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ABSTRACT
BACKGROUND: Posttraumatic stress disorder (PTSD) is a devastating psychological disorder. Patients with PTSD
canonically demonstrate an increased risk for inflammatory diseases as well as increased sympathetic tone and
norepinephrine outflow. Yet, the exact etiology and causal nature of these physiologic changes remain unclear.
Previously, we demonstrated that exogenous norepinephrine alters mitochondrial superoxide in T lymphocytes to
produce a proinflammatory T helper 17 phenotype and observed similar T helper 17 polarization in a preclinical model
of PTSD. Therefore, we hypothesized sympathetic-driven neuroimmune interactions could mediate psychological
trauma–induced T lymphocyte inflammation.
METHODS: Repeated social defeat stress (RSDS) is a preclinical murine model that recapitulates the behavioral,
autonomic, and inflammatory aspects of PTSD. Targeted splenic denervation was performed to deduce the contri-
bution of splenic sympathetic nerves to RSDS-induced inflammation. Denervation or sham operation was performed
in 85 C57BL/6J mice, followed by RSDS or control paradigms. Animals were assessed for behavioral, autonomic,
inflammatory, and redox profiles.
RESULTS: Denervation did not alter the antisocial or anxiety-like behavior induced by RSDS. In circulation,
denervation/RSDS animals exhibited diminished levels of T lymphocyte–specific cytokines (interleukin 2 [IL-2],
IL-17A, and IL-22) compared with intact animals, whereas other nonspecific inflammatory cytokines (e.g., IL-6,
tumor necrosis factor a, and IL-10) were unaffected by denervation. Importantly, denervation specifically
ameliorated the increases in RSDS-induced T lymphocyte mitochondrial superoxide, T helper 17 polarization, and
proinflammatory gene expression with minimal impact to non–T lymphocyte immune populations.
CONCLUSIONS: Overall, our data suggest that sympathetic nerves regulate RSDS-induced splenic T lymphocyte
inflammation but play less of a role in the behavioral and non–T lymphocyte inflammatory phenotypes induced by
this psychological trauma paradigm.

https://doi.org/10.1016/j.bpsgos.2021.05.004
Posttraumatic stress disorder (PTSD) is a stress-related dis-
order that is characterized by intrusive re-experiences of
trauma (e.g., flashbacks), avoidance of reminiscent stimuli,
affective changes, hyperarousal, and significant functional
impairment (1). Among patients with PTSD, well-controlled
clinical studies have repeatedly demonstrated an increased
risk for a variety of inflammation-driven diseases such as
rheumatoid arthritis, systemic erythematosus lupus, and car-
diovascular disease (2–6). Importantly, the relationship and
directionality between PTSD and the altered immune milieu
remains a crucial question to address the inflammation-driven
diseases patients with PTSD experience [reviewed by Sumner
et al. (7); (8)].

A wide range of studies has established that PTSD is
associated with significantly increased activation of the
sympathetic nervous system. This is evidenced by reported
increases in urinary and cerebrospinal fluid norepinephrine
ª 2021 THE AUTHORS. Published by Elsevier Inc on behalf of the S
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-

ical Psychiatry: Global Open Science September 2021; 1:190–200 w
(NE) content, baroreflex sensitivity, and muscle sympathetic
nerve activity (9–12), many of which have also been found to
correlate with PTSD symptom severity (11,12). This associa-
tion between sympathetic tone and PTSD is subject to the
same causality dilemma as the increased incidence of in-
flammatory diseases in these patients. Interestingly, sec-
ondary lymphoid organs such as the spleen are exclusively
innervated by sympathetic efferent nerves that terminate near
T lymphocyte–rich areas (13–17), suggesting that NE release
may play a role in immune regulation during states of sym-
pathoexcitation. Indeed, work from our laboratory has
established that exogenous NE enhances ex vivo T lympho-
cyte production of interleukin 6 (IL-6) and IL-17A. During in-
vestigations probing the intracellular mechanisms
responsible, we demonstrated that the NE-induced increase
in T lymphocyte production of IL-6 and IL-17A could be
partially reversed by scavenging of mitochondrial superoxide
ociety of Biological Psychiatry. This is an open access article under the
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in these T lymphocytes (18). Importantly, IL-6 and IL-17A
have been heavily implicated in the pathogenesis of a num-
ber of inflammation-driven diseases (19–21), with human
studies demonstrating their increase in patients with PTSD
[summarized exceptionally well by Wang et al. (8)]. Moreover,
in a preclinical mouse model of PTSD (i.e., repeated social
defeat stress [RSDS]), we elucidated a tight association be-
tween splenic T lymphocyte NE content, mitochondrial su-
peroxide, and inflammatory cytokine expression (22).
Therefore, we sought to delineate the potential causal rela-
tionship between increased splenic sympathetic tone and
T lymphocyte inflammation in the context of RSDS.

