',\' frontiers
in Physiology

ORIGINAL RESEARCH
published: 03 June 2021
doi: 10.3389/fphys.2021.673950

OPEN ACCESS

Edited by:

Lilei Yu,

Renmin Hospital of Wuhan University,
China

Reviewed by:

Jasenka Zubcevic,

University of Florida, United States
Hanjun Wang,

University of Nebraska Medical
Center, United States

Jie Qi,

Xi'an Jiaotong University, China
*Correspondence:

Guo-Qing Zhu
9gzhucn@njmu.edu.cn
orcid.org/0000-0002-3132-9592

Specialty section:

This article was submitted to
Autonomic Neuroscience,

a section of the journal
Frontiers in Physiology

Received: 28 February 2021
Accepted: 08 April 2021
Published: 03 June 2021

Citation:

Ye C, Zheng F, Wang J-X,

Wang X-L, Chen Q, Li Y-H, Kang Y-M
and Zhu G-Q (2021) Dysregulation
of the Excitatory Renal Reflex

in the Sympathetic Activation

of Spontaneously Hypertensive Rat.
Front. Physiol. 12:673950.

doi: 10.3389/fphys.2021.673950

Check for
updates

Dysregulation of the Excitatory Renal
Reflex in the Sympathetic Activation
of Spontaneously Hypertensive Rat

Chao Ye', Fen Zheng', Jing-Xiao Wang’, Xiao-Li Wang', Qi Chen?, Yue-Hua Li2,
Yu-Ming Kang?® and Guo-Qing Zhu'2*

" Key Laboratory of Targeted Intervention of Cardiovascular Disease, Collaborative Innovation Center of Translational
Medicine for Cardiovascular Disease, Department of Physiology, Nanjing Medical University, Nanjing, China, 2 Department
of Pathophysiology, Nanjing Medical University, Nanjing, China, ° Department of Physiology and Pathophysiology,
Cardiovascular Research Center, Xi’an Jiaotong University School of Medicine, Xi’an, China

Excessive sympathetic activation plays crucial roles in the pathogenesis of hypertension.
Chemical stimulation of renal afferents increases the sympathetic activity and blood
pressure in normal rats. This study investigated the excitatory renal reflex (ERR) in the
development of hypertension in the spontaneously hypertensive rat (SHR). Experiments
were performed in the Wistar-Kyoto rat (WKY) and SHR aged at 4, 12, and 24 weeks
under anesthesia. Renal infusion of capsaicin was used to stimulate renal afferents,
and thus, to induce ERR. The ERR was evaluated by the changes in the contralateral
renal sympathetic nerve activity and mean arterial pressure. At the age of 4 weeks,
the early stage with a slight or moderate hypertension, the ERR was more enhanced
in SHR compared with WKY. The pressor response was greater than the sympathetic
activation response in the SHR. At the age of 12 weeks, the development stage with
severe hypertension, there was no significant difference in the ERR between the WKY
and SHR. At the age of 24 weeks, the later stage of hypertension with long-term several
hypertensions, the ERR was more attenuated in the SHR compared with the WKY. On
the other hand, the pressor response to sympathetic activation due to the ERR was
smaller at the age of 12 and 24 weeks than those at the age of 4 weeks. These results
indicate that ERR is enhanced in the early stage of hypertension, and attenuated in the
later stage of hypertension in the SHR. Abnormal ERR is involved in the sympathetic
activation and the development of hypertension.

Keywords: renal reflex, hypertension, sympathetic activity, blood pressure, kidney

INTRODUCTION

Excessive sympathetic activity is closely associated with hypertension, chronic heart failure, and
chronic kidney disease (Chen et al., 2015; Grassi and Ram, 2016; Cheng et al., 2019). Most of the
patients with chronic kidney diseases have an excessive sympathetic activation and hypertension,
which is closely related to the increased morbidity and mortality of cardiovascular events (Kaur
et al., 2017). Sympathetic overactivity is found not only in various hypertensive animal models
including the spontaneously hypertensive rat (SHR) (Fan et al., 2012), obesity-related hypertensive
rats (Xiong et al, 2012), renovascular hypertensive rats (Chen et al, 2011), and DOCA-sal
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hypertensive rats (Yemane et al., 2010), but also in patients with
essential hypertension (Fisher and Fadel, 2010) and secondary
hypertension (Vecchione et al., 2000; Lambert et al, 2007;
Neumann et al., 2007). The excessive sympathetic activation
plays a pathogenic role in the occurrence and development of
hypertension and related organ damage (Grassi et al., 2015).
Intervention of sympathetic overactivity is an important strategy
for attenuating hypertension and its complication (Esler, 2014;
Seravalle et al., 2014).

