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Abstract

The nervous system plays a profound regulatory role in maintaining appropriate immune
responses by signaling to immune cells. These immune cells, including B- and T-cells, can fur-
ther act as intermediary messengers, with subsets of B- and T-cells expressing choline acetyl-
transferase (ChAT), the enzyme required for acetylcholine (ACh) synthesis. Neural control of
ACh release from ChAT" T-cells can have powerful immune implications, regulating lympho-
cyte trafficking, inflammation, and prevent death due to experimental septic shock. Although
ACh release from T-cells has been proposed to occur following norepinephrine (NE) released
from sympathetic nerve terminals in the spleen, it is unknown how this communication occurs.
While it was proposed that tyrosine hydroxylase (TH*) axons form synapse-like structures with
ChAT™* T-cells, there is scant evidence to support or refute this phenomenon. With this in mind,
we sought to determine the relative abundance of ChAT* B- and T-cells in close proximity to
TH* axons, and determine what factors contribute to their localization in the spleen. Using con-
focal microscopy of tissue sections and three-dimensional imaging of intact spleen, we con-
firmed that ChAT* B-cells exceed the number of ChAT* T-cells, and overall few ChAT* B- or
T-cells are located close to TH* fibers compared to total numbers. The organized location of
ChAT" lymphocytes within the spleen suggested that these cells were recruited by chemokine
gradients. We identified ChAT* B- and T-cells express the chemokine receptor CXCRS5; indi-
cating that these cells can respond to CXCL13 produced by stromal cells expressing the 32
adrenergic receptor in the spleen. Our findings suggest that sympathetic innervation contrib-
utes to organization of ChAT* immune cells in the white pulp of the spleen by regulating
CXCL13. Supporting this contention, chemical sympathectomy significantly reduced expres-
sion of this chemokine. Together, we demonstrated that there does not appear to be a basis
for synaptic neuro-immune communication, and that sympathetic innervation can modulate
immune function through altering stromal cell chemokine production.
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Introduction

Neural-immune interactions have long been observed to occur in numerous tissues that are
critical for mediating immunological responses. Neurons are located in close proximity to B-
cells, mast cells, macrophages, and T-cells in the intestinal mucosa and muscularis [1-3], skin
[4], and secondary lymphoid organs including the spleen [5]. Recent studies have highlighted
that these neural-immune interactions can dictate immunological outcomes, and that modula-
tion of neuronal activity could become a new therapeutic modality in the treatment of immu-
nopathologies [6].

Communication between the nervous system and immune cells has been previously dem-
onstrated to reduce morbidity and mortality following overt immune responses in multiple
diseases including arthritis, ulcerative colitis, ischemia-reperfusion injury, and septic shock via
a the inflammatory reflex [7-12]. This reflex arc is initiated by detection of bacteria/bacterial
products, or the resulting inflammatory processes by vagal afferent neurons. Activation of
vagal afferents results in neuronal activation in the nucleus tractus solitarius, and after coordi-
nation in the brainstem, an efferent signal is conducted by the vagus nerve to the spleen. In the
spleen, inhibition of aberrant immune responses requires ACh production by CD4" T-cells
that express choline acetyltransferase (ChAT) [5]. Stimulated release of ACh from CD4"
ChAT™ T-cells occurs following activation of B2 adrenergic receptors (32AR) by norepineph-
rine (NE). The source of this NE was proposed to be sympathetic neurons originating in the
celiac ganglia and projecting into the spleen, although recent studies conducted in rat question
the functional circuitry of this reflex arc [13]. Stimulated release of ACh from T-cells inhibits
activation and TNFa production by red pulp, and marginal zone splenic macrophages during
sterile endotoxemia [5].

The precise nature of the communication between sympathetic terminals and ChAT™*
immune cells, as well as the frequency of ChAT™ T-cells intimately associated with these axons
has not been resolved. ChAT expression in lymphocytes is not restricted to CD4" T-cells; B-
cells in both the spleen and lymph nodes comprise a significantly larger fraction of ChAT-
GFP" lymphocytes [14], in addition to small numbers of macrophages and dendritic cells [14,
15]. Despite this understanding of the cell types that can produce ACh, there is little informa-
tion on the physical location of ChAT* lymphocytes within secondary lymphoid organs, and
the processes that determine this location.

Homing of specialized immune cells to discrete compartments within the spleen is a highly
regulated process and is vital to the function of the immune system [16, 17]. This compart-
mentalization is afforded by production of chemotactic proteins or chemokines that serve to
guide migration of cells expressing specific receptors. Although there are numerous chemo-
kines present in the spleen, B-cells and T-cells predominantly respond to CXCL13 and
CCL19/CCL21 gradients respectively [17-20]. Unique populations of stromal cells in the B-
and T-cell zones producing these chemokines establish gradients to permit B- and T-cell hom-
ing. These include follicular dendritic cells (FDC) and marginal reticular cells that produce
CXCL13 in B-cell zones [21, 22], and the fibroblastic reticular cells (FRC) producing CCL19/
CCL21 in T-cell areas [19, 23]. Although these are the best characterized cell types, it is clear
that additional stromal cells are present in secondary lymphoid organs, and that some of these
cells express neurotransmitter receptors [24].

In support of a role for the nervous system in controlling stromal cell activity, sympathetic
nerves play a vital role in the development of lymphoid tissue. Activation of nerve fibers that
were identified as sympathetic, by virtue of tyrosine hydroxylase (TH") expression, resulted in
release of retinoic acid (RA), triggering CXCL13 production [25]. Despite these advances in
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neuro-immunology, the ability of the sympathetic innervation to regulate CXCL13 production
in established secondary lymphoid organs is unknown.

With these questions in mind, we have performed confocal imaging studies over a large
area of the spleen to determine the abundance of ChAT" B and T-cells and their localization
with respect to sympathetic nerves. This analysis has been supplemented using the CLARITY
procedure [26-28] and multiphoton microscopy to provide detailed three-dimensional infor-
mation on the relationship between TH* axons and ChAT™ lymphocytes in the spleen. Using
flow cytometry, the expression of CXCR5, the cognate receptor for CXCL13, was assessed on
the surface of ChAT™ B- and T-cells, with identification of splenic stromal cells expressing
CXCL13 and B2AR. The ability of sympathetic innervation to regulate CXCL13 expression
was determined by chemical sympathectomy. In the spleen, sympathectomy significantly
reduced CXCL13 expression, without affecting CCL19 or CCL21 expression. These findings
indicate a previously unappreciated role of sympathetic innervation to alter immune responses
in developed lymph nodes through maintaining chemokine production that recruit immune
cells including ChAT" B- and T-cells.

