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Key points

e An endosenous neural reflex, mediated by the splanchnic, but not other sympathetic

nemes, moderates the cytokine response to systemic inflammatory challenge. This

re@ses the pro-inflammatory cytokine TNF, while enhancing levels of the
anfi-inflammatory cytokine IL-10.

 EE—
reflex enhancement of IL-10 depends on the splanchnic nerve supply to the

adrepal gland and on 3, adrenoreceptors, consistent with mediation by circulating

After splanchnic nerve section it can be rescued by restoring circulating

adr,

o Thmsuppression of TNF depends on splanchnic nerve branches that innervate
ab tissues including, but not restricted to, spleen: it is not blocked by adrenal
dem or 3, adrenoreceptor antagonism.

e Di pathetic efferent pathways are thus responsible for pro- and anti-

in ry cytokine components of the reflex regulating inflammation.

Abst
The ef anches of the splanchnic sympathetic nerves that enhance interleukin-10 (IL-

10) and suppress tumour necrosis factor-o. (TNF) levels in the reflex response to systemic

immune cSllenge were investigated in anaesthetized, ventilated rats. Plasma levels of TNF
and IL-10 were measured 90 min after intravenous lipopolysaccharide (LPS, 60 ug/kg).

Splanchniection, ganglionic blockade with pentolinium tartrate or 3, adrenoreceptor
with [

antagonism CI 118551 all blocked IL-10 responses. Restoring plasma adrenaline after
splanchni!denervation rescued IL-10 responses. TNF responses were disinhibited by
splanchniidenewtion or pentolinium treatment, but not by ICI 118551. Splanchnic nerve
branches individually or in combination in vagotomized rats, ruling out any vagal
influence on results. Distal splanchnic denervation, sparing the adrenal nerves, disinhibited
TNF but did not@educe IL-10 responses. Selective adrenal denervation depressed IL-10 but
did not{ﬁ NF responses. Selective denervation of either spleen or liver did not affect
IL-10 or TN onses, but combined splenic and adrenal denervation did so. Finally,
combined section of the cervical and lumbar sympathetic nerves did not affect cytokine

responses to LPS. Together, these results show that the endogenous anti-inflammatory reflex

is mediated by sympathetic efferent fibres that run in the splanchnic, but not other
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sympathetic nerves, nor the vagus. Within the splanchnic nerves, divergent pathways control
these two cytokine responses: neurally driven adrenaline, acting via 3, adrenoreceptors,

regulat@“hile TNF is restrained by sympathetic nerves to abdominal organs

including mwhere non-fB, adrenoreceptor mechanisms are dominant.

 —
Introdu&

The CNS @an havé a powerful modulatory influence on immune function. In addition to
neuroendocringamechanisms, both sympathetic and parasympathetic arms of the autonomic
nervous swve the capacity to moderate inflammation and immune function (Hori et
al., 1995; kova et al., 2000; Elenkov et al., 2000; Nance & Sanders, 2007; Andersson
& Tracey,Eellinger & Lorton, 2014). Evidence garnered over the past 40 years
implicates pathetic nervous system in moderating innate immune responses to
systemic iﬂtion and infection (Besedovsky et al., 1979; Elenkov ef al., 2000; Nance &

Sanders, m‘ley et al., 2012; Bellinger & Lorton, 2014; Pongratz & Straub, 2014). One

, the splanchnic nerve, which innervates the adrenal medulla and

sympathe

abdom , has recently been shown to endogenously modulate the systemic

inflammator onse to endotoxaemia (Martelli ef al., 2014b; Martelli ef al., 2014c;
Martel 9; Occhinegro et al., 2021) and subsequently shown to modify the innate

immune response to systemic infection (Lankadeva et al., 2020).

The cleares! cvidence that the splanchnic sympathetic nerves exert this endogenous action is

of inflammatory responses that is seen when their transmission is

interrupted. FOllowing challenge with intravenous lipopolysaccharide (LPS), the circulating
levels of pgo-inflammatory cytokines such as tumour necrosis factor-a (TNF), interferon
gamma angd interlgukin 6 are enhanced in animals whose splanchnic nerves have been cut:

concomitantly, their levels of the anti-inflammatory cytokine, interleukin-10 (IL-10), are
reduced. These dia have been interpreted as showing that the splanchnic sympathetic nerves

comprise the effagent arm of an endogenous reflex that is stimulated by systemic immune
q@ whose combined action on several cytokines prevents excessive inflammation
(Martelli et al-;2@14b; Occhinegro et al., 2021; McAllen et al., 2022). This basic reflex
evidently applies across species: it has been demonstrated so far in rats, mice and sheep

(Martelli et al., 2014c; Lankadeva et al., 2020; Occhinegro et al., 2021).
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However, a number of questions remain about this reflex. First, as the splanchnic nerves
include both afferent and efferent fibres, it is still unsettled whether the pro-inflammatory
effect We splanchnic nerves is due to disruption of afferent or efferent neural
pathwaysmit is indeed sympathetic efferent fibres that are responsible for the anti-

inflamma are they present in other sympathetic nerves? Third, is their anti-

inflam#a (6F™@#&fHon mediated by [, adrenoreceptors, as reported for the effects of

exogenou ged catecholamines (Elenkov, 2008; Agac et al., 2018). Fourth, given that
the spleen@y considered to be a dominant site where neuro-immune interactions occur
(Katafuchi % 1993a; Hori et al., 1995; Kees et al., 2003; Buijs ef al., 2008; Andersson &

