1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Brain Res. Author manuscript; available in PMC 2018 November 29.

-, HHS Public Access
«

Published in final edited form as:
Brain Res. 2018 March 01; 1682: 54-60. doi:10.1016/j.brainres.2018.01.003.

Baroreflex stimulation attenuates central but not peripheral
inflammation in conscious endotoxemic rats

Fernanda Brognara?, Jaci A. Castania?, Daniel P.M. Dias?@, Alexandre H. Lopes®, Rubens
Fazan Jr.2, Alexandre Kanashiro®, Luis Ulloa", and Helio C. Salgado®”

aDepartment of Physiology, Ribeirdo Preto Medical School, University of Sdo Paulo, Ribeirdo
Preto, SP, Brazil

bDepartment of Pharmacology, Ribeirdo Preto Medical School, University of Sdo Paulo, Ribeirdo
Preto, SP, Brazil

®Department of Physiological Sciences, Federal University of S&o Carlos, Séo Carlos, SP, Brazil

dDepartment of Surgery, Center for Immunology and Inflammation, Rutgers University — New
Jersey Medical School, Newark, NJ 07103, USA

Abstract

We previously reported that activation of the baroreflex, a critical physiological mechanism
controlling cardiovascular homeostasis, through electrical stimulation of the aortic depressor nerve
attenuates joint inflammation in experimental arthritis. However, it is unknown whether baroreflex
activation can control systemic inflammation. Here, we investigate whether baroreflex activation
controls systemic inflammation in conscious endotoxemic rats. Animals underwent sham or
electrical aortic depressor nerve stimulation initiated 10 min prior to a lipopolysaccharide (LPS)
challenge, while inflammatory cytokine levels were measured in the blood, spleen, heart and
hypothalamus 90 min after LPS treatment. Baroreflex activation did not affect LPS-induced levels
of pro-inflammatory (tumor necrosis factor, interleukin 1p and interleukin 6) or anti-inflammatory
(interleukin 10) cytokines in the periphery (heart, spleen and blood). However, baroreflex
stimulation attenuated LPS-induced levels of all these cytokines in the hypothalamus. Notably,
these results indicate that the central anti-inflammatory mechanism induced by baroreflex
stimulation is independent of cardiovascular alterations, since aortic depressor nerve stimulation
that failed to induce hemodynamic changes was also efficient at inhibiting inflammatory cytokines
in the hypothalamus. Thus, aortic depressor nerve stimulation might represent a novel therapeutic
strategy for neuroprotection, modulating inflammation in the central nervous system.
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1. Introduction

The nervous system has been selected through evolution to control physiological
homeostasis. One of the most critical processes of neuromodulation is the ability of the
nervous system to regulate innate immunity and modulate inflammation. There are three
major pathways of neuromodulation: the hypothalamic—pit uitaryadrenal axis (Sternberg et
al., 1989), the cholinergic vagal anti-inflammatory pathway (Tracey, 2002; Ulloa, 2005), and
the sympathetic splanchnic anti-inflammatory pathway (Martelli et al., 2014b). We recently
reported that baroreflex activation through electrical stimulation of the aortic depressor
nerve (ADN) attenuates, via sympathetic innervation, joint inflammation in a rat model of
arthritis. Our results depicted the baroreflex antiinflammatory pathway as a new
physiological mechanism of neuromodulation of inflammation and the innate immune
system (Bassi et al., 2015).

Baroreceptors are sensory neurons monitoring the arterial pressure in the aortic arch, carotid
sinuses and major blood vessels (Chapleau et al., 1988; Krieger et al., 1982). These
mechanoreceptors induce reflex responses increasing parasympathetic and decreasing
sympathetic drive to maintain the blood pressure at nearly constant levels (Chapleau et al.,
1988; Krieger et al., 1982). Baroreflex activation is considered a promising therapeutic
approach for patients with resistant hypertension (Alnima et al., 2014; Bisognano et al.,
2011; Halbach et al., 2015; Hoppe et al., 2012). Clinical studies showed that hypertensive
patients have attenuated baroreflex function (Ding et al., 2011; Huang et al., 2017; Subha et
al., 2016) associated with a high inflammatory profile (Harrison et al., 2011; Mattace-Raso
etal., 2010; Sesso et al., 2007; Solak et al., 2016). These results suggest that baroreflex
dysfunction may facilitate inflammation in hypertensive subjects.

