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Perirenal adipose afferent nerves sustain
pathological high blood pressure in rats

Peng Li® 12>, Boxun Liu"2°, Xiaoguang Wu'2°, Yan Lu2>, Ming Qiu', Yihui Shen'2, Yunfan Tian'2, Chi Liu'?,
Xiru Chen"2, Chuanxi Yang"?, Mengging Deng'2, Yaqing Wang'?, Jia Gu'2, Zhongping Su® "2, Xuguan Chen'?,
Kun Zhao'2, Yanhui Sheng"?, Shijiang Zhang?3, Wei Sun® 2® & Xiangging Kong® 24

Hypertension is a pathological condition of persistent high blood pressure (BP) of which the
underlying neural mechanisms remain obscure. Here, we show that the afferent nerves in
perirenal adipose tissue (PRAT) contribute to maintain pathological high BP, without affecting
physiological BP. Bilateral PRAT ablation or denervation leads to a long-term reduction of high
BP in spontaneous hypertensive rats (SHR), but has no effect on normal BP in control rats.
Further, gain- and loss-of-function and neuron transcriptomics studies show that augmented
activities and remodeling of L1-L2 dorsal root ganglia neurons are responsible for hyper-
tension in SHR. Moreover, we went on to show that calcitonin gene-related peptide (CGRP) is
a key endogenous suppressor of hypertension that is sequestered by pro-hypertensive PRAT
in SHRs. Taken together, we identify PRAT afferent nerves as a pro-hypertensive node that
sustains high BP via suppressing CGRP, thereby providing a therapeutic target to tackle
primary hypertension.
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ypertension is the most prevalent non-communicable dis-

ease, affecting 1.39 billion people worldwide!. Approxi-

mately 95% patients with high blood pressure have
“essential” hypertension with undermined etiologies, and the high
blood pressure (BP) can arise from combined actions of a variety of
genetic, environmental, and behavior factors?3. Disorders of neu-
rogenic and body fluid regulation by the kidney are the most
important underlying reasons of essential hypertension. Enhanced
sympathetic nervous system activity and lower baroreflex sensi-
tivity have been documented in the early stage and during the
development of essential hypertension*~%. Moreover, studies of salt
intake and hypertension have revealed the important role of the
kidney in essential hypertension”8. Although anti-hypertensive
drugs targeting sympathetic system, fluid regulation, and vasodi-
latation have significantly reduced cardiovascular morbidity and
mortality, no drug can cure essential hypertension or has a long-
term anti-hypertensive effect by one-time treatment. On the other
hand, life-long drug treatment has only achieved 28.4% BP control
in high-income countries and 7.7% BP control in low- and middle-
income countries, yet with significant side effects, polypharmacy,
and noncompliance!. Pursuing alternative long-term therapeutic
strategies is therefore urgently needed.

It is well-known that once chronic hypertension is installed at
the early stage of essential hypertension, the high BP level is
maintained, even in the absence of increased sympathetic nerve
activity’. The kidney plays an important role in the maintenance
of high BP in essential hypertension!?. However, neurogenic
mechanism involved in this regulation remains largely unknown.
Perirenal adipose tissue (PRAT), also known as the adipose
capsule of kidney, is a layer of fatty material surrounding the
kidney and lies inside the renal fascia. PRAT is neutral fat con-
sisting of white adipose tissue and islands of brown adipose
tissue! 12, Similar to the nerve supply of pure white adipose
tissue, efferent nerves of PRAT are only composed of sympathetic
nerves of autonomic nervous system!3. Adjacent to PRAT,
pararenal fat is a collection of pure white adipose tissue, located
superficially to the renal fascia. Both PRAT and pararenal adipose
tissues (PaRAT) are part of retroperitoneal fat. Prospective cohort
studies have shown that visceral especially retroperitoneal obesity
is robustly associated with hypertension!%!°. It has also been
noted that renal adipose tissues, including PRAT and PaRAT, are
associated with high BP in patients with obesity!®17.

In prior studies, sensory nerves were discovered to act as a
connector between adipose tissue and high BP in rats fed with a
high-fat diet!8. Sensory nerve fibers within adipose tissue, marked
by the differential expression of calcitonin gene-related peptide
(CGRP), carry chemical sensory stimuli toward neural soma that
lie in dorsal root ganglia (DRGs) and then central nervous sys-
tem. Sympathetic nerve activities were subsequently activated in
obese hypertensive rats. This neural reflex was termed as “adipose
afferent reflex”!8. However, roles of sensory nerve fibers of adi-
pose tissue in other pathological high BP remain unclear.

Here, we investigate whether and how PRAT regulates hyper-
tension in spontaneous hypertensive rats (SHRs), a wildly used
animal model mimicking human essential hypertension. We show
that PRAT ablation (PRATA) or denervation (PRATD) effectively
and stably reduces high BP, without affecting normal BP. Further,
we uncover, by gain- and loss-of-function studies, that L1-L2
DRG neurons and their sensory fibers projecting to PRAT play a
critical role in maintaining high BP via neuron remodeling and
sequestering CGRP.