Tracey, 2m&son et al.,2012; Kenney & Ganta, 2014; Liu ef al., 2020; Sokal et al.,
2021), and 1t is su;)plied by the splanchnic nerves, what effect does acute denervation of the

spleen have on th8 splanchnic anti-inflammatory action? Fifth, do other abdominal target

for the brafch to the adrenal gland that is responsible for releasing adrenaline and

noradrenamthe circulation?
Noradrenal¥he e main transmitter released by sympathetic nerves, and recent evidence

organs suﬂ/ the splanchnic nerves participate in the reflex response, and is there a role
C

has su at a major driver of the anti-inflammatory action of noradrenaline may be IL-
10 (Agac e 18), although inhibitory actions on pro-inflammatory cytokines may also
contrib Poll et al., 1994; Nance & Sanders, 2007; Elenkov, 2008; Pongratz &

Straub, 2014). IL-10 has been implicated as a master regulator of immunity (Couper et al.,
2008), an

2010; Sar., 2020). Accordingly, we focussed on the responses of IL-10 (as well as

TNF) in th&%pme8ent survey of reflex anti-inflammatory pathways. Here we address some of

key role in the regulation and resolution of inflammation (Sabat et al.,

these r gmg 1ssues by measuring the effects of pharmacological blockade and selective

em
nerve dardized model of systemic inflammation.

Method

Experi ere approved by the Animal Experimentation Ethics Committee of the Florey
Institute of NeuroScience and Mental Health (approval 19-033) and adhered to the guidelines
of the National Health and Medical Research Council of Australia. Male adult Sprague
Dawley rats (body weight 290-520 g, n = 207) supplied by Animal Resources Centre, Perth,

Western Australia were used in experiments. They were housed in individual cages and
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provided water and pelleted food (Barastoc G+) ad libitum. Room temperature was

maintained at 22°C and there was a 12:12 h light-dark cycle.
General S* 1ca| preparation

Rats were esthetized with intraperitoneal sodium pentobarbitone (60 mg/kg).

After clipEsR@ fur over relevant sites, anaesthesia was continued by delivering 2%
isoﬂuranehl nose cone. The trachea was then cannulated and the 2% isoflurane/O, was
administem‘liﬁcial ventilation (Ugo Basile, Gemonio, Italy) at approximately 3 ml tidal
volume an flations per minute. Inflation pressure was measured from a side tube. Core
body temperafiird) measured by a thermocouple inserted 5 cm into the rectum, was
maintained around 37 + 0.3 °C by manual control of a heating mat under the rat. The right
femoral artery anfl vein were cannulated with polyethylene tubing so that arterial pressure
could be rec arterial blood samples obtained and drugs administered intravenously. The
arterial 1in@ was filled with heparinised (50 units/ml) saline solution. Arterial pressure, heart

rate (derived from the arterial pulse), respiratory pressure and body temperature were

recorded st of the experiment on a computer-based chart system (CED 1401 with
Spike2 ambridge Electronic Design, Cambridge, U.K.). Surgical procedures to cut
nerves for jous experimental protocols were then performed. At the completion of the
preparati , anaesthesia was switched to urethane by gradually administering

intravenous 20% urethane (6 ml/kg) over 10-20 min while proportionately reducing
isoﬂuraneSvels to zero. Artificial ventilation of the urethane-anaesthetised animal was

maintained Qiagh00% O, for the remainder of the experiment. No paralysing agent was given,

and ventilg @s adjusted if and when necessary to a level that just suppressed

spontarratory effort. A surgical depth of anaesthesia was maintained throughout, as

indicated By a lack of spontaneous movement and no withdrawal response to firm pinching.
No anaWplementation was required in any experiment. At the conclusion of the
experimemaesthetised animal was killed by an intravenous overdose of 20% urethane

(1.5 ml bo death confirmed from the blood pressure trace.

Splanc

On the animal’s Tght side, an incision was made in the flank skin, extending 5 cm caudally
from the bottom ribs. The retroperitoneal space was exposed by opening the first muscle
layer adjacent to the spinal aponeurosis. The perinephric fat was pushed ventrally to reveal

the kidney and adrenal gland. The space was held open with 4 hook retractors and a surgical
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microscope was used for the following dissection. Using cotton buds to scrape over and
retract the adrenal gland with its nerve supply in the caudoventral direction, the adrenal
nerves,M nerves and splanchnic (also called suprarenal) ganglion were revealed.
The splanm were then cut (or sham-cut) rostral to the splanchnic ganglion, using

fine sciss e supply to the adrenal was sometimes present as a separate, parallel
nerve tRAnKE®@@@ i onal small branches were also seen on occasion to input the splanchnic
ganglion: re all included in the denervation. The same process was then repeated on

the animalfs left Side.

Gl

Distal spl ipnerve section

Using the same exposure as for full splanchnic nerve section, the nerves supplying the

adrenal gland wefe identified. The splanchnic nerve trunk was cut caudal to these branches,

Gl

just caudal t planchnic ganglion. The same process was then repeated on the animal’s
left side.
Adrenal n ion

The sa procedures as above were used to cut, or sham-cut the adrenal nerves.

High magn was used to ensure that all nerve branches to the adrenal were identified

on eac ffective adrenal denervation was additionally confirmed by subsequently

Y

finding plasma levels of adrenaline below the assay’s level of detectability (0.1 ng/ml). Four
animals detectable plasma adrenaline levels were excluded on the basis that their adrenal

glands had

[

ncompletely denervated.

O

Vagotomy

h

Following®racheostomy, the left carotid artery and vagus nerve were exposed low in the

neck. Theagus Wwas separated from the carotid and surrounding tissues using longitudinal

t

separatio ing scissor points. The vagus was then lifted clear with fine forceps and

3

cut with sharp sci§sors. The process was then repeated for the right vagus nerve. For sham

vagotomy, th us was exposed on each side but not cut.

Cervical s etic nerve section

A

The exposure was the same as for vagotomy, but the cervical sympathetic on each side was

identified as a thinner nerve adjacent to the vagus. It was positively identified as the cervical
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sympathetic trunk by following its course rostrally to the superior cervical ganglion, and then

cut caudal to the ganglion.