We recently reported that baroreflex activation attenuates local inflammation in arthritic
knee joints (Bassi et al., 2015). This mechanism significantly inhibits neutrophil recruitment,
articular edema and inflammatory cytokine levels in the synovial fluid (Bassi et al., 2015).
This anti-inflammatory mechanism involves sympathetic modulation (Bassi et al., 2015);
however, it is unknown whether baroreflex activation can control systemic inflammation. To
expand knowledge about the anti-inflammatory potential of electrical stimulation of the
baroreflex, we analyze, in the present study, whether baroreflex activation by electrical ADN
stimulation controls systemic inflammation in endotoxemic rats.

2. Results

2.1. Time course of cardiovascular responses to bacterial endotoxin

Intraperitoneal administration of either saline or lipopolysaccharide (LPS) did not affect the
mean arterial pressure (MAP) (Fig. 1). However, LPS induced tachycardia 45 min after its
administration, which lasted up to 90 min compared to the saline treatment (Fig. 1).

2.2. Baroreflex activation and hemodynamic responses

Electrical ADN stimulation quickly (within the first 5 s) decreased MAP and heart rate (HR)
(Fig. 2A and B). These effects were transient because the hemodynamic parameters had
returned to baseline levels at the 20th min of electrical ADN stimulation. However, electrical
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ADN stimulation did not affect cardio-circulatory hemodynamics in 12 of 25 animals. Even
with electrical stimulation, these animals did not present a decrease in MAP and HR (Fig.
2C and D). Moreover, the animals in the LPS + ADNs (-) group showed a statistical
increase of 9% in HR at the 20th min of electrical ADN stimulation (10 min after LPS
injection) without affecting MAP (Fig. 2D). Nevertheless, all endotoxemic animals exhibited
an increased HR by the end of the experimental protocol at the 90th min after the LPS
challenge (Fig. 3).

2.3. Baroreflex stimulation did not affect peripheral cytokine levels in endotoxemic rats

Intraperitoneal injection of bacterial LPS increased the plasma levels of all cytokines
analyzed, including pro-inflammatory cytokines [tumor necrosis factor (TNF), interleukin
1B (IL-1B) and interleukin 6 (IL-6)] and anti-inflammatory cytokine [interleukin 10 (I1L-10)]
(Fig. 4A-D). Baroreflex stimulation did not affect the levels of any of these cytokines in the
blood (Fig. 4A-D). LPS also increased the levels of TNF and IL-6 in the heart and spleen
(Fig. 4E, G, I and K). In addition, LPS specifically increased IL-1p levels in the heart but not
in the spleen (Fig. 4F and J). LPS also induced anti-inflammatory cytokine I1L-10 in the
blood, but not in the heart or the spleen (Fig. 4D, H, L). Thus, ADN stimulation did not
change the peripheral levels of any of these cytokines in the blood, spleen or heart. These
results indicate that baroreflex stimulation did not regulate peripheral cytokine levels in
endotoxemia. It is important to highlight that despite the short recovery time from surgery,
the subjects did not exhibit any sign of sickness behavior until the beginning of the
experiment.

2.4. Baroreflex stimulation attenuated central cytokine levels in the hypothalamus

Intraperitoneal LPS administration also increased the levels of all the cytokines in the
hypothalamus, including inflammatory (TNF, IL-1pB, IL-6) and anti-inflammatory (I1L-10)
cytokines (Fig. 5A-D). Baroreflex activation attenuated the LPS-induced levels of all the
cytokines in the hypothalamus (Fig. 5A-D) independent of the cardiovascular effects.

3. Discussion

The present results show that electrical stimulation of the ADN, a known afferent nerve
responsible for controlling cardiovascular homeostasis, induced central anti-inflammatory
effects inhibiting LPS-induced hypothalamic levels of all cytokines analyzed. This effect is
due to a direct central, but not peripheral, mechanism because ADN stimulation did not
affect the levels of any of these cytokines in the peripheral blood or organs. In the present
study, we injected LPS intraperitoneally and studied whether baroreflex stimulation can
control systemic inflammation. This experimental model of systemic inflammation has been
widely used in the literature to investigate new therapeutic strategies for sepsis (Cai et al.,
2010).