Results
Effects of PRATA on BP and neuroendocrine activity. To
examine the role of PRATA in BP control, we surgically ablated

PRAT in SHRs and normotensive Wistar-Kyoto (WKY) rats,
without affecting the renal sinus, ureter and adrenal glands
(schematic diagram shown in Fig. la, photographs of anatomy
and operation shown in Supplementary Fig. 1a). PRATA acutely
decreased intracarotid mean arterial pressure (MAP) in SHRs, but
not control WKY rats, within 20 min after surgical procedure
(Fig. 1b). In contrast, removal of unilateral or half-volume PRAT,
PaRAT, epididymal or inguinal adipose tissue in SHRs did not
affect MAP (Fig. 1c to f), indicating a tissue-specific effect of
PRATA in lowering the elevated BP in SHRs. Additionally,
PRATA did not affect body weight and lifespan (Supplementary
Fig. 2a, b), suggesting limited systemic side effects.

Next, we used the laser speckle contrast imaging to examine
blood flow of mesenteric artery and renal cortex vessels after
PRATA. We found that PRATA led to significant dilatation of
mesenteric arteries (Fig. 1g) and carotid arteries (Fig. 1h),
increased renal cortex blood flow (Fig. 1i), as well as undulant
dilatation of the dorsalis pedis artery (Supplementary Fig. 2c),
10 min after the procedure. Weekly BP monitoring using
implanted radiotelemetry revealed that PRATA-induced reduc-
tion of MAP of SHRs during the day and night (Fig. 2a, b).
Similar results were obtained using tail-cuff measurement of BP
that PRATA reduced the MAP of male (Fig. 2¢c) and female
(Supplementary Fig. 2f) SHRs, but had no effect on BP in male
(Fig. 2d) and female (Supplementary Fig. 2g) WKY rats. The BP
level was similar between radiotelemetry and tail-cuff measure-
ment (Supplementary Fig. 3a). Importantly, ablation of half-
volume PRAT, PaRAT, epididymal or inguinal adipose tissue in
SHRs did not show long-term effects on BP (Supplementary
Fig. 3b-e).

To further address whether PRAT-induced BP-lowering effects
is limited in SHRs, we performed PRATA in high salt and high fat
diet-induced hypertension rat models. PRATA showed similar
reduction of high BP in these models (Fig. 2e, f). Taken together,
the acute and chronic BP-lowering effect is presented in different
hypertensive rat models after PRATA. The presence and integrity
of PRAT plays an important role in the maintenance of high BP,
whereas the baseline volume or mass of PRAT is not associated
with the increase of BP.

PRATA reduces L1-L2 DRG neuron function and promotes
neuron remodeling. To investigate the neuroendocrine
mechanism(s) by which PRATA suppresses high BP, we focused
on catecholamine metabolism. We found that PRATA did not
affect serum levels of epinephrine, norepinephrine and dopamine
(Supplementary Fig. 4a-c), urine catecholamines and related
metabolites in both SHRs and WKY rats (Supplementary
Fig. 4d-h) or renal cortex level of norepinephrine (Supplementary
Fig. 4i). We next explored whether PRATA affected sympathetic
or parasympathetic output by examining the changes of renal
sympathetic nerve (RSN) and cervical vagal nerve (CVN). We
found that RSN activity was rapidly and significantly decreased
within 5 min after PRATA in SHRs, whereas only a slight, but not
significant, decrease was observed in WKY rats. CVN activity was
significantly elevated 30 min after PRATA in SHRs, but not WKY
rats (Fig. 2g, h).

We then examined whether PRATA decreased BP by inhibiting
angiotensin-II (Ang II) signaling. Our results showed that no
significant change of Ang II level was observed in renal cortex or
medulla after PRATA (Supplementary Fig. 4j, k). PRATA did not
reduce the increased BP induced by Ang II (Supplementary
Fig. 4l). Thus, the chronic BP-lowering effect of PRATA is
unrelated to the reduction of Ang II signaling.

Next, we went on to address potential effects of PRATA on
neuronal regulation of blood vessels. PRAT is not a ganglion and
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cannot directly affect the sympathetic output and vascular tone.
The activity of sympathetic neural circuit and vascular tone
depend on the function of sensory nerves in peripheral organs!8.
On these grounds, we then focused on the affected neurons in
DRG, the most peripheral sensory ganglia of PRAT, and their
potential roles in high BP. Here we confirmed that T13-L2 are the
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predominant DRGs projecting sensory nerves to PRAT in SHRs
(Supplementary Fig. 5a), which is similar to that in Sprague-
Dawley (SD) rats in our previous studies'®. Gain-of-function

study
nerve

by directly injecting a low dosage of capsaicin (a sensory
activator at a low dosage) into T13-L3 DRGs showed that

T13-L2 but not L3 DRGs injection caused a strong increase of
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Fig. 1 Acute effects of PRATA on blood pressure and peripheral vasomotion. a Surgical diagram of PRATA. b Acute changes of the intracarotid arterial
MAP post PRATA, n=6 per group; Data are mean = SEM. **P < 0.01, ***P < 0.001, ****P < 0.0001. Analysis of variance (ANOVA), Bonferroni post-hoc
test, two-sided. c-f Changes of intracarotid arterial MAP post unilateral and half-volume PRATA (¢), pararenal adipose tissue ablation (d), epididymal
adipose tissue ablation (e) and inguinal adipose tissue ablation (f), n=6 per group; Data are mean + SEM. P> 0.05. ANOVA, Bonferroni post-hoc test,
two-sided. g-1 Laser speckle contrast imaging of the blood flow of mesenteric artery (g), carotid artery (h) and renal cortex (i), and quantification (j-I).
n =5 per group for all the imaging of the blood flow experiments in (j) and (I). n=7 for WKY-PRATA group, n =5 for SHR-PRATA group in (k). Data are
mean £ SEM. *P < 0.05, **P<0.01, ***P<0.001, ****P < 0.0001. ANOVA, Bonferroni post-hoc test, two-sided.