Kidney plays critical roles in the sympathetic activation in
hypertension and chronic kidney diseases (Rettig et al., 1989,
1990; Tliescu et al., 2015). Renal nerves comprise of the afferent
sensory fibers and efferent sympathetic fibers. The afferent
sensory activity from the kidney to the brain is involved in
regulating the sympathetic activity and blood pressure (Kopp,
2015; Bie and Evans, 2017; Milanez et al., 2020). Selective
removal of renal afferent fibers reduces the blood pressure and
sympathetic activity in a rat model of renovascular hypertension
(Lopes et al., 2020). Recently, we have shown that the chemical
stimulation of kidney in normal rats with capsaicin causes an
excitatory renal reflex (ERR), which results in the sympathetic
activation and pressor responses (Ye et al., 2020). The capsaicin-
induced ERR is mediated by angiotensin II in the hypothalamic
paraventricular nucleus (PVN), which acts on AT;R, and in
turn activates NADPH oxidase, causing oxidative stress and the
subsequent NFkB activation and IL-1f8 production in the PVN
in normal rats (Qiu et al., 2020; Zheng et al., 2020). The renal
afferent input increases the activity of some neurons in the PVN
(Xu et al., 2015), and destruction of the PVN neurons abolishing
the capsaicin-induced ERR (Ye et al., 2020).

In the recent years, catheter-based renal sympathetic
denervation (RDN) is the most extensively investigated approach
for intervention of hypertension by interrupting the activity
of both afferent and efferent renal nerves (Lauder et al., 2021;
Weber and Osborn, 2021). It is important to know the changes of
the ERR in the pathogenesis of hypertension. Unfortunately, the
changes of the ERR-induced by the chemical stimulation of renal
afferents in hypertension are still unknown. SHR is the most
widely used animal model of essential hypertension. The genetic
hypertension model has many similarities with human essential
hypertension in the pathophysiological progress, neuroendocrine
changes, clinical course, and secondary diseases (Bell et al., 2004;
Graham et al,, 2005). In the present study, we investigated the
changes of the ERR in the occurrence and development of
hypertension in the SHR.

MATERIALS AND METHODS

Animals

Male WKY and SHR at ages four, 12, and 24 weeks were obtained
from the Vital River Laboratory Animal Technology Co., Ltd.
(Beijing, China). The rats were kept in a temperature-controlled
room on a 12-h cycle of light/darkness. Tap water and normal rat
chow were available ad libitum. The experiments were approved
by the Experimental Animal Care and Use Committee of Nanjing
Medical University, and performed in accordance with the

recommendations in the NIH guidelines (Eighth edition, 2011)
listed in the Guide for the Care and Use of Laboratory Animals.

General Procedures

Rats were anesthetized intraperitoneally with a mixture of
urethane (800 mg/kg) and a-chloralose (40 mg/kg). Depth of
anesthesia was assessed by both the paw withdrawal and corneal
reflexes (Zhang et al., 2014). The rats were kept in a supine
position, and a vertical incision was made in the middle of
the neck to expose the trachea and carotid artery. Positive
pressure ventilation via endotracheal intubation with room air
was performed using a small animal ventilator (51,600, Stoelting,
Chicago, IL, United States). A PE50 catheter was implanted into
the right common carotid artery for blood pressure recording.
Right and left kidneys were, respectively, exposed via flank
incisions for preparing renal stimulation to induce ERR and
renal sympathetic nerve activity (RSNA) recording. After the
surgery, rats were allowed to stabilize for more than 30 min
before intervention. Finally, the rats were euthanized by a rapid
intravenous injection of pentobarbital sodium (100 mg/kg).