Materials and methods

Mice

ChAT-GFP (B6.Cg-Tg(RP23-268L19-EGFP)2Mik/J) and C57BL/6 mice were purchased from
the Jackson laboratories (Bar Harbor, ME) and bred in-house. Male and female mice (6-8
weeks old) were euthanized by CO, asphyxiation followed by cervical dislocation, according to
AVMA guidelines. Chemical sympathectomy was performed by administration of 6-hydroxy-
dopamine bromide (6-OHDA, Sigma-Aldrich, St Louis, MO.) by three i.p. injections (250 mg/
kg or vehicle [PBS with 0.1% ascorbic acid]). Mice were euthanized 10 days after the last injec-

tion. All procedures were approved by the Institutional Animal Care and Use Committee at
UC Davis.

Confocal microscopy

Excised spleens were fixed in formalin for 24 h prior to graded dehydration in ethanol, embed-
ded in paraffin, and cut on a microtome to produce 6 pum thick sections on slides. Slides were
de-paraffinized and rehydrated according to standard protocols, and antigen retrieval was per-
formed using citrate buffer (10 mM, pH 6.0, 1 h, 95°C). After blocking in 5% BSA normal don-
key serum (1 h, room temperature), samples were incubated in primary antibody overnight
(16 h 4°C). Primary antibodies used in this study were rabbit Anti-TH (Millipore, AB152, Bil-
lerica, MA), goat anti-GFP (Rockland Immunochemicals, Limerick, PA), and rat anti-CD3
(clone CD3-12, Bio-Rad, Hercules, CA), or rat anti-B220 (Abcam, Boston, MA.). After exten-
sive washing (3 x 5mins), slides were incubated in appropriately labeled secondary antibodies
(Invitrogen, Carlsbad, CA Table 1.) for 1 h at room temperature, washed and mounted in Pro-
long diamond (Invitrogen). Confocal imaging was performed on a Leica SP8 STED 3X micro-
scope with a 63x 1.4 NA objective.

CLARITY imaging

Lymph nodes and spleens were immediately washed in PBS and immersed in CLARITY
hydrogel monomer solution comprised of 4% formaldehyde (EMS Biosciences, Hatfield, PA),
acrylamide, Bis-acrylamide (Bio-Rad) and the initiator VA-044 (Wako chemicals, Redmond
VA). Tissues were immersed in this solution for 1 week at 4°C, followed by polymerization for
3 hat 37°C. Excess hydrogel was trimmed away and tissues were passively cleared for 3-4
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Table 1. Antibodies used for confocal and multiphoton microscopy.

Antibody Host
Tyrosine Hydroxylase Rabbit
GFP Goat
CD3 Rat
B220 Rat
Goat anti-mouse CXCL13 goat
Target Host
Anti-goat Donkey
Anti-rabbit Donkey
Anti-rat Donkey

https://doi.org/10.1371/journal.pone.0182416.t001

Source Catalog No./clone Dilution

Millipore AB152 Confocal: 1:300 CLARITY: 1:100

Rockland Immunochemicals 600-101-215 Confocal: 1:300 CLARITY: 1:100

Bio-Rad CD3-12 1:100

Abcam RA3-6B2 1:100

R&D Systems AF470 1:50

Conjugate Source Catalog No. Dilution
Alexa Fluor488 Invitrogen A11055 1:200
Alexa Fluor546 Invitrogen A10040 1:200
Alexa Fluor647 Abcam ab150155 1:200

weeks in clearing buffer (Boric Acid, SDS 4% v/v, pH 8.0, 37°C). Cleared samples were exten-
sively washed in TBS-TritonX100 (0.1%v/v) for 1 week, and blocked for 48 h in TBS-Tri-
tonX100 (0.1% v/v) supplemented with 5% BSA (w/v, Sigma Aldrich St. Louis, MO) and
normal donkey serum (Jackson Immunoresearch, West Grove, PA)

Tissue was subjected to immunostaining using rabbit anti-mouse TH (polyclonal, 1:100
[Millipore]) and goat anti-GFP (Rockland Immunochemicals). After incubation for 5 days, tissue
samples were washed for 48 h at room temperature in TBS-TritonX100, and subjected to staining
with anti-goat Alexa Fluor-488 and anti-rabbit Alex Fluor-546 conjugated secondary antibodies
(Invitrogen). Following washing to remove unbound secondary antibody (24 h room tempera-
ture), samples were incubated in 85% glycerol for optical clearing (72 h room temperature).

Immunostained samples were imaged using a multiphoton microscope equipped with a
spectral physics pulsed laser with group dispersion delay correction, reflected light hybrid
detectors, and 25x 1.0 NA objective lens matched to the index of refraction of CLARITY sam-
ples (Leica Microsystems).

Image analysis

Analysis of standard confocal data sets was performed by opening Leica image format files
directly in FIJI [29]. Manual cell counts were aided by using the ‘cell counter’ pluggin. Analysis
of cells within a set distance from TH" fibers were performed by drawing line segments over
the object of interest and expanding the selection to 8 um from the object, and counted manu-
ally with the ‘cell counter’. Determining the abundance of CXCL13 expression in the spleen
was performed by creation of surfaces in Imaris (v8.2 Bitplane scientific, Concord, MA)
around the CXCL13 immunoreactive cells. The volume of these objects was then determined
and divided by the volume of the splenic white pulp that was imaged.

CLARITY raw data was converted to the Imaris image format using the Imaris file con-
verter (Bitplane scientific, Concord, MA), and filtered using a median Gaussian filter (3 x 3x 1
pixels) in Imaris 8.2. Tiled images were aligned using XUV Tools [30] and montages imported
into Imaris 8.2. Models of nerve fibers were created using the “surface” tool after subdividing
the volume into X volumes while lymphocytes were modeled in a similar manner using the
“spot” tool. Distances to the nearest TH" nerve fiber were calculated by using MatLab (Math-
works, Natick, MA), and are available as supplementary information (S1 File).

Stromal cell isolation

Stromal cells were isolated using modifications to previously published protocols [31, 32].
Briefly, excised spleens were macerated using scissors placed in RPMI media containing 0.8
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mg/ml Dispase, 0.2 mg/ml collagenase P and 0.1 mg/ml DNase I and incubated in a shaker
incubator (20 mins, 37°C, 300 rpm). Released cells and remaining tissue fragments were
passed through a 100 um cell strainer, with released cells collected in the flow through and
added to PBS containing 2% FBS and 5 mM EDTA on ice. Tissue fragments were digested fur-
ther by incubation in fresh enzyme containing media. This process was repeated three times,
and dissociated cells from each digestion were pooled for analysis by flow cytometry.

Flow cytometry

Lymphocytes were isolated by passage through a 100 um cell strainer (BD Biosciences, San
Jose, CA). Single cell suspensions were subjected to red blood cell lysis by resuspension in
ACK buffer. Following blocking of cell surface Fc receptors with anti-CD16/32, lymphocytes
were surface stained using anti -CD4, -B220, -PD-1, -CXCR5. Cell viability was determined
using Live/dead violet. Stromal cells were identified by staining with anti -CD45-PE,
-CD31-PE-Cy7 in stain buffer (20 min, 4°C, Table 2). After extensive washing to remove
unbound antibodies, cells were subjected to fixation and permeabilization using Fix/Perm
reagent according to manufacturer’s instructions (BD Biosciences). Intracellular staining was
performed using rabbit anti-B2AR (Abcam) [33-35] followed by donkey anti-rabbit BV421
(Biolegend, San Diego, CA) and goat anti-CXCL13 (RnD Systems, Minneapolis, MN) followed
by donkey anti-goat Alex Fluor 647 (Invitrogen). After extensive washing to remove unbound
antibodies, flow cytometry was performed on a LSRII running DIVA 6.0 (BD Biosciences).
Data was analyzed using FlowJo v10.0 (Treestar, Ashland, Oregon).

