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Abstract

Avrticular inflammation is a major clinical burden in multiple inflammatory diseases, especially in
rheumatoid arthritis. Biological anti-rheumatic drug therapies are expensive and increase the risk
of systemic immunosuppression, infections, and malignancies. Here, we report that vagus nerve
stimulation controls arthritic joint inflammation by inducing local regulation of innate immune
response. Most of the previous studies of neuromodulation focused on vagal regulation of
inflammation via the efferent peripheral pathway toward the viscera. Here, we report that vagal
stimulation modulates arthritic joint inflammation through a novel “afferent” pathway mediated by
the locus coeruleus (LC) of the central nervous system. Afferent vagal stimulation activates two
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sympatho-excitatory brain areas: the paraventricular hypothalamic nucleus (PVN) and the LC. The
integrity of the LC, but not that of the PVN, is critical for vagal control of arthritic joint
inflammation. Afferent vagal stimulation suppresses articular inflammation in the ipsilateral, but
not in the contralateral knee to the hemispheric LC lesion. Central stimulation is followed by
subsequent activation of joint sympathetic nerve terminals inducing articular norepinephrine
release. Selective adrenergic beta-blockers prevent the effects of articular norepinephrine and
thereby abrogate vagal control of arthritic joint inflammation. These results reveals a novel neuro-
immune brain map with afferent vagal signals controlling side-specific articular inflammation
through specific inflammatory-processing brain centers and joint sympathetic innervations.

Keywords

Vagus nerve; Arthritis; Neutrophil migration; Sympathetic nervous system; Neuroimmune
interactions; Neuroimmunomodulation

1.

Introduction

Acrticular inflammation is the most typical hallmark and major pathological burden in
clinical and experimental arthropathies such as rheumatoid arthritis. Articular inflammation
causes joint pain, edema, stiffness as well as loss of functionality due to the infiltration of
leukocytes into the synovial cavity and the production of inflammatory cytokines such as
tumor necrosis factor (TNF) (Firestein, 2003; Sweeney and Firestein, 2004). Neutrophils are
the first type of leukocytes that migrate to the trauma site to eliminate infectious agents and
to perform tissue clearance (Firestein, 2003; Sweeney and Firestein, 2004). However,
unregulated neutrophilic activity causes joint deformities and motor disabilities as observed
in rheumatoid arthritis (Mantovani et al., 2011; Wright et al., 2014). Large amounts of
neutrophils are found in the synovial fluid of both clinical and experimental arthritic joint
inflammation, especially in the early phases (Firestein, 2003; Kolaczkowska and Kubes,
2013; Mohr et al., 1981; Sweeney and Firestein, 2004; Wright et al., 2014). Currently, there
is no cure for rheumatoid arthritis and the best available clinical treatments are based on the
use of new biological disease-modifying anti-rheumatic drugs (- DMARDs) that act mainly
by neutralizing TNF and preventing neutrophil activation (Edrees et al., 2005; Inui and
Koike, 2016; Mantovani et al., 2011; Upchurch and Kay, 2012; Wright et al., 2014). These
new treatments are still expensive and can increase the risk of infections, malignancies, and
immunosup-pression (Favalli et al., 2009; Inanc and Direskeneli, 2006; Smitten et al., 2008).
Thus, recent experimental efforts focus on the local control of articular inflammation in
order to avoid the systemic side-effects of conventional pharmacological therapies. Here, we
report that vagal stimulation controls arthritic joint inflammation by inducing a local
neuroimmune pathway.

The regulation of immunity by the nervous system has been widely studied, and the
discovery of these mechanisms helped to design novel therapeutic strategies for
inflammatory diseases (Ordovas-Montanes et al., 2015; Ulloa, 2005). Among these
neuroimmune pathways, vagus nerve stimulation (VNS) has received most of the attention
due to its potential to control inflammation and improve survival in experimental models of
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infectious and inflammatory disorders (Borovikova et al., 2000; Koopman et al., 2016;
Levine et al., 2014; Matteoli et al., 2013; Wang et al., 2004). These studies reported that
electrical vagal stimulation regulates peripheral inflammation through an efferent peripheral
pathway mediated by the sympathetic splenic nerve, splenic lymphocytes producing
acetylcholine, and a7-nicotinic acetylcholine receptors (a7nAChR) modulating
macrophages (Olofsson et al.,2012). However, different investigators have suggested that, in
addition to this efferent pathway, vagal stimulation may also trigger afferent signals toward
the brain that may contribute to modulate the immune system (Bratton et al., 2012; Cano et
al., 2001; Inoue et al., 2016; Martelli et al., 2014; Olofsson et al., 2015; Vida et al., 2011).
For example, afferent vagal stimulation decreased bradykinin-induced plasma extravasation
by modulating the sympatho-adrenal system (Miao et al., 1997a,b). We also noticed that
stimulation of the intact (efferent and afferent) vagus nerve reduced systemic inflammation
in a7nAChR-deficient mice. By contrast, specific efferent stimulation of the distal vagal
trunk of the sectioned vagus nerve failed to control systemic inflammation in a7nAChR-
deficient mice (Vida et al., 2011). In addition, VNS protected the kidneys against
inflammation-induced injury even when the contralateral vagus nerve was blocked by local
anaesthetic inhibiting efferent signals (Inoue et al., 2016). All these studies suggest the
existence of an afferent vagal pathway regulating peripheral inflammation via the central
nervous system. Here, we report a new central neuroimmune pathway that induces local
control of articular inflammation. This novel neuroimmune network reveals specific
sympatho-excitatory brain structures regulating local sympathetic components to control
arthritic joint inflammation.

Material and methods

2.1. Animal experiments

Male Wistar rats (250-300 g), male Swiss and Swiss nude (20-24 g), C57 wild type and
C57 TRPV1 KO mice were obtained from the main Animal Facility of the Ribeirdo Preto
Medical School, University of Sdo Paulo, and housed upon arrival at the animal facility in
plastic cages under a 12-h light/dark cycle (lights on at 7am) at 20 °C £ 1 °C. The animals
had unrestricted access to food and tap water. The number of animals used was the minimum
required to ensure reliability of the results, and every effort was made to minimize animal
discomfort. All animals were anesthetized with a mixture of ketamine and xylazine (50
mg/kg and 10 mg/kg, respectively) administered into the right posterior calf muscle through
a 30G needle. The experimental protocols comply with the recommendations of the SBNeC
(Brazilian Society of Neuroscience and Behavior), the Ethical Principles of the Brazilian
College of Animal Experimentation (COBEA Protocols 137/2013, 189/2015) and the US
National Institutes of Health Guide for The Care and Use of Laboratory Animals.