Assessment of ERR

Our previous study has shown that the infusion of capsaicin
into the cortico-medullary border of the kidney caused greater
ERR effects than those in the cortex or medulla of the kidney.
Infusion of capsaicin into the upper, lateral, or lower parts of the
kidney showed similar ERR effects (Ye et al., 2020). Therefore,
the cortico-medullary border of the lateral part of the kidney
was selected for the infusion site in inducing ERR (Qiu et al,,
2020; Zheng et al., 2020). Intravenous infusion of the same dose
of capsaicin failed to cause significant effects on the RSNA,
mean arterial pressure (MAP), and heart rate (HR), excluding
the possibility that the effects of the renal infusion of capsaicin
might be caused by leaking into the blood circulation (Ye et al.,
2020). The right kidney was exposed through a flank incision.
An outer diameter of 0.31 mm stainless steel tube was inserted
horizontally from the lateral margin of the kidney to the hilum
level of the kidney. The tip of the tube rested on the edge of
the renal cortex and medulla, where the tube encountered a
slight resistance. A PE50 catheter was connected to the tube
with a PM2000B programmable pressure injector (MicroData
Instrument, NJ, United States). The ERR was induced by a renal
infusion of capsaicin (1 nmol/pL) at 1.0 pwL/min for 20 min, and
evaluated by the capsaicin-induced changes in the RSNA and
MAP. The same amount of vehicle was used as a control. At
the end of the experiment, the same volume of Evans Blue was
infused for the histological identification of the infusion sites.
Capsaicin was purchased from MedChemExpress (Monmouth
Junction, NJ, United States).

RSNA Recording

Renal sympathetic nerve activity was continuously recorded as
we reported previously (Ye et al., 2020). Left renal sympathetic
nerve was exposed through a left retroperitoneal incision in a
prone position. The nerve was separated, and cut at the distal end
to eliminate the renal afferent activity. The renal nerve was placed
on a pair of platinum electrode, and soaked in paraffin oil at
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37°C. Renal nerve signal was amplified by 4-Channel Differential
Amplifier (Warner Instrument, Hamden, CT, United States) with
a band-pass between 100 and 3,000 Hz. RSNA was integrated
at a 100-ms time constant using the LabChart 8 software
(ADInstruments). Background noise was recorded after cutting
the central end of the renal nerve. RSNA data were obtained
by subtracting the background noise. The percentage change
in the integrated RSNA from the baseline value was calculated
after renal infusion.

Blood Pressure Recording

Before the acute experiment, blood pressure of tail artery was
measured in a conscious state with a non-invasive computerized
tail-cuff system (NIBP, ADInstruments). Rats were warmed at
28°C for 10-20 min so that the pulsation of the caudal artery
could be detected to reach the pulse level. The systolic blood
pressure (SBP) was determined by averaging 10 measurements.
During the acute experiment, the right common carotid artery
was exposed via a vertical incision in the middle of the neck.
A PE50 catheter filled with normal saline containing heparin
(50 TU/mL) was implanted into the right common carotid
artery. Blood pressure was continuously recorded via a pressor
transducer connected with the catheter using an 8SP PowerLab
system with the data acquisition software (ADInstruments, Bella
Vista, NSW, Australia).

Statistics

Renal sympathetic nerve activity, MAP, and HR changes were
determined by a one-minute average at the time frame of
the maximal RSNA responses to the chemicals. All data were
expressed as mean £ SE. Student’s t-test was used to compare
the difference between two groups. Paired t test were used to
compare the values before and after the intervention. One-way
and two-way ANOVA followed by Bonferroni’s post hoc analysis
were used for multiple comparisons. P < 0.05 was considered
statistically significant.

RESULTS

ERR in the WKY and SHR at the Age of
4 Weeks

Our previous study has shown that the renal infusion of capsaicin
dose-dependently induces ERR in normal rats (Ye et al., 2020).
The dose of capsaicin at 1 nmol/min for 20 min was selected to
induce ERR, and the vehicle for renal infusion had no significant
effects on the RSNA, MAP, and HR (Qiu et al., 2020; Ye et al.,
2020; Zheng et al., 2020). At the age of 4 weeks, the early stage
with slight or moderate hypertension, unilateral renal infusion
of capsaicin caused immediate increases in the contralateral
RSNA and MAP in both the WKY and SHR, lasting for at least
30 min. Capsaicin reached its maximal effect at about 15 min
after the beginning of the renal infusion. However, capsaicin
reduced the HR in SHR, which occurred a little later than the
capsaicin-induced pressor response (Figure 1A). The ERR was
significantly enhanced in the SHR compared with the WKY.