Lumbar st atﬁetic nerve section

With the e on its right side, the left retroperitoneal space was exposed as described

above f@r §pl@A@hic nerve section, but with a larger incision and exposure extending further

caudally. Meg was held extended. Caudal to the left kidney, the anterior spinal

muscles v«@gly retracted and pulled up so as to expose the abdominal aorta. The left
and right |

longitudirmal to the aorta, respectively above and below the segmental arterial
1

branches. The left and right lumbar sympathetic trunks were then cut, caudal to the renal

arterial supply. i

Denervati er

The cervica iwere cut bilaterally. With the animal supine, a long midline incision was
made dowil t ea alba. The xiphisternum was cleared and tied with a silk thread that was

ards and rostrally. The peritoneum was opened and retracted on both sides

sympathetic trunks were then identified as ganglionated nerves running

then re

with hooks. cotton buds, the caudal margin of the liver was flipped upwards and

packe ally with saline-soaked gauze. The stomach and intestines were held clear with
saline-soaked gauze packing. Using a dissecting microscope, the bundle containing the portal

vein, bile @ct and hepatic artery was identified and, with a little clearing, placed on top of a

which rota ortal vein in a manner that displayed the hepatic artery and the hepatic
sympathetig nerves on its upper surface. Using fine forceps and scissors, the nerves were

identifi or sham-cut. To complete the denervation process, the connective tissue
surroundi ery and portal vein was minutely examined and stripped to remove any
extraneous n ibres. The bile duct was then flipped back and the plate removed.

This was also in vagotomised animals. With the abdomen opened and displayed as
described above, the animal was tilted slightly on its right side and, using cotton buds, the
spleen was pulled on its pedicle over to the animal’s right side and packed into that position

with saline-soaked gauze. The splenic artery was then traced to its origin and, following its
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course, usually two main nerves could be identified. These were then cut, or sham-cut. The

denervation process was completed by stripping the surface of the artery of any potential

nerve ﬁM‘naining.

After hep?

diplenic denervations or sham denervations the abdominal incision was

closed with sutures.
N

ExperimeMcol

A standardprotogol was used in all experimental trials. Five to eight rats were included in
each experi group. Following the completion of surgery and the switch to urethane
anaesthesi@gd#tsgWere left untouched for 30 minutes to stabilise. A blood sample was then

drawn form cytokine measurements: if this when assayed showed a baseline TNF >7.8

pg/ml or I 8 pg/ml (two standard deviations above their mean resting levels), it was
taken to s oing inflammation and that animal was excluded from the study. Data from
eleven su imals were excluded. Ten minutes after the baseline blood sample,

lipopolysm (LPS, 60 pg/kg i.v., derived from Escherichia coli 0111:B4; Sigma-

Aldrich, St¢ , MO, USA) was injected via the femoral vein. A second blood sample (1.5

ml) wa inutes later for the measurement of plasma TNF and IL-10 responses to
systemic L t time was chosen to capture their peak plasma levels (Martelli ef al.,
2014b)" iment was then terminated and the animal killed.

PentoliniLs tartrate was given at a dose of 10 mg/kg in 1 ml/kg saline between the first blood

sample and PS injection. Pentolinium was selected as the ganglion blocking drug

because o e limited passage across the blood-brain barrier in comparison to other

ganglion b.ﬁ(Cunningham etal.,2019). ICI 118551 was given at a dose of 0.1 mg/kg
immediatdly before the LPS injection, followed by infusion at 0.1 mg/kg/h in 1 ml/h starting
approxi ins after the LPS injection and continued to the end of the experiment.
That dose sen as appropriate from preliminary experiments; (higher doses caused a
drop in heﬁindicaﬁng that they also affected 3 receptors). For both drugs, matching

saline vehicl rol experiments were performed.

Adrenalin ement experiments were performed on animals whose splanchnic nerves
had been cut but whose vagi were intact. Adrenaline was infused at either 1.2 or 0.12

ug/kg/min in a volume of 1 ml/h, starting approximately 2 mins after LPS administration and
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continuing until the second blood sample. Control animals received isotonic saline vehicle on

the same schedule.
Cytokine tg catecholamine assays

Blood sa ollected in Eppendorf tubes containing EDTA, chilled on ice then

centrifiigc@a®8000 ¢ for 15 mins in a refrigerated (4°C) centrifuge. Triplicate plasma
samples n into Eppendorf tubes and stored at -80°C until assays were performed.
The concw of TNF-a and IL-10 in plasma were measured in suitably diluted samples
by ELISA

and inter-d8say cQefficients of variation were 9.9% and 9.7%, respectively. Plasma

systems). The limits of detectability for IL-10 and TNF were 3 and 2 pg/ml,

concentrations of adrenaline were also measured by ELISA (Abnova, Taipei, Taiwan).

Statistical ;m

GraphPadG.Z software was used for statistical calculations. Results are expressed as

mean and deviation. The concentrations of TNF and IL-10 measured in

experime s were transformed to log10 values and homogeneity of variance tested.
For co two samples, all of which had homogeneity of variance, the Student t-test
was employe comparison of 3 or more samples, a single factor analysis of variance was
used; ificant F value (p < 0.05) was obtained, the Tukey multiple comparison test
followed.

e
Results O

Is the antzg Egammatory reflex mediated by the splanchnic nerves attributable to sympathetic

eﬁ’erentw

To test for EEe 1§>lvement of an autonomic efferent pathway, the effects of splanchnic nerve

section w ared with those of the ganglion blocking drug, pentolinium tartrate.
Effectiv 1on blockade was demonstrated by the low blood pressure of both sham-
operated a chnic denervated rats treated with pentolinium (Table 1). As shown in Fig.