MAP (~18 mmHg) within 5 min in SHRs, compared to moderate
elevation (~6 mmHg) in WKY rats (Fig. 3a, b; Supplementary
Fig. 5b, c). Intra-DRG injection of capsaicin-induced MAP
elevation was blunted in SHRs at 4 weeks after PRATA, and this
inhibitory effect was sustained for 12 weeks (Fig. 3a, b). The
expression of TRPV1, a receptor of capsaicin, was increased in the
L1-L2 DRGs of SHRs, which was downregulated after PRATA
(Supplementary Fig. 5d-g). Conversely, a loss-of-function
chemogenetic study was performed using Designer Receptors
Exclusively Activated by Designer Drugs (DREADDs??) as a
selective inhibitor of neuronal activity of L1-L2 DRGs that
innervate PRAT (Supplementary Fig. 6a, b). Ten minutes after
injecting clozapine-N-oxide (CNO), the specific ligand for the
inhibitory receptor M4Di, intracarotid arterial MAP began
decreasing in SHRs. The amplitude for MAP decrease was up
to 20 mmHg, while there is no significant change in MAP in
control rats (Fig. 3¢, d).

Sensory nerves within PRAT maintain the high BP in SHRs.
The results from acute, direct manipulation of DRG neurons
suggest that PRATA improves the abnormally augmented DRG
neuron function to sustain high BP. Blockade of BP-lowering
effect of PRATA by a simultaneous T12 spinal cord mutilation
further supports the essential role of sensory nerves in PRAT
(Fig. 3e). To disrupt the connection between PRAT and DRG
neurons, we next selectively damaged the sensory nerves in
PRAT (PRATD) by injecting resiniferatoxin (RTX), a sensory
nerve specific neurotoxin, into PRAT in SHRs and WKY rats
(Supplementary Fig. 7a). RTX injection into PRAT led to an acute
decrease in MAP in SHRs but not WKY rats (Fig. 3f), without
affecting the afferent nerve activity of the kidneys (Supplementary
Fig. 2e). This BP-lowering effect of PRATD lasted for more than
10 weeks in SHRs (Fig. 3g), but not in WKY rats (Supplementary
Fig. 7b). Repeated injection of RTX in the same rats at 15 weeks
and 24 weeks after the first dose of RTX decreased the recurrent
high BP, and this effect lasted for additional 8-9 weeks (Fig. 3g).
We also noted significant reduction of BP in high fat and high salt
diet-induced hypertensive rats by PRATD (Fig. 3h, i), and a
moderate reduction of BP in SHRs following RTX treatment of
neighboring PaRAT that mainly received L2 DRG neuron pro-
jecting nerves (Supplementary Fig. 7c, d). Taken together, the
presence of bilateral PRAT sensory nerves from the L1-L2 DRGs
is required for the sustained BP elevation in SHRs.

PRATA promotes changes of neuronal gene expression and
remodeling. To further explore the mechanism of PRATA reg-
ulating DRG neuron function and/or remodeling, we performed
whole-transcriptomic analysis in isolated primary L1-L2 DRG
neurons 4 weeks after PRATA. We found that 133 genes were
upregulated and 300 genes were downregulated after PRATA
(Fig. 4a, b). Most upregulated genes were related to neuronal
development and plasticity (Fig. 4c), whereas most down-
regulated genes were related to wound healing, cell proliferation
and apoptosis (Fig. 4d). Notably, the upregulated genes include
MAP2 (microtubule associated protein 2, a well-known molecular

marker for dendrite formation) and CALCA (calcitonin gene-
related peptide, also abbreviated as CGRP, a major neuromodu-
lator in sensory nerves2!). Moreover, functional enrichment of
up/downregulated genes between sham-operated and post-
PRATA SHRs further showed that up-regulated genes mainly
involved in neuron activities, while the downregulated genes
enriched for RNA activities (Fig. 4e, f).

We then analyzed the status of axons and dendritic shape at
L1-L2 DRGs using immunostaining with MAP2 and SMI-312 (a
pan-axonal neurofilament marker monoclonal antibody). In
contrast to the increased MAP2 mRNA level, MAP2 protein
and mean size of neurons from L1-L2 DRG neurons remained
lower and smaller than those before PRATA in SHRs at 4 weeks
after PRATA, but these changes were reversed at 12 weeks
after PRATA (Fig. 5). We further analyzed the ultrastructure
of L1 DRG neurons and found that the number and size of
microtubules were decreased after PRATA in SHRs (Supplemen-
tary Fig. 8). Collectively, these data suggest that PRATA changes
the dendritic structure and function of DRG neurons, whereas
recovery of dendritic shape of DRG neurons possibly terminates
the BP-lowering effects of PRATA.