To mechanistically investigate the role of RSDS-induced
splenic sympathoexcitation on T lymphocyte function, we
performed selective sympathetic nerve ablation specifically to
the spleen. Denervation of targeted sympathetic nerve beds
has recently shown significant clinical utility in the cardiovas-
cular arena by its ability to reduce blood pressure, improve
cardiac and renal function, and lower blood glucose in the long
term with minimal to no adverse effects (23–29). Specifically,
splenic denervation has also shown promise in a large animal
model of inflammation (30) and is currently being considered
for clinical trials of inflammatory conditions. However, to our
knowledge, this approach has not been reported in any pre-
clinical or clinical study of PTSD. In this study, we show that
splenic denervation has a significant impact on systemic
T lymphocyte–derived inflammation. These results demon-
strate the importance of direct neuroimmune interactions in
RSDS and put forth a novel translational finding that may
attenuate psychological trauma–induced inflammation.

METHODS AND MATERIALS

Mice

All experimental mice were wild-type male mice on a C57BL/
6J background (The Jackson Laboratory). All experimental
mice were bred in-house to attenuate the introduction of
confounding stressors or flora related to shipping or differential
facilities. Retired breeder male CD-1 mice of approximately 4
to 8 months of age were purchased from Charles River Lab-
oratories, Inc., and prescreened for aggression as previously
described (22,31,32). Experimental mice were group housed
along with same-sex littermates until the time of the experi-
ment. Mice were housed with corncob bedding and paper
nesting materials and given ad libitum access to water and
standard chow (Teklad laboratory diet; Harlan Laboratories,
Inc.). All experimental mice were euthanized by intraperitoneal
injection of 150 mg/kg pentobarbital (Fatal-Plus; Vortech
Pharmaceuticals, Ltd.). Euthanasia occurred between 7 AM and
9 AM to attenuate described effects of circadian rhythm on
inflammation. All procedures were reviewed and approved by
the University of Nebraska Medical Center Institutional Animal
Care and Use Committee.

Splenic Denervation

To selectively ablate the splenic nerve, mice were first anes-
thetized with 2.5% nebulized isoflurane supplemented with
oxygen until appropriate depth of anesthesia was achieved.
Mice were then shaved along the left lateral side, and the site
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was cleaned with surgical grade Betadine (Avrio Health L.P.)
followed by 70% ethanol. A small incision was made along the
left side caudal to the ribs through the skin and peritoneum to
visualize the spleen. Under magnification, the splenic artery
was carefully dissected away from surrounding adipose and
pancreas tissue. A cotton applicator soaked in 10% phenol in
ethanol was gently applied to the splenic artery for 5 to 10
seconds until visual vasodilation was evident, with care taken
to avoid contact with the spleen or surrounding tissue. Sham-
operated mice were subjected to identical conditions with
saline applied to the splenic artery. Following the operation,
the muscular and peritoneal layers were sutured closed using
4-0 absorbable Vicryl sutures (Ethicon, Inc.), followed by skin
and external fascia closure with 6-0 Prolene sutures (Ethicon,
Inc.). Efficacy of denervation was assessed by measurement of
splenic NE (discussed below) after euthanasia. Following
denervation or sham operation, mice recovered for 7 days
before entering RSDS or control protocols (described below).

Repeated Social Defeat Stress

RSDS was conducted as we have previously described
(22,31). Standardized RSDS uses aggressive CD-1 mice,
which precludes the inclusion of female mice, thus preventing
the investigation of potential sex differences in this study.
Briefly, aggressive CD-1 mice were singly housed for 3 days
followed by introduction of experimental mice into the CD-1
home cage for social defeat for 5 minutes daily. During social
defeat bouts, CD-1 and experimental mice were monitored for
appropriate aggressive and socially defeated behaviors,
respectively, to ensure adequate stress induction. Following
social defeat, CD-1 and experimental mice were co-housed for
the remaining 24 hours separated by a clear, perforated acrylic
barrier to prevent physical interaction but allow for visual,
auditory, and olfactory stimulation. Social defeat was repeated
for 10 consecutive days with experimental mice rotating to a
new CD-1 home cage daily. Control mice were pair housed
with one another (no exposure to CD-1 mice) across an acrylic
barrier to prevent physical interaction for 10 consecutive days.
Following the 10-day RSDS or control paradigms, mice un-
derwent behavioral testing on day 11, and biological sub-
stances were harvested on day 12. All mice were assessed for
visually apparent wounding (.1 cm) or lameness, and affected
mice were excluded (4 mice were excluded in this study owing
to these parameters; these mice were not compiled into the
final animal count).