1A, animals treated with pentolinium showed similarly reduced levels of IL-10 and increased
levels of TNF as seen in animals subjected to splanchnic nerve section. Combining

pentolinium with splanchnic nerve section had no further additive effect (Fig. 1B).
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Do sympathetic nerves other than the splanchnic mediate a reflex anti-inflammatory action?

To test this, rats were subjected to bilateral combined lumbar and cervical sympathetic nerve
section anl compared with rats given a sham procedure. As shown in Fig. 2, there was no

difference @ the cytokine responses to systemic LPS in each animal group.
Does /e vagnsedntribute?

Compared with,sham-operated animals, those subjected to bilateral vagotomy showed no

differencefin the plasma levels of TNF, confirming previous findings (Martelli ez al., 2014c).
However, the tomised animals showed significantly lower levels of IL-10 in response to
systemic w 3A). To distinguish whether this effect of the vagus was independent of
tested wh.
splanchniE As shown in Fig. 3B, they were not: bilateral vagotomy had no effect after

ection.

the splancmves (rather than acting reflexly through them (Komegae et al., 2018)), we

vagi were able to support any release of IL-10 in the absence of the

splanchni

Is the spla%nti-inﬂammatorj} action mediated by f; adrenoreceptors?

Given ression of inflammation by catecholamines has been found by others to
depend on oreceptors (Elenkov, 2008; Agac et al., 2018; Murray et al., 2021),
animal cted to intravenous administration of the 3, antagonist ICI 118551. This

had no effect on blood pressure or heart rate (Table 2). Compared with vehicle treated

animals, Ihl treatment reduced plasma IL-10 to low levels, matching those seen after
splanchniection (Fig. 4). These data indicate that splanchnic nerve-dependent IL-10

release is d by B, adrenoreceptors. By contrast, ICI 118551 failed to enhance TNF
responses Fig. 4), indicating that the splanchnic nerves regulate TNF by non-f3,
adreno chanisms.

Which spl ic.nerve branches mediate the reflex control of IL-10 and TNF?

eriments to investigate the effects of eliminating different components of
nerve supply were performed on bilaterally vagotomised animals. This
procedure opted to remove any confounding effect of abdominal manipulation and
surgery, which have been found to initiate an anti-inflammatory reflex mediated by vagal

afferent nerve fibres (Komegae et al., 2018).

This article is protected by copyright. All rights reserved.

85U8017 SUOWLLIOD dAIEs.D) 8|gealdde au Aq peusenob are sspiie YO ‘8sn Jo sajnJ oy ArIqiT8UIUQ A1 UO (SUOTHPUOD-PpUe-SWLelWod" A3 | Afelq Ul uo//SdnL) SUOIIPUOD pue swie 1 8u1ses *[20z/T0/yz] uo ARiqiauliuo (1M suinogp N JO AiseAlun 8y L A /TZE8Zdr/STTT 0T/I0p/L00 A8 |imAeiq uluo-00sAyd;/sdny woly pepeojumod ‘0z ‘2202 ‘€6..69T



The first experimental procedure was to cut the splanchnic nerves distal to the adrenal nerves,
preserving the adrenal innervation but cutting the supply to all its other target organs. As
shown Mstal splanchnic denervation did not significantly affect IL-10 responses to
systemic mompared with sham-operated animals, showing that the adrenal nerves

were able he reflex enhancement of IL-10 without any other splanchnic
contrib®15A™B¥®Eontrast, distal splanchnic nerve section effectively raised the levels of TNF,
indicatingsiemtieal role of the distal splanchnic branches. For comparison, the IL-10 and
TNF respmerved after full splanchnic nerve section in vagotomised animals (from

Fig. 3B) ar duced here in Fig. 5.

What role d by the sympathetic innervation of the spleen?

Although often c@nsidered pivotal for the neural control of inflammation, evidence on the
role of the s ic nerves in regulating systemic inflammation has been mixed (Katafuchi et
al., 1993b§Meltzer et al., 2003; Martelli et al., 2019; Liu et al., 2020). Here we denervated

the spleen ally and compared these vagotomised animals with those subjected

additional anchnic nerve section or sham procedure. Compared with sham operated

control splenic denervation did not affect either plasma IL-10 or TNF levels (Fig.
6). However,additional section of the whole splanchnic nerves then reduced IL-10 and

increas els in the expected manner (Fig. 6).
What role is played by the hepatic nerves?

Section of thgdhepatic sympathetic nerves has previously been reported to enhance TNF

levels in & emic rats, an effect attributed to interrupting transmission in afferent fibres

to the spin Soto-Tinoco et al., 2020). In vagotomised animals, we therefore cut the
hepatic s athetic nerves (which include the spinal afferent supply, completing liver
denervaM:ompared these with vagotomised animals given sham hepatic nerve

section. T groups of animals showed no significant difference in their IL-10 or TNF

plasma level ins after systemic LPS (Fig. 7).

What i{of adrenal denervation?
Effective denervation of the adrenal glands was assessed by the absence of plasma

adrenaline. In sham-denervated animals, plasma adrenaline levels 90 mins after LPS
treatment were 1.45 ng/ml (SD 0.66, n=4), while in 16 adrenal-denervated animals they were

below the level of detectability (0.1 ng/ml). Plasma noradrenaline levels in sham-denervated
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animals were 1.16 ng/ml (SD 0.38, n=4), and in adrenally denervated animals it was 0.33
ng/ml (SD 0.27 ng/ml, n=12). Compared with sham-operated animals, denervation of the
adrenalMer alone or combined with other organs, consistently lowered the levels of
IL-10 in rmystemic LPS (Fig. 8). For TNF, however, isolated adrenal denervation

did not si isinhibit the response to systemic LPS (Fig. 8).

