active viral replica-
tion and so excluded the lymph node lacking active replica-
tion. However, parallel analyses that retained this sample
showed substantively identical results. SIV mRNA was
not detected in any tissue obtained from non-infected
animals.

3.2. Lymph node innervation

Catecholaminergic neural varicosities were localized
using glyoxylic acid chemofluorescence (Fig. 1a). Varicosi-
ties within the lymph node parenchyma were distinguished
from perivascular innervation, and mapped across entire
lymph node sections from non-infected and SIV-infected
rhesus macaques (Fig. 1b and c). Spatial stereological anal-
yses showed that the density of parenchymal catecholamin-
ergic varicosities was reduced by 59% in lymph nodes
harboring active SIV replication (vs. non-infected tissues;
Fig. 1d; p < .0001). In non-infected macaques, the density
of innervation ranged from .45 to 17.43 varicosities/
250 lm2 tissue unit (mean = 1.82 ± .14 standard error).
In contrast, innervation density ranged from ranged from
.00 to 3.18 varicosities/250 lm2 in lymph nodes harboring
active SIV replication (mean = .75 ± .07). SIV-induced
denervation was most pronounced in the paracortex, which
showed a 72% decrease in the density of parenchymal cat-
echolaminergic varicosities (p < .0001). SIV infection
decreased the density of cortical innervation by 17%
(p = .011), and had no significant impact on the density
of medullary innervation (16% decrease, p = .264). These
results suggest that SIV-induced depletion of catecholamin-
ergic innervation within the lymph node parenchyma is
most pronounced in regions populated by T lymphocytes,
macrophages and antigen presenting cells, and minimal in
proximity to B-lymphocyte-rich follicular zones.

Although comparisons between SIV-infected animals
and non-infected controls showed substantial effects of
experimental SIV infection on the density of lymph node
innervation, quantitative analyses of variation among the
SIV-infected samples did not identify a significant correla-
tion between the magnitude of sympathetic denervation
and systemic measures of disease progression (i.e., correla-
tion of innervation density with plasma SIV viral load and
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CD4+ T lymphocyte levels, r = +.24 and �.25, respec-
tively, both p > .509, with individual viral load and CD4
values published previously in Table 1 of (Sloan et al.,
2006)). Moreover, analyses of 3 lymph nodes sampled from
a single SIV-infected animal varied greatly in their quanti-
tative magnitude of denervation (>10-fold range in den-
sity), suggesting that local biological dynamics (rather
than systemic virologic parameters they shared in com-
mon) exert a dominant influence on the density of lymph
node sympathetic denervation. Consistent with that
hypothesis, differences in the density of sympathetic inner-
vation across those three lymph nodes were inversely pro-
portional to the density of SIV gene expression within
each lymph node (r = �.79, p < .001). A similar inverse
correlation between lymph node-specific levels of SIV gene
expression and innervation density was observed across all
SIV+ tissues examined (r = �.47, p < .001).
Table 1
Statistical mediation analyses assessing the role of neurotrophic and
neuro-repellant factors as mediators of SIV effects on lymph node
sympathetic innervation density

Model Mediator Type III SS Residual
p value

1 None (total effect
attributed to SIV)

7002.4950 Not applicable

2a NGF alone 233.4324 .008
2b BDNF alone 124.5549 .052
2c NT4 alone .0517 .965
2d IFNG alone 42.6872 .120
3 NGF + BDNF + NT4

(trophic factors)
.0208 .978

4 NGF + BDNF + NT4 + IFNG 1.1017 .720

Models 2a–d examine individual factors as potential mediators of SIV
effects on lymph node innervation density. Model 3 examines mediational
potential of all 3 neurotrophic factors simultaneously. Model 4 examines
mediational potential of 3 neurotrophic factors + neuro-repellant IFNG.
Type III SS = sum of squares for residual effect of SIV infection on
innervation density after controlling for listed mediator(s).
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3.3. Neurotrophin levels in lymph nodes

To determine whether changes in tissue expression of
neuro-trophic or neuro-repellant factors might mediate
the effects of SIV infection on sympathetic denervation,
we assayed levels of NGF, BDNF, NT3 and NT4 mRNA
by quantitative realtime RT-PCR. Consistent with the
reduced sympathetic innervation of SIV-infected lymph
nodes, NGF mRNA levels were reduced by an average of
73% relative to non-infected controls (p < .001) (Fig. 2).
BDNF and NT4 mRNA levels also showed substantial
reduction in SIV-replicating tissues (81% and 80%, respec-
tively, p < .0001 and p = .004). In contrast, levels of NT3

were not significantly altered (difference <1.29-fold,
p = .327). These results indicate that SIV infection can
selectively inhibit the local tissue expression of key neuro-
trophic factors known to support peripheral sympathetic
innervation.