It is well-established that cytokines control inflammation and induce cellular damage and
organ failure contributing to the pathogenesis of multiple acute and chronic disorders such as
sepsis and autoimmune diseases (Akiyama et al., 2000; Allan and Rothwell, 2001,
Mennicken et al., 1999). Inflammatory cytokines mediate communication between the
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immune and other systems inducing particular biological activities after binding to the
receptors of the targeted cells (Wyss-Coray and Mucke, 2002). Neurons also have cytokine
receptors, suggesting an active bidirectional crosstalk between the immune and nervous
systems (Wyss-Coray and Mucke, 2002). Additionally, cytokines have different functions in
the central nervous system and can induce neurotoxicity, which appears to contribute to the
physiopathology of psychiatric [depression, schizophrenia] and neurodegenerative diseases
[Parkinson’s and Alzheimer’s diseases] (Allan and Rothwell, 2003; Corsi-Zuelli et al., 2017;
Dantzer et al., 2008). Moreover, since inflammation in the central nervous system,
particularly in the hypothalamus, has recently been shown to be intricately involved in the
development and maintenance of hypertension (Khor and Cai, 2017), we suggest that the
selective and central anti-inflammatory potential of ADN stimulation could be an additional
mechanism involved in the baroreflex anti-hypertensive effects.

Current studies highlight the need to develop innovative therapies based on electrical neural
stimulation for treating diseases with non-pharmacological approaches (De Ferrari et al.,
2011; Famm et al., 2013; Schwartz, 2013). “Electroceuticals” have been considered a
promising future for treating a number of diseases including central inflammatory and
neurological disorders (Famm et al., 2013). Recent studies showed that electrical stimulation
of peripheral nerves (including vagus) or direct brain stimulation, induces protective effects
in ischemic stroke, traumatic brain injury, as well as in experimental cerebral ischemia and
reperfusion (Jiang et al., 2014; Meneses et al., 2016; Notturno et al., 2014; Schweighofer et
al., 2016).

Our study shows that baroreflex stimulation inhibits LPS-induced inflammatory cytokines in
the brain (hypothalamus). Surprisingly, electrical ADN stimulation that failed to induce
hemodynamic changes was also efficient at inhibiting inflammatory cytokines in the
hypothalamus. These findings suggest that the central baroreflex anti-inflammatory
mechanism is independent of cardiovascular alterations. In line with our results, vagal
stimulation at high intensity produces hemodynamic alterations but not anti-inflammatory
effects, while low intensity vagal stimulation induces immunomodulatory properties without
promoting hemodynamic alterations (Bassi et al., 2017). Thus, our results indicate that
during parasympathetic activation, it is not essential for changes in the hemodynamic
parameters to occur in order for an anti-inflammatory effect to occur.

Although baroreflex stimulation attenuated central cytokine levels, it did not affect
peripheral cytokines in endotoxemic animals. In fact, electrical ADN stimulation did not
change the levels of inflammatory cytokines (TNF, IL-1f and IL-6) and antiinflammatory
cytokine IL-10 in the plasma, spleen or heart. Of note, the baroreflex acts by reducing
sympathetic and increasing parasympathetic drive (Chapleau et al., 1988; Krieger et al.,
1982), a well-known autonomic network controlling inflammation (Huston et al., 2006;
Martelli et al., 2016; Tracey, 2002). It is well-established that the spleen is the main source
of peripheral TNF, which is released into the bloodstream during endotoxemia (Huston et
al., 2006). However, taking into account that the spleen is also the targeted organ of the
“inflammatory reflex” (Huston et al., 2006) and that the sympathetic splanchnic nerve
inhibits the inflammatory response in the spleen (Martelli et al., 2016), it is surprising that
baroreflex stimulation did not affect systemic cytokine levels. However, it is possible that
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simultaneous activation of the parasympathetic nervous system (anti-inflammatory) and
inhibition of the sympathetic nervous system (pro-inflammatory) following electrical
activation of the baroreflex accounted for the lack of effect on systemic inflammation.
Nevertheless, our present results concur with previous studies of our group showing that
baroreflex activation via ADN stimulation inhibits joint cytokine levels in experimental
arthritis by sympathetic modulation, but, again, through a mechanism independent of the
spleen (Bassi et al., 2015).