Behavioral Testing

Behavioral testing was conducted as we have previously re-
ported (22,31). Briefly, all experimental mice were assessed
first by social interaction test followed by elevated zero maze
between 7 AM and 2 PM. The social interaction test was per-
formed using a 40 3 40 cm open field maze (Noldus In-
formation Technology) with a transparent enclosure with 6.5 3

10 cm wire mesh caging. Experimental or control mice were
placed in the open field with an empty enclosure devoid of
prior mice contact, followed by analogous testing with an
identical enclosure housing a novel CD-1 mouse. Ratios of
time spent in proximity to the enclosure (interaction zone) or in
the distant corners of the maze (corner zones) between trials
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with or without CD-1 mice were calculated to produce social
interaction and corner zone ratios, respectively (31,32). Each
trial lasted 2.5 minutes, with all sessions recorded and digitally
analyzed by accompanying EthoVision XT 13 software (Noldus
Information Technology). The elevated zero maze was per-
formed using a standard elevated circular track, 50 cm
diameter 3 5 cm track width (Noldus Information Technology)
with 50% enclosed (20 cm wall height) and 50% open. Each
trial was 5 minutes, with all sessions recorded and digitally
analyzed by accompanying EthoVision XT 13 software.

T Lymphocyte Immunophenotyping

Splenocytes were incubated at 37 �C for 4 hours in Roswell
Park Memorial Institute Medium (RPMI) media supplemented
with phorbol 12-myristate 13-acetate (10 ng/mL), ionomycin
(0.5 mg/mL), and BD GolgiPlug Protein Transport Inhibitor
(containing brefeldin A; 1 mL/mL; BD Biosciences). Cells were
then washed, resuspended in cold phosphate-buffered saline,
and stained for viability for 30 minutes at 4 �C using LIVE/
DEAD Fixable Blue Dead Cell Stain Kit for ultraviolet excitation
(1:1000; Thermo Fisher Scientific). Subsequently, cells were
washed and resuspended in RPMI supplemented with the
following fluorescently tagged antibodies targeting extracel-
lular T lymphocyte proteins for 30 minutes: CD3ε PE-Cy7
(clone 145-2C11; eBioscience, San Diego, CA), CD4 Alexa
Fluor 488 (clone GK1.5; eBioscience), CD8a APC (clone 53-
6.7; BD Biosciences), and CD25 BV605 (clone PC61; BD
Biosciences). Following this, samples were washed, fixed, and
permeabilized using the FOXP3 fixation and permeabilization
kit (eBioscience) per the manufacturer’s instructions. Per pro-
tocol, cells were washed again and resuspended in per-
meabilization buffer with the following fluorescently tagged
antibodies targeting intracellular T lymphocyte proteins for 30
minutes: IL-4 BV 421 (clone 11B11; BD Biosciences), interferon
gamma APC-Cy7 (clone XMG1.2; BD Biosciences), IL-17A PE
(clone TC11-18H10; BD Biosciences), and FOXP3 PE-Cy5
(clone FJK-16s; eBioscience). Cells were washed and resus-
pended in phosphate-buffered saline, and data were acquired
using a customized BD LSR II flow cytometer (BD Bio-
sciences). All flow cytometry experiments were conducted with
accompanying single-color and fluorescence-minus-one con-
trol tubes. Data were analyzed using FlowJo software (BD
Biosciences).

Simultaneous Splenocyte Immunophenotype and
Mitochondrial Redox Analysis

Freshly isolated live splenocytes were incubated in RPMI
supplemented with the following fluorescently tagged anti-
bodies targeting extracellular proteins: CD3ε PE-Cy7, CD19
APC-Cy7 (clone 6D5; BioLegend), CD11b SB-436 (clone M1/
70; eBioscience), CD11c APC (clone N418; eBioscience), and
NK1.1 SB-600 (clone PK136; eBioscience). Concurrently, 1
mM MitoSOX Red mitochondrial superoxide indicator (Thermo
Fisher Scientific) was added, and cells were incubated for
30 minutes at 37 �C. Cells were washed and resuspended
in phosphate-buffered saline, and data were acquired using
a customized BD LSR II flow cytometer. MitoSOX Red
mean fluorescence intensities were normalized to intraexperi-
ment sham-operated control samples. All flow cytometry
192 Biological Psychiatry: Global Open Science September 2021; 1:19
experiments were conducted with accompanying single-color
and fluorescence-minus-one control tubes. Data were
analyzed using FlowJo software.

Splenocyte Isolation

Splenocytes were isolated as previously described (33); see
Supplemental Methods for further details.

T Lymphocyte Isolation

Splenic T lymphocyte isolation was performed as previously
described (22); see Supplemental Methods for further details.

RNA Extraction, Complementary DNA Production,
and Real-Time Reverse Transcriptase Quantitative
Polymerase Chain Reaction

Reverse transcriptase quantitative polymerase chain reaction
was performed as previously described (22); see Supplemental
Methods for further details.

Immunoblotting

Immunoblotting to quantify relative protein content was per-
formed as previously described (34); see Supplemental
Methods for further details.

Catecholamine Assessment

Catecholamines were assessed as previously described (22);
see Supplemental Methods for further details.

Circulating Cytokine Analysis

Circulating cytokines were measured as previously described
(31); see Supplemental Methods for further details.

