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Abstract

Chemical stimulation of kidney causes sympathetic activation and pressor responses in rats. The excitatory renal reflex (ERR) is
mediated by angiotensin type 1 receptor (AT;R) and superoxide anions in hypothalamic paraventricular nucleus (PVN). The aim
of this study is to determine whether interleukin-1{3 (IL-1f3) in the PVN mediates the ERR, and whether the IL-1{ production in
the PVN is dependent on the AT;R-superoxide anion signaling. Experiments were performed in adult rats under anesthesia. The
ERR was induced by renal infusion of capsaicin, and evaluated by the responses of the contralateral renal sympathetic nerve
activity (RSNA) and mean arterial pressure (MAP). Inhibition of IL-13 production with MCC950 in the PVN dose-dependently
inhibited the capsaicin-induced ERR and sympathetic activation. The PVN microinjection of IL-1 receptor antagonist IL-1Ra or
specific IL-1f3 antibody abolished the capsaicin-induced ERR, while IL-1{3 enhanced the ERR. Renal infusion of capsaicin
promoted p65-NFkB phosphorylation and IL-13 production in the PVN, which were prevented by PVN microinjection of
NADPH oxidase inhibitor apocynin or the superoxide anion scavenger tempol. The PVN microinjection of NF«kB inhibitor
BMS-345541 abolished the capsaicin induced-ERR and IL-1{3 production, but not the NADPH oxidase activation and super-
oxide anion production. Furthermore, capsaicin-induced p65-NFkB phosphorylation and IL-1{3 production in the PVN were
prevented by AT R antagonist losartan, or angiotensin converting enzyme inhibitor captopril. These results indicate that
capsaicin-induced ERR and sympathetic activation are mediated by IL-13 in the PVN. The IL-13 production in the PVN is
dependent on the AT R-mediated superoxide anion generation and NFkB activation.
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Introduction
A Commentary to this article is available online at https://doi.org/ Sympathetic nervous system hyperactivity is closely associat-
10.1007/500424-020-02462-6 . . . . .y

ed with various diseases, such as hypertension, chronic kidney
Electronic supplementary material The online version of this article disease, myocardial ischemia, and chronic heart failure [6, 14].

(https://doi.org/10.1007/s00424-020-02461-7) contains supplementary

material, which is available to authorized users. The kidneys are richly innervated by efferent nerve and affer-

ent sensory nerve, and the afferent activity from chemorecep-
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sympathetic activity [33, 41, 48]. The PVN receives various
afferent activities and sends descending fibers to the rostral
ventrolateral medulla (RVLM) and the intermediolateral col-
umn (IML) of spinal cord for control of sympathetic activity
and blood pressure. The integration of inhibitory inputs and
excitatory inputs in the PVN is responsible for the sympa-
thetic overactivity in hypertension [5, 36, 47]. It has been
found that renal afferent activity induces the excitation of
some PVN neurons [37] and increases sympathetic activity
[47]. We have found that bilateral PVN microinjection of
kainic acid to destroy the neurons in the PVN abolished the
capsaicin-induced ERR [40]. These findings indicate that
the PVN is crucial in regulating the ERR and sympathetic
activity.

Angiotensin II (Ang II), reactive oxygen species (ROS), and
interleukin-13 (IL-13) in the PVN are involved in the control of
sympathetic outflow and blood pressure [22, 30, 42]. Scavenge
excessive ROS attenuates inflammation via inhibiting NOD-like
receptor protein 3 (NLRP3) inflammasome activation in several
peripheral tissue and organs [32]. Recently, we have shown that
ERR is mediated by angiotensin type 1 receptor (AT,R) and
superoxide anions in the PVN [28]. However, it is unknown
whether IL-13 in the PVN is involved in mediating the
capsaicin-induced ERR, and whether the IL-1{3 production in
the PVN depends on the AT;R-mediated superoxide anion gen-
eration. This study is to determine the roles and mechanisms of
IL-1f3 in the PVN in mediating the capsaicin-induced ERR and
sympathetic activation.

Methods
Animals

Male SD rats weighing between 300 and 340 g were used in
this study. Procedures were authorized by Experimental
Animal Care and Use Committee and conformed to the
Guidelines for the Care and Use of Laboratory Animals
(NIH). The rats were caged in a temperature-controlled room
with 12:12-h light-dark cycle. Laboratory chow and tap water
were available ad libitum.