2.2. Surgical procedures

After the confirmation of anesthesia by the lack of response to a foot pinch, rats were
maintained in supine position, and a medial laparotomy was performed, and one of the
following surgical procedures was done: splenectomy (SPX), the spleen was visualized,
exposed and then removed after ligation of all splenic blood vessels; subdiaphragmatic
vagotomy (sVIN.X), the posterior wall of the oesophagus was visualized to find the posterior
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vagal branch, which was followed until its exit from the oesophageal hiatus, and then 1-2
mm length of the nerve was removed; sympathectomy (SYMPX), the right lumbar
sympathetic ganglia (L2-L3 level) were dissected near the renal artery, the L5 ganglion was
identified at the level of aorta bifurcation, and all pathways connecting L2 to L5 were
excised as we previously described in Bassi et al. (2015); adrenalectomy (ADX) was
performed after bilateral dorsal incision followed by visualization of the kidneys, both
adrenal glands were then removed. Adrenalectomized animals had free access to 0.9% NaCl
to avoid body electrolyte loss. Cervical vagotomy (cVN.X)was performed through a ventral
neck approach; the left vagus nerve was dissected from the carotid artery and cut. After each
surgery, the wounds were carefully closed with sutures using nylon thread. Experiments
were performed 7-10 days after the surgeries.

2.3. Drug administration

All drugs were purchased from Sigma-Aldrich® (Saint Louis, MO, USA) and dissolved in
sterile saline solution. The injections were performed in animals under anesthesia and
administered through a 30G needle. Different drugs were administered to the animals, alone
or in combination, according to the following chronology: (a) Propranolol (5 mg.kg=1/100
uL) was injected into the penile vein 10 min before VNS; (b) Guanethidine (0.3 pg) was
injected into the femorotibial joint 48 and 24 h before VNS; (c) Butoxamine (0.3 pg) or
atenolol (30 pg) were injected into the femorotibial joint 10 min before VNS; (d)
Norepinephrine (NA), procaterol or dobutamine were injected into the femorotibial joint 10
min before the knee zymosan injection; (e) Lidocaine devoid of vasoconstrictors (20 mg.mL
~1_ Xylestesin®, Cristalia, SP, Brazil) was injected (10 uL) inside the vagus nerve’s
perineurium just before its entrance under the sternocleidomastoid muscle and 3-5 mm away
from the electrodes tip 5 min before vagal stimulation; (f) Cobalt chloride (1 mM CoCl, /
0.2 pL), a synaptic transmission blocker (Sandkuhler et al., 1987), was injected 10 min
before vagal stimulation into the LC or PVN, through a silica capillary tube (0.d. 150 pm,
i.d. 75 um; Cluzeau Info Lab, France) and infused through an infusion pump (260; Stoelting,
Wood Dalec, IL, USA) at the rate of 0.1 pL..min~1. The microinjection of cobalt in brain
areas has been previously used for functional inactivation (Kretz, 1984) due its property to
inhibit synaptic neurotransmission by blocking pre-synaptic calcium channels (Hagiwara
and Byerly, 1981). Cobalt blocks only synaptic neurotransmission, while lidocaine blocks
both synaptic transmission and the action potential of passage fibers (Sandkuhler et al.,
1987). The range of the doses of fMLP, LTB4 or TNF was selected based on dose-effect
curves (Supplementary Fig. 2A,C&E, respectively). All the reagents were dissolved or
suspended in sterile saline. Control animals received equal volumes of sterile saline (vehicle)
through the same route. A total volume of 50 L was allowed into the femorotibial joint of
rats.

2.4. Zymosan-induced arthritis

Ten or fifty microliters (mice or rats, respectively) of zymosan suspension (30 pg for mice
and 100 pg for rats) in sterile saline (0.9 % NaCl; vehicle) were injected into the
femorotibial joint (intra-articular; i.a.) of both knees (Gegout et al., 1994; Keystone et al.,
1977). Joint experimental score was accessed as follows: 0 = no evidence of inflammation; 1
= edema of the femorotibial cavity (slight edema); 2 = edema involving all joint capsule
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surrounding the knee (large edema); 3 = the same as 2 plus small hemorrhagic spots along
the synovial bursa; 4 = the same as 2 plus large hemorrhagic spots or blood/pus leakage
(Bassi et al., 2015). Joint diameter was measured by a caliper in millimeters (mm). Knee
neutrophil recruitment. animals were Killed by decapitation and then the knee joint was
opened and washed with saline solution containing EDTA (1 mM). Synovial cavities were
then opened, washed with a mixture of PBS/EDTA,; and the fluid was aspirated with a
micropipette, diluted (1:5) and the total number of leukocytes was determined by Neubauer
chamber through an optical microscope (400x). The results were depicted as neutrophils/
joint cavity.

2.5. Intravital microscopy

2.6. Vagus

In this experiment, mice were used due to experimental limitations regarding knee and
microscopy size. One hour after zymosan injection, the animals were anesthetized and the
skin surrounding the knee was removed and the patellar tendon was carefully resected to
expose the synovial tissue between the femur and tibia. A 20x magnifying objective was
used to select 2 to 3 vessels of interest (70-80 um height) in each mouse knee. After the
identification of the synovial blood vessels, rodhamine 6G (Sigma, Saint Louis, MO, USA)
was used as a fluorescent marker and was injected intravenously (0.15 mg/kg) immediately
before the measurements. The epiluminescence was observed with a 150W variable HBO
mercury lamp in conjunction with a Zeiss filter set 15 (546/12-nm band-pass filter, 580-nm
Fourier transforms, 590-nm late potentials; Zeiss, Wetzlar, Germany). The images were
captured and recorded in a video camera (5100 HS; Panasonic, Secaucus, NJ, USA) and
stored in a computer. Data analysis was performed off-line. Rolling leukocytes were
considered those cells moving slower than the cells moving through vessel flux, which was
measured as the number of cells passing in a fixed point of the vessel per minute. Adherent
leukocytes were considered as stationary cells for at least 30 s (1 min recording), and were
quantified as the number of cells within a 100 pm length of venule.