Statistical Analyses

A total of 85 animals (38 control mice, 47 RSDS mice) were
used in these studies. All mice were randomly assigned to 1 of
the 4 cohorts (sham-control, sham-RSDS, denervation-control,
denervation-RSDS), with all efforts made to ensure experi-
menters were blinded during biological assay, data acquisition,
and data analysis. At least 3 independent experimental repeats
were conducted, with animals across each cohort included.
Not all biological parameters were able to be run in a single
animal; thus, figures are individually labeled with N values and
statistical information used for a specific set of experiments.
Individual data are presented along with mean 6 SEM. All data
were assessed for parametric distribution to determine the
appropriate statistical analysis. Differences were considered
significant at p , .05.

RESULTS

Splenic Denervation Attenuates RSDS-Induced
Elevations in Splenic Sympathetic Tone

To effectively evaluate the role of splenic innervation in RSDS-
induced inflammation, targeted splenic denervation was per-
formed before the RSDS paradigm (Figure 1A). Before RSDS
induction, denervation was able to significantly reduce levels of
tyrosine hydroxylase (the rate-limiting enzyme of catechol-
amine synthesis) in splenic lysate compared with sham
0–200 www.sobp.org/GOS
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Figure 1. Splenic denervation is a robust and
specific method to reduce splenic NE. WT C57BL/6J
mice underwent sham operation or denervation, with
biologicals assessed after 7 days before introduction
to RSDS. (A) Overall experimental schematic. (B)
Representative Western blot analysis of splenic TH in
sham and Dnx mice. (C) Quantification of splenic TH
normalized to b-actin protein. (D) NE content in tis-
sue lysate by enzyme-linked immunosorbent assay.
(Left panel) NE content in spleen normalized to tissue
weight. (Right panel) NE content in ipsilateral (left)
kidney normalized to tissue weight. Comparisons
between sham and Dnx by Mann-Whitney U test.
Dnx, denervation; NE, norepinephrine; RSDS,
repeated social defeat stress; TH, tyrosine hydroxy-
lase; WT, wild-type.
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animals (Figure 1B, C). Direct measurement of NE content
within the spleen showed a 79% reduction in splenic NE
compared with sham operation (Figure 1D), with no effect on
ipsilateral kidney NE content (Figure 1D). To ensure that
splenic blood flow was not affected by the denervation pro-
cedure, pulsed-wave echo Doppler ultrasound was performed
to demonstrate no significant differences in peak velocity or
velocity time integral between sham or denervation in blood
flow of the splenic artery (Figure S1).

After 7 days of recovery, sham and denervation mice
were assigned to control or RSDS paradigms. Splenic NE
was elevated in RSDS mice compared with control mice in
the sham group, though the difference did not reach sta-
tistical significance (Figure 2A). In contrast, denervation
significantly attenuated splenic NE in both control and
RSDS mice compared with mice in respective sham groups
(p = .0197 and p , .0001, respectively) (Figure 2A). Within
the plasma, there were no significant differences in NE
concentration across all groups (Figure 2B). Together, these
data demonstrate that denervation is a feasible, robust, and
specific method of attenuating RSDS-induced sympathetic
tone.
Denervation Does Not Alter Antisocial or Anxiety-
like Behavior Seen in RSDS

As we and others have previously reported (22,31,32), RSDS
resulted in significantly decreased sociability by social
interaction test in sham-operated mice (Figure 3A).
Biological Psychiatry: Global Ope
Interestingly, denervation mice exposed to RSDS also
showed decreased sociability, but the variability did not
allow for corrected statistical significance compared with
sham RSDS (p = .0777) (Figure 3A). Similar to what we have
seen and reported previously (31), corner zone ratio did not
reliably display significant differences between any groups
(Figure 3A).

To assess anxiety-like behavior, we performed elevated
zero maze tests. Time spent in the open arms of the maze
was significantly decreased in RSDS mice compared with
control mice in both sham-operated and denervation groups
(Figure 3B). Additionally, distance moved during the elevated
zero maze test showed similar decreases in RSDS mice with
no statistical differences between RSDS-exposed sham or
denervation groups (Figure 3B). Overall, these data suggest
that splenic denervation does not greatly affect antisocial or
anxiety-like behavior induced by RSDS.
Circulating Inflammation Owing to RSDS Is Partially
Ameliorated by Splenic Denervation

We recently reported that several cytokines are significantly
elevated in circulation after RSDS (31), including IL-2, IL-6,
IL-10, IL-17A, IL-22, and tumor necrosis factor a (TNF-a). As
expected, RSDS increased circulating levels of these cytokines
in sham-operated animals (Figure 4), with IL-10 and TNF-a not
reaching statistical significance in this cohort (the current study
has significantly fewer animals than our previous report).
Denervation was able to significantly attenuate RSDS-induced
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Figure 2. Denervation abrogates RSDS alterations in splenic NE, with no
effect on plasma NE concentration. Mice were randomly assigned to sham
or Dnx conditions, then control or RSDS cohorts, and NE was assessed in
tissue or plasma by enzyme-linked immunosorbent assay at the completion
of the stress paradigm. (A) NE content in spleen normalized to tissue weight
(two-way analysis of variance group results; stress p = .0010, Dnx p ,