3.4. Expression of neural-repulsive factors in lymph nodes

To investigate whether SIV infection might also dimin-
ish the density of lymphoid sympathetic innervation by
increasing local expression of sympathetic nerve repellants,
we assayed expression IFNG, LIF and SEMA3C by quan-
titative RT-PCR. IFNG expression increased by an average
2.8-fold in SIV-positive lymph nodes (p = .011) (Fig. 3),
consistent with the hypothesis that localized increases in
IFN-c might promote sympathetic denervation. Expression
of LIF was not significantly altered (p = .127), and expres-
sion of SEMA3C was reduced by 56% in SIV-positive tis-
sues (p = .029). The latter result is inconsistent with a
role for increased semaphorin 3c expression as a mecha-
nism for SIV-induced sympathetic denervation. IFNG

was the only neural-repulsive gene product showing
changes consistent with SIV-induced denervation, and this
factor was thus retained along with the neurotrophic fac-
tors in subsequent analyses.
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3.5. Effect of SIV infection on neurotrophin expression by

leukocytes

To determine whether lymphoid cells are a source of
sympathetic modulators that may be regulated by SIV
infection, we experimentally infected (SIV-naı̈ve) rhesus
macaque PBMC with SIVmac251 and analyzed expression
of NGF, BDNF, NT3, NT4 and IFNG six days afterward,
at the peak of infection in vitro (infection data not shown).
SIV infection altered leukocyte expression of NGF, BDNF,
NT4 and IFNG in ways that were consistent with sympa-
thetic denervation and paralleled the changes observed in
lymphoid tissue in vivo. Levels of NGF, BDNF, NT3 and
NT4 mRNA all decreased significantly (76%, 62%, 88%
and 80% decrease, respectively; all p < .005) (Fig. 4a),
and SIV infection significantly enhanced expression of
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quantified by real time RT-PCR. mRNA levels have been normalized to expr
IFNG (>4000-fold increase, p < .001). These results suggest
that cells of the immune system might constitute a target
for infection-induced regulation of lymphoid sympathetic
innervation.

3.6. Mediation of in vivo denervation

To determine whether the observed changes in NGF,
BDNF, NT4 and IFNG expression might be sufficient to
account for the effects of SIV infection on lymph node sym-
pathetic denervation, we conducted statistical mediation
analyses in the context of generalized linear models (Baron
and Kenny, 1986). (In vitro analyses showed that SIV infec-
tion is capable of reducing NT3 expression (Fig. 4), but
in vivo analyses showed that NT3 expression was not likely
to contribute to denervation because its levels were main-
tained in lymph nodes of SIV-infected animals (Fig. 2).
Therefore, NT3 was not retained in analyses of in vivo

mediation.) The total effect of SIV infection accounted
for 20.7% of the total systematic variation in the density
of parenchymal catecholaminergic varicosities (i.e., varia-
tions in varicosity density specifically attributable to differ-
ences among individual lymph nodes, and across lymph
nodes from SIV-infected vs. non-infected animals). To
determine whether specific individual neuro-modulatory
factors (i.e. NGF, BDNF, NT4, or IFNG alone) might func-
tion as mediators of that total effect of SIV infection on
innervation density, we carried out a series of analyses con-
trolling for each factor alone and examined the residual
relationship between SIV infection and innervation density
(i.e., that not attributable to the measured factor). Results
showed that variations in NGF expression alone could
potentially account for up to 96.7% of the total effect of
SIV on innervation density (Table 1, Model 2a, column
3). However, the residual effect of SIV infection on innerva-
tion density remained statistically significant (p = .008 in
Table 1, Model 2a, column 4), suggesting that variation
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Table 2
Correlations among neuro-modulators and SIV infection across lymph
nodes

NGF BDNF NT4 IFNG SIV

NGF –– .577 .667 .234 .446
BDNF .578 –– .713 .219 .522
NT4 .736 .767 –– .214 .596
IFNG .245 .214 .165 –– �.401
SIV .382 .544 .554 �.441 —

Upper diagonal values = Pearson correlation coefficient; Lower diagonal
values = Spearman rank correlation coefficient. r > .229 = p < .05;
r > .363 = p < .01; r > .456 = p < .001.