An important aspect of our study is that the experiments were performed in unanesthetized
animals, mimicking clinical settings and physiological conditions (De Paula et al., 1999;
Salgado et al., 2006). Previous studies investigating neural electrical stimulation were
conducted primarily in anesthetized rodents. A significant exception can be attributed to
Martelli and colleagues (Martelli et al., 2014a) who demonstrated, in conscious rats, that the
splanchnic anti-inflammatory pathway has a powerful and sustained inhibitory influence on
inflammatory processes. It is well known that anesthetics interfere particularly with the
neural mechanisms modulating the immune system (Picq et al., 2013). For instance, several
studies showed that ketamine and isoflurane exhibit potent anti-inflammatory properties
(Flondor et al., 2008; Hofstetter et al., 2005; Qin et al., 2015). Notably, our laboratory
studies of neural cardiocirculatory control in conscious rodents has provided significant
information concerning the neural regulation of inflammation (Bassi et al., 2015),
particularly under physiological conditions without the interference of anesthesia, as
conducted in the present study.

4. Conclusions

Baroreflex activation could be used as a novel therapeutic strategy for treating inflammatory
diseases involving the central nervous system, such as stroke, brain trauma, amyotrophic
lateral sclerosis, Parkinson’s and Alzheimer’s disease and even hypertension. However,
future studies are required to investigate the neural pathways and molecular mechanisms
mediating these neuroprotective properties, as well as the optimal parameters for activating
the ADN under different inflammatory conditions.

5. Experimental procedure

5.1. Experimental animals

The experiments were performed on male Wistar rats weighing 250-300 g obtained from the
Main Animal Facility of the University of S&o Paulo (Campus of Ribeirdo Preto; Ribeirdo
Preto, SP, Brazil), maintained under controlled temperature (22 °C) and constant 12 h light—
dark cycle and provided with food and water ad /ibitum. All procedures were reviewed and
approved by the Committee of Ethics in Animal Research of the Ribeirdo Preto Medical
School — University of Sdo Paulo (Protocol number 161/2016).

5.2. Surgical procedures

Animals were anesthetized with a cocktail of ketamine and xylazine (50 mg/kg and 10
mg/kg, i.p.) and then subjected to surgical procedures to isolate the left ADN for the
implantation of electrodes, catheterization of the femoral artery and insertion of a peritoneal
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catheter. The catheter implanted into the femoral artery was filled with 100 1U/ml heparin in
saline. The ADN group was implanted with a bipolar stainless-steel electrode with an
interleads distance of 2 mm. The electrodes were constructed by attaching two 40 mm long
stainless-steel wires (0.008 in. bare, 0.011 in. Teflon coated; model 791,400; A-M Systems,
Sequim, WA, USA) to a small plug (GF-6; Microtech, Boothwyn, PA, USA). The bared tips
of the electrodes consisted of 2 mm lengths, forming hooks that were implanted around the
ADN. First, the electrode was tunneled through the sternocleidomastoid muscle and the
small plug was exteriorized in the nape of the neck. Next, the short segment of the ADN that
was implanted with the bipolar stainless-steel electrodes was carefully covered with silicone
impression material (Kwik-Sil silicone elastomer; World Precision Instruments, Sarasota,
FL, USA). A few minutes were allowed for complete polymerization of the silicone
impression material. In the “sham surgery” groups, the animals were subjected to the same
surgical procedures, but the electrodes were not implanted around the nerve.

Under the same anesthesia, the left femoral artery was catheterized with polyethylene tubing
(PE-50 soldered to PE-10 polyethylene tube; Intramedic, Clay Adams, Parsippany, NJ,
USA,) for arterial pressure recording. Additionally, a catheter (PE-50 polyethylene tube;
Intramedic, Clay Adams, Parsippany, NJ, USA) was inserted into the abdominal cavity for
the administration of LPS from Escherichia coli0111: B4 (Sigma-Aldrich, St. Louis, MO,
USA,) or sterile saline (vehicle). The catheters were pulled up through a subcutaneous track
to the animal’s neck and exteriorized in the back of the nape; next, the surgical incisions
were sutured. Flunixin meglumine (Banamine, 2.5 mg/kg, i.m.; Schering-Plough, Cotia, SP,
Brazil) was injected immediately after the end of surgery.