nerve stimulation in anesthetized animals

Both rats and mice were anesthetized and maintained in supine position. A midline cervical
incision was performed, and the right carotid artery was identified. The vagus nerve was
then dissected from the right carotid artery and the nerve trunk was placed across a bipolar
stainless steel electrode connected to a stimulation device (MP150, Biopac Systems, Santa
Barbara, CA, USA). The electrodes were constructed by attaching two 40 mm-long
stainless-steel wires (model 791400; 0.005 in. bare, 0.008 in. Teflon coated; A-M Systems,
Sequim, WA, USA) to a small plug (GF-6; Microtech, Boothwyn, PA, USA). The bared tips
(2 mm-long) of the electrodes were shaped as hooks, with an inter-leads distance of 2 mm.
Electrical stimulation was delivered for 2 min and only animals presenting noticeable low
breath rate were considered for the experiment (Supplementary Fig. 1C). After the end of the
stimulation, the electrode was removed and wounds were closed with sutures. In the sham
group, the right vagus nerve was dissected from the carotid artery and a stainless steel
electrode was placed across the nerve trunk, but no electrical current was delivered.
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2.7. Vagus nerve stimulation and cardiovascular parameters evaluation in unanesthetized

rats

Anesthetized rats were maintained in supine position and the right vagus nerve was dissected
from the carotid artery through a ventral approach. Briefly, the bared tips of the electrodes
(same design employed for the electrical stimulation of anesthetized animals) were
implanted around the vagus nerve and exteriorized through the sternocleidomastoid muscle
in the nape of the neck. Next, the bipolar stainless steel electrodes were carefully covered
with silicone (Kwik-Sil silicone elastomer; World Precision Instruments, Sarasota, FL,
USA). Under the same anesthesia, the left carotid artery was catheterized with polyethylene
tubing (PE-50; Becton Dickinson, Sparks, MD, USA) for recording the pulsatile arterial
pressure (PAP). The catheter was tunneled subcutaneously, exteriorized in the nape of the
neck and sutures closed the surgical incision sites. Flunixin meglumine (Banamine, 25
mg/kg, subcutaneous; Schering-Plough, Cotia, SP, Brazil) was injected immediately after the
end of surgery. Twenty-four hours after electrode implantation, the arterial catheter was
connected to a pressure transducer (MLT844; ADInstruments, Bella Vista, Australia) and the
signal was amplified (ML224; ADInstruments, Bella Vista, Australia) and sampled using an
IBM/PC computer (Core 2 duo, 2.2 GHz, 4 Gb ram) equipped with an analog-to-digital
interface (2 kHz; ML866, ADInstruments, Bella Vista, Australia). A quiet environment was
maintained to avoid stress and rats had the PAP recorded at baseline conditions for 15 min.
Next, the vagal electrodes were connected to an external electrical stimulator (LM1C; AVS
Projetos, Sao Carlos, SP, Brazil) and rats were subjected to VNS (low intensity VNS: 5 Hz;
0.1 ms; 1 V; or high intensity VNS: 20 Hz; 0.1 ms; 3 V) for 2 min. Rats did not show sign of
distress during VNS. A control for proper vagal stimulation is the reduced breath rate during
the stimulation. PAP recordings were processed with computer software (LabChart 7.0;
ADInstruments, Bella Vista, Australia) capable of detecting inflection points and generate
mean arterial pressure (MAP) and heart rate (HR) time series. In the sham group, the
electrodes were implanted around the right vagus nerve and exteriorized in the nape of the
neck, but no electrical stimulus was delivered.

2.8. Sympathetic chain stimulation in unanesthetized rats

The same electrodes used for the VNS experiment were also used to stimulate the
sympathetic chain. Anesthetized animals were subjected to a medial laparotomy under light
microscope. The retroperitoneum surrounding the right renal artery was removed for the
identification of the L2-L3 fused sympathetic ganglion. Just below the L2-L3 ganglion,
bipolar stainless steel electrodes were implanted around the right sympathetic nerve. First,
the electrodes were tunneled through the abdominal wall muscles and the small plug was
exteriorized in the back of the animal. Next, the short segment bellow L2-L3 of the
sympathetic chain implanted with the bipolar stainless steel electrodes was carefully covered
with silicone impression material (Kwik-Sil silicone elastomer; World Precision
Instruments, Sarasota, FL, USA). The sham group underwent similar surgical procedures but
was not subjected to electrical stimulation of the sympathetic chain nerve. Flunixin
meglumine (Banamine, 25 mg/kg, subcuta-neous; Schering-plough, Cotia, SP, Brazil) was
injected immediately after the end of surgery. Twenty-four hours after electrodes
implantation, the sympathetic chain was electrically stimulated (0.5 mA; 0.5 ms; 15 Hz)
(Hotta et al., 1991) through external stimulation device (1M1C, AVS Projetos, Sdo Carlos,
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SP, Brazil). Only those rats that showed no sign of distress during electrical stimulation were
used in the study. In the sham group, the electrodes were implanted around the right
sympathetic nerve and exteriorized in the nape of the neck, but no electrical stimulus was
delivered.

2.9. Temperature measurement in unanesthetized rats

Tail temperature was measured with a thermal camera (Multi-Purpose Thermal Imager IRI
4010; InfraRed Integrated Systems Ltd Park Circle, Tithe Barn Way Swan Valley
Northampton, UK), placed 50 cm above the animal’s tail, and was plotted as the mean of
three measurements recorded at different points throughout the length of the tail. The
experiments were conducted in a room kept at 26 + 1 °C, which is the thermoneutral zone
for rats (Gordon, 1990).

2.10. Stereotaxic surgery

Anesthetized Wistar rats were placed in a stereotaxic frame (David Kopf, Tujunga, CA,
USA) and underwent the following surgical procedures to introduce stainless steel bipolar
electrodes or a guide cannula using coordinates extracted from Rat Brain Atlas (Paxinos and
Watson, 2006) with the interaural line serving as the reference for each plane and the upper
incisor bar set at 2.5 mm below the interaural line, so that the skull was horizontal between
the bregma and lambda. LC: anteroposterior = =1.04 mm, mediolateral = 0.9 mm,
dorsoventral = 7.9 mm; PVN: anteroposterior = 7.1 mm, mediolateral = 0.2 mm,
dorsoventral = 8.0 mm.

At the end of the surgery, electrodes or guide cannulas were fixed to the skull by acrylic
resin and two stainless steel screws; each animal received an intramuscular injection (0.2
mL) of a veterinary antibiotic (Pentabidtico, 0.2 mL; Fort Dodge, Campinas, SP, Brazil),
followed by an injection of the anti-inflammatory and analgesic banamine (Flunixin
Meglumine, 2.5 mg/kg, Schering-Plough, Cotia, SP, Brazil).