CGRP acts as a key factor mediating PRATA induced BP-
lowering effects. As mentioned above, CGRP-encoding gene
Calca was upregulated in post-PRATA DRG neurons. Synthe-
sized mainly by DRG neurons, CGRP acts as a potent vasodilator
after being secreted by sensory nerve terminals?2-24. To address
whether CGRP acts as a key factor mediating the decrease of BP,
we measured the levels of CGRP in serum, DRG, spinal cord and
mesenteric artery after PRATA. Our results showed that SHRs
had a reduced level of CGRP at spinal cord at L1-L2, but not L3
(Supplementary Fig. 9a-f). PRATA restored the CGRP level at
4 weeks after the procedure, which declined to basal level by
12 weeks after PRATA (Supplementary Fig. 9a-f). A parallel
change was also noted in the serum and mesenteric arteries after
PRATA (Fig. 6a, b; Supplementary Fig. 10). Notably, the number
of CGRP positive neurons in L1-L2 DRGs was not affected by
PRATA (Supplementary Fig. 11a-d), while there was an increase
in CGRP mRNA expression (Fig. 6¢) and the number of CGRP
(+) ARC (+) neurons (Supplementary Fig. 11e-h) at 4 weeks
after PRATA, which was consistent with the increased release of
CGRP in L1-L2 DRGs. Furthermore, we showed that a CGRP
antagonist, CGRP8-37, increased the MAP of WKY rats and
partially reversed the BP-lowering effect of PRATA in SHRs,
while withdrawal of CGRP8-37 restored the effect of PRATA
(Fig. 6d, e). These results support that a decreased level of CGRP
is required for sustaining high BP in SHRs.

Discussion

It is known that enhanced sympathetic neural activation is more
closely associated with the level of abdominal visceral fat than
total fat mass or subcutaneous fat deposition in human indivi-
duals with obesity?®. Indeed, direct activation of sensory nerves
within white adipose tissue has identified that adipose sensory
nerve mediated afferent reflex increases the sympathetic outflow
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demonstrate that PRAT, not other fat pads such as inguinal,
pararenal or epididymal adipose tissue, is associated with the
maintenance of high BP in essential hypertension.

Neurogenic dysregulation, particularly elevated sympathetic
output and altered baroreflex sensitivity, is part of mechanism
underlying essential hypertension#-0-2627. However, changes of

and promotes short-term high BP in obese rats. However, whe-
ther visceral adipose tissue is involved in primary hypertension
remains unknown. In this study, we provide direct evidence
supporting PRAT as a pathological homeostatic control site for
BP control, which sustains the high BP via a neuronal afferent
circuit involving CGRP, albeit not affecting normal BP. Our data
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Fig. 2 Effects of PRATA on hypertension of different causes and sympathetic output. a, b Weekly measurement of arterial mean BP post PRATA in SHRs
using radiotelemetry in the daytime (a) and at night (b), n =6 per group; Data are mean £ SEM. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.
ANOVA, Bonferroni post-hoc test, two-sided. ¢, d Weekly measurement of tail arterial BP post PRATA in SHR (¢) and WKY rats (d), n =7 per group; Data
are mean = SEM. *P < 0.05, **P<0.01, ***P<0.001, ****P < 0.0001. ANOVA, Bonferroni post-hoc test, two-sided. e, f weekly measurement of tail arterial
BP post PRATA in high fat diet (HFD) induced hypertensive rats (e) and high salt diet (HSD) induced hypertensive rats (f), n=7 per group; Data are
mean £ SEM. *P<0.05, **P<0.01, ***P < 0.001, ****P < 0.0001. ANOVA, Bonferroni post-hoc test, two-sided. g, h Changes of renal sympathetic and
cervical vagal nerve discharge (g) and quantification (h), n=6 per group; Data are mean = SEM. *P < 0.05, ***P < 0.001, ****P < 0.0001. ANOVA,
Bonferroni post-hoc test, two-sided.
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Fig. 3 Enhanced L1-L2 DRG neuron activity as a regulator for high BP. a, b Changes of intracarotid arterial MAP under L1-L2 DRG injection with capsaicin
post PRATA, n=5 for WKY-Sham + Cap and WKY-PRATA-4wk + Cap groups, n =10 for SHR-Sham + Cap group, n =8 for SHR-PRATA-4wk + Cap
group, n=6 for SHR-PRATA-12wk + Cap group; Data are mean £ SEM. *P <0.05. ANOVA, Bonferroni post-hoc test, two-sided. ¢, d Changes of the
intracarotid arterial MAP after selective inhibition of neuronal activity of L1-L2 DRGs using Gi-DREADDs in SHR, n =5 for Saline-DREADD and CNO-
DREADD group, n =6 for Saline-mCherry and CNO-mCherry group; Data are mean = SEM. *P < 0.05, ***P < 0.001, ****P < 0.0001 compared with Saline-
DREADD group. ANOVA, Bonferroni post-hoc test, two-sided. @ Changes of the intracarotid arterial MAP post PRATA with or without T12 spinal cord
mutilation, n =6 for SHR-PRATA group, n =5 for SHR-PRATA + T12 mutilation group; Data are mean + SEM. ***P <0.001, ****P<0.0001. ANOVA,
Bonferroni post-hoc test, two-sided. f Changes of the intracarotid arterial MAP post PRAT denervation by RTX in SHRs, n =6 per group; Data are
mean £ SEM. *P < 0.05, **P < 0.01. ANOVA, Bonferroni post-hoc test, two-sided. g Weekly measurement of tail arterial BP post three repeated PRATD by
RTX in SHRs, n= 6 per group; Data are mean + SEM. *P<0.05, **P<0.01, ***P<0.001, ****P <0.0001. ANOVA, Bonferroni post-hoc test, two-sided.
h, i Weekly measurement of tail arterial BP post PRATD in HFD induced hypertensive rats (h) and HSD induced hypertensive rats (i), n = 8 for HFD-HTN-
Saline—PRAT group, n=7 for HFD-HTN-RTX — PRAT group in (h); n=7 per group in (i); Data are mean + SEM. *P <0.05, **P<0.01, ***P<0.007,
****P<0.0001. ANOVA, Bonferroni post-hoc test, two-sided. Saline—PRAT: injection of saline into perirenal adipose tissue, RTX — PRAT: injection of
resiniferatoxin into perirenal adipose tissue.