5.3. Assessment of the hemodynamic parameters and electrical stimulation of the aortic
depressor nerve

Twenty-four hours after the surgical procedures, arterial pressure and HR from conscious
rats were recorded. Briefly, the arterial catheter was connected to a pressure transducer
(MLT844; ADInstruments, Bella Vista, Australia) and the signal was amplified (ML224;
ADlInstruments, Bella Vista, Australia) and sampled by an IBM/PC computer (Core 2 Duo,
2.2 GHz, 4 GB RAM) attached to an analog-to-digital interface (PowerLab, ADInstruments,
Bella Vista, Australia). The experiment was conducted with the animals moving freely in
their own cage (one rat per cage) and silence was maintained to minimize environment
stress. Only rats that showed no signs of distress during electrical stimulation of the ADN
were assigned to the study. The electrodes were connected to an external square pulse
generator to activate the ADN (0.5 mA, 0.25 ms, 15 Hz). Arterial pressure recordings were
processed with computer software (LabChart 7.0, ADInstruments, Bella Vista, Australia)
capable of detecting inflection points and systolic, diastolic and mean arterial pressure, as
well as HR beat-by-beat time series.

5.4. Experimental procedures

The rats were assigned into four groups:

1) Saline: Sham surgery of electrode implantation around the ADN and vehicle
administration;
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2) LPS: Sham surgery of electrode implantation around the ADN and LPS
administration;

3) LPS + ADNSs (—): Electrode implantation around the ADN, electrical
stimulation combined with failure to promote hemodynamic effects and LPS
administration;

4) LPS + ADNSs: Electrode implantation around the ADN, electrical stimulation
showing hemodynamic effects and LPS administration.

The experimental protocol consisted of basal recordings of arterial pressure and HR for 30
min, followed by electrical stimulation of the ADN for 10 min before and 10 min after
intraperitoneal administration of LPS (5 mg/kg, i.p.) or vehicle (5 mL/kg, i.p.). LPS was
sonicated for 30 min before the injection. The hemodynamic parameters were recorded
throughout 90 min after LPS injection, and then the blood samples were collected through
the catheter from the femoral artery before the rats were killed by decapitation for rapid
collection of the spleen, heart and hypothalamus. The entire hypothalamus was dissected
from the brain taking into account the following limits: the anterior border of the optic
chiasma, the anterior border of the mammillary bodies, and the lateral hypothalamic sulci
with a depth of 2 mm. The samples of spleen, heart and hypothalamus were immediately
frozen in liquid nitrogen. Blood samples were maintained on ice until centrifugation at 3500
rpm for 15 min at 4 °C. The plasma was then collected, and all biological material was
frozen at —80 °C and stored until analysis.

5.5. Cytokine measurements

On the day of the assay, the samples were thawed and maintained on ice. The hypothalamus,
spleen, and heart were homogenized in 0.5 mLofPBSusingaPolitron-PT-3100(Evisa;
Kinematica, Luzern, Switzerland) and then centrifuged at 1.000 rpm for 10 min at 4 °C. The
plasma and tissue supernatant samples were used to measure the cytokine (TNF, IL-18,
1L-6, and 1L-10) levels by an immune-enzymatic ELISA method using Duo set kits from
R&D Systems (Minneapolis, MN, USA) according to the manufacturer’s instructions.
Plasma and tissue cytokine levels are expressed as percentages compared to the control
group (LPS).

5.6. Statistical analysis

The hemodynamic parameters were analyzed by one-way analysis of variance (ANOVA) for
repeated measures followed by Student-Newman-Keuls post hoc test when indicated, two-
way ANOVA for repeated measures followed by Student-Newman-Keuls post hoc test, or
one-way ANOVA followed by Dunn’s post hoc test. The data obtained from the tissues and
plasma were analyzed either by one-way ANOVA with Student-Newman-Keuls post hoc test
or by Kruskal-Wallis — a nonparametric statistical test — followed by Dunn’s post hoc test
when the data did not pass the Shapiro-Wilk test of normality. Differences were considered
statistically significant if P < .05. The results are shown as the mean + s tandard error of the
mean.
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Fig. 1.