General procedures

Rats were anesthetized with a mixture of «-chloralose
(40 mg/kg) and urethane (800 mg/kg) via intraperitoneal in-
jection. The depth of anesthesia was evaluated by the corneal
reflex and the paw withdrawal reflex [44]. The rats were kept
in supine position, and a vertical incision in the middle of the
neck was made to expose the trachea and carotid artery.
Endotracheal intubation was performed for positive pressure
ventilation with room air using a ventilator (51600, Stoelting,
Chicago, IL, USA). A PES50 catheter was inserted into the
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right common carotid artery for continuous blood pressure
recording using an 8SP PowerLab system with data acqui-
sition software (ADInstruments Inc., Bella Vista, NSW,
Australia). The MAP was simultaneously recorded with
RSNA. The rats were allowed to stabilize more than
30 min before experimental intervention. At the end, the
rat was euthanized with rapid intravenous injection of pen-
tobarbital sodium (100 mg/kg).

RSNA recording

RSNA was continuously recorded as we reported previously
[40]. A left flank incision was made in the rat with prone
position to expose renal nerve. The nerve was isolated and
cut at the distal end to eliminate its afferent activity. The renal
nerve was put on a pair of platinum electrodes and immersed
in paraffin oil at 37 °C. The signals of the renal nerve were
amplified using a Warner Instrument 4-Channel Differential
Amplifier (Hamden, CT, USA) filtered with a band-pass be-
tween 100 and 3000 Hz. The RSNA was integrated using
LabChart 8 software (ADInstruments Inc.) at a 100-ms time
constant. The RSNA data were obtained by deducting the
background noise, which were calculated as the difference
of the values before and after cutting the central end of the
nerve.

Evaluation of the ERR

Renal infusion of capsaicin was used to induce ERR in rats
as we previously described [40]. In brief, the right kidney
was exposed via a flank incision. A stainless steel tube with
0.31-mm outer diameter was inserted into the kidney hori-
zontally from the lateral margin to the renal hilum. The tube
tip was kept at the border of the cortex and medulla of the
kidney, where the tube met a slight resistance. A PE50 cath-
eter was used to connect the tube with a programmable pres-
sure injector (PM2000B, MicroData Instrument, NJ, USA).
ERR was induced by renal infusion of capsaicin at 1.0 pL/
min (1 nmol/pL) for 20 min. The same amount of vehicle was
used for control. The RSNA and MAP responses to capsaicin
were used to evaluate the ERR.

PVN microinjection

Rat in a prone position was fixed with a stereotaxic frame
(Stoelting Co., Chicago, IL, USA). According to the Paxinos
and Watson rat atlas, the microinjection site is 0.4 mm lateral
to the midline, 1.8 mm caudal to the bregma, and 7.9 mm
below the skull surface. Bilateral PVN microinjections
(50 nL for each side of the PVN) were carried out within
1 min with glass micropipettes (tip size 50 uM). Equal volume
of Evans Blue was microinjected into the PVN for histological
identification of the microinjection sites at the end of the
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experiment. The data were excluded for these rats whose mi-
croinjection sites were outside the PVN.

Measurement of NADPH oxidase activity and
superoxide anion content

Coronal sections of the brain at the PVN level were made at a
450-uM thickness using a cryostat microtome (CM1900,
Leica Instruments, Wetzlar, Germany). The bilateral PVN in
the sections was punched out with a 15-gauge needle. The
punched PVN tissues were homogenized and then centrifuged
in RIPA lysis buffer. The total protein concentration in the
supernatant was measured using a BCA protein assay kit
(Pierce, Rockford, IL, USA). Lucigenin-derived chemilu-
minescence was used to determine NADPH oxidase activity
[7, 29, 38] and superoxide anion content [16, 19, 27].
Briefly, the photon emission was started by adding both
dark-adapted lucigenin (5 uM) and NADPH (100 uM) for
measurement of NADPH oxidase activity, and by adding
dark-adapted lucigenin (5 uM) for measurement of super-
oxide anion content. Light emission was measured using a
model TD-20/20 luminometer (Turner Biosystems,
Sunnyvale, CA, USA) ten times within 10 min. The chemi-
luminescence value of the buffer containing 5 uM of
lucigenin was measured as background value. Both
NADPH oxidase activity and superoxide anion content
were expressed as relative mean light unit (MLU) per min-
ute and milligram of protein.