these neuronal activity are also involved in physiological regula-  (temperature>43 degrees Celsius, acidic conditions, etc.) These
tion of BP, which may lead to hypotension. The sensory nerves neurons could also be activated by endogenous metabolites
with peripheral tissues in BP regulation are not fully understood. (linoleic acids metabolites, arachidonic acid metabolites, endo-
Among the sensory nerves, TRPV1(+) neurons are of great cannabinoid, etc.) and agonists from natural sources (capsaicin,
interest. TPRV1 is traditionally recognized as a nociceptive ion RTX, etc.) Systemic destruction of sensory nerves by high
channel that is activated by exogenous physical stimuli dose of capsaicin in newborn rats indicates that sensory nerves
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Fig. 4 Whole-transcriptome sequencing of isolated L1-L2 DRG neurons in SHRs. a, b Differential gene expression in L1-L2 DRG neurons 4 weeks post
PRATA. Hierarchical cluster and volcano analysis of 433 genes expressed differentially between sham and PRATA groups. The expression levels are

indicated by the increased gradient of dark blue to light blue to red intensity. ¢, d GO enrichment analysis shows most of those upregulated genes are
associated with neuron plasticity and development, and those downregulated genes are prone to RNA processing and would healing. e, f Test of differential
expressed gene abundances using g:Profile showed that up-regulated genes mainly involved in neuron activities, while the downregulated genes enriched

for RNA activities in post-PRATA SHRs compared with sham-operated SHRs.

dysfunction impairs renal function and leads to salt-sensitive high
BP282° In contrast to the non-specific denervation of sensory
nerves, our results of PRAT denervation by repeated RTX treat-
ments leading to sustained reduction of high BP support a specific
role of PRAT sensory nerves in the maintenance of high BP in
SHRs. Previous studies have demonstrated that sensory renal
nerves do not contribute to the development and maintenance of
hypertension in SHRs3%3!. In contrast to the role of sensory renal
nerves, we found that the main corresponding sensory neurons of
PRAT on hypertension are located at L1-L2 DRGs which is dif-
ferent from those of kidney at T9-T1332. Our data suggest that

the effect of PRAT sensory nerves on adult high BP is not through
the kidney, even though PRAT surrounds the kidney. Whether
PRAT is involved in the development of hypertension in SHRs
needs further investigation.

We uncover functional and structural changes of DRG neurons
which project sensory nerves to PRAT as the functional base of
sensory nerve mediated high BP control. Gain-of-function study
with capsaicin or loss-of-function study with DREADD and
spinal cord mutilation allowed us to identify that LI1-L2
DRG neurons independently regulate high BP. Similar BP-
lowering effect of PRATA, PRATD or direct chemogenetic DRG
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Fig. 5 PRATA promotes L1-L2 DRG neuron remodeling. a-e Imaging of central and peripheral axons by immunostaining of MAP2 and SMI-312 in L1-L2
DRG (a), scale bar =50 pm; and quantification (b-e). n=10 per group, Data are mean + SEM. Non-significant (ns) P> 0.05, *P<0.05, **P<0.01,

***P < 0.001. ANOVA, Bonferroni post-hoc test, two-sided.

manipulation indicates that nerve terminal disruption is sufficient
to induce the loss-of-function of DRG neurons, leading to
decreased high BP. However, whole-transcriptome sequencing
and histology analysis of L1-L2 DRGs demonstrate a powerful
self-recovery capacity of DRG neurons after PRATA/PRATD,
characterized by the increased expression of neuron development
and plasticity genes after PRATA. These data explain the non-
permanent BP-lowering effect of PRATA, as PRATA knockdown
of DRG neuron function is reversible. Nonetheless, our findings
indicate that BP-lowering effect of PRATA has a desirable long-
lasting consequence, though not permanent.