2.11. Brain nuclei stimulation in non-anesthetized rats

Seven to ten days after the stereotaxic surgery, the animals were individually placed in a
circular arena (60 cm in diameter and 50 cm high) and the stimulation cable was connected
to the bipolar electrodes. A 10 min period of free exploration was allowed. Afterwards, the
LC or PVN was electrically stimulated during 2 min by means of a square wave stimulator
(IM1C, AVS Projetos, Sdo Carlos, SP, Brazil) according to the following parameters: LC: 20
Hz, 1 ms, 100 pA (Crawley et al., 1980); PVN: 20 Hz, 0.5 ms, 50 pA (Kannan et al., 1989).
Animals presenting alertness, freezing, escape or seizure behaviors during the stimulation
were discarded (n = 2). Five minutes after the stimulation the animals were subjected to the
Elevated plus-Maze Test. Twenty-four hours after the behavioral experiment, the animals
underwent immunological experiments.

2.12. Behavior analysis at the elevated plus-Maze test

To evaluate whether the electrical stimulation procedures produce anxiety-like behaviors,
rats were tested in the elevated plusmaze (EPM) 5 min after the end of the stimulation. The
elevated plus maze was made of wood and had two open arms (50 x 10 cm) perpendicular to
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two enclosed arms of the same size with 50-cm-high walls, with the exception of the central
part (10 x 10 cm), where the arms crossed. The apparatus was elevated 50 cm above the
floor (File et al., 2004). The behavior of the animals was analyzed using a video camera
positioned 100 cm above the maze. The signal was relayed to a monitor in another room via
a closed-circuit television camera to discriminate all forms of behavior. Luminosity at the
level of the open arms of the elevated plus maze was 20 Ix. A total of 5 min of free
exploration of the maze was allowed. The maze was cleaned thoroughly after each test using
damp and dry cloths.

2.13. Brain histology

Electrode tips and sites of the microinjections into the LC or PVN were verified
histologically. At the end of the experiments, the animals were anesthetized and perfused
with 0.1 M phosphate-buffered saline (PBS, pH 7.4) followed by 4% paraformaldehyde and
1 mM potassium ferrocyanide in PBS. A direct current of 1 mA through the tip of the
electrodes was then applied for 10 s to permit identification of the stimulation site by
Prussian blue reaction. Brains were removed and immersed for 5 h in paraformaldehyde/
potassium ferrocyanide solution and then stored for 48 h in 40% sucrose in 0.1 M PBS for
cryoprotection. Serial 40 um brain sections were cut using a cryostat (Leica, Wetzlar,
Germany), thaw-mounted on gelatinized slides and stained with hematoxylin-eosin
technique in order to localize the sites of microinjection with reference to Paxinos and
Watson (2006) Rat Brain Atlas.

2.14. Cytokine and norepinephrine measurement by ELISA

For cytokines assessment the synovial cavities were opened, washed with a mixture of PBS/
EDTA (1 mM) by a micropipette and diluted (1:5). The samples were immediately frozen in
liquid nitrogen and stored at =70 °C. On the day of the assay, the samples were thawed and
maintained in ice until the end of the experiment. The samples were homogenized in 500 uL
of the appropriate buffer containing protease inhibitors followed by centrifugation for 10
min at 2000g to collect the supernatant. The supernatant was used to measure the levels of
TNF (catalog # DY510), IL-1 B (catalog # DY501), and IL-6 (catalog # DY506) by enzyme-
linked immunosorbent assay (ELISA) using Duo set kits from R&D Systems (Minneapolis,
MN, USA) according to the user manual. The results were expressed as cytokines
concentration in pg-mL~1 based on standard curves.

Knee norepinephrine (NE) level was assessed with articular joint wash with 200 pL of PBS
containing sodium metabisulfite (4 mM) and EDTA (1 mM) through a 26G needle and
immediately frozen in liquid nitrogen and stored at =70 °C until analysis. After defrosting
and centrifugation, the supernatant was used to measure the levels of NE (catalog #KA1891,
version 04) by enzyme-linked immunosorbent assay (ELISA) using a set kit from Abnova
(Taipei, Taiwan) according to the user manual. The results were expressed as NE
concentration in ng-mL~1 based on standard curves.

2.15. Western blot analysis for synovial ICAM-1 measurement

After the completion of the experiment, the animals were decapitated and the synovial tissue
surrounding the knee joint was cut and immediately frozen in liquid nitrogen and stored at

Brain Behav Immun. Author manuscript; available in PMC 2019 January 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Bassi et al.

Page 9

=70 °C. On the day of the assay, the samples were immersed in liquid nitrogen, pulverized
by a blunt impact, homogenized in a lysis buffer (RIPA buffer, catalog # R0278; Sigma;
Saint Louis, MO, USA) containing protease inhibitors (catalog # 5872 s; Cell Signalling,
Danvers, MA, USA), and centrifuged for 10 min at 2000g to collect the supernatant. The
protein concentration of the lysate was determined by Bradford’s assay. The protein samples
were separated through an SDS/PAGE gel and transferred to a nitrocellulose membranes
(Amersham Pharmacia Biotech, Little Chalfont, UK) followed by overnight incubation at 2—
8 °C with primary anti-ICAM1 antibody (1:400) (catalog # WHO0003383M1; Sigma, Saint
Louis, MO, USA) dissolved in filtered TBS-T buffer containing 5% BSA. On the next day,
the membrane was then incubated for 1 h at room temperature with an HRP-conjugated
secondary antibody (1:2000; Jackson ImmunoResearch, West Grove, PA, USA). ECL
solution (Amersham Pharmacia Biotech, Little Chalfont, UK) was used for the visualization
of the membranes’ blot in a ChemiDoc MP Imaging System (Bio-Rad Laboratories,
Hercules, CA, USA).