Combineagenervations

When adr@rvation was combined with splenic denervation, TNF responses to
systemic L re disinhibited (Fig. 8). This was a consistent finding: it also occurred also

here adrenal and splenic denervations were combined with hepatic

denervation (Fig. 8). However, hepatic denervation without splenic denervation was

insufficient to disinhibit TNF responses in adrenally denervated animals (Fig. 8). Finally, full

splanchnic n ection was confirmed to inhibit IL-10 and disinhibit TNF responses in
otherwisegam—operated, vagotomised animals (Fig. 8).

Is the infla reflex control of IL-10 attributable to circulating adrenaline?

Cutting the nerve supply to the adrenal glands eliminates circulating adrenaline (but only

reduces no line, which is derived also from sympathetic nerve terminal spillover). To
ove question we infused adrenaline intravenously at 0 (saline vehicle), 0.12 or
1.2 pg/kg/h in splanchnic denervated animals. At 0.12 pg/kg/h, adrenaline infusion produced
plasma le!ls (0.86, SD 0.19 ng/ml) that were close to those seen in LPS-treated animals with
intact splanchnic nerves (mean 1.1, SD 0.28 ng/ml), while 1.2 pg/kg/h gave seven-fold higher
levels (me @ 5D 2.78 ng/ml). Table 2 shows the effect of these doses on blood pressure
and heart ra e difference between time 0 and 10 mins. As may be seen in Fig.4,
infusing agenaline at the lower rate restored IL-10 responses to match those of animals with

intact splamchnicmerves. But it also shows that adrenaline caused a dose-related suppression
of TNF reﬁto LPS.
Discussi

This st ides clear evidence that sympathetic efferent fibres in the splanchnic nerves,

but not other sympathetic nerves, mediate the reflex neural control of both pro-and anti-
inflammatory cytokines. Moreover, it shows for the first time that the splanchnic neural
pathways regulating TNF and IL-10 diverge. The reflex release of IL-10 is prevented by
ganglion blockade with pentolinium, 3, adrenergic antagonism with ICI 118551 and by
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denervation of the adrenal glands. This indicates that the reflex control of IL-10 is mediated
by neurally-driven release of adrenal catecholamines, most likely adrenaline, acting on [3;

adrenorMonsistent with this inference, restoring circulating adrenaline restored the

IL-10 resp LPS. The endogenous reflex suppression of TNF, by contrast, is largely
independ ting adrenaline and of B, adrenoreceptors. The reflex neural control of
TNF is¥de on the splanchnic nerves distal to the adrenal supply, which innervate
several vi ans including the spleen.

Sympathe@nts mediate the reflex

Ganglion plogkade with pentolinium was no more effective than splanchnic nerve section in
disabling the inflammatory reflex, as measured by either TNF or IL-10 levels. Further,
pentolinium had flo additional effect when the splanchnic nerves were cut. Together, these
findings indi at sympathetic efferent fibres within the splanchnic nerves are responsible,

and that this efferent pathway accounts for the full endogenous anti-inflammatory neural

reflex med the autonomic nervous system. This view is further supported by the lack

of effect

Vagus
As we reviously (Martelli et al., 2014c¢), bilateral vagotomy had no effect on the TNF

response to systemic LPS. Here, however, we found that vagotomy caused a reduction in the

IL-10 res;!nse. Could this reduction have been due to removal of a vagal efferent action,

er sympathetic nerves (cervical and lumbar) were cut.

such as the well-described cholinergic anti-inflammatory pathway that, when stimulated

electricall @ acologically, suppresses the production of TNF (Andersson & Tracey,
2012; Martglli l.,2014a; Murray et al., 2021; Tanaka ef al., 2021)? We do not believe so.
This is beguse the vagi (when intact) were unable to support any reflex release of IL-10
indepe e splanchnic nerves: if the splanchnic nerves were already cut, vagotomy
had no eff] ig:3). The most likely explanation is that vagotomy interrupted some ongoing
vagal aﬂeiﬁvity that had a reflex connection to the splanchnic nerves. Such a reflex

connection from®agal afferents to splanchnic anti-inflammatory neurons has been

demon “@ yreviously (Komegae et al., 2018). Indeed, nutritional stimulation has been
shown to exert afffongoing anti-inflammatory influence mediated by vagal afferent fibres

(Luyer et al., 2005; Lubbers et al., 2010).

Functional targets
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The splanchnic sympathetic nerves innervate a number of abdominal organs, whose roles in
the anti-inflammatory reflex response are incompletely understood. In a previous study we
removeM)rgans, individually or in combinations, and followed the consequences for
the reflex merve-mediated suppression of TNF (Martelli e al., 2019). The present

study has plementary data, focussing on the splanchnic nerve branches

contrib®ti 5@ He rclease of IL-10 as well as to the suppression of TNF. For the control of

IL-10, the mgs were straightforward: as mentioned, they indicate that the adrenal nerves
drive circyfating @drenaline, which acts via 3, adrenoreceptors to enhance IL-10 release. 3,
adrenorece re much less sensitive to noradrenaline than adrenaline (Baker, 2010),

which cmwm why the circulating noradrenaline that remains after adrenal denervation
was ineffective. For the reflex suppression of TNF, however, adrenal denervation had no

significant effect®n its own, indicating that direct neural innervation of visceral tissues is the

main effe&way The cytokine producing cells that respond to these neural influences

have not bgen determined, but macrophages resident in the spleen and other organs are likely

to be invowhe case of TNF (Nance & Sanders, 2007). Circulating cells such as

neutrophi produce abundant IL-10 but little TNF (Zhang et al., 2009), may be the
main t enaline’s action: monocytes and lymphocytes could also contribute (Sabat
etal.,201