.0001, interaction p = .0055). (B) Plasma NE concentration (two-way anal-
ysis of variance group results; stress p = .981, Dnx p = .3592, interaction p =
.5241). Statistical analyses by two-way analysis of variance with Tukey post
hoc correction; post hoc p value of interest listed on figure where respective
group effect was found to be significant. Dnx, denervation; NE, norepi-
nephrine; RSDS, repeated social defeat stress.
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increases in circulating IL-2, IL-17A, and IL-22, whereas IL-6,
IL-10, and TNF-a were largely unaffected by denervation
(Figure 4). Importantly, IL-2, IL-17A, and IL-22 are produced
almost exclusively by T lymphocytes, whereas the others are
produced by a variety of cell types. These data demonstrate
that denervation is able to attenuate RSDS-induced increases
in specific circulating cytokines, which may be linked to T
lymphocyte subtypes.
194 Biological Psychiatry: Global Open Science September 2021; 1:19
Denervation Attenuates RSDS-Induced Splenic T
Lymphocyte Mitochondrial Superoxide

We have previously demonstrated that both exogenous NE
and RSDS result in an increase in mitochondrial superoxide
within T lymphocytes that is linked to a proinflammatory
phenotype (18,22,33). As before, RSDS induced an increase
in T lymphocyte mitochondrial superoxide in sham mice
compared with control mice (Figure 5). Strikingly, denervation
completely attenuated this RSDS-induced increase in mito-
chondrial superoxide (Figure 5). Additionally, natural killer cells
in the spleen also routinely demonstrate increases in mito-
chondrial superoxide after RSDS (Figure S2). However, natural
killer cell mitochondrial superoxide was not significantly
attenuated by denervation (compared with the respective
control mice) (Figure S2). In examining the effects on immune
cell populations, RSDS and denervation did not show clear
effects on T lymphocytes (CD3) (Figure S4), despite previous
literature demonstrating small but significant decreases in the
number of T lymphocytes in stress paradigms (22,35). More-
over, no other cell type in the spleen demonstrated any pop-
ulation alterations with denervation (Figure S2). Overall, these
data suggest that splenic innervation and RSDS have signifi-
cant and robust effects on mitochondrial superoxide within
T lymphocytes, with minimal impact on cell population
distribution.

Denervation Reduces RSDS-Induced Splenic T
Helper 17 Lymphocytes and Proinflammatory Gene
Expression

Using a hierarchical gating strategy, we found that CD41

helper and CD81 cytotoxic T lymphocyte populations were not
significantly altered by RSDS or denervation (Figure 6). Within
CD41 subtypes, T helper 1 (TH1) and TH2 were unchanged,
whereas TH17 and T regulatory cell populations were
increased by RSDS in sham mice (Figure 6). Importantly,
denervation tempered this RSDS effect in both TH17 and T
regulatory cell subtypes (Figure 6). We further investigated
inflammatory differences by examining overall T lymphocyte
gene expression. Within purified splenic T lymphocytes of
sham mice, RSDS produced increased expression of IL-2, IL-
6, IL-10, IL-17A, IL-22, and TNF-a (Figure 7). Within the
denervation group, RSDS attenuated these 6 cytokines within
splenic T lymphocytes (Figure 7), whereas cytokines such as
interferon gamma and IL-4 showed no differences across any
groups. These data provide further evidence for the role of
splenic innervation in RSDS-induced T lymphocyte regulation.

DISCUSSION

In our previous work (22), we demonstrated an association
between RSDS-induced splenic catecholamines, T lympho-
cyte inflammatory gene signatures, and T lymphocyte mito-
chondrial superoxide. Herein, we have demonstrated a causal
role for neural-derived NE in the regulation of distinct facets of
T lymphocyte–driven inflammation during RSDS. By using a
method of splenic denervation that effectively reduced splenic
tyrosine hydroxylase and NE, we deduced the role of this
neuroimmune connection in vivo on the behavioral, inflam-
matory, and redox phenotypes of RSDS. Denervation did not
affect RSDS-induced antisocial or anxiety-like behavior, but it
0–200 www.sobp.org/GOS
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Figure 3. Denervation does not affect RSDS-
induced antisocial or anxiety-like behavior. Mice
were tested for prosocial and anxiety-like behavior
after exposure to sham or Dnx conditions, followed
by control or RSDS protocols. (A) (Left panel)
Representation of social interaction test for social
behavior. (Middle panel) Social interaction zone
ratio (two-way ANOVA group results; stress p ,