NGF

BDNF

NT4

IFNγ

SIV
infection

Sympathetic
innervation

Total p < .0001

Residual p = .720

Fig. 5. Model evaluating neuro-modulatory factors as mediators of SIV-
induced denervation of lymphoid tissue. Top p-value evaluates statistical
significance of SIV effects on innervation density. Bottom p-value indicates
statistical significance of residual effect of SIV infection on innervation
density after controlling for variations in postulated mediators NGF,
BDNF, NT4, and IFNG.
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in other neurotrophic factors might also contribute to
SIV’s effects. Control for BDNF alone, NT4 alone, or
IFNG alone indicated that variations in each factor’s
expression could potentially account for more than 98%
of the total effect of SIV on innervation density (all
p < .0001; residual SIV effects on innervation density, all
p > .052). However, it is unclear whether the effects attrib-
uted to each individual neurotrophic factor represent truly
distinct influences, as there was a high degree of correlation
in their pattern of variation across lymph nodes (Table 2).

The highly correlated expression of neurotrophic and
neuro-inhibitory factors suggested potential co-ordinate
regulation of these genes in the lymph node environment.
This led us to consider multivariate models assessing the
simultaneous effects of multiple factors. As shown in Table
1 (Model 3), results suggested that coordinate variation in
the neurotrophic factors NGF, BDNF, and NT4 could
account for more than 99% of the total effect of SIV infec-
tion on innervation density (residual effect of SIV,
p = .978). Analysis of p-values for individual model coeffi-
cients failed to identify any single neurotrophic factor as
individually significant above and beyond the effect of oth-
ers, suggesting that the effects of SIV infection on innerva-
tion density are most likely mediated by the joint effect of
multiple neurotrophic factors (i.e., the overlapping co-var-
iance among factors). Similar results emerged in analyses
that included the neuro-inhibitory IFNG in addition to
the multiple neurotrophic factors (Table 1, Model 4). These
results suggest that the effects of experimental SIV infection
on lymph node innervation by catecholaminergic neural
fibers may involve the simultaneous influence of multiple
factors that jointly regulate neural structure and plasticity
(Fig. 5).
4. Discussion

The present study showed that chronic infection with
SIV can substantially reduce the sympathetic innervation
of lymphoid tissue in adult primates, and that such effects
are associated with marked alterations in tissue expression
of key neurotrophic factors (NGF, BDNF, and NT4), and
the neuro-repellant cytokine, IFN-c. Quantitative media-
tion analyses suggested that much of the SIV-induced
denervation of lymphoid tissues observed in vivo could be
attributed to changes in the expression of those neuro-
modulatory factors. Additional in vitro analyses showed
the ability of leukocytes to modulate expression of neuro-
regulatory genes in response to viral infection. This may
constitute a major cellular pathway for remodeling lym-
phoid tissue innervation in response to viral infection.
The teleologic basis for these effects requires further explo-
ration, but the present findings suggest that cells of the
immune system may have evolved the capacity to dynami-
cally regulate their exposure to sympathetic neural regula-
tion during viral infections and/or inflammatory responses.
This could provide a form of immune-to-nervous system
feedback in the lymphoid tissue microenvironment that
parallels the systemic feedback circuit in which circulating
pro-inflammatory cytokines regulate activity of the hypo-
thalamic-pituitary-adrenal axis (Woloski et al., 1985; Bese-
dovsky et al., 1986; Turnbull and Rivier, 1999). Indeed, the
strong coordinate regulation of multiple neuro-modulatory
factors in lymphoid tissue suggests that redundant neuro-
regulatory systems may have evolved to facilitate func-
tional denervation of lymphoid organs during immune or
inflammatory reactions.