Spleen

The spleeseceives a branch of the splanchnic sympathetic nerve supply and is a major site

Tracey, 208 afiney & Ganta, 2014; Liu et al., 2020; Sokal ef al., 2021). It was therefore a

natural foc e present investigation. Perhaps surprisingly, we found that isolated
denervati! of the spleen did not measurably affect TNF (or IL-10) levels. This result agrees
with, almo include the control of IL-10, the earlier finding of Meltzer and
colleagueﬁorkers found that denervation of the spleen had no effect on plasma

of cytokiting immune cells (Hori et al., 1995; Kees et al., 2003; Andersson &

levels, or icsexpression, of TNF in response to systemic LPS (Meltzer et al., 2003). But

the present fi s reveal a more complex picture. While neither individual denervation of

e adrenal glands disinhibited TNF levels, when denervated together, they were
effective. This fiiding was replicated in two independent experimental series (Fig 8). It
suggests that the splenic nerves play a role in the reflex, but that circulating adrenaline may
be able to compensate, at least partially, for their absence. This finding may be compared

with those of a second study by Meltzer and colleagues (Meltzer et al., 2004), where they
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found that a combination of splenic nerve cut and adrenal denervation or demedullation was
necessary to abrogate stress-induced suppression of the splenic and plasma TNF response to
LPS, antervention alone was ineffective. We may also compare the present

findings VESm our previous study in which combined removal of the spleen, liver,

gut, stom reas did not fully abolish the inflammatory reflex control of TNF,
providdd tHe"a@Fehal glands were intact (Martelli ef al., 2019). Those procedures of course
removed F-secreting cells as well as the nerves controlling them. In the present
context, h@we still need to understand where the TNF-producing cells that are

tal splanchnic innervation, but not by circulating adrenaline (Fig. 5), may be

located. w

influenced
Liver

Experiments e the sympathetic nerves to the liver were removed (and its vagal
innervatiofi also removed by vagotomy) showed no evidence for their involvement in the

ither TNF or IL-10 responses to systemic LPS (Figs. 7,8). This result was
affere in the hepatic sympathetic nerves support an early anti-inflammatory reflex
response to ic LPS (Soto-Tinoco ef al., 2020). Several differences in experimental
approa unt for this discrepancy: here, we used a higher dose of systemic LPS (60
vs. 2 ng/kg) and looked at a later time point. We chose 90 mins because this was when

plasma Il! 0 and TNF reached their maxima (Martelli et al., 2014b), while they chose 50

regulation Q

surprisingfiin of the recent demonstration by Soto-Tinoco and colleagues that spinal

mins to revg earliest neural response to their stimulus (Soto-Tinoco et al., 2020).

odel was the anaesthetised, ventilated rat and our denervations were acute
rather than ic. It seems likely that we have been examining a mechanism distinct from
that of Sot@:Tinoco et al., and that in the present experimental conditions, hepatic afferent
signals deen by other mechanisms to trigger the reflex. For the reflex studied here,

the afferemys that trigger the CNS to drive the splanchnic anti-inflammatory

pathways clarification, as indeed do the central pathways responsible. A component
for the reflex c@fifrol of IL-10 appears to be attributable to afferent fibres in the vagus

(discus ‘ﬂ e). But at least part of the IL-10 arm and all the TNF arm of the reflex depend

on other, unknowh, afferent signals. Very recently, a strong case has been made that
circulating TNF acts on the carotid bodies to elicit a reflex mediated by the splanchnic nerves
to inhibit the further production of TNF (Katayama ef al., 2022). Such a pathway could have

contributed to the reflex suppression of TNF measured here. Curiously, however, those
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authors did not find enhancement of IL-10 levels by the carotid body reflex mechanism that

suppressed TNF (Katayama et al., 2022).

Physiolog

It is estab xogenously applied adrenaline and noradrenaline act via  (Elenkov,
2008) d# sEy B> adrenoreceptors (Agac et al., 2018) to suppress TNF and enhance IL-
10 respon mflammatory challenge. What is not established, however, is how this plays

out physi@ in the context of acute inflammation or infection. Here we examined the
physiologi ons of endogenously released sympathetic neurotransmitters and hormones
rather tha@enously applied catecholamines. By this approach we revealed that the IL-
10 component of the endogenous reflex is humoral while the TNF component depends on
neurotransmissiofy within tissues. Moreover, the two components’ responses to a blocking

dose of ICI i ! fffl differed starkly. Why was ICI 118551 ineffective against the TNF

response?©ne possibility could be that the TNF-producing cells reside very close to

sympatheti terminals, such that they are exposed to concentrations of noradrenaline
sufﬁcientlwot only to stimulate 3, adrenoreceptors, but also to out-compete the ICI
11855 - eting the blocker seems unlikely, given its thousand-fold greater binding

affinity to [3; oreceptors than that of the sympathetic neurotransmitter noradrenaline

(Baker 0). We propose, rather, that TNF-generating cells have ‘extrasynaptic’ 3,
adrenoreceptors - i.e. beyond the functional reach of neurally released noradrenaline (Fig. 9),
though an!nable to at least higher levels of circulating adrenaline (Fig. 4). The main
sympatheticdagmral action on TNF-generating cells must then depend on non-f3,
adrenorecsmission, as indicated in Fig. 9; perhaps this is mediated by neurally

released n line acting via non-f3, adrenoreceptors and/or by co-transmitters with an

anti-inflarmatory action, such as neuropeptide Y (Straub et al., 2000; Bedoui et al., 2003;

Yu et aw

2008), although We have previously shown that the inflammatory reflex functions in

essentially the same way with and without anaesthesia (Martelli ef al., 2014b). Second, the
present study followed our previous work (Martelli ef al., 2014b; Martelli ef al., 2014c;
Komegae et al., 2018; Martelli ef al., 2019) in using a single, mid-range dose of LPS (< 1%
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of the lethal dose in rats (Nezic et al., 2009)). Others have used lower (Meltzer et al., 2003,
2004; Soto-Tinoco et al., 2020) or higher (Borovikova et al., 2000; Meltzer et al., 2003)
doses. 'Me responses seen to 60pug/kg LPS in the present study were clearly
amenable lation by neural influences, but we cannot say whether other mechanisms
might app&ponse to lower or higher doses. A further limitation of the present study
is that &brSEFE#A denervations were acute, such that they left no histological trace of their
complete herwise. In defence of their effectiveness, we can only point to the

functiona\@ence of splenic denervation when combined with adrenal denervation (Fig.