Quantitative PCR

Analysis of gene expression was performed by real time quantitative PCR as previously
described [14]. Briefly, excised spleens were homogenized in Trizol (Invitrogen) using a 5 mm
stainless steel bead (Qiagen) in a bead beater. RNA was extracted as directed by manufacturer’s
instructions, with isolated RNA dissolved in ultrapure H,0 (Invitrogen). Synthesis of cDNA
was performed using an iSCRIPT reverse transcriptase kit (Bio-Rad, Hercules, CA), and real
time qPCR was performed for the following targets using the indicated primer pairs from Pri-
merbank [36]: Th forward: 5’ - GTGCCAGAGAGGACAAGGTTC-3’, reverse: 5’ - CGA
TACGCCTGGTCAGAGA-3’, Cxcll3 forward: 5’ - GGCCACGGTATTCTGGAAGC-3',
reverse: 5’ - GGGCGTAACTTGAATCCGATCTA-3’ , Ccll9 forward: 5’ - GGGGTG
CTAATGATGCGGAA-3' , reverse: 5’ - CCTTAGTGTGGTGAACACAACA-3', Ccl121

Table 2. Antibodies used for flow cytometry.

Antibody Source Conjugate cat#/clone Dilution
anti-mouse CD16/32 "Fc block" Tonbo Biosciences N/A 2.4G2 1:200
anti-mouse CD4 BD Biosciences PerCP-Cy5.5 RM4-5 1:200
anti-mouse B220 BD Biosciences APC RA3-6B2 1:200
anti-mouse PD-1 BD Biosciences BV605 J43 1:200
anti mouse CXCR5 BD Biosciences PE 2G8 1:200
anti mouse CD45 BD Biosciences PE 30F11 1:200
anti-mouse CD31 BD Biosciences PE-Cy7 390 1:200
rabbit anti-mouse b2AR Abcam N/A ab182136/ EPR707(N) 1:100
goat anti-mouse CXCL13 R&D Systems N/A AF470 1:100
donkey anti-rabbit Biolegend BV421 406410 1:200
donkey anti-goat Invitrogen AlexaFluor647 A21447 1:200

https://doi.org/10.1371/journal.pone.0182416.t002
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forward: 5’ - GTGATGGAGGGGGTCAGGA-3', reverse 5’ - GGGATGGGACAGCCTA
AACT-3’, Actbforward: 5’ -GGCTGTATTCCCCTCCATCG-3’, reverse: 5’ - CCA
GTTGGTAACAATGCCATGT-3’. Amplification and data acquisition was conducted using a
QuantStudio6 (Thermo Fisher scientific, Waltham, MA). Data were analyzed using the delta
deltaCT method normalizing gene expression to Actb in each sample followed by normaliza-
tion to experimental control sample.

Statistical analysis

Data were analyzed using a two-tailed t-test in Prism (Graphpad, San Diego CA), with a P
value of less than 0.05 denoted as significant.

Results

Most ChAT* immune cells are not closely juxtaposed to TH* axons in the
spleen

To assess the number of ChAT" B and T-cells that are closely juxtaposed to sympathetic termi-
nals in the spleen, immunostaining was performed for TH, GFP, and B220 or CD3 respectively
(Fig 1A & 1B). Using this approach, exceedingly few ChAT" B220" B-cells or ChAT* CD3"
T-cells were observed near TH" axons. While the majority of ChAT" lymphocytes were identi-
fied as B220" B-cells and not CD3" T-cells, these cells were not closely localized to TH" axons.
Quantification reveled that ChAT-GFP™ B220" B-cells represent 4.08 + 0.47% of B-cells (B220")
within 1.5 fold the average lymphocyte diameter, or 8 um, of a TH" axon (Fig 1A & 1C). Simi-
larly, CD3" ChAT-GFP" T-cells were only 4.09 + 0.92% of all T-cells within 8 um ofa TH*
axon (Fig 1B & 1D). Together, these data indicate that ChAT" B- and T-cells are rare events
and not likely to be intimately associated with TH" axons compared to ChAT ™ B- or T-cells.

We considered that given the relatively large volume of the spleen relative to the small sam-
pling in histological sections, lack of ChAT" lymphocyte-neural interactions could be due to
under-sampling. Consequently, we employed the CLARITY procedure permitting imaging of
the intact spleen, with three-dimensional reconstruction of the imaged organ. Spleens from
ChAT-GFP" mice were rendered optically transparent using the CLARITY process and
immunostained for GFP and TH, to reveal the position of ChAT" cells and TH" axons (Fig
2A). Computerized reconstruction of the imaged volume was performed to identify and
model ChAT" lymphocytes and TH axons allowing quantitative data to be extracted (Fig 2B
& 2C). Using this approach, the distance from the center of each ChAT™ cell to the surface of
the nearest TH" axon was calculated. In spleens from six naive ChAT-GFP mice, the frequency
of cells within 5 um (i.e. one cell diameter) of a TH* neuronal fiber was found to be 1% (Fig
2C). This methodology performed on multiple ChAT-GFP mice raise the possibility that
although there is some biological inter-subject variation, the distribution of ChAT" lympho-
cytes in the spleen may not be a random process.

CXCR5 is expressed by ChAT" B- and T-cells

Considering the higher frequency of ChAT" B- and T-cells in the B-cell zones of the splenic
white pulp, we considered that these cells could respond to CXCL13 by expression of CXCRS5.
Flow cytometric analysis conducted on splenocytes from naive ChAT-GFP mice demonstrated
that ChAT" B-cells and T-cells express CXCR5 (Fig 3A & 3B). While expression of CXCR5 in
ChAT and ChAT" B-cells was not different, ChAT" T-cells expressed significantly more
CXCRS5 compared to ChAT™ T-cells (Fig 3A & 3B, lower panels). It is important to note that
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Fig 1. Interactions between splenic ChAT* lymphocytes and TH* axons are rare events. Confocal microscopy was conducted on spleens from
ChAT-GFP reporter mice with immunostaining for CD3, ChAT, TH (A), or B220, ChAT, TH (B). Quantification of the total number of ChAT* and ChAT B-
cells (C) and T-cells (D) with in 1.5 cell diameters. ** P<0.001, *** P<0.0001.

https://doi.org/10.1371/journal.pone.0182416.9001

ChAT-GFP" T-cells expressing CXCR5 were PD-1’, indicating that they were unlikely to
belong to the T follicular helper cell lineage.