.0001, Dnx p = .6714, interaction p = .0059). (Right
panel) Corner zone ratio (two-way ANOVA group
results; stress p = .0304, Dnx p = .9669, interaction
p = .9218). (B) (Left panel) Representation of
elevated zero maze for anxiety-like behavior.
(Middle panel) Time spent in open arm of maze
(two-way ANOVA group results; stress p , .0001,
Dnx p = .1113, interaction p = .6793). (Right panel)
Total distance moved (two-way ANOVA group re-
sults; stress p , .0001, Dnx p = .5647, interaction
p = .5719). Statistical analyses by two-way ANOVA
with Tukey post hoc correction; post hoc p values
of interest listed on each figure if respective group
effects were found to be significant. ANOVA,
analysis of variance; Dnx, denervation; RSDS,
repeated social defeat stress.
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did attenuate RSDS-induced increases in circulating cyto-
kines, T lymphocyte mitochondrial superoxide, TH17 and reg-
ulatory T cell populations, and T lymphocyte gene signatures.
Together, these data provide valuable insight into splenic
neuroimmune interactions that are responsible for RSDS
changes in T lymphocyte–driven inflammation.

PTSD is a complex behavioral disorder with important
physiological manifestations. To perform mechanistic in-
vestigations, current studies rely on one of many preclinical
mouse models (36,37). Among the various PTSD models that
have arisen, RSDS has been lauded for its ability to recapitu-
late inflammatory characteristics of PTSD (36,37). Additionally,
many works employing RSDS have used the social interaction
Biological Psychiatry: Global Ope
test to divide mice into susceptible and resilient groups based
on the social interaction ratio (32,38). However, we recently
demonstrated that this divide does not associate with another
commonly used behavioral test of anxiety, the elevated zero
maze, or with circulating inflammatory proteins that increase
during RSDS (31). In the investigations herein, splenic de-
nervation did not have a profound effect on the behavioral
parameters measured, but it did significantly impact T
lymphocyte–derived inflammation. Importantly, denervation
did not robustly affect other aspects of inflammation, such as
circulating IL-6 and other splenocyte populations. Additionally,
the changes to circulating inflammation demonstrated an
attenuation of the RSDS-induced increases, not a complete
Figure 4. Denervation attenuates circulating levels
of select cytokines increased by RSDS. Circulating
inflammatory proteins were assessed at the com-
pletion of the stress paradigm in plasma of sham or
Dnx mice, followed by control or RSDS mice by
Meso Scale Discovery V-PLEX assay. Two-way
analysis of variance group results: IL-2 stress p =
.0012, Dnx p = .0348, interaction p = .1169; IL-6
stress p = .0063, Dnx p = .2208, interaction p =
.2858; IL-10 stress p = .0488, Dnx p = .3795, inter-
action p = .4651; IL-17A stress p = .0001, Dnx p =
.0128, interaction p = .2741; IL-22 stress p = .0059,
Dnx p = .2544, interaction p = .0546; TNF-a stress
p = .0400, Dnx p = .3776, interaction p = .5316.
Statistical analyses by two-way analysis of variance
with Tukey post hoc correction; post hoc p values of
interest listed on each figure if respective group ef-
fects were found to be significant. Dnx, denervation;
IL, interleukin; RSDS, repeated social defeat stress;
TNF-a, tumor necrosis factor a.
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Figure 5. Denervation ameliorates RSDS-induced increase in mitochon-
drial superoxide in T lymphocytes. Mice were randomly assigned to sham or
Dnx conditions, then control or RSDS cohorts followed by live splenocyte
isolation and assessment by flow cytometry. Quantification of MitoSOX Red
MFI in CD31 splenocytes, normalized to intraexperiment sham control-
housed animals (two-way analysis of variance group results; stress p =
.0005, Dnx p = .0079, interaction p = .0021). Statistical analyses by two-way
analysis of variance with Tukey post hoc correction; post hoc p values of
interest listed on each figure if respective group effects were found to be
significant. Dnx, denervation; MFI, mean fluorescence intensity; RSDS,
repeated social defeat stress.
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ablation, which belies the known existence of neuroimmune
connections within other lymphoid organs. Moreover, splenic
denervation likely has no effect on central noradrenergic tone,
which may be responsible for the resultant changes in
behavior. Overall, the complex relationship between behavior
and inflammation is likely systemic, involves numerous
196 Biological Psychiatry: Global Open Science September 2021; 1:19
immune cell types, and has both neural and hormonal contri-
butions. The connections between behavior and inflammation
remain a significant area of interest that requires more nuanced
approaches that must rely on nonbinary outputs of behavior or
peripheral inflammation (39,40). Additionally, future studies
examining RSDS and peripheral inflammation would benefit
from the inclusion of other behavioral paradigms outside of the
social interaction test and elevated zero maze, such as startle
responses, and hypervigilance.