LPS increased heart rate but did not affect the mean arterial pressure. Time course of mean
arterial pressure (MAP) and heart rate (HR) at baseline (time zero), 45 and 90 min after the
administration of LPS (n = 13) or saline (n = 12). *P < .05 vs. Saline.

Brain Res. Author manuscript; available in PMC 2018 November 29.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Brognara et al.

1204

1004

804

MAP (mmHg)

60—

sl

Page 12

LPS + ADNs LPS + ADNSs (-)
3 Baseline
C HR First 5 s of ADNs
B3 End of Stimulation
120+
1
5 1001
=
¥ E
E
o 804
<
=
60-

E

420+

3804

HR (bpm)

3404

300—

oL

D
435- #
3904

T

(-9

=

X 3454

I
3004

| . oLl | N ]

Fig. 2.
Hemodynamic responses to electrical stimulation of the aortic depressor nerve. Bar graphs

represent the mean arterial pressure (MAP; A and C) and heart rate (HR; B and D) at
baseline; at 5 s after initiating electrical stimulation of the aortic depressor nerve (ADNS),
with (LPS + ADNS) or without [LPS + ADNs (-)] hemodynamic changes; and at the end of
electrical stimulation (5 s). LPS + ADNs: n = 13; LPS + ADNSs (-): n = 12. Bars represent
mean = standard error. *P < .05 vs. baseline; #P < .05 vs. baseline and first 5 s of ADNS.
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Ninety minutes after the LPS injection, aortic depressor nerve stimulation did not attenuate
the increase in heart rate induced by LPS. Bar graphs show the changes in heart rate (AHR)
90 min after the administration of saline or LPS, or LPS combined or not combined with
previous aortic depressor nerve stimulation (ADNs), with or without hemodynamic changes.
Bars represent mean + standard error, n = 12 to 13. *P < .05 vs. saline.
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Agrtic depressor nerve stimulation did not affect plasma and peripheral organ (heart and
spleen) levels of cytokines in response to LPS administration. Plasma (A, B, C and D) and
tissue (heart: E, F, G, H and spleen: I, J, K and L) levels of pro-inflammatory and anti-
inflammatory cytokines 90 min after the administration of saline or LPS, or LPS combined
or not combined with electrical stimulation of the aortic depressor nerve (ADNs), with or
without hemodynamic changes. Tumor necrosis factor (TNF): plasma (A), heart (E) and
spleen (1); interleukin 1 (IL-1p): plasma (B), heart (F) and spleen (J); interleukin 6 (IL-6):
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plasma (C), heart (G) and spleen (K); interleukin 10 (IL-10): plasma (D), heart (H) and
spleen (L). Bars represent mean + standard error, n = 6-15. *P < .05.

Brain Res. Author manuscript; available in PMC 2018 November 29.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Brognara et al. Page 16

HYPOTHALAMUS ° s
m LPS
A LPS+ ADNs (-)
A B * LPS+ADNs
* *
200" r 1 200‘ ] 1
* * * *
r 1r 1 I L1 1
5 150+ 5 1501
= 'e
[+] =]
S 1001 .“ & S 1004 .
w * t. ;—_“- A * * *
= " x*
= 50+ “A **** = 504 =
A * W * L, *
o o
- D
* *
200 . : 200- T )
* * * *
I H 1
5 150 . 3
= =
<] * * Q
(o1 | * © .
M 100 ) * § -
‘9 “l" o Eae - ‘,~'—|—"t
= 501 T *.tJ_‘ J -—
Al :i P wn™
0.

Fig. 5.

Agrtic depressor nerve stimulation decreases the LPS-induced production of cytokines in the
hypothalamus. Hypothalamic levels of tumor necrosis factor (TNF, A), interleukin 1p
(IL-1B, B), interleukin 6 (IL-6, C) and interleukin 10 (IL-10, D) 90 min after the
administration of saline or LPS, or LPS combined or not combined with stimulation of the
aortic depressor nerve (ADNs), with or without hemodynamic changes. Bars represent mean
+ standard error, n = 12 to 19. *P < .05.
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