Reduced innervation of lymphoid tissues following
infection may result from direct viral effects (Xu et al.,
2004; Eugenin et al., 2007), in addition to changes in neu-
rotrophin expression. This raises the possibility that
reduced neurotrophin expression following SIV infection
might be a consequence of denervation, rather than a
cause, since neurotrophins may derive from both immune
and neural sources (Kuruvilla et al., 2004; Bronzetti
et al., 2006; Edling et al., 2004; Frossard et al., 2004;
Levi-Montalcini, 1987). However, two findings argue
against the hypothesis that changes in neurotrophin expres-
sion are solely a consequence of denervation. First, the
changes in neurotrophin expression observed here were
selective to several key regulatory molecules (NGF,
BDNF, and NT4), and did not affect all neurotrophins in
parallel (e.g., in vivo NT3 expression was not significantly
altered). This suggests that some stable source of neurotro-
phins must exist in addition to dynamic neural structures.
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In addition, experimental infection of isolated leukocytes
showed that SIV infection can causally alter the expression
of neurotrophic factors in the absence of any neural source.
These results do not rule out the possibility that sympa-
thetic nerve fibers are also a source of lymph node neuro-
trophins in vivo, but they do suggest that other sources of
neurotrophic factors are available within the lymphoid tis-
sue environment. In addition, the present data show that
neurotrophic factor expression by lymphoid cells is empir-
ically responsive to viral infection.

The present study has identified several candidate
molecular mediators of SIV-induced denervation, and a
clear understanding of their individual roles will require
experimental manipulation of individual mediators (e.g.,
restoring virally-induced diminution of lymph node
NGF, BDNF, or NT4). Plausible mechanisms of influence
on innervation density have already been identified for sev-
eral of the neuro-modulatory factors altered by SIV in the
present study. Target organ-derived NGF plays a key role
in guiding nerve fibers into peripheral organs and support-
ing survival of peripheral sympathetic neurons (Kuruvilla
et al., 2004). SIV-induced reduction of lymph node NGF
expression might diminish NGF support for neuronal
growth and survival. Evidence suggests that NT4 may be
neuroprotective in the central nervous system (Han and
Holtzman, 2000; Cheng et al., 1994), and any similar effect
on peripheral sympathetic neurons could explain the strong
quantitative profile of reduced NT4 expression as a poten-
tial mediator of SIV effects on sympathetic innervation
(i.e., Table 1, Model 2c). IFN-c can contribute to denerva-
tion by up-regulating inducible nitric oxide synthase
(iNOS) and enhancing neuro-destructive nitric oxide
(Arantes et al., 2004). The specific functional role for indi-
vidual neurotrophins in infection-induced modulation of
sympathetic innervation represents an important topic for
further research. Moreover, the strong correlation in
expression of multiple neuro-modulators (Table 2) raises
the possibility that no single neuro-modulatory mediator
may be solely responsible for the observed dynamics.

Another question raised by the present findings involves
the mechanism by which viral infection influences the
expression of neurotrophic factors. Analyses of isolated
leukocytes suggest that SIV infection can alter the expres-
sion of multiple neurotrophic factors independently of
the influence of neural or stromal factors. Moreover, the
use of SIV-naı̈ve donor cells in acute in vitro infection stud-
ies implies that leukocyte-mediated reduction in the expres-
sion of neurotrophic factors is an innate immune response
to infection, rather than an antigen-specific adaptive
immune response (because no adaptive immune response
is present in SIV-naı̈ve cells a priori, and the culture dura-
tion is too short to permit its de novo development) (Kabe-
litz and Medzhitov, 2007). It is conceivable that innate
immune recognition of viral replication, and the subse-
quent production of pro-inflammatory cytokines and Type
I interferons (Collado-Hidalgo et al., 2006) might selec-
tively impair the transcription of neurotrophic factors.
Indeed, a localized innate immune response to infection
would be consistent with the spatially localized denervation
observed in this study (with the most pronounced denerva-
tion occurring in the T cell-rich paracortex in which SIV
predominately replicates). This hypothesized link between
innate antiviral responses and sympathetic denervation is
particularly intriguing given recent indications that sympa-
thetic neurotransmitters can inhibit innate antiviral
responses (Collado-Hidalgo et al., 2006). From this per-
spective, the localized sympathetic denervation observed
here may serve to functionally de-repress Type I interferons
(Collado-Hidalgo et al., 2006) and withdraw catcholamin-
ergic support for viral replication (Prosch et al., 2000;
Bloom et al., 1994; Leib et al., 1991; Willey et al., 1984;
Chang et al., 2005; Turgeman and Aboud, 1998; Cole
et al., 1998, 1999, 2001; Sloan et al., 2006). If true, this
hypothesis implies that the dynamic denervation of lym-
phoid organs in response to viral infection may constitute
a neurobiological component of the broader innate
immune response to infection.
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