Western blot analysis

The protein expressions of IL-13, TNF-«, p65, and phosphor-
ylated p65 (P-p65) were examined with Western blot analysis.
Protein was separated with SDS-PAGE and then transferred
onto a polyvinylidene difluoride (PVDF) membrane. IL-1f3
antibody was obtained from Abcam (Cambridge, MA,
USA). P-p65 antibody was purchased from Affinity
Biosciences (Cincinnati, OH, USA). Antibody against
TNF-a, p65, -actin, and peroxidase-conjugated goat anti-
rabbit secondary antibody was bought from ProteinTech
Group (Rosemont, IL, USA). The immunoblots were visual-
ized with an enhanced chemiluminescence reagent (Millipore
Corporation, Billerica, MA, USA). IL-1$3 and TNF-« levels
were expressed as the ratio to (3-actin levels. The P-p65 pro-
tein level was normalized to the p65 protein.

Chemicals

Capsaicin and MCC950 were purchased from
MedChemExpress (Monmouth Junction, NJ, USA). IL-1f3
was acquired from PeproTech Chemical (Rocky Hill, NJ,
USA). BMS-345541 was bought from Selleck Chemicals
(Houston, TX, USA). Losartan, captopril, tempol, apocynin,

and IL-1Ra were obtained from Sigma (St Louis, MO, USA).
Capsaicin, captopril, or apocynin were dissolved in the PBS
containing 1% DMSO, and other chemicals were dissolved in
the PBS.

Statistics

RSNA and MAP changes were determined by a 1-min average
of the maximal responses to chemicals. All the data were
expressed as mean = SE. One-way and two-way ANOVA were
used for multiple comparisons followed by Bonferroni’s post
hoc analysis. The diffidence in the baseline RSNA between the
values before the PVN microinjection and the values after the
microinjection was statistically analyzed with a paired ¢ test. A
P value less than 0.05 was considered to be statistically
significant.

Results
Dose-effects of MCC950 on ERR

MCC950, a NLRP3 inflammasome inhibitor, was used to
determine whether the production of inflammatory cytokines
might be involved in the ERR. The renal infusion of vehicle or
capsaicin was carried out 10 min after the pretreatment with
bilateral PVN microinjection of PBS or different doses of
MCC950 (1, 10, or 100 pmol). Low dose of MCC950 in-
creased baseline renal sympathetic nerve activity (RSNA)
and mean arterial pressure (MAP), but moderate and high
dose of MCC950 had no significant effects on the baseline
RSNA and MAP (Fig. 1a, Fig. S1). However, the MCC950
dose-dependently inhibits the ERR evidenced by the reduced
RSNA and MAP responses to capsaicin (Fig. 1b).
Representative recordings showed that the ERR that was elic-
ited by capsaicin lasts about 30 min (Fig. 2a), which was
prevented by the pretreatment with high dose of MCC950
(Fig. 2b). These results suggest that the production of inflam-
matory cytokines in the PVN is involved in the signal trans-
duction in capsaicin-induced ERR.

Roles of IL-1B in ERR

IL-1f3 is an important inflammatory cytokine. The roles of IL-
13 in the PVN were evaluated by the effects of the PVN
microinjection of IL-1 receptor antagonist IL-1Ra, specific
IL-1f3 antibody, and IL-1(3 on the ERR. The renal infusion
of vehicle or capsaicin was performed 10 min after the pre-
treatment with bilateral PVN microinjection of PBS, IL-1 re-
ceptor antagonist (IL-1Ra, 10 pmol), IL-1f3 (0.5 pmol), control
antibody (50 ng), or IL-13 antibody (50 ng). The PVN micro-
injection of IL-1Ra, IL-1{3 antibody had no significant effects
on baseline RSNA and MAP, but IL-13 increased baseline
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RSNA and MAP (Fig. 3a, Fig. S2). The capsaicin-induced
ERR was abolished by the PVN microinjection of IL-1Ra or
IL-1$3 antibody, but enhanced by IL-13 (Fig. 3b). These re-
sults indicate that IL-13 in the PVN enhances sympathetic
activity and ERR, and endogenous IL-1f3 in the PVN is re-
sponsible for mediating the ERR.