8),and to t of plasma adrenaline when the adrenal glands were denervated.

F unctionmance

TNF and IL-10 a; key regulators of the inflammatory response. Both are secreted early in
the inflamm ascade and have opposing actions both on each other and on the ensuing
humoral a£ cellular responses (Tracey et al., 1989; Couper et al., 2008; Agac et al., 2018;

Saraiva et ). While TNF triggers a range of pro-inflammatory processes, including
the releasdlo

cytokines such as IL-6 and interferon gamma, mobilising the body’s

defenc instinfection or injury, IL-10 is critical for the protection of tissues from

excessive 1 ation and for its resolution after injury or infection (Couper et al., 2008;
Saraiv 0). Achieving a balance between pro- and anti-inflammatory mediators that
is appropriate for the circumstance may be critical for survival (Seeley et al., 2012). Greater
inﬂammaSn enhances the ability to clear infections while lesser inflammation protects host
organs fromedamage. The endogenous inflammatory reflex studied here may help to set the
right bala
sepsis, the ay be unhelpful. In sheep made septic by intravenous infusion of live
E.coli bacgia: animals with previously cut splanchnic nerves mounted a stronger pro-
inﬂaerkine response. This was expected. Remarkably, however, disabling the
inflamma x enabled them to clear their infection and recover much more rapidly than
mnals (Lankadeva et al., 2020).

@ most, but not all circumstances. In severe systemic infection, for example

sham-ope
Summa onclusions

In sum, the presctit findings make it clear that the reflex pathways regulating TNF and IL-10,
while synergistic in their anti-inflammatory actions, are distinct. The functional target cells
for the reflex control of IL-10 are accessed from the circulation rather than by nerves:

circulating cells such as neutrophils would be strong candidates. Neutrophils are numerous,
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respond to beta, adrenoreceptor activation (Johnson, 2002; de Coupade et al., 2004) and have
the propensity to secrete IL-10 rather than TNF (Zhang et al., 2009). The reflex suppression
of TNFM‘[, is clearly by a direct neural action within abdominal tissues, and is not
mediated mreceptors. The target cells could be resident macrophages or other

immune ¢ neuro-effector transmission by either noradrenaline acting on other

adreno!cEd/or by co-transmitters such as neuropeptide Y. Those cells evidently

possess ‘e ptic’ B, adrenoreceptors, which are not directly involved in
neurotran@ but enable a minor response to circulating adrenaline. These ideas are
outlined in 99 Finally, if different sympathetic nerve fibres regulate pro-and anti-
inflammat@r kine responses, are they driven by common or distinct central nervous

circuits? Future experiments must decide.
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Figure intravenous injection of isotonic saline (vehicle) or pentolinium tartrate

(10 mg/kg) on plasma IL-10 and TNF concentrations at 90 min after intravenous injection of
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Figure 5. Effect of either sham surgery (n = 8) or section of the distal branches of the

=

splanchni = 8), leaving the adrenal nerves intact, on plasma IL-10 and TNF
concentra 0 min after systemic injection of lipopolysaccharide (60 pg/kg) in
vagotomis . A significant difference (Student t-test) was observed in plasma TNF (p =

0.0134) béf'not in IL-10 concentration (p = 0.4705) between these two groups. For visual

compa . F and IL-10 responses to lipopolysaccharide seen after total splanchnic
nerve swgotomised rats are shown here in the shaded columns (data copied from
Figure 3B).

U

This article is protected by copyright. All rights reserved.

85UB017 SUOLIWIOD BAITER1D (e (dde 8y} Aq peuseAob a8 S3[o 18 VO ‘SN JO S8|NJ 10} Aeud17 38Ul U AB|IA UO (SUONIPUOD-PUB-SULRIAL0D A8 | 1M Aleid pul|UO//SANY) SUONIPUOD PUe SWB | 81 88S *[7202/T0/vz] Uo ArigiTauljuo A8|IM ‘Buinogp I JO ASBAIUN 3Y L AQ £ TZE8Zdr/ETTT 0T/I0p/A0D A8 | 1M ARe.q 1 jeut|uo-00sAyd)/:sdny Wwouy pepeo|umod ‘02 ‘2202 ‘€6..697T



p = 0.0038
| p < 0.0024 !
49 p=0.780¢ ' !
) |
%3
ol o
= 14 ™
)
: e

p = 0.0002
309 ! p = 0,0002 !
I |
——R= 08T ¢
E 204
2 oo
% 10 o
— - -
=5y
n ] || ]
splenicn.  sham cut cut
splanchnic n sham sham cut