Herein, we similarly examined alterations to peripheral
inflammation. We demonstrated that denervation ameliorates
characteristic increases in some circulating cytokines after
RSDS (likely not completely owing to the targeting of only one
secondary lymphoid organ), with a partiality for cytokines more
canonically associated with T lymphocytes (IL-2, IL-17A, and IL-
22), while other cytokines (IL-6, TNF-a, and IL-10) were grossly
unaffected. Works by pioneers of RSDS such as Sheridan and
his group have previously examined the effects of RSDS on
splenocyte populations, primarily monocytes (35). They
described that RSDS induces the amount of glucocorticoid-
insensitive monocytes in the spleen and circulation, which
contribute to the RSDS-induced increase in circulating cyto-
kines such as IL-6, CCL2, and TNF-a [summarized by Reader
et al. (41)]. Our data confirm and extend these findings by
showing that splenic innervation appears to primarily affect T
lymphocyte populations, while the innate immune system
response to RSDS is preserved even in the absence of splenic
innervation. Combined with this current work, these data pro-
vide further evidence for the specificity—anatomical, cellular,
and hormonal—of immune responses to RSDS.

At the anatomical level, this work is built on an important
premise that the spleen receives exclusively sympathetic
innervation, and thus splenic denervation allows for effective
study of this single variable. This topic has been reviewed
exhaustively elsewhere (42), with a breadth of data demon-
strating a lack of parasympathetic innervation to the spleen.
Figure 6. Denervation reverses RSDS increases in
T lymphocyte subtypes TH17 and TREG, while other
subtypes remain unaffected. Mice were randomly
assigned to sham or Dnx conditions, then control or
RSDS cohorts followed by immunophenotyping of
splenic T lymphocyte populations by flow cytometry.
All values represent frequency of live cells by fixable
viability stain, with marker positivity listed below
each subtype assay. Two-way analysis of variance
group results: CD41 stress p = .9659, Dnx p = .1315,
interaction p = .6076; CD81 stress p = .0195, Dnx p =
.0256, interaction p = .5089; TH1 stress p = .4305,
Dnx p = .2904, interaction p = .2417; TH2 stress p =
.6024, Dnx p = .0953, interaction p = .9874; TH17
stress p = .0039, Dnx p = .0051, interaction p =
.0036; TREG stress p = .0258, Dnx p = .0069, inter-
action p = .0836. Statistical analyses by two-way
analysis of variance with Tukey post hoc correc-
tion; post hoc p values of interest listed on each
figure if respective group effects were found to be
significant. Dnx, denervation; IFN, interferon; IL,
interleukin; RSDS, repeated social defeat stress; TH,
T helper; TREG, T regulatory.
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Figure 7. Denervation alters RSDS-induced
changes in gene expression within purified splenic
T lymphocytes. Splenic T lymphocytes were purified
by negative selection, followed by RNA extraction
and complementary DNA conversion for quantitative
real-time reverse transcriptase polymerase chain
reaction. Data shown are fold change normalized to
sham-operated control-housed animals, with all DCT
values normalized to 18s ribosomal RNA loading
control. Two-way analysis of variance group results:
IL-2 stress p = .0067, Dnx p = .0097, interaction p =
.0028; IL-4 stress p = .4622, Dnx p = .5022, inter-
action p = .0892; IL-6 stress p = .0038, Dnx p =
.0047, interaction p = .0021; IL-10 stress p = .0309,
Dnx p = .0037, interaction p = .1969; IL-17A stress
p = .0045, Dnx p = .0093, interaction p = .0333; IL-22
stress p = .0007, Dnx p = .0014, interaction p =
.0057; TNF-a stress p = .0032, Dnx p = .0014,

interaction p = .0013; IFN-g stress p = .8341, Dnx p = .4799, interaction p = .6654. Statistical analyses by two-way analysis of variance with Tukey post hoc
correction; post hoc p values of interest listed on each figure if respective group effects were found significant. Dnx, denervation; IFN, interferon; IL, interleukin;
mRNA, messenger RNA; RSDS, repeated social defeat stress; TNF-a, tumor necrosis factor a.
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Conversely, classic and recent functional studies have eluci-
dated the role of splenic sympathetic efferent nerves in various
immune responses (14,30,43–47). In recent works examining
the anti-inflammatory reflex, NE released from the splenic
nerve has been shown to signal to choline acetyltransferase–
positive T lymphocytes through their b2-adrenergic receptors.
Subsequently, these choline acetyltransferase–positive T
lymphocytes produce acetylcholine, which signals through the
alpha-7 nicotinic receptor on macrophages to suppress the
release of inflammatory cytokines into circulation (48,49).
However, the nature of pathways upstream from the splenic
nerve in this pathway is a matter of controversy. Work by
Tracey’s group has provided evidence that this is mediated
upstream by the vagal efferent, which synapses at the celiac
ganglion to modulate the splenic nerve, while McAllen’s group
has shown that these splenic nerve fibers originate from
sympathetic splanchnic nerves (46,50–53). Overall, the data
presented herein provide further evidence for the influence of
splenic NE on T lymphocytes (primarily proinflammatory) in the
important context of psychological trauma. The relationship
between our findings and various facets of the anti-
inflammatory reflex remains unresolved but is a potential
area for future investigations.