Although various previous studies showed that plasma con-
centration of CGRP could be reduced, unchanged or increased in
patients with hypertension33-3>, previous studies have reported
that deletion of CGRP gene disables endogenous anti-
hypertensive mechanism, thus considering CGRP as an effective
BP-lowering agent39-38, Likewise, decreased neuronal and serum
levels of CGRP was also discovered in SHRs?°. Thus we proposed
a causative or compensatory role of CGRP in hypertension. In
this study, whole-transcriptome sequencing of L1-L2 DRG neu-
rons shows that CGRP can directly regulate vascular dilatation
and BP. Our study reveals that PRATA leads to long-term

reduction of high BP, at least partly through increasing CGRP
production by L1-L2 DRG neurons. We propose that two possible
factors may contribute to the increase of circulating level of
CGRP in acute and chronic BP-lowering effect. In acute effect,
injury and partial degeneration of sensory nerve axons after
PRATA may facilitate the leakage of CGRP. In chronic effect,
PRATA/PRATD upregulates CGRP expression in L1-L2 DRG
neurons, which results in the increased circulating level of CGRP.
Despite this, remodeling of DRG neurons after surgical ablation
reverses this beneficial remodeling process and decreases CGRP
expression and release, resulting in restoration of high BP. In this
way, our data support that (i) serum CGRP may be a potential
biomarker for noninvasively monitoring the effect of PRATA; (ii)
PRAT sensory neurons may be a potential therapeutic target for
reducing high BP in clinic; and (iii) plasma CGRP may be a
candidate marker to evaluate this potential therapeutic strategy.

Different from most previous studies that have focused on the
sympathetic part of neural regulation of high BP control>%40, our
work addresses the nociception sensory part including sensory
nerves and DRG neurons, and demonstrates a previously
unrecognized role of sensory nerves of DRG neurons in main-
taining high BP. Importantly, we demonstrate that PRATA does
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Fig. 6 CGRP as a mediator for BP-lowering effects of PRATA. a, b Serum or plasma levels of CGRP assessed by ELISA post PRATA in chronic (a) or acute
(b) experiments. n =11 for WKY-PRATA-4wk group, nh = 14 for other groups in (a). n =10 per group in (b); Data are mean £ SEM. P > 0.05 non-significant
(ns), *P<0.05, **P < 0.01, ***P < 0.001. ANOVA, Bonferroni post-hoc test, two-sided. ¢ mRNA levels of CGRP assessed by gPCR in L1 and L2 DRGs post
PRATA, n=6 per group; Data are mean = SEM, P> 0.05 non-significant (ns), *P <0.05, **P < 0.01. ANOVA, Bonferroni post-hoc test, two-sided.

d Changes of the intracarotid arterial MAP post PRATA combined with CGRP8-37 (1 mg/kg) treatment, n=>5 for WKY-Saline, WKY-CGRP8-37, SHR-
PRATA-Saline groups, n =6 for SHR-Saline, SHR-CGRP8-37, SHR-PRATA-CGRP8-37 groups; Data are mean + SEM. *P < 0.05, WKY-Saline vs. WKY-
CGRP8-37; #P < 0.05, SHR-PRATA-Saline vs. SHR-PRATA-CGRP8-37; P> 0.05 non-significant (ns), SHR-Saline vs. SHR-CGRP8-37. ANOVA, Bonferroni
post-hoc test, two-sided. e Weekly measurement of tail arterial BP post PRATA combined with CGRP8-37 (10 pg/kg/d) treatment, n =8 for WKY-
CGRP8-37 group, n=7 for other groups; Data are mean + SEM. *P< 0.05, WKY-Saline vs. WKY-CGRP8-37; #P < 0.05, SHR-PRATA-Saline vs. SHR-
PRATA-CGRP8-37; & < 0.05, SHR-Saline vs. SHR-PRATA-CGRP8-37. ANOVA, Bonferroni post-hoc test, two-sided.

not affect lifespan and shows no effect on normal BP in animals, CGRP or are resistant to conventional BP-lowing medicines
which is consistent with the absence of major side effects after  (Fig. 7).
PRAT excision in normotensive patients who receive a radical
nephrectomy*1:42,
Thus, our study thereby provides a rationale for the use € . ] i
. .. . Animals and ethics statement. Spontaneously hypertensive rats (SHR), Wistar-

of PRATA or selective PRATD to control clinical essential . L

. . . yoto rats (WKY) (12 weeks old, weighing about 250 g) and Sprague-Dawley (SD)
hypertension, especially for patients who have reduced plasma rats (6 or 9 weeks old, weighing about 170 g or 310 g) were purchased from Vital

Methods
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Fig. 7 Schematic illustration of this study. PRAT afferent nerves serve as a pathological node of hypertension that sustains high BP via suppressing CGRP,

thereby being a potential therapeutic target to tackle primary hypertension.

River Biological Co., Ltd (Beijing, China). All animal experiments were approved
by the Experimental Animal Care and Use Committee of Nanjing Medical Uni-
versity and performed in accordance with the Guide for the Care and Use of
Laboratory Animals (NIH publication No. 85-23, revised 1996). Animals were
housed under regular 12 h dark: light cycles and given standard food and water.