2.16. C-Fos immunolabeling

One and half hour after VNS, the animals were anesthetized and perfused with 0.1 M
phosphate-buffered saline (PBS, pH 7.4) followed by 4% paraformaldehyde in 0.1 M PBS.
Brains and spinal cords were removed and immersed for 5 h in paraformaldehyde and then
stored for 72 h in 40% sucrose in 0.1 M PBS for cryoprotection. The brains and spinal cords
were sliced (35 gm) in a cryostat (=20 °C) and collected in 0.1 M PBS (pH 7.4) and
subsequently processed under free-floating technique according to the avidin—biotin system,
using the Vectastain ABC Elite peroxidase rabbit 1gG kit (Vector Laboratories, Burlingame,
CA, USA). All reactions were performed under agitation at 23 + 1 °C. The sections were
first incubated with 1% H»0, for 10 min and washed three times with 0.1 M PBS (5 min
each). Brain and spinal cords sections were then incubated with 0.1 M PBS enriched with
0.1 M glycine, washed three times with 0.1 M PBS (5 min each), and incubated with 0.1 M
PBS enriched with 0.2% Triton-X and 1% bovine serum albumin (PBS+) for 1 h. After three
washes, the sections were incubated overnight with primary Fos rabbit polyclonal 1gG
(Santa Cruz Biotechnology, Santa Cruz, CA, USA) at a concentration of 1:1000 (coronal
sections) or 1:800 (sagittal sections) in PBS+. Sections were again washed three times (5
min each) with 0.1 M PBS and incubated for 1 h with secondary biotinylated anti-rabbit 1gG
(H + L; Vectastain, Vector Laboratories, Burlingame, CA, USA) at a concentration of 1:400
in PBS+. After another series of three 5 min washes in 0.1 M PBS, the sections were
incubated for 1 h with the avidin—biotin-peroxidase complex (A and B solution of the kit
ABC, Vectastain, Vector Laboratories, Burlingame, CA, USA) in 0.1 M PBS at a
concentration of 1:200 in 0.1 M PBS and again washed three times in 0.1 M PBS (5 min
each). Fos immunoreactivity was revealed by the addition of the chromogen 3,3’ -di-
aminobenzidine (DAB) (0.02%; Sigma, Saint Louis, MO, USA) to which H,0, (0.04%) was
added before use. Finally, tissue sections were washed twice with 0.1 M PBS, mounted on
gelatin-coated slides, dehydrated and cover slipped. Fos-positive (Fos+) neurons were
visualized under bright-field microscopy as a brown reaction product inside the nuclei.
Tissue sections were observed under light microscope (DMI6000b; Leica, Wetzlar,
Germany). Darker objects with areas between 10 and 80 pm?2 were identified and
automatically counted by a computerized image analysis system (Fiji; www.fiji.sc). Areas
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with the same shape and size comprising representative parts of each brain region were used
for all rats, and counting of Fos + neurons was performed under a 10x objective. Fos + cells
were bilaterally counted in each brain region by a researcher blind to the experimental
groups. Nuclei were counted individually and expressed as mean number of Fos + cells per
nuclei.

2.17. Statistical analysis

Statistical analyses were performed using Prism 6.0 (GraphPad) software. Neutrophil
recruitment to the knee joint, cytokine, behavioral data, and the number of Fos-positive
neurons measurement were statistically analyzed by one-way analysis of variance (ANOVA)
followed by the Tukey’s multiple comparison post hoc test. The time course of joint
diameter and clinical score were analyzed with the two-way ANOVA for repeated measures
followed by the Bonferroni’s post hoc test when indicated. The hemodynamic parameters
were analyzed with the two-way ANOVA for repeated measures followed by the Tukey’s
post hoc test when indicated. The analysis of the difference between two groups was
performed with the Student’s ftest. The experimental sample 2 refers to the number of
animals and is indicated inside each graph bar and data are expressed as the mean +/-
standard error of the mean. Differences were considered statistically significant when p<
0.05.

3. Results

3.1. Vagal stimulation attenuated knee joint inflammation via sympathetic neural

networks

We first performed right cervical surgical vagotomy in experimental arthritis to analyze
whether the vagus nerve regulates joint inflammation. VVagotomy increased neutrophil
migration and exacerbated knee joint inflammation in arthritic induced by zymosan
(Supplementary Fig. 1A). Conversely, electrical stimulation of the right vagus nerve at low
intensity (VNS -5 Hz, 0.1 ms, 1 V) significantly improved the experimental score of
arthritis (Fig. 1A), joint diameter (articular edema) (Fig. 1B), and attenuated neutrophil
migration (Fig. 1C) and synovial levels of TNF, IL-1 B, IL-6 and intercellular adhesion
molecule (ICAM-1) (Fig. 1D-G). Vagal stimulation also decreased the number of adherent
(Fig. 1H) and rolling (Fig. 11) leukocytes in the synovial microvessels of the knee jointat 1 h
after the stimulation (Supplementary Fig. 1B).

Next, we analyzed the relationship between the antiinflammatory effect and the electrical
intensity of the vagal stimulation. The anti-inflammatory effect was observed only when the
vagus nerve was stimulated at low (VNSL -5 Hz, 0.1 ms, 1 V), but not at high (VNSH - 20
Hz, 0.1 ms, 3 V) intensity (Fig. 2A). Vagal stimulation at low intensity did not affect heart
rate (HR) or mean arterial blood pressure (MAP) (Fig. 2B), but it slightly reduced the breath
rate (Supplementary Fig. 1C). Thus, our studies focuses hereafter on the anti-inflammatory
mechanism of vagal stimulation at low intensity. Next, we analyzed whether this mechanism
was or not specific for the experimental model of arthritis. The anti-inflammatory potential
of vagal stimulation is not specific for the experimental model of zymosan-induced arthritis,
but it also inhibited inflammation in other experimental models of arthritis and reduced
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synovial inflammation induced by other inflammatory stimuli including fMLP (a bacterial
chemotactic peptide), LTB4 (a leukotriene) or direct TNF administration (Supplementary
Fig. 2B, D & F).

We analyzed whether vagal stimulation controls arthritic joint inflammation through the
mechanisms previously described in experimental sepsis. Vagal stimulation controls
peripheral inflammation in sepsis by regulating splenic acetylcholine-producing
lymphocytes and dopamine production from adrenal glands (Huston et al., 2006; Pefia et al.,
2011; Rosas-Ballina et al., 2011; Torres-Rosas et al., 2014). However, vagal regulation of
arthritic joint inflammation represents a novel mechanism independent of the spleen,
subdiaphragmatic vagus nerve, adrenal glands, lymphocytes or sensory TRPV1 receptors.
Vagal stimulation still inhibited arthritic joint inflammation in animals with surgical
subdiaphragmatic vagotomy, splenectomy or adrenalectomy (Fig. 2C). These results indicate
that this mechanism is independent of the subdiaphragmatic vagus nerve, the spleen and the
adrenal glands. Although splenectomy by itself increased knee inflammation, vagal
stimulation still reduced synovial neutrophilic infiltration in splenectomized rats (Fig. 2C).
Vagal stimulation also inhibited arthritic joint inflammation in lymphocyte-deficient nude
mice (Fig. 2D) indicating that this mechanism is independent of lymphocytes. Vagal
stimulation also inhibited arthritic joint inflammation in TRPV1-deficient mice (Fig. 2E)
indicating that this mechanism is independent of this sensory receptor. Given that the
articular joints are richly innervated by sympathetic nerves (Hildebrand et al., 1991;
Jimenez-Andrade and Mantyh, 2012; Mach et al., 2002), we analyzed whether they
contribute to vagal control of arthritic joint inflammation. Blockade of the sympathetic
activity with propranolol, a well characterized adrenergic beta-blocker (McAinsh and
Cruickshank, 1990), abolished the vagal regulation of arthritic joint inflammation (Fig. 2F).
These results indicate that vagal regulation of arthritic joint inflammation represents a novel
anti-inflammatory mechanism as compared to the efferent mechanism of vagal regulation of
systemic inflammation in experimental sepsis.