At the cellular and molecular levels, this investigation pro-
vides new insights into how psychological trauma affects the
complex ability of the sympathetic nervous system to modu-
late splenic T lymphocyte–driven inflammation. It has been well
established that splenic T lymphocytes are exposed to high
concentrations of NE released by sympathetic nerve terminals
(14,54,55). However, the response of T lymphocytes to this NE
and other catecholamines has been shown to be largely
dependent on experimental details, such as type of immune
challenge, timing of sympathoexcitation, activation state of T
lymphocytes, and murine strain (56). While a significant body of
work has pointed to the b2-adrenergic receptor playing a pri-
mary role in NE effects in T lymphocytes (57–59), other work
(including our own) has also demonstrated a-adrenergic re-
ceptors in the redox and inflammatory response of T lym-
phocytes (18,60). Similar to many systems, it is highly probable
that adrenergic receptors (and other neurotransmitter
Biological Psychiatry: Global Ope
receptors) on T lymphocytes do not work autonomously, but
rather work together in a system-dependent fashion to
respond to the neurotransmitter milieu. Identification of these
signaling cascades is indeed important to understand regula-
tion of inflammation via autonomic signaling, but given the
numerous intercommunicating cell types, dozens of neuro-
transmitters, and multitudes of receptors, this is a highly
complex and challenging aspect of neuroimmune communi-
cation investigations.

Importantly, our previous work has strongly demonstrated
that NE-induced increases in specific cytokines, such as IL-6
and IL-17A, is partially mediated by increases in mitochon-
drial superoxide, as evidenced by an attenuation of these cy-
tokines after treatment with MitoTEMPOL, a selective
mitochondrial superoxide scavenger (18). Additionally, in a
genetic MnSOD (manganese superoxide dismutase) knockout
model with increased mitochondrial superoxide, ex vivo IL-17A
production was distinctly increased (61). Importantly, these
changes in the mitochondrial redox environment cannot be
divorced from the overall metabolic status of these T lym-
phocytes (62). It is possible that the increase in mitochondrial
superoxide we have observed in T lymphocytes after RSDS
may be due to alterations in cellular metabolism or vice versa.
Metabolism has been recently shown to be a primary driver of
T lymphocyte activation and differentiation (63,64), but this has
not been fully explored in the context of psychological stress
disorders. Untangling the cellular mechanism by which altered
mitochondrial redox and metabolism are able to ultimately
effect T lymphocyte function during psychological trauma is an
important future direction for this research. In furthering this
work, we hope to find new therapeutic targets to ameliorate the
deleterious proinflammatory shifts that are linked to PTSD, with
a keen interest in understanding the directionality of PTSD and
inflammation.

This study has important implications but is not without
limitations. An important concept of note is the ability of im-
mune cells to produce catecholamines, which could function in
an autocrine or paracrine fashion to exert similar effects
(56,65–68). This has been repeatedly demonstrated and re-
quires further investigation to understand the potential role for
n Science September 2021; 1:190–200 www.sobp.org/GOS 197
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these immune cell–derived neurotransmitters in the context of
health and disease. Additionally, RSDS is a preclinical model of
PTSD that recapitulates only certain aspects of the human
condition. Our interest in the autonomic and inflammatory
relationship prompted our use of this model, but the findings
herein could be further validated by using other psychological
trauma animal models to probe the role of this neuroimmune
connection. Notably, RSDS as a model of PTSD has limita-
tions. Physical interaction allows for wounding, which is a
potential confounding factor when investigating inflammation
and immune cell populations, although other studies have
demonstrated similar immune changes in witnessed social
defeat paradigms (69). Additionally, RSDS does not display
certain characteristic features of PTSD, such as decreases in
fear extinction or altered hypothalamic-pituitary-adrenal feed-
back (36,37). Last, the standardized model of RSDS precludes
examination of these effects in females, which is important
given their higher risk for PTSD. New adaptations of RSDS that
include females do exist but often rely on differential action of
females versus males, which prevents direct comparison be-
tween the sexes. This further warrants examination of these
findings in additional preclinical models of PTSD as well as in
human subjects.

Overall, T lymphocyte–driven inflammation—specifically
signatures of TH17-driven inflammation—has been impli-
cated in a variety of inflammation-driven and autoimmune
disorders (20,70,71) as well as having been shown to be
increased in patients with PTSD (6,72,73). In the current
study, we have presented a clear role for increased sympa-
thetic tone—a known hallmark of PTSD—in being responsible
for this TH17 phenotype shift. Splenic denervation as a ther-
apeutic technique has already been translated to larger ani-
mals, which enhances the clinical relevance of our preclinical
PTSD findings described herein. By furthering our mecha-
nistic understanding of how splenic neuroimmune connec-
tions in lymphoid organs could be responsible for the
increased morbidity and mortality from trauma-induced in-
flammatory diseases, we can provide novel treatment stra-
tegies for patients with PTSD and other trauma-related
disorders.
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