High fat diets (HFD) experiments were performed as described previously!S.
Specifically, SD rats (9 weeks old, weighing 300-320 g) were randomly assigned to
receive a control chow (Ctrl) diet (12% kcal as fat) or HFD (42% kcal as fat) for
12 weeks. Rats with greater weight gains were defined as obese rats. Rats with
systolic blood pressure (SBP) =150 mm Hg were referred to as hypertension.

High salt diets (HSD) experiments were performed as described previously*3.
Specifically, SD rats (6 weeks old, weighing 160-180 g) were randomly assigned to
receive a control chow (Ctrl) diet (0.4% salt) or HSD (8% salt) for 8 weeks. Rats
with SBP > 150 mm Hg were referred to as hypertension.

Blood pressure measurement. For acute BP measurement, rat was anesthetized
by isoflurane and consistently ventilated with the rodent ventilator (Harvard
Apparatus, MA, USA). The right carotid artery was isolated, and a polyethylene
tube (PE50) was cannulated as previously described*4-47. A PowerLab data
acquisition system (ABP, AD Instruments, Sydney, Australia) was applied for
continuous recording of mean arterial blood pressure (MAP).

Implanted radiotelemetry was used in chronic BP measurement for <12 weeks.
The rat was anesthetized by isoflurane and consistently ventilated with the rodent
ventilator (Harvard Apparatus, MA, USA). The abdominal aorta was isolated, and
the catheter for DSI radiotelemetry was cannulated. A DSI data acquisition system
was applied for continuous recording of mean arterial blood pressure (MAP).

For weekly monitoring of tail artery BP, SBP, diastolic blood pressure (DBP)
and mean artery pressure (MAP) of tail artery were measured between 9:00 AM
and 12:00 AM in conscious rats using a noninvasive computerized tail-cuff system
(Kent Scientific Corporation, CT, USA). Daily BP measurements were performed
for at least 1 week before experiments in order to minimize stress-induced tail
artery BP fluctuations. Rats were warmed for 10-20 min at 28 °C before the
measurements to allow for detection of tail arterial pulsations and to achieve a
steady pulse. Tail artery BP was obtained by averaging 8-12 measurements as
described previously*$. To ensure the reliability of BP values by tail-cuff methods,
we also compared the value between tail-cuff and radiotelemery methods in same
rats at same points, and our data showed good consistency between these two
methods (Supplementary Fig. 3a).

Peripheral blood samples. For rat peripheral blood samples, periorbital puncture
was performed with the 3.5% isoflurane-anesthetized rats resting on its left side.
The eye was made to protrude by distending the facial skin with the thumb and
index finger at the same time occluding the jugular vein. A haematocrit tube (BD
Biosciences, CA, USA) was pushed while being gently rotated through the con-
junctiva medially into the ocular cavity of the right eye. When blood rose in the
tube, the jugular occlusion was terminated and the haematocrit tube removed. The
eyelids were closed and gentle pressure applied for at least 10 s to minimize retro-
orbital haemorrhage.

Blood samples were immediately fractionated, aliquoted into EP tubes (0.5 mL),
and stored at —80 °C for examination. The plasma CGRP levels were determined
by a commercially available ELISA kit (CEA876Hu. Cloud-Clone Corp., Wuhan,
China) according to the manufacturer’s instructions.

Perirenal adipose tissue ablation (PRATA). Rats were anesthetized with iso-
flurane (3.5% for induction, 2.5% maintenance). An abdomen midline incision was
made. And then the kidneys were exposed. The small artery suppling perirenal
adipose tissue was clamped with vascular forceps to avoid bleeding. Then, bilateral
perirenal adipose tissues away from the adrenal gland were carefully removed using
an ophthalmic scissor. The pararenal, epididymal and inguinal adipose tissue

ablation was made bilaterally similar to perirenal adipose tissue ablation procedure.
After removal of adipose tissue, the viscera were then positioned back.

Nerve activity recording. Renal sympathetic nerve activity (RSNA) was recorded
for the dynamic changes of sympathetic outflow as previously reported*->0. Left
RSN was isolated with the aid of an operating microscope. The renal nerve was cut
distally to eliminate its afferent activity for RSNA recording, or proximally to
eliminate its efferent activity for renal afferent nerve activity recording. Nerve was
placed on a pair of silver electrodes and immersed in mineral oil. RSNA was
amplified using an AC/DC differential amplifier (A-M System Inc., WA, USA) with
a low-frequency cut-off at 60 Hz and a high-frequency cut-off at 3000 Hz. The
amplified and filtered signals were integrated at the time constant of 100 ms and
recorded by the PowerLab data acquisition system (AD Instruments, Sydney,
Australia). The percentage change in integrated RSNA from the baseline value was
calculated after PRATA. For cervical vagus nerve activity (CVNA) recording, a
neck midline incision was made, and the left cervical vagus nerve was isolated for
recording CVNA.