Figure 6. heither sham surgery (n = 6) or surgical denervation of the spleen (n =4) on
plasma ITNF concentrations at 90 min after systemic injection of
lipopolysaceli@ide (60 pg/kg) in vagotomized rats with sham splanchnic nerve surgery (left
and mimns). The effect of splenic denervation in vagotomized rats with splanchnic

nerves lly (n = 6) is shown in the right column. IL-10 and TNF values were tested
by singMNGVA; Fa3=11.93,p=0.0011 for IL-10 and F»,3 = 22.80, p = 0.0001

for TNF. The Tu;y test followed; p values are shown above the columns.
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Figure 7. Meitber sham surgery (n = 6) or surgical denervation of the liver (n = 6) on

plasma IL- TNF concentrations at 90 min after systemic injection of

lipopolys (60 pg/kg) in vagotomized rats with sham splanchnic nerve surgery (left
and middl s). The effect of liver denervation in vagotomized rats with splanchnic
nerves &ly (n=7) is shown in the right column. IL-10 and TNF values were tested

by singMOVA; F2.15=1.965, p =0.1846 for TNF; F, ;5= 11.74, p = 0.0009 for IL-
10. This rSIL-lO was followed by the Tukey test; p values are shown above the

columns.
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Figure 8. Comparison of effects of cutting combinations of adrenal, splenic and hepatic
nerves, orhnchnic nerve section, on plasma IL-10 and TNF concentrations at 90 min
after syste ction of lipopolysaccharide (60 pg/kg). From the left, columns show effect
of: sham s o all nerves (n = 5); bilateral section of adrenal nerves with sham surgery to

other nﬂ); cut adrenal and splenic nerves with sham surgery to others (n=5); cut

adrena c nerves with sham surgery to others (n=5); cut adrenal, splenic and hepatic
nerves WSplanchnic nerve section (n= 3); bilateral splanchnic nerve section with
sham surgmher nerves (n=5). IL-10 and TNF values were tested by single factor
ANOVA; 5.49, p <0.0001 for IL-10, and Fs 3 = 7.475, p < 0.0003 for TNF. The

Tukey t wed for both cytokines; p values are shown above the columns.
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Table 1. Arterial pressure and heart rate immediately before and 90 minutes after

administration of lipopolysaccharide to animals of each experimental series. The

corresleres showing their cytokine measurements are indicated in the left column.

are show

(Cardiovmor the experiments shown in Fig. 4 are given in Table 2.) Mean (SD)

the number of rats in each case. Abbreviations: SplancX, bilateral

splanclifii ™ €8 cction; cervicalX, bilateral cervical sympathetic nerve section; lumbarX,

bilateral 1 pathetic trunk section; splenX, splenic nerve section; hepX, hepatic
sympathe@ section; adrX, bilateral adrenal nerve section.
Fig. | Tre n | Mean arterial Heart Rate
m pressure beats/min
mm Hg
0 min 90 min | 0 min 90 min
1A Veha 6 | 133(13) | 95(11) | 403 (35) 391 (83)
pen 6 66 (6) 72 (14) | 350(20) | 379 (19)
1B splaficX + vehicle 5| 84 (14) 77 (11) | 356 (50) | 446 (34)
splal ntolinium 6 52(10) | 56(8) | 340(15) | 382(22)
2 5 118(21) | 94(11) | 401 (41) | 442 (67)
5104 (14) | 91(22) | 370(37) | 489 (25)
3A 7 1 110(20) | 93(12) | 376 (38) | 401 (47)
6 99(16) | 94(10) | 404 (41) | 459 (37)
3B sham vagotomy + splancX 6 | 80(6) 87 (5) 399 30) 395 (26)
vagotomy + splancX 6 | 70 (10) 83 (9) 383 (48) | 432 (36)
5 shah( 8 103(12)  93(12) | 387(26) | 440 (27)
dist X 8 87(18) | 86(15) | 397(27) | 427 (39)
6 sha + sham splancX 6 | 94 (21) 96 (12) | 408 (28) | 479 (22)

N

sple m splancX 98 (17) | 88(19) | 386(21) | 459 (10)
spldiX + splancX 6 74(11) | 63(17) | 401 (37) | 462 (34)

7 SW sham splancX 51104 (16) | 86 (11) | 396 (5) 460 (29)
hepX + sham splancX 99 (15) 91 (10) | 401 (23) | 476 (36)

(o))

hepch 7 1 67(10) | 66(14) | 389 (36) | 431(83)
8 (i) | sham +sham +sham +sham 51103 (11) | 90 (10) | 413 (27) | 463 (27)
(ii) | adr +sham +sham 6 | 95(10) 86 (11) | 384 (19) | 459 (25)
(iii) lenX +sham +sham 5| 89 (16) 86 (15) | 394 (45) | 459 (25)
(iv) | adr +hepX +sham 5 108(8) | 99(12) | 425(21) | 453 (33)
(v) | adrX +splenX +hepX +sham 389(10) | 87(11) | 380(24) | 495(17)
(vi) | sham +sham +sham +splancX 5165(10) | 73(6) 411 (27) | 446 (28)
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Table 2. dean arterial pressure and heart rate at 0, 10 and 90 min after lipopolysaccharide

injection i

diies of experiments in which ICI118551, adrenaline or vehicle were given

to sham ogera ed or splanchnic denervated (SplancX) rats. The 0 min values show baseline

levels whille the 10 min values show the acute effects of ICI118551, adrenaline or vehicle.

Tre ent n Mean Arterial Pressure Heart Rate

w Mean (SD) Mean (SD)
0 min 10 min | 90 min @ 0 min 10 min 90 min
sham surgery + vehicle 6 | 108(19) 107(20) 96(8) 382(38) 376(35) 387(35)
sham surgery + 31 51 106(17) | 104(21) | 107(14) | 349(44) | 341(43) | 391(53)
splancX + vehic 6| 69(15) | 66(16) | 72(18) | 390(42) | 384(40) | 439(46)
splancX + adren@line (0.12 pg/kg/h) 6 | 72(14) 57(8) 79(11) 358(38) 358(29) 409(21)
splancX + adrengli ng/kg/h) 6 67(17) | 80(4) 71(14) | 355(31) | 415(28) | 425(22)
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