3.2. Central activation is essential to vagal control of arthritic inflammation

Given that the vagal efferent (peripheral) pathways were not required to control arthritic
joint inflammation, we speculated about an alternative afferent pathway towards the central
nervous system. The implication of the central nervous system was assessed by selective
vagal afferent stimulation using two approaches to prevent efferent vagal signals:
pharmacological efferent inhibition by using intravagal lidocaine, and surgical efferent
inhibition by sectioning the distal peripheral vagal nerve. Afferent vagal stimulation induced
by either method reduced articular inflammation (Fig. 3A, B). As control, we confirmed that
these afferent pathways were not affected by subdiaphragmatic vagotomy, adrenalectomy or
splenectomy (Fig. 3C). These results showed that vagal regulation of arthritic joint
inflammation is mediated by an afferent vagal pathway toward the central nervous system.

Next, we investigated the brain structures mediating the vagal regulation of arthritic joint
inflammation. First, we analyzed what brain structures were activated by vagal afferent
stimulation using c-Fos expression, a well-established marker of neuronal activity (Morgan
et al., 1987). However, previous studies in the literature of vagal stimulation were performed
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in anesthetized animals because anesthesia was required for surgical isolation and electrical
stimulation of the vagus nerve. Unfortunately, anesthesia affects both the nervous and the
immune systems, and anesthesia itself can affect c-Fos expression. Thus, we developed a
novel technical approach of electrical vagal activation in non-anesthetized, awake animals in
order to avoid unspecific c-Fos expression. As positive control, we first confirmed that
cervical right vagal stimulation induced c-Fos expression in both lateral nucleus of the
solitary tract (NTS) and the dorsal motor nucleus (DMN) (Fig. 3D, E, J), central areas
previously reported to be activated during vagal stimulation (Cunningham et al., 2008;
Naritoku et al., 1995). We observed that vagal stimulation also induced c-Fos expression in
the hypothalamic paraventricular nucleus (PVN) and locus coeruleus (LC) (Fig. 3F-J). Thus,
we analyzed whether stimulation of these nuclei replicates the vagal control of arthritic joint
inflammation. Unilateral electrical stimulation of either the PVN or LC in unanesthetized
animals (Supplementary Fig. 3A, B) prevented neutrophil infiltration in both knee joints
(Fig. 4A, B). Of note, stimulation of both nuclei did not affect the rat behavior as analyzed
by the elevated-plus maze (EPM) test (Supplementary Fig. 3C-H), a well-known model of
anxiety (File et al., 2004). On the other hand, the vagal anti-inflammatory effect was
abolished by prior unilateral CoCl; (a synaptic transmission blocker) microinjection into the
LC, but not into the PVN (Fig. 4C, D). Moreover, vagal control of arthritic joint
inflammation was inhibited only in the same joint side (ipsilateral) to the hemispheric LC
deactivation (Fig. 4C). These results concur with previous studies showing a direct LC
innervation to the ipsilateral pre-ganglionic neurons of the spinal cord (Proudfit and Clark,
1991; Westlund et al., 1981). These results indicate that although activation of both nuclei
controls arthritic joint inflammation, the integrity of the LC, but not that of the PVN, is
required for vagal control of arthritic joint inflammation.

3.3. Vagal stimulation activated local sympathetic control of arthritic joint inflammation

We studied how the sympathetic system mediates the vagal control of arthritic joint
inflammation. First, cervical vagal stimulation in unanesthetized rats induced an immediate
and transient decrease in the tail skin temperature (Fig. 5A), which mimics the electrical
stimulation of the lumbar sympathetic trunk (Fig. 5B). Second, vagal stimulation induced c-
Fos expression in both sides of the intermediolateral column of the spinal cord (where
sympathetic pre-ganglionic neurons are located) (Fig. 5C). Third, vagal stimulation induced
synovial norepinephrine only in the sympathetically innervated ipsilateral knee joint (Fig.
5D). Fourth, the vagal anti-inflammatory signaling was abolished in the knee subjected to
either surgical (Fig. 5E) or chemical sympathectomy (Fig. 5F). Fifth, direct electrical
stimulation of the lumbar sympathetic trunk mimicked vagal stimulation and reduced
neutrophil recruitment in both arthritic knee joints (Fig. 5G). The role of the sympathetic
system in modulating arthritic knee inflammation was further confirmed by directly
injecting norepinephrine into the joint. Intra-articular injection of norepinephrine decreased
joint neutrophil recruitment (Fig. 5H) and synovial ICAM-1 expression (Fig. 51). We next
analyzed the role of the p-adrenergic receptors in the vagal control of arthritic joint
inflammation. Intra-articular administration of either atenolol or butoxamine (p1- and 2-
adrenergic blockers, respectively) prevented the vagal regulation of arthritic joint
inflammation (Fig. 6A). Conversely, intra-articular injection of either dobutamine or
procaterol (B1- and B2-adrenergic agonists, respectively) mimicked vagal regulation of
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arthritic joint inflammation by inhibiting neutrophil migration (Fig. 6B & C, respectively).
These results show a novel coordination between the parasympathetic vagus nerve and the
sympathetic system to control arthritic joint inflammation.

4. Discussion

Previous studies including multiple experimental models of infectious and inflammatory
disorders indicated that the vagus nerve controls peripheral inflammation via efferent signals
toward the viscera. These mechanisms converge in a “systemic response” based on the
release of catecholamines from either the spleen or the adrenal glands to control systemic
inflammation (Rosas-Ballina et al., 2008, 2011; Torres-Rosas et al., 2014). Here, we report
for the first time vagal regulation of arthritic joint inflammation through an “afferent’ vagal
mechanism mediated by a central locus coeruleus (LC). This anti-inflammatory mechanism
is independent of the efferent vagal immunomodulatory components (e.g. spleen, adrenal
glands or acetylcholine-producing lymphocytes). In our study, vagal stimulation reduced
neutrophil migration and arthritic joint inflammation by activating specific sympatho-
excitatory brain nuclei: the LC and PVN. Although direct electrical activation of either
nuclei controls arthritic joint inflammation, the integrity of the LC, but not that of PVN, is
critical for vagal regulation of arthritic joint inflammation. Unlike efferent vagus nerve,
these central nuclei activate specific neuronal networks that induce “local” regulation of
inflammation in the arthritic knee joint without inducing a *“systemic effect”.