Laser speckle contrast imaging. Local blood flow was measured using the Moor
FLPI Full-field Laser Perfusion Imager (MoorFLPI, UK). The distance between
laser head and tissues was 20-30 cm. Local blood flow values of 5 min before
PRATA were measured and set as baseline, then the local blood flow values after
PRATA were obtained every 10 min until 60 min as previously described>!.

Angiotensin Il treatment. Male WKY rats weighing 250 g were infused with
200 ng/kg/min Ang II (Sigma, USA) via osmotic minipumps (ALZET model 2006,
CA, USA) for 6 weeks. At the 2nd week after Ang II treatment, rats were divided
into three groups receiving sham surgery, PRATA and pararenal adipose tissue
ablation treatment. Then weekly BP measurement was performed for 4 weeks.

Labeling of afferent nerves projecting into adipose tissues. For labeling of
neuron soma that project into adipose tissue, male SHRs were anesthetized with
isoflurane, then an incision was made on the abdominal midline to expose the
abdominal cavity. Viscera that obstructed the perirenal and pararenal fat pad were
reflected to expose the retroperitoneal space. Dil (1,1’-dioctadecyl-3,3,3',3'-tetra-
methylindocarbocyanine perchlorate) or DiO (3,3/-dioctadecyloxacarbocyanine
perchlorate) was diluted into 1 mmol/L with dimethyl sulfoxide. Approximately
50 uL per side of Dil was injected into perirenal adipose tissue bilaterally using a
25-gauge needle (5.0 uL per site, 10 sites for each side). The same dose of DiO was
bilaterally injected into pararenal adipose tissue. The fat pads were inspected for
any leakage to surrounding internal organs, and rinsed with sterile 0.9% saline. The
viscera were then repositioned back. The abdominal muscles and skin were closed
with sutures.

For labeling of neural fibers inside adipose tissues, slides of paraffin-embedded
adipose tissues were processed for immunofluorescence staining. After dewaxing
and hydration, the tissue slides were rinsed with PBS and blocked for 1 h with 2.5%
bovine serum albumin. Adipose tissue slides were incubated with pan-axonal
antibodies (SMI-312, BioLegend, CA, USA) and rabbit anti-CGRP (1:100; #14959,
CST, MA, USA) for 24 h. After incubation with the primary antibody, the tissue
slides were rinsed with PBS and incubated with Alexa Flour 488-conjugated anti-
rabbit secondary antibody (Jackson Immunoresearch, PA, USA; at a dilution of
1:200) and Cy3-conjugated anti-mouse species secondary antibody (Jackson
Immunoresearch; at a dilution of 1:200; for SMI-312) for 1 h. Then, the tissue slides
were rinsed with PBS and incubated in FluoroGold with DAPI (Invitrogen) and
images were captured.

Dorsal root ganglia (DRG) injection. The bilaterally direct DRG injections were
performed as previously described>2. For right-side DRG injection, rats were placed
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in a prone position under isoflurane anesthesia. An ~4 cm longitudinal incision
was made in skin just to the right of the dorsal midline starting from the costo-
vertebral angle. After incising the superficial muscular fascia, paraspinal muscles
were separated by a combination of sharp and blunt dissection, then exposing the
lateral aspect of the thirteenth thoracic (T13) to third lumbar (L3) vertebrae and
the dorsal aspect of the medial portion of their transverse processes. Before
injection, foramen was slightly enlarged in a cephalad direction using rongeur to
remove a 1 mm-deep crescent of laminar bone, exposing the distal third of the
DRG. After exposing the DRG, a volume of 1 pL of capsaicin or AAV-EFla-DIO-
hM4Di-mCherry (9 x 10? infectious units/pL) was slowly injected into the DRG
using a 1 pL micro-syringe. When injection was completed, the needle was held on
the DRG for 5min to prevent leakage.

Perirenal fat denervation by resiniferatoxin (RTX). Resiniferatoxin (RTX,
Sigma, MO, USA) was dissolved and stocked in absolute ethanol. RTX stock
solution was diluted into a final concentration of 20.0 pmol/uL with the volume
ratio (1% of the stock solution, 1% of Tween 80, and 98% of saline) before
injection!8. According to PRATA procedure, RTX or vehicle was bilaterally
equably injected into perirenal or pararenal fat (for acute experiment: 8 uL per site,
4 sites for each fat pad; for chronic experiment: 1 uL per site, 5 sites for each fat
pad) after kidney was exposed!$.

Tissue processing and immunofluorescence staining. Six groups of rats,
including SHR sham (n = 10), SHR 4 weeks and 12 weeks post PRATA (n = 10 for
each group) and WKY sham (n = 10), WKY 4 weeks and 12 weeks post PRATA
(n=10 for each group), were anesthetized with isoflurane and transcardially
perfused with phosphate buffered saline (PBS) followed by 4% paraformaldehyde
in PBS. The sections of spinal cord from thoracic (T) spinal cord level 13 (T13) and
lumbar (L) spinal cord level 1 to 3 (L1-L3) were collected for cryostat sections
(20 um). The L1 and L2 DRGs were removed and processed for cryostat sections
(10 pm). Samples were immunostained with primary polyclonal chicken anti-
MAP2 (1:4000, NB300-213, Novus biological, CO, USA); monoclonal mouse