However, capsaicin increased the HR in WKY, but decreased in
SHR (Figure 1B).

ERR in WKY and SHR at the Age of
12 Weeks

Renal infusion of capsaicin caused a rapid increase in the RSNA
and MAP in both the WKY and SHR at the age of 12 weeks,
the development stage with severe hypertension (Figure 2A).
Unexpectedly, the capsaicin-induced ERR was not significantly
enhanced in the SHR compared with the WKY. Renal infusion of
capsaicin increased the HR in WKY, but had no significant effects
in SHR (Figure 2B).

ERR in WKY and SHR at the Age of

24 Weeks

At the age of 24 weeks, the later stage of hypertension with long-
term several hypertensions, renal infusion of capsaicin increased
the RSNA and MAP in both the WKY and SHR (Figure 3A).
However, the capsaicin-induced ERR was significantly attenuated
in the SHR compared with the WKY. Renal infusion of capsaicin
had no significant effects on the HR in both the WKY and
SHR (Figure 3B).

Comparison of ERR at Different Ages of
Hypertension in WKY and SHR

There was no significant difference in the body weight between
the WKY and SHR at the ages of 4, 12, and 24 weeks (Table 1).
The SBP of the SHR in a conscious state at the ages of 4, 12, and
24 weeks were significantly higher than those in the WKY, and
the SBP in the SHR at the ages of 12 and 24 weeks were higher
than that in the SHR at the age of 4 weeks (Table 1). Similarly,
the baseline MAP of the SHR under an anesthetic at the ages of
4, 12, and 24 weeks were significantly higher than those in the
WKY, and the baseline MAP in the SHR at the ages of 12 and
24 weeks was higher than that in the SHR at the age of 4 weeks
(Figure 4A). In order to better understand the changes of ERR
in the different periods of hypertension, we presented the results
mentioned above in another format (Figure 4B). The RSNA
response to capsaicin in WKY at the ages of 12 and 24 weeks was
more enhanced than that in the WKY at the age of 4 weeks, while
the MAP response to capsaicin in the SHR at the ages of 12 and
24 weeks was more attenuated than that in the SHR at the age of
4 weeks. Capsaicin-induced reduction in HR only occurred in the
SHR at the age of 4 weeks (Figure 4B).

Difference in the RSNA and MAP
Responses to Capsaicin in the WKY and

SHR

We further compared the difference in the RSNA and MAP
responses to capsaicin with the ratio of the MAP change to the
integrated RSNA change (P/A index), an index to evaluate the
relationship of MAP and RSNA. The P/A index was calculated
as the ratio of MAP change in mmHg to the integrated RSNA
change in mV (Figure 5A) or to the integrated RSNA change in
percentage (Figure 5B). The P/A index was greater in the SHR
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FIGURE 1 | ERR in the WKY and SHR at the age of 4 weeks. The ERR was induced by renal infusion of capsaicin at 1 nmol/min for 20 min. (A) representative
recordings showing the recordings of the capsaicin-induced ERR. (B) bar graph showing the capsaicin-induced ERR. Values are mean + SE. *P < 0.05 vs the
values before renal infusion; TP < 0.05 vs WKY. n = 6.

than that in the WKY at the age of 4 weeks, but there was no
significant difference in the P/A index between the WKY and
SHR at the age of 12 or 24 weeks. The upregulated P/A index in
the SHR at the age of 4 weeks was reduced to the normal level at
the ages of 12 and 24 weeks (Figures 5A,B).