Effects of losartan and captopril on capsaicin-induced
IL-1B and TNF-a changes in PVN

Recent studies in our lab have shown that PVN microinjection
of losartan, an ATR antagonist, or captopril, an angiotensin
converting enzyme (ACE) inhibitor, prevented the capsaicin-
induced ERR, indicating that Ang Il and AT, receptors in the
PVN mediating the ERR [28]. It is interesting to know
whether capsaicin-induced ERR could increase the IL-1f3
and TNF-« levels in the PVN, and whether losartan and
captopril could inhibit the ERR-related IL-13 and TNF-«
changes in the PVN. Bilateral PVN microinjection of PBS,
1% DMSO, losartan (10 nmol), or captopril (10 nmol) was
carried out 10 min before the renal infusion of vehicle or
capsaicin for 20 min. The measurements were carried out at
the end of the infusion. Renal infusion of capsaicin in-
creased IL-1f level, but not TNF-« level in the PVN. The
capsaicin-induced IL-13 production was prevented by the
PVN microinjection of losartan or captopril (Fig. 4a and b).
These results indicate that IL-13 is a downstream signal
molecule of Ang II in mediating the capsaicin-induced
ERR.
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Effects of tempol and apocynin on capsaicin-induced
IL-1B and TNF-a changes in PVN

We have shown that PVN microinjection of tempol, a su-
peroxide anion scavenger, or apocynin, an NADPH oxidase
inhibitor, prevented the capsaicin-induced ERR. Ang Il me-
diates the ERR via the AT;R-NADPH oxidase-superoxide
anions signal pathway [28]. We wonder whether NADPH
oxidase activation and the superoxide anion production
might be responsible for the capsaicin-induced IL-1{ pro-
duction in the PVN. Bilateral PVN microinjection of PBS,
1% DMSO, tempol (20 nmol), or apocynin (1 nmol) was
carried out 10 min before the renal infusion of vehicle or
capsaicin for 20 min. The measurements were carried out at
the end of the infusion. The capsaicin-induced IL-1(3 produc-
tion was prevented by the PVN microinjection of tempol or
apocynin (Fig. 5a and b). These results indicate that IL-1f3 is a
downstream signal molecule of Ang II-AT,R-NADPH
oxidase-superoxide anions signal pathway in the ERR.

Effects of BMS-345541 on ERR

It is well known that ROS is an important factor to activate
NFkB [13, 25, 45], while the activation of the NF«kB contrib-
utes to inflammation and autoimmune in various inflammato-
ry diseases [12, 26, 43]. We suspect that NFkB in the PVN
may be involved in the ERR. Renal infusion of vehicle or
capsaicin was conducted 10 min after the pretreatment with
bilateral PVN microinjection of PBS or BMS-345541
(100 pmol), an NFkB inhibitor. The PVN microinjection of
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Fig. 4 Effects of PVN
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20 min was used to induce excit-
atory renal reflex. PVN microin-
jection of PBS, 1% DMSO,
losartan (10 nmol), or captopril
(10 nmol) was carried out 10 min
before the renal infusion. The
measurements were carried out at
the end of the renal infusion.
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BMS-345541 had no significant effects on the baseline RSNA
and MAP (Fig. 6a, Fig. S3), but almost abolished the
capsaicin-induced sympathetic activation and pressor re-
sponses (Fig. 6B). These results suggest that NFkB in the
PVN is involved in the ERR.