We previously reported a central immune-modulatory arc induced by electrical stimulation
of the aortic depressor nerve, an exclusive afferent nerve that can modulate arthritic joint
inflammation through the baroreflex activation (Bassi et al., 2015). This similarity with our
present study suggests that “peripheral (afferent)-central-peripheral (efferent)” neuronal arcs
are important physiological mechanisms modulating the immune system in diverse
conditions (Nance et al., 2005) including, acupuncture (Dong et al., 2016; Li et al., 2015),
apipuncture (Kwon et al., 2001) and counter-irritation techniques (Bellinger et al., 2013;
Miao et al., 1997b,a; Nance et al., 2005; Nance and Sanders, 2007). Our present study
dissects this new physiological mechanism showing that cervical vagal stimulation activates
the LC and PVN in the central nervous system to induce sympathetic networks modulating
arthritic joint inflammation.

Our results indicate that vagal stimulation decreased tail skin temperature due to a
sympathetic activation-dependent vasoconstriction of the local vascular bed. Low-intensity
vagal stimulation also increased norepinephrine levels in the synovial fluids in control, but
not in sympathectomized joints. These results suggest that sympathetic activation is a
physiological response to subtle vagal stimulation. These findings concur with previous
studies showing spontaneous sympathetic activation after low level vagal stimulation (Ardell
et al., 2015; Kember et al., 2014; Onkka et al., 2013). Although the vagus nerve is
historically considered the main component of the parasympathetic nervous system,
morphological studies demonstrated that this nerve is composed, at the cervical level, by a
small population of catecholaminergic fibers (Armour and Randall, 1975, Onkka et al., 2013
Verlinden et al., 2015). Furthermore, different electrical intensities of vagal stimulation can
generate opposite effects depending on the *“vagal-sympathetic balance”. For instance, low
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intensity vagal stimulation induces tachycardia that is slowly reverted as the stimulation
intensity increases (Ardell et al., 2015; Kember et al., 2014; Onkka et al., 2013).

Previous immunohistochemical studies showed that antiepileptic vagal stimulation induced
c-Fos expression in several brain areas, including the NTS, hypothalamus and LC
(Cunningham et al., 2008; Naritoku et al., 1995). In our study, low-intensity vagal
stimulation induced c-Fos in the NTS and in specific sympatho-excitatory brain structures
such as the LC and PVN. Our results concur with previous studies showing that vagal
afferents can regulate LC and PVN (Groves et al., 2005; Olson et al., 1992), and the
activation of both nuclei can increase sympathetic activity (Kannan et al., 1989; Samuels and
Szabadi, 2008). However, our results show critical new information indicating that electrical
stimulation of either the LC or PVN attenuated joint inflammation. Although these results
may suggest the involvement of the hypothalamic—pituitary—adrenal (HPA) axis (Silverman
and Sternberg, 2012), vagal regulation of arthritic joint inflammation is independent of the
adrenal glands and therefore independent of systemic corticosteroids release. Furthermore,
although PVN stimulation can influence the activity of other sympathoexcitatory brain areas,
as limbic and brainstem structures (Krukoff et al., 2008; Silveira et al., 1995), our results
showed that only the integrity of the LC was critical for the VNS effect, as vagal stimulation
still controls arthritic joint inflammation in PVVN-lesioned animals. In fact, vagal anti-
inflammatory potential was suppressed in LC-esioned animals only in the same side joint to
the hemispheric nucleus lesion. These results concur with previous studies showing LC
neuronal projections to ipsilateral pre-ganglionic neurons of the spinal cord (Proudfit and
Clark, 1991; Westlund et al., 1981).

Our results showed that PVN electrical stimulation reduced knee inflammation, but its
integrity is not required for the vagal regulation of arthritic joint inflammation. As PVN
receives NTS projections (Cechetto, 2014; Ricardo and Koh, 1978), and it also has direct
projections to the LC (Geerling et al., 2010; Holstege, 1987) and the spinal cord (Hosoya et
al., 1991; Luiten et al., 1985), we propose that afferent vagal stimulation activates NTS
neurons, which in turns synapse with both PVN and LC directly. The NTS-LC information
goes to the spinal cord, while the immunomodulatory NTS-PVN network connect to LC
neurons and then stimulate spinal cord pre-ganglionic neurons. This hypothesis concurs with
previous studies showing that afferent vagal stimulation reduced bradykinin-induced plasma
extravasation via an unknown bulbar structure that projects ipsilaterally to sympatho-adrenal
preganglionic neurons (Miao et al., 1997b,a). Other studies also suggested the existence of a
central sympathomodulatory neuroimmune structure, probably located in the lower
brainstem, which is activated after afferent vagal stimulation (Inoue et al., 2016; Vida et al.,
2011). In this sense, we propose the LC as the key immunomodulatory mediator between
brain and spinal cord, extending our understanding of the central networks controlling
peripheral inflammation.

Finally, our results indicate that vagal stimulation attenuated arthritic joint inflammation by
increasing norepinephrine levels in the synovial fluid and thereby reducing synovial
inflammatory cytokines and ICAM-1. In addition, VNS also attenuated the number of
rolling leukocytes in the inflamed synovial microcirculation near to naive levels, showing
that vagal stimulation did not induce local vasoconstriction or affected the basal leukocyte
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activity. In line with these results, injection of low doses of norepinephrine (1-30 ng)
directly into the knee joint reduced local leukocyte infiltration and synovial ICAM-1
expression. These results concur with previous studies suggesting that low levels of
norepinephrine can activate B-adrenergic receptors downregulating endothelial ICAM-1
expression (Benschop et al., 1993; Kuroki et al., 2004; OSullivan et al., 2010). On the other
hand, the injection of higher norepinephrine concentrations (>100 ng) may progressively
activate other synovial receptors (most likely the a-adrenoceptors) that caused a gradual p-
adrenergic loss of anti-inflammatory efficacy. We do not rule out that ICAM-1 expression
may also be influenced by local physiological changes, as blood flow and shear stress,
during the inflammatory response and that norepinephrine can alter the expression of other
cell adhesion molecules, as selectins (Niebauer and Cooke, 1996; Rehman et al., 1997).
These mechanisms can contribute to the differences observed between neutrophilic
infiltration and synovial ICAM-1 expression along the norepinephrine gradient injected into
the knee joint.