CXCL13 producing splenic stromal cells express 2AR

To assess how signals from the sympathetic nervous system could be conveyed to splenic stro-
mal cells, flow cytometry was used to assess the expression of 2AR and CXCL13" (Fig 4).
Splenic stromal cells were identified using a gating strategy to identify single cells that were
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ChAT-GFP mice were subjected to CLARITY and imaged by two-photon microscopy (A) allowing for individual cells and
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neural surfaces to be identified and modelled (B). Distances of ChAT" lymphocytes to the nearest TH* axons was
determined and quantified (C). Representative images from n = 6 animals.

https://doi.org/10.1371/journal.pone.0182416.9002

negative for CD45 expression (Fig 4). These cells were further characterized based on the
expression of CD31, a marker of endothelial cells, and B2AR. These three cell populations; the
non-endothelial CD31” B2AR* and CD31” B2AR cells, and the endothelial CD31" B2AR" cells
were assessed for CXCL13 expression. CXCL13 was predominantly detected in the CD31
B2AR" cells compared to CD31” B2AR’ cells (Fig 4 “R1” vs. “R2”). As expected, although
B2AR was expressed on endothelial cells, CXCL13 was not detected. These data demonstrate
that splenic stromal cells express B2AR, produce CXCL13 and could respond to sympathetic
neurotransmitters such as NE.
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Fig 3. ChAT* B- and T-cells express CXCRS5. Splenocytes isolated from ChAT-GFP reporter mice were
subjected to flow cytometry to assess CXCR5 expression on ChAT* and ChAT- B™ (A), and T-cells (B).

**P<0.01, n=6 mice.

https://doi.org/10.1371/journal.pone.0182416.9003
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Expression of CXCL13 is controlled by the splenic sympathetic
innervation

Confocal imaging studies indicating TH" immunoreactive axons in B-cell zones, coupled with
our identification of CXCL13" stromal cells that express B2AR, led us to determine the influ-
ence of sympathetic innervation on splenic chemokine production in naive mice. To deter-
mine if sympathetic innervation was capable of regulating CXCL13 expression, mice were
subjected to chemical sympathectomy using 6-OHDA treatment. Ten days after chemical sym-
pathectomy, there was a significant reduction in TH" splenic axons and CXCL13 expression as
determined by quantification of confocal microscope images (Fig 5A & 5B).
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Fig 5. Splenic sympathetic innervation regulates CXCL13 expression. Spleen from control mice or mice subjected to chemical sympathectomy by
6-OHDA administration were assessed for expression of TH and CXCL13 by confocal microscopy (A) and quantified (B). Expression of Th, Ccl19, Ccl21 and
Cxcl13 expression by qRT-PCR. *P<0.05, *** P<0.001.
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Regulation of Cxcl13 expression in spleen from vehicle or 6-OHDA treated mice were
assessed by qRT-PCR. Chemical sympathectomy significantly reduced the expression of Th
and the chemokine Cxcl13 compared to vehicle control, with no significant change in the
expression of the T-cell chemokines Ccl19 and Ccl21 (Fig 5C). These data suggest that sympa-
thetic innervation help maintain expression of specific chemokines that are critical to the orga-
nization and location of ChAT™ B and T-cells within the spleen.

Discussion

Neural modulation of immune function has emerged as an unexpected mechanism that can
prevent severe immunopathology. Despite the ability for neuronal signaling to inhibit macro-
phage activation, and prevent death in models of septic shock, the biological basis for this com-
munication remains unclear [13, 37]. Although postganglionic sympathetic neurons in the
periphery terminate in target organs and often lack synaptic contact with target cells [38], a
physical interaction has been suggested to occur between the TH" axons and ChAT™ T-cells in
the spleen [5]. This was based on the observations of close physical approximation, or “synap-
tic-like” interactions between these axons and lymphocytes by transmission electron micros-
copy [39]. As these observations were not conducted using a stereological approach and are
limited to a small area of the spleen, it is not possible to determine the abundance of these
interactions. Our confocal analysis performed over a large region of the spleen highlights the
rarity of ChAT-GFP" CD3" T-cells relative to the more abundant ChAT-GFP™ B220™ B-cell
population. Furthermore, confocal analysis suggested that this rare population did not appear
more likely than CD3"ChAT-GFP™ T-cells to be closely juxtaposed to TH* sympathetic inner-
vation. By using CLARITY and multiphoton imaging to reconstruct a large volume of the
spleen in a non-biased approach, we have observed that there are few ChAT" lymphocytes
within 1.5 cell diameters (8 pm), let alone within the 15-20 nm that would constitute a tradi-
tional synapse [40, 41]. Perhaps equally contentious is the apparent neuro-immune synapses
that were reported, with lymphocytes directly adjacent to TH" nerve fibers but also endothelial
cells. Indeed, our data suggest that ChAT" lymphocytes are no more likely to be adjacent to a
TH" axons in the spleen compared to ChAT cells, suggesting that there is no inherently
unique direct physical connection with ChAT" cells. Critically, the lack of synaptic-like inter-
actions should not be equated to a lack of neuro-immune communication in the spleen, as
classical synapses are not prerequisite for neural signaling [42-46]. Catecholaminergic neuro-
transmitters such as NE have been observed in neuronal signaling through diffusion or “vol-
ume transmission” in the central nervous system [43, 45]. In the periphery, sympathetic axons
terminate within the target tissue without specialized post-junctional structures in place, and
require diffusion of neurotransmitters before reaching target cell bearing a receptor. These
non-synaptic structures have a functional consequence with a slower rate of neurotransmis-
sion compared to synapse [38]. We propose that this mechanism could also function as the
mechanism of communication between ChAT" T-cells and sympathetic innervation in the
spleen. Further experiments used to determine ChAT+ T-cell activation following neural stim-
ulation will be fundamental to increasing our knowledge of this system.

The functional ramifications of a synapse-like or direct physical interaction versus a diffu-
sion or “volume transmission” model are vast. A direct interaction model could imply that
CD4+ChAT+ T-cells home to axons, form intimate associations, and if these were maintained
would cease Immunosurveillance of dendritic cells. This tight association would suggest that
unless released from synapse-like structures, CD4"ChAT" T-cells would have limited mobility,
would fail to circulate, thereby exerting a highly localized regulatory effect. In a diffusion-
based model, the relationship between axons, CD4"ChAT" cells, and effector immune cells
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will also be of vital importance in modeling non-synaptic communications between the con-
stituents of the neuro-immune network. In such a model, diffusion of neurotransmitters, and
therefore the distance between cells, will dictate the quantity of signal received. Lack of static
positioning of ChAT" T-cells within the spleen could also imply that after activation by signals
from the nervous system, these cells could migrate to and effect distance tissues and physiolog-
ical states including blood pressure [47].

Our quantitative three-dimensional modelling of the neuro-immune architecture of the
spleen further revealed surprisingly little inter-subject variation. Both ChAT" B- and T-cells in
the spleen expressed CXCR5, suggesting that these cells are responsive to CXCL13 chemokine
gradients produced by specialized splenic stromal cells. These data suggest that homing to spe-
cific chemokines could control the distribution of ChAT™ B- and T-cells in the spleen. Despite
expression of this chemokine receptor and finding of ChAT™" T-cells in B-cell zones, the func-
tional implications of these cells are unclear. While electrical stimulation of the vagus nerve
can reduce B-cell production of antibodies directed against Streptococcus pneumoniae antigens,
this is a classical T-independent B-cell response [48]. Moreover, CD138" antibody secreting
cells were found to localize with splenic nerve fibers in the red pulp [48], a region that is devoid
of ChAT" T-cells in naive mice. As such, it is uncertain if ChAT" T-cells residing in close prox-
imity to B-cells in naive mice aid in antibody production, or if there are several neuro-immune
pathways that regulate different aspects of B-cell function depending on the type of antigen
response.

Organization of lymphoid organs and homing of immune cells to the appropriate physical
regions are vital for immunological function. The sympathetic innervation of the spleen con-
tributes to this organization by maintaining CXCL13 expression by a sub-population of stromal
cells. Significantly reduced CXCL13 expression was observed following chemical sympathec-
tomy. This ability of sympathetic innervation to induce CXCL13 expression has been previously
established during development; where neuronal activation and release of RA-induced CXCL13
expression from stromal cells occurs in developing lymph nodes [25]. While it is tempting to
speculate that RA from sympathetic nerve terminals acts on stromal cells to induce homing of
ChAT" T-cells, this could be one of many signals acting in concert to regulate lymphocyte hom-
ing. For example, CXCL13 expression is synergistically increased when follicular dendritic cells
within lymph nodes and intestinal Peyer’s patches are stimulated with RA and TLR agonists
compared to RA or TLR agonists alone [49]. In accordance with a previous report [24], we have
confirmed that CXLC13 producing stromal cells express the 2AR, a feature that could permit
these cells to respond to NE released by the sympathetic innervation in adult mice. These data
are not in opposition to the canonical pathway of lymphotoxin-induced CXCL13 expression,
but rather suggest that additional signals from a variety of sources, including sympathetic inner-
vation, can aid immune development and homeostasis.

Therefore, we have identified that ChAT" B and T cells are rare events in the spleen, and
the majority of these cells are not close enough to TH" axons to form synapse-like interactions.
Further studies delineating signaling molecules from neurons that alter immune organ struc-
ture and functionality may well serve as new therapeutic targets to modulate the formation of
tertiary lymphoid tissues and relieve immunopathology.

Supporting information

S1 File. Distance measurements from the ChAT-GFP" lymphocytes to the surface of a TH"
axon. Using Imaris, ChAT-GFP" lymphocytes and the surfaces of axons using the built-in
“spots” and surfaces modeling tools. Distance from the modeled ChAT-GFP" lymphocytes
and the closest surface of a TH" neuron were calculated using MatLAB. Histogram bins were
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constructed and the frequency of cells within that distance were calculated. Results were aver-
aged for six mice.
(XLSX)

Acknowledgments

We would like to thank Drs. Jesus De Loera and Brandon Dutra for their assistance and contri-
butions in developing and refining MatLAB code for image analysis.

Author Contributions
Conceptualization: Melanie G. Gareau, Colin Reardon.
Formal analysis: Colin Reardon.

Investigation: Kaitlin Murray, Dayn Romero Godinez, Ingrid Brust-Mascher, Elaine Nicole
Miller, Colin Reardon.

Methodology: Ingrid Brust-Mascher.
Visualization: Ingrid Brust-Mascher.
Writing - original draft: Colin Reardon.

Writing - review & editing: Kaitlin Murray, Dayn Romero Godinez, Ingrid Brust-Mascher,
Elaine Nicole Miller, Melanie G. Gareau, Colin Reardon.

References

1. Muller Paul A, Koscsé B, Rajani Gaurav M, Stevanovic K, Berres M-L, Hashimoto D, et al. Crosstalk
between Muscularis Macrophages and Enteric Neurons Regulates Gastrointestinal Motility. Cell. 2014;
158(2):300—13. https://doi.org/10.1016/j.cell.2014.04.050 PMID: 25036630

2. Gabanyil, Muller Paul A, Feighery L, Oliveira Thiago Y, Costa-Pinto Frederico A, Mucida D. Neuro-
immune Interactions Drive Tissue Programming in Intestinal Macrophages. Cell. 2016; 164(3):378-91.
https://doi.org/10.1016/j.cell.2015.12.023 PMID: 26777404

3. Stead RH, Dixon MF, Bramwell NH, Riddell RH, Bienenstock J. Mast cells are closely apposed to
nerves in the human gastrointestinal mucosa. Gastroenterology. 1989; 97(3):575-85. Epub 1989/09/
01. PMID: 2666250.

4. Riol-Blanco L, Ordovas-Montanes J, Perro M, Naval E, Thiriot A, Alvarez D, et al. Nociceptive sensory
neurons drive interleukin-23-mediated psoriasiform skin inflammation. Nature. 2014; 510(7503):157—
61. https://doi.org/10.1038/nature 13199 http://www.nature.com/nature/journal/v510/n7503/abs/
nature13199.html#supplementary-information. PMID: 24759321

5. Rosas-Ballina M, Olofsson PS, Ochani M, Valdés-Ferrer Sl, Levine YA, Reardon C, et al. Acetylcho-
line-Synthesizing T Cells Relay Neural Signals in a Vagus Nerve Circuit. Science. 2011. https://doi.org/
10.1126/science.1209985 PMID: 21921156

6. FammK Litt B, Tracey KJ, Boyden ES, Slaoui M. Drug discovery: A jump-start for electroceuticals.
Nature. 2013; 496(7444):159-61. https://doi.org/10.1038/496159a PMID: 23579662

7. Ghia J-E, Blennerhassett P, Collins SM. Vagus nerve integrity and experimental colitis. American Jour-
nal of Physiology—Gastrointestinal and Liver Physiology. 2007; 293(3):G560-G7. https://doi.org/10.
1152/ajpgi.00098.2007 PMID: 17585014

8. Reardon C. Neuro-immune interactions in the cholinergic anti-inflammatory reflex. Immunology Letters.
2016; 178:92—6. https://doi.org/10.1016/].imlet.2016.08.006 PMID: 27542331

9. Koopman FA, Chavan SS, Miliko S, Grazio S, Sokolovic S, Schuurman PR, et al. Vagus nerve stimula-
tion inhibits cytokine production and attenuates disease severity in rheumatoid arthritis. Proc Natl Acad
Sci U S A. 2016; 113(29):8284-9. https://doi.org/10.1073/pnas.1605635113 PMID: 27382171; PubMed
Central PMCID: PMCPMC4961187.

10. Inoue T, Abe C, Sung S-sJ, Moscalu S, Jankowski J, Huang L, et al. Vagus nerve stimulation mediates
protection from kidney ischemia-reperfusion injury through a7nAChR+ splenocytes. The Journal of Clin-
ical Investigation. 2016; 126(5):1939-52. https://doi.org/10.1172/JCI83658 PMID: 27088805

PLOS ONE | https://doi.org/10.1371/journal.pone.0182416  July 28, 2017 14/17


https://doi.org/10.1016/j.cell.2014.04.050
http://www.ncbi.nlm.nih.gov/pubmed/25036630
https://doi.org/10.1016/j.cell.2015.12.023
http://www.ncbi.nlm.nih.gov/pubmed/26777404
http://www.ncbi.nlm.nih.gov/pubmed/2666250
https://doi.org/10.1038/nature13199
http://www.nature.com/nature/journal/v510/n7503/abs/nature13199.html#supplementary-information
http://www.nature.com/nature/journal/v510/n7503/abs/nature13199.html#supplementary-information
http://www.ncbi.nlm.nih.gov/pubmed/24759321
https://doi.org/10.1126/science.1209985
https://doi.org/10.1126/science.1209985
http://www.ncbi.nlm.nih.gov/pubmed/21921156
https://doi.org/10.1038/496159a
http://www.ncbi.nlm.nih.gov/pubmed/23579662
https://doi.org/10.1152/ajpgi.00098.2007
https://doi.org/10.1152/ajpgi.00098.2007
http://www.ncbi.nlm.nih.gov/pubmed/17585014
https://doi.org/10.1016/j.imlet.2016.08.006
http://www.ncbi.nlm.nih.gov/pubmed/27542331
https://doi.org/10.1073/pnas.1605635113
http://www.ncbi.nlm.nih.gov/pubmed/27382171
https://doi.org/10.1172/JCI83658
http://www.ncbi.nlm.nih.gov/pubmed/27088805
https://doi.org/10.1371/journal.pone.0182416

:@.’ PLOS | ONE Neuroanatomy of the spleen

11. JiH, Rabbi MF, Labis B, Pavlov VA, Tracey KJ, Ghia JE. Central cholinergic activation of a vagus
nerve-to-spleen circuit alleviates experimental colitis. Mucosal Immunol. 2014; 7(2):335—47. https://doi.
org/10.1038/mi.2013.52 PMID: 23881354; PubMed Central PMCID: PMC3859808.

12. Munyaka P, Rabbi MF, Pavlov VA, Tracey KJ, Khafipour E, Ghia JE. Central muscarinic cholinergic
activation alters interaction between splenic dendritic cell and CD4+CD25- T cells in experimental coli-
tis. PLoS One. 2014; 9(10):e109272. https://doi.org/10.1371/journal.pone.0109272 PMID: 25295619;
PubMed Central PMCID: PMCPMC4190311.

13. Bratton BO, Martelli D, McKinley MJ, Trevaks D, Anderson CR, McAllen RM. Neural regulation of
inflammation: no neural connection from the vagus to splenic sympathetic neurons. Exp Physiol. 2012;
97(11):1180-5. https://doi.org/10.1113/expphysiol.2011.061531 PMID: 22247284.

14. Reardon C, Duncan GS, Brustle A, Brenner D, Tusche MW, Olofsson P, et al. Lymphocyte-derived
ACh regulates local innate but not adaptive immunity. Proceedings of the National Academy of Sci-
ences of the United States of America. 2013. Epub 2013/01/09. https://doi.org/10.1073/pnas.
1221655110 PMID: 23297238.

15. Salamone G, Lombardi G, Gori S, Nahmod K, Jancic C, Amaral MM, et al. Cholinergic modulation of
dendritic cell function. J Neuroimmunol. 2011; 236(1-2):47-56. https://doi.org/10.1016/j.jneuroim.2011.
05.007 PMID: 21665296.

16. Forster R, Davalos-Misslitz AC, Rot A. CCR7 and its ligands: balancing immunity and tolerance. Nat
Rev Immunol. 2008; 8(5):362—71. https://doi.org/10.1038/nri2297 PMID: 18379575

17. Legler DF, Loetscher M, Roos RS, Clark-Lewis |, Baggiolini M, Moser B. B cell-attracting chemokine 1,
a human CXC chemokine expressed in lymphoid tissues, selectively attracts B lymphocytes via BLR1/
CXCR5. J Exp Med. 1998; 187(4):655-60. PMID: 94634 16; PubMed Central PMCID:
PMCPMC2212150.

18. Gunn MD, Tangemann K, Tam C, Cyster JG, Rosen SD, Williams LT. A chemokine expressed in lym-
phoid high endothelial venules promotes the adhesion and chemotaxis of naive T lymphocytes. Proc
Natl Acad Sci U S A. 1998; 95(1):258—63. PMID: 9419363; PubMed Central PMCID: PMCPMC18193.

19. Luther SA, Tang HL, Hyman PL, Farr AG, Cyster JG. Coexpression of the chemokines ELC and SLC
by T zone stromal cells and deletion of the ELC gene in the plt/plt mouse. Proc Natl Acad Sci U S A.
2000; 97(23):12694-9. https://doi.org/10.1073/pnas.97.23.12694 PMID: 11070085; PubMed Central
PMCID: PMCPMC18826.

20. Forster R, Mattis AE, Kremmer E, Wolf E, Brem G, Lipp M. A putative chemokine receptor, BLR1,
directs B cell migration to defined lymphoid organs and specific anatomic compartments of the spleen.
Cell. 1996; 87(6):1037—-47. PMID: 8978608.

21. Katakai T, Suto H, Sugai M, Gonda H, Togawa A, Suematsu S, et al. Organizer-Like Reticular Stromal
Cell Layer Common to Adult Secondary Lymphoid Organs. The Journal of Immunology. 2008; 181
(9):6189. PMID: 18941209

22. CysterJG, Ansel KM, Reif K, Ekland EH, Hyman PL, Tang HL, et al. Follicular stromal cells and lympho-
cyte homing to follicles. Immunol Rev. 2000; 176:181-93. PMID: 11043777.

23. Chyou S, Ekland EH, Carpenter AC, Tzeng TC, Tian S, Michaud M, et al. Fibroblast-type reticular stro-
mal cells regulate the lymph node vasculature. J Immunol. 2008; 181(6):3887—96. PMID: 18768843;
PubMed Central PMCID: PMCPMC2562332.

24. Mionnet C, Mondor |, Jorquera A, Loosveld M, Maurizio J, Arcangeli M-L, et al. Identification of a New
Stromal Cell Type Involved in the Regulation of Inflamed B Cell Follicles. PLOS Biology. 2013; 11(10):
e1001672. https://doi.org/10.1371/journal.pbio.1001672 PMID: 24130458

25. vande Pavert SA, Olivier BJ, Goverse G, Vondenhoff MF, Greuter M, Beke P, et al. Chemokine
CXCL13 is essential for ymph node initiation and is induced by retinoic acid and neuronal stimulation.
Nat Immunol. 2009; 10(11):1193-9. http://www.nature.com/ni/journal/v10/n11/suppinfo/ni.1789_S1.
html. https://doi.org/10.1038/ni.1789 PMID: 19783990

26. ChungK, Deisseroth K. CLARITY for mapping the nervous system. Nat Meth. 2013; 10(6):508—13.
https://doi.org/10.1038/nmeth.2481 PMID: 23722210

27. Yang B, Treweek JB, Kulkarni RP, Deverman BE, Chen CK, Lubeck E, et al. Single-cell phenotyping
within transparent intact tissue through whole-body clearing. Cell. 2014; 158(4):945-58. https://doi.org/
10.1016/j.cell.2014.07.017 PMID: 25088144; PubMed Central PMCID: PMCPMC4153367.

28. TomerR, Yel, Hsueh B, Deisseroth K. Advanced CLARITY for rapid and high-resolution imaging of
intact tissues. Nature protocols. 2014; 9(7):1682—97. https://doi.org/10.1038/nprot.2014.123 PMID:
24945384; PubMed Central PMCID: PMCPMC4096681.

29. Schindelin J, Arganda-Carreras |, Frise E, Kaynig V, Longair M, Pietzsch T, et al. Fiji: an open-source
platform for biological-image analysis. Nat Meth. 2012; 9(7):676-82. http://www.nature.com/nmeth/
journal/v9/n7/abs/nmeth.2019.html#supplementary-information.

PLOS ONE | https://doi.org/10.1371/journal.pone.0182416  July 28, 2017 15/17


https://doi.org/10.1038/mi.2013.52
https://doi.org/10.1038/mi.2013.52
http://www.ncbi.nlm.nih.gov/pubmed/23881354
https://doi.org/10.1371/journal.pone.0109272
http://www.ncbi.nlm.nih.gov/pubmed/25295619
https://doi.org/10.1113/expphysiol.2011.061531
http://www.ncbi.nlm.nih.gov/pubmed/22247284
https://doi.org/10.1073/pnas.1221655110
https://doi.org/10.1073/pnas.1221655110
http://www.ncbi.nlm.nih.gov/pubmed/23297238
https://doi.org/10.1016/j.jneuroim.2011.05.007
https://doi.org/10.1016/j.jneuroim.2011.05.007
http://www.ncbi.nlm.nih.gov/pubmed/21665296
https://doi.org/10.1038/nri2297
http://www.ncbi.nlm.nih.gov/pubmed/18379575
http://www.ncbi.nlm.nih.gov/pubmed/9463416
http://www.ncbi.nlm.nih.gov/pubmed/9419363
https://doi.org/10.1073/pnas.97.23.12694
http://www.ncbi.nlm.nih.gov/pubmed/11070085
http://www.ncbi.nlm.nih.gov/pubmed/8978608
http://www.ncbi.nlm.nih.gov/pubmed/18941209
http://www.ncbi.nlm.nih.gov/pubmed/11043777
http://www.ncbi.nlm.nih.gov/pubmed/18768843
https://doi.org/10.1371/journal.pbio.1001672
http://www.ncbi.nlm.nih.gov/pubmed/24130458
http://www.nature.com/ni/journal/v10/n11/suppinfo/ni.1789_S1.html
http://www.nature.com/ni/journal/v10/n11/suppinfo/ni.1789_S1.html
https://doi.org/10.1038/ni.1789
http://www.ncbi.nlm.nih.gov/pubmed/19783990
https://doi.org/10.1038/nmeth.2481
http://www.ncbi.nlm.nih.gov/pubmed/23722210
https://doi.org/10.1016/j.cell.2014.07.017
https://doi.org/10.1016/j.cell.2014.07.017
http://www.ncbi.nlm.nih.gov/pubmed/25088144
https://doi.org/10.1038/nprot.2014.123
http://www.ncbi.nlm.nih.gov/pubmed/24945384
http://www.nature.com/nmeth/journal/v9/n7/abs/nmeth.2019.html#supplementary-information
http://www.nature.com/nmeth/journal/v9/n7/abs/nmeth.2019.html#supplementary-information
https://doi.org/10.1371/journal.pone.0182416

@° PLOS | ONE

Neuroanatomy of the spleen

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

Emmenlauer M, Ronneberger O, Ponti A, Schwarb P, Griffa A, Filippi A, et al. XuvTools: free, fast and
reliable stitching of large 3D datasets. J Microsc. 2009; 233(1):42—60. https://doi.org/10.1111/j.1365-
2818.2008.03094.x PMID: 19196411.

Vicente-Suarez |, Larange A, Reardon C, Matho M, Feau S, Chodaczek G, et al. Unique lamina propria
stromal cells imprint the functional phenotype of mucosal dendritic cells. Mucosal Immunol. 2015; 8
(1):141-51. https://doi.org/10.1038/mi.2014.51 PMID: 24938743; PubMed Central PMCID:
PMCPMC4268120.

Broggi MA, Schmaler M, Lagarde N, Rossi SW. Isolation of murine lymph node stromal cells. J Vis Exp.
2014;(90):e518083. https://doi.org/10.3791/51803 PMID: 25178108; PubMed Central PMCID:
PMCPMC4827973.

Xiao L, Kirabo A, Wu J, Saleh MA, Zhu L, Wang F, et al. Renal Denervation Prevents Immune Cell Acti-
vation and Renal Inflammation in Angiotensin ll-Induced Hypertension. Circ Res. 2015; 117(6):547-57.
https://doi.org/10.1161/CIRCRESAHA.115.306010 PMID: 26156232; PubMed Central PMCID:
PMCPMC4629828.

LvT,DuY, CaoN, Zhang S, Gong Y, Bai Y, et al. Proliferation in cardiac fibroblasts induced by 31-adre-
noceptor autoantibody and the underlying mechanisms. 2016; 6:32430. https://doi.org/10.1038/
srep32430 http://dharmasastra.live.cf.private.springer.com/articles/srep32430#supplementary-
information. PMID: 27577254

Gao V, Suzuki A, Magistretti PJ, Lengacher S, Pollonini G, Steinman MQ, et al. Astrocytic f2-adrener-
gic receptors mediate hippocampal long-term memory consolidation. Proceedings of the National Acad-
emy of Sciences. 2016; 113(30):8526-31. https://doi.org/10.1073/pnas.1605063113 PMID: 27402767

Spandidos A, Wang X, Wang H, Seed B. PrimerBank: a resource of human and mouse PCR primer
pairs for gene expression detection and quantification. Nucleic Acids Research. 2010; 38(Database
issue):D792-D9. https://doi.org/10.1093/nar/gkp1005 PMID: 19906719

Wang H, Yu M, Ochani M, Amella CA, Tanovic M, Susarla S, et al. Nicotinic acetylcholine receptor
[alpha]7 subunit is an essential regulator of inflammation. Nature. 2003; 421(6921):384—8. hitps://doi.
org/10.1038/nature01339 PMID: 12508119

Elenkov IJ, Wilder RL, Chrousos GP, Vizi ES. The sympathetic nerve—an integrative interface between
two supersystems: the brain and the immune system. Pharmacological reviews. 2000; 52(4):595-638.
PMID: 11121511.

Felten SY, Olschowka J. Noradrenergic sympathetic innervation of the spleen: Il. Tyrosine hydroxylase
(TH)-positive nerve terminals form synapticlike contacts on lymphocytes in the splenic white pulp. J
Neurosci Res. 1987; 18(1):37-48. https://doi.org/10.1002/jnr.490180108 PMID: 2890771.

Peters A, Palay SL. The fine structure of the nervous system: neurons and their supporting cells:
Oxford University Press, USA; 1991.

Tournier JN, Hellmann AQ. Neuro-immune connections: evidence for a neuro-immunological synapse.
Trends Immunol. 2003; 24(3):114-5. PMID: 12615204.

Sarter M, Parikh V, Howe WM. Phasic acetylcholine release and the volume transmission hypothesis:
time to move on. Nat Rev Neurosci. 2009; 10(5):383-90. https://doi.org/10.1038/nrn2635 PMID:
19377503

Muller A, Joseph V, Slesinger PA, Kleinfeld D. Cell-based reporters reveal in vivo dynamics of dopa-
mine and norepinephrine release in murine cortex. Nat Methods. 2014; 11(12):1245-52. https://doi.org/
10.1038/nmeth.3151 PMID: 25344639; PubMed Central PMCID: PMC4245316.

Tsai HC, Zhang F, Adamantidis A, Stuber GD, Bonci A, de Lecea L, et al. Phasic firing in dopaminergic
neurons is sufficient for behavioral conditioning. Science. 2009; 324(5930):1080—4. https://doi.org/10.
1126/science.1168878 PMID: 19389999.

Nguyen Q-T, Schroeder LF, Mank M, Muller A, Taylor P, Griesbeck O, et al. An in vivo biosensor for
neurotransmitter release and in situ receptor activity. Nat Neurosci. 2010; 13(1):127-32. http://www.
nature.com/neuro/journal/v13/n1/suppinfo/nn.2469_S1.html. https://doi.org/10.1038/nn.2469 PMID:
20010818

Agnati LF, Leo G, Zanardi A, Genedani S, Rivera A, Fuxe K, et al. Volume transmission and wiring
transmission from cellular to molecular networks: history and perspectives. Acta Physiol (Oxf). 2006;
187(1-2):329-44. https://doi.org/10.1111/j.1748-1716.2006.01579.x PMID: 16734770.

Olofsson PS, Steinberg BE, Sobbi R, Cox MA, Ahmed MN, Oswald M, et al. Blood pressure regulation
by CD4+ lymphocytes expressing choline acetyltransferase. Nat Biotech. 2016; 34(10):1066—71.
https://doi.org/10.1038/nbt.3663 http://www.nature.com/nbt/journal/v34/n10/abs/nbt.3663.
html#supplementary-information. PMID: 27617738

Mina-Osorio P, Rosas-Ballina M, Valdes-Ferrer S, Al-Abed Y, Tracey KJ, Diamond B. Neural signaling
in the spleen controls B-cell responses to blood-borne antigen. Mol Med. 2012; 18:618-27. https://doi.
org/10.2119/molmed.2012.00027 PMID: 22354214; PubMed Central PMCID: PMCPMC3388134.

PLOS ONE | https://doi.org/10.1371/journal.pone.0182416  July 28, 2017 16/17


https://doi.org/10.1111/j.1365-2818.2008.03094.x
https://doi.org/10.1111/j.1365-2818.2008.03094.x
http://www.ncbi.nlm.nih.gov/pubmed/19196411
https://doi.org/10.1038/mi.2014.51
http://www.ncbi.nlm.nih.gov/pubmed/24938743
https://doi.org/10.3791/51803
http://www.ncbi.nlm.nih.gov/pubmed/25178108
https://doi.org/10.1161/CIRCRESAHA.115.306010
http://www.ncbi.nlm.nih.gov/pubmed/26156232
https://doi.org/10.1038/srep32430
https://doi.org/10.1038/srep32430
http://dharmasastra.live.cf.private.springer.com/articles/srep32430#supplementary-information
http://dharmasastra.live.cf.private.springer.com/articles/srep32430#supplementary-information
http://www.ncbi.nlm.nih.gov/pubmed/27577254
https://doi.org/10.1073/pnas.1605063113
http://www.ncbi.nlm.nih.gov/pubmed/27402767
https://doi.org/10.1093/nar/gkp1005
http://www.ncbi.nlm.nih.gov/pubmed/19906719
https://doi.org/10.1038/nature01339
https://doi.org/10.1038/nature01339
http://www.ncbi.nlm.nih.gov/pubmed/12508119
http://www.ncbi.nlm.nih.gov/pubmed/11121511
https://doi.org/10.1002/jnr.490180108
http://www.ncbi.nlm.nih.gov/pubmed/2890771
http://www.ncbi.nlm.nih.gov/pubmed/12615204
https://doi.org/10.1038/nrn2635
http://www.ncbi.nlm.nih.gov/pubmed/19377503
https://doi.org/10.1038/nmeth.3151
https://doi.org/10.1038/nmeth.3151
http://www.ncbi.nlm.nih.gov/pubmed/25344639
https://doi.org/10.1126/science.1168878
https://doi.org/10.1126/science.1168878
http://www.ncbi.nlm.nih.gov/pubmed/19389999
http://www.nature.com/neuro/journal/v13/n1/suppinfo/nn.2469_S1.html
http://www.nature.com/neuro/journal/v13/n1/suppinfo/nn.2469_S1.html
https://doi.org/10.1038/nn.2469
http://www.ncbi.nlm.nih.gov/pubmed/20010818
https://doi.org/10.1111/j.1748-1716.2006.01579.x
http://www.ncbi.nlm.nih.gov/pubmed/16734770
https://doi.org/10.1038/nbt.3663
http://www.nature.com/nbt/journal/v34/n10/abs/nbt.3663.html#supplementary-information
http://www.nature.com/nbt/journal/v34/n10/abs/nbt.3663.html#supplementary-information
http://www.ncbi.nlm.nih.gov/pubmed/27617738
https://doi.org/10.2119/molmed.2012.00027
https://doi.org/10.2119/molmed.2012.00027
http://www.ncbi.nlm.nih.gov/pubmed/22354214
https://doi.org/10.1371/journal.pone.0182416

:@.’ PLOS | ONE Neuroanatomy of the spleen

49. Suzuki K, Maruya M, Kawamoto S, Sitnik K, Kitamura H, Agace WW, et al. The Sensing of Environmen-
tal Stimuli by Follicular Dendritic Cells Promotes Immunoglobulin A Generation in the Gut. Immunity. 33
(1):71-83. https://doi.org/10.1016/j.immuni.2010.07.003 PMID: 20643338

PLOS ONE | https://doi.org/10.1371/journal.pone.0182416  July 28, 2017 17/17


https://doi.org/10.1016/j.immuni.2010.07.003
http://www.ncbi.nlm.nih.gov/pubmed/20643338
https://doi.org/10.1371/journal.pone.0182416