DISCUSSION

Renal infusion of capsaicin to induce ERR dose-dependently
increased the contralateral RSNA and MAP in normal rats. The
ERR can be induced by renal infusion of several chemicals such
as capsaicin, angiotensin II, bradykinin, and adenosine (Ye et al.,
2020). Capsaicin stimulates afferents and increases the afferent
nerve activity at a low concentration, but causes denervation at
a high concentration (Fitzgerald, 1983). The concentration of
capsaicin in the present study was used to stimulate the renal

afferents and cause ERR (Qiu et al,, 2020; Ye et al., 2020; Zheng
et al., 2020), which was much lower than the concentration
used for denervation in previous studies (Fitzgerald, 1983; Foss
et al,, 2015). The capsaicin-induced ERR existed in the SHR
at the ages of four, 12, and 24 weeks, indicating that the
ERR is involved in the sympathetic activation and hypertension
from the early stage to the sustained stage of hypertension
in SHR. It is noted that the ERR was enhanced in the SHR
aged at 4 weeks compared with the WKY, indicating that the
enhanced ERR is crucial for the sympathetic activation and the
occurrence and development of hypertension in the early stage.
The findings suggest the importance of early intervention of
the enhanced ERR in retarding and attenuating sympathetic
activation and hypertension. On the other hand, vascular
remodeling contributes to the development and complications
of hypertension (Schiffrin, 2012). Intervention of sympathetic
activation or a variety of major targets in arteries at the early
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FIGURE 2 | ERR in the WKY and SHR at the age of 12 weeks. The ERR was induced by renal infusion of capsaicin at 1 nmol/min for 20 min. (A) representative
recordings showing the recordings of the capsaicin-induced ERR. (B) bar graph showing the capsaicin-induced ERR. Values are mean + SE. *P < 0.05 vs the
values before renal infusion. No significant difference was found between the WKY and SHR. n = 6.

stage of hypertension not only attenuates hypertension, but also
vascular remodeling in the young SHR (Fan et al., 2012; Sun et al.,
2017; Ren et al., 2020). We speculate that early intervention of the
enhanced ERR may have beneficial effects in attenuating vascular
remodeling in hypertension. Although the ERR was attenuated in
the 24-weeks-old SHR compared with the WKY, the attenuated
ERR was still an important factor to increase the sympathetic
activity and blood pressure in a sustained hypertension.

An interesting finding in the present study was that the
increase in RSNA was smaller but the increase in blood pressure
was greater in the 4-week old SHR than those in the WKY. We
propose to use the P/A index to reflect the relationship between
the RSNA and MAP changes. The increased P/A index means
that smaller changes in the renal sympathetic nerve activity (A)
cause greater changes in the blood pressure (P). In this study, the
P/A index in the young SHR was much greater than that in the
young WKY or adult SHR, suggesting that an increased RSNA is
more important for hypertension in the young SHR. In the WKY

rats, capsaicin-induced the sympathetic activation increasing the
HR. However, renal infusion of capsaicin in the four-weeks-old
SHR reduced the HR, which may be secondary to the enhanced
baroreceptor reflex because the capsaicin-induced HR reduction
response appeared a little later than the pressor response. In the
SHR at the ages of 12 and 24 weeks, renal infusion of capsaicin
had no significant effects on the HR. The possible explanation
may be that the role of sympathetic activation in increasing the
HR is attenuated by the role of the baroreceptor reflex in reducing
the HR, and/or the parasympathetic control of HR is dampened
in the adult SHR.

Transient receptor potential vanilloid 1 (TRPV1) is a non-
selective cation channel, which is primarily expressed in the
sensory AS8- and C-fibers and primary sensory neurons. The
TRPV1 can be activated by capsaicin, endovanilloids, and a
variety of chemical and physical stimuli such as lipid metabolites,
acidic pH, and noxious heat (Zhong et al., 2019). Capsaicin, a
selective TRPV1 agonist, increases the ipsilateral afferent renal
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FIGURE 3 | ERR in the WKY and SHR at the age of 24 weeks. The ERR was induced by renal infusion of capsaicin at 1 nmol/min for 20 min. (A) representative
recordings showing the recordings of the capsaicin-induced ERR. (B) bar graph showing the capsaicin-induced ERR. Values are mean + SE. *P < 0.05 vs the
values before renal infusion; TP < 0.05 vs WKY. n = 6.

nerve activity in the Wide-type mice but not in the TRPV1
knockout mice (Zhong et al., 2019). Pretreatment with a TRPV1
competitive antagonist capsazepine abolishes the capsaicin-
induced ERR (Qiu et al., 2020). These findings indicate that
the renal infusion of capsaicin-induced ERR is mediated by the
TRPV1 receptors in the kidney.