Avrticular inflammation is a modern scientific and clinical challenge affecting over 1.5
million of rheumatoid arthritis patients in North America (Myasoedova et al., 2010). Recent
clinical and experimental studies showed that vagal stimulation inhibits articular production
of TNF, IL-1 B, and IL-6 and improves disease severity in rheumatoid arthritis (Koopman et
al., 2016; Levine et al.,2014). In the present study, we show that activation of afferentvagal
pathways and sympatho-excitatory brain structures control arthritic joint inflammation. Our
results suggest that activation of inflammatory processing brain centers by using brain
stimulatory methods (such as electrical or magnetic transcranial techniques) could be a
potential, low cost and non-invasive therapeutic approach for autoimmune articular diseases.
These methods may also provide therapeutic advantages to induce “local” regulation of
inflammation and to avoid the “systemic” side-effects of pharmacological anti-TNF
therapies (Favalli et al., 2009; Inanc and Direskeneli, 2006; Inui and Koike, 2016).

This study dissects a new neuroimmune pathway induced by afferent vagal signals activating
specific inflammatory-processing brain, and thereby specific sympathetic neuronal networks
leading to local control of arthritic joint inflammation (Fig. 7). Our data support two current
brain theories: the existence of the immunological homunculus with a direct role in brain-
immune responses (Cohen and Young, 1991; Tracey, 2007); and the polyvagal theory where
different vagal subsystems are critical to control behavior and emotions (Porges, 2011). We
do not rule out the possibility that both systems could act in synchrony to influence immune
response-directed behaviors (Bassi et al., 2012; Filiano et al., 2016).

In conclusion, although previous studies have extensively examined the role of sympathetic
innervations in arthritis (Bellinger et al., 2013; Janig, 2014; Schaible and Straub, 2014), our
results provide a novel neural network coordinating vagal signals with sympathetic-
structures via the LC. This new physiological mechanism allows the design of novel
therapeutic strategies that may provide clinical advantages as compared to current
pharmacological strategies. Since central immunomodulatory information flows through
established brain network, our results depict an integrated neuroimmune brain map to
control arthritic joint inflammation avoiding the clinical limitations of pharmacological or
surgical (invasive) treatments.
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Fig. 2.

Low intensity VNS reduces articular inflammation by a new neuroimmune pathway. (A)
Effects of VNS of high (VNSH: 5 Hz, 0.1 ms, 3 V) or low (VNSL: 5 Hz, 0.1 ms, 1 V)
intensity on neutrophil migration and on (B) heart rate (HR) and mean arterial pressure
(MAP); The anti-inflammatory effect of VNS is maintained after (C) splenectomy (SPX),
adrenalectomy (ADX), or subdiaphragmatic vagotomy (sVNX) (n = 5 for each group), and
in (D) NUDE or (E) TRPV1 KO mice, but not in (F) propranolol (Propan) treated-animals.
Data were analyzed using one-way ANOVA followed by Tukey’s multiple comparison test;
The number of animals used for each group is displayed at the bottom of the corresponding
bar. ***p < 0.001 versus control.
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Page 24

Central structures activation is essential to the vagal anti-inflammatory effect. Electrical
stimulation of the (A) LC or the (B) PVN decreases neutrophil migration into both knee
joints. Temporary deactivation by prior injection of CoCL, into the (C) LC, but not (D)
PVN, abrogated the vagal anti-inflammatory effect only in the ipsilateral, but not in the
contralateral, joint to the hemispheric LC deactivation. Both: both knees; Ipsi: ipsilateral
knee to the injected brain hemisphere; Contra: contralateral knee to the injected brain
hemisphere. Data were analyzed using one-way ANOVA followed by Tukey’s multiple
comparison test. The number of animals used for each group is displayed at the bottom of

the corresponding bar. **p < 0.01; ***p < 0.001.
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Fig. 5.

Vagal anti-inflammatory signaling depends on local sympathetic system to evoke its anti-
inflammatory effect. (A) Intact vagus nerve stimulation (VNS) or (B) sympathetic chain
stimulation (SympS) decreases rat tail temperature; (C) VNS increases c-Fos expression in

both sides of the intermediolateral column of the spinal cord; (D) Measurement of

norepinephrine (NE) 5 min after VNS in the ipsilateral (Ipsi-SYMPX) and contralateral
(Contra — SYMPX) joint to surgical sympathectomy (ELISA); (E) VNS anti-inflammatory

effect is blocked in the ipsilateral (Ipsi-SYMPX), but not in the contralateral (Contra
SYMPX), joint by surgical sympathectomy; (F) VNS effect is blocked by prior intra-

articular administration of guanethidine (Guaneth), the contralateral joint received vehicle

solution; (G) Stimulation of the sympathetic chain (ES — SYMP), but not sham stimu
(ES Control), decreases neutrophil migration to the inflamed joints; (H-1) Intra-articu

lation
lar

administration of NA decreases synovial ICAM-1 expression and neutrophil migration to the

inflamed joint. Data were analyzed using one-way ANOVA followed by Tukey’s mul
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comparison test. The number of animals used for each group is displayed at the bottom of
the corresponding bar. *p < 0.05; **p < 0.01; ***p < 0.001.
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Fig. 6.

Tr?e activation of joint p-adrenergic receptors is mandatory for the central vagal anti-
inflammatory signaling. Intra-articular administration of (A) B2 (Butoxamine — But) or p1
(Atenolol — Ate) antagonists abrogate the anti-inflammatory effects of VNS; Intra-articular
injection of (B) p1 (Dobutamine — Dobut) or (C) B2 (Procaterol — Procat) agonists decrease
knee inflammation. Data were analyzed using one-way ANOVA followed by Tukey’s
multiple comparison test. The number of animals used for each group is displayed at the
bottom of the corresponding bar. *p < 0.05; **p < 0.01; ***p < 0.001.
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Fig. 7.
Comprehensive illustration of the central inflammatory processing centers (LC and PVVN)

activated through afferent vagal stimulation. Afferent VNS (green) controls arthritic joint
inflammation by activating specific sympatho-excitatory brain areas (blue) and sympathetic
nerve fibers to increase synovial norepinephrine (NE) levels to reduce articular
inflammation. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
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