Effects of BMS-345541 on ROS and inflammatory cy-
tokine production

BMS-345541 was used to determine the upstream and down-
stream signals of the NFkB in the PVN in capsaicin-induced

Fig. 5 Effects of PVN
microinjection of tempol and
apocynin on capsaicin-induced
IL-1$3 and TNF-x changes in the
PVN. a Representative images
showing IL-13 and TNF-« ex-
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ERR. Renal infusion of vehicle or capsaicin was performed
10 min after pretreatment with bilateral PVN microinjection
of PBS or BMS-345541 (100 pmol). ROS and inflammatory
cytokine production were examined immediately after finishing
the renal infusion. Bilateral PVN microinjection of BMS-
345541 had no significant effects on NADPH oxidase activity
and superoxide anion production in the rats with renal infusion
of vehicle or capsaicin (Fig. 7a). However, BMS-345541
prevented capsaicin-induced increase in the IL-13 production
(Fig. 7b). These data suggest that ROS is the upstream signal of
NF«kB, while IL-1f3 is the downstream signal of NFkB.
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In order to further confirm the upstream signals of NFkB in
the PVN, bilateral PVN microinjections of PBS, 1% DMSO,
losartan (10 nmol), captopril (10 nmol), tempol (20 nmol), or
apocynin (1 nmol) were carried out 10 min before the renal
infusion of capsaicin. The phosphorylated p65 (P-p65) level,
an index for NFkB activation, was examined immediately
after finishing the renal infusion. The renal infusion of capsa-
icin promoted the phosphorylation of p65 in the PVN, which
were prevented not only by the PVN pretreatment with
losartan or captopril (Fig. 8a) but also by the pretreatment with
tempol or apocynin (Fig. 8b).
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Chemical stimulation of the kidney induced an ERR, which
causes sympathetic activation and pressor responses, and the
PVN of hypothalamus is an important central area for the
integration of the ERR [40]. Ang II in the PVN mediated the
reflex via AT, receptor-dependent NADPH oxidase activation
and subsequent superoxide anion production [28]. The prima-
ry novel findings in this study are that IL-1(3 in the PVN
mediates the capsaicin-induced ERR and the IL-13 produc-
tion within the PVN is caused by AT;R-dependent superoxide
anion generation and subsequent NFkB activation.
Inflammatory cytokines in the PVN are involved in regulat-
ing sympathetic activity and blood pressure [1, 23, 39]. IL-1f3
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Fig. 7 Effects of PVN microinjection of BMS-345541 on capsaicin-
induced oxidative stress and inflammatory cytokine production in the
PVN. a superoxide anion production and NADPH oxidase activity in
the PVN. b IL-13 and TNF-« levels in the PVN. Renal infusion of
capsaicin (Cap) at 1 nmol/min for 20 min was used to induce excitatory
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in the PVN enhances Ang Il-induced pressor response [21].
MCC950 is a specific and potent small-molecule NLRP3 in-
hibitor, and is a potential therapeutic for inflammatory and
autoimmune diseases [8, 9]. A variety of studies showed that
MCC950 inhibits the production of active IL-1f3 [15, 24, 46].
In the present study, The PVN microinjection of MCC950, IL-
1Ra, or specific IL-13 antibody abolished the capsaicin-
induced ERR, while IL-1f3 enhanced the ERR. Renal infusion
of capsaicin increased IL-1{3 content in the PVN. The
capsaicin-induced increase in IL-13 content in the PVN was
abolished by the PVN microinjection of the AT, receptor an-
tagonist, ACE inhibitor, NADPH oxidase inhibitor, or ROS
scavenger. These results indicate that the IL-13 in the PVN
mediates the ERR. The IL-1f production induced by capsaicin
is dependent on the AT;R-superoxide anion signal pathway in
the PVN, which is supported by the fact that blockade of AT;R
or scavenge of superoxide anions in the PVN abolished the
capsaicin-induced ERR [28]. It is noted that renal infusion of
capsaicin had no significant effects on TNF-« content in the
PVN. Blockage of Ang II, scavenge of ROS, or inhibition of
NFkB reduced IL-1f3 production without significant effect on
TNF-« production. The results suggest that capsaicin-induced
IL-1f3 production in the PVN may serve as a signal molecule to
cause sympathetic activation and pressor responses, while
TNF-« is not involved in mediating the ERR. It is noted that
moderate or high dose of MCC950 had no significant effects on
the baseline RSNA and MAP, but lowest dose of MCC950
caused a slight sympathetic activation and pressor response.
The mechanism is not known. There is a possibility that
MCC950 in the PVN might have a mild direct role in activating
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presympathetic neurons in the PVN, which is independent of
the IL-1f inhibition. Moderate or high dose of MCC950 had a
strong inhibitory effect on the IL-1 production, which
blocked the sympatho-excitatory roles of peripheral inputs,
and thereby counteracted its direct sympathetic activation.
This hypothesis needs further experimental verification.
NFkB activation contributes to the ROS-induced IL-1{3 pro-
duction [3, 35]. The activated NFkB promotes NLRP3
inflammasome activation and subsequent IL-13 production
[17, 31]. The NFkB dimer p50/p65 phosphorylation leads to
NFkB translocate to the nucleus and the subsequent IL-1[3
production [34]. Blockade of NFkB in the PVN inhibits periph-
eral Ang Il-induced increased in blood pressure and IL-1f3
mRNA level [4]. In the present study, inhibition of NFkB with
BMS-345541 prevents capsaicin-induced ERR, sympathetic
activation and pressor responses, and the increase in IL-1f3
content in the PVN. However, BMS-345541 had no significant
effects on the capsaicin-induced increases in the superoxide
anion content and NADPH oxidase activity. Furthermore, the
PVN pretreatment with losartan, captopril, tempol, or apocynin
abolished the capsaicin-induced phosphorylation of p65-
NFkB. These results indicate that capsaicin-induced ERR is
mediated by the ROS-NF«B-IL-1f3 signal pathway in the PVN.
Capsaicin is well known to stimulate afferents and induces
excitation at low concentration, but capsaicin causes transient
excitation followed by denervation at high concentration. The
concentration of capsaicin (1 nmol/puL) in this study was much
lower than the concentration of capsaicin (33 nmol/uL) used
for denervation in the previous studies [10, 11]. There may be a
possibility that the actual capsaicin concentration in the local
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renal tissue may be greatly diluted because of abundant blood
flow in the kidney. The effects of capsaicin used in the present
study was caused by the stimulation of renal afferents rather
than injury of renal afferents, which was evidenced by our
recent study that renal infusion of the same dose of capsaicin
increased ipsilateral renal afferent activity within the 20 min of
infusion, and the capsaicin-induced ERR was abolished by
ipsilateral renal denervation [40]. It is noted that renal infusion
of capsaicin only stimulates some renal afferents near the infu-
sion site, but not all the afferent nerve fibers in the kidney. Our
recent study showed that renal infusion of capsaicin to the
medulla, cortico-medullary border, or cortex of the kidney
caused similar sympathetic activation and pressor responses.
Infusion of capsaicin into the upper, lateral, or lower parts of
the kidney also showed similar sympathetic activation and
pressor effects. The ERR can be induced by renal infusion of
some other chemicals such as bradykinin, adenosine, or angio-
tensin I [40]. Although direct infusion of capsaicin into the
renal tissue is an unphysiological way of stimulation, local
renal infusion was selected to induced the ERR instead of renal
artery infusion in the present study based on the following
reasons. (1) The afferent and efferent fibers of the kidney must
be kept intact in examining the ERR. Any damage of the renal
nerves will affect the effectiveness in the evaluation of the
reflex. However, the surgical procedure of renal artery infusion
via catheter is hard to avoid the damage of the renal fibers in a
certain extent. (2) The kidney is very sensitive to blood flow.
Infusion in renal artery or its branch will reduce the renal blood
flow or the local blood flow in the kidney. It is difficult to
determine whether the effects were caused by the capsaicin
or by the reduced blood flow due to the artery infusion. (3)
Renal artery infusion will cause more capsaicin circulating in
the blood of the whole body rather than localizing in the kid-
ney. It is known that much higher dose is needed for the infu-
sion in artery compared with local infusion. It is difficult to
exclude the possible effects of the capsaicin in the circulation
completely. Therefore, infusion of capsaicin into the renal tis-
sue may be better than infusion of capsaicin in the renal artery
in examine the ERR.

In conclusion, capsaicin-induced ERR is mediated by IL-
13 in the PVN where Ang II acts on AT,R, and in turn acti-
vates NADPH oxidase, leading to the superoxide anion pro-
duction and subsequent NFkB activation in the PVN. The
activated NFkB promotes IL-13 production in the PVN and
then causes sympathetic activation and pressor responses.
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