TABLE 1 | Body weight and systolic blood pressure measured in a
conscious state.

Age (weeks) BW (g) SBP (mm Hg)

WKY SHR WKY SHR
4 99.7 + 4.6 1025+56 1180+£38 1435+57*
12 249.0+ 827  2440+79" 1213+39 1822+86*
24 389.3+7.5™ 3687498 1225+49 191.0+6.37

Values are mean + SE. *P < 0.05 vs WKY. TP < 0.05 vs four weeks. ¥P < 0.05 vs
12 weeks. n = 6. BW, body weight; SBR, systolic blood pressure.

Renal stimulation induces two opposite sympathetic
responses, the excitatory renal reflex (ERR) and inhibitory
renal reflex (IRR), which may be related to the site of stimulation,
types of stimuli, and pathophysiological state (Kopp, 2015). ERR
can be induced by the renal infusion of capsaicin, bradykinin,
adenosine, and angiotensin II at the cortico-medullary border of
the kidney, which increases the sympathetic activity and blood
pressure (Ye et al,, 2020). IRR can be induced by increasing
the ureteral pressure or retrograde ureteropelvic perfusion
with 0.9 M NaCl, which increases the ipsilateral afferent renal
nerve activity but decreases the contralateral efferent renal
nerve activity in normal WKY rats, but not in SHR (Kopp
et al., 1987). Activation of renal afferents by the increased
renal pelvic pressure, bradykinin, prostaglandin E2, substance
P, and norepinephrine exerts an inhibitory effect on RSNA
to minimize sodium retention (Kopp, 2015). The function of
sensory fibers containing TRPV1 is impaired in obesity, diabetes,
and aging (Zhong et al.,, 2019). TRPV1 expression and function
in renal sensory fibers were impaired in the Dahl salt-sensitive
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FIGURE 5 | Difference of the RSNA and MAP responses to renal infusion of capsaicin in the WKY and SHR at the ages of 4, 12, and 24 weeks. The ERR was
induced by renal infusion of capsaicin at 1 nmol/min for 20 min. (A) The ratio of MAP change to RSNA change induced by capsaicin. The values were expressed as
mmHg/mV. (B) The ratio of MAP change to RSNA change induced by capsaicin. The values were expressed as mm Hg/1% RSNA change. Values are mean + SE.

*P < 0.05 vs WKY. TP < 0.05 vs 4 weeks. n = 6.

hypertensive rats fed with a high-salt diet (Li and Wang, 2008).
In the present study, the capsaicin-induced ERR was attenuated
in the SHR at the age of 24 weeks compared with the WKY,
which might be attributed to the impaired function of sensory
fibers containing TRPV1. A limitation is that we did not measure
the TRPV1 receptor expression in the kidneys between the WKY
and SHR rats, which needs further investigation.

Excessive sympathetic activity plays crucial roles in the
pathogeneses of hypertension, chronic heart failure, and chronic

kidney disease (Fitzgerald, 1983; Chen et al., 2015; Grassi and
Ram, 2016; Cheng et al,, 2019). Renal afferent activity may
contribute to the sympathetic overactivity in these diseases
(Esler, 2014; Frame et al., 2016; Kaur et al., 2017). Catheter-
based radiofrequency renal denervation (RFRD) was used as a
therapy for hypertension, chronic kidney disease, and chronic
heart failure (Veelken and Schmieder, 2014; Frame et al.,
2016; Carlstrom, 2017). However, the renal denervation therapy
destroys both the afferent and efferent renal nerves. The present
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study shows the important roles of renal afferent activity in
the sympathetic activation in hypertension, especially in the
early stage of hypertension. Selectively renal afferent denervation
or efferent denervation to interrupt ERR may have its unique
advantage in the treatment of hypertension.

In conclusion, abnormal ERR is involved in the sympathetic
activation and development of hypertension. ERR is enhanced
in the early stage of hypertension, and is attenuated in the later
stage of severe hypertension in SHR. ERR-induced sympathetic
activation is associated with a stronger pressor response in the
early stage of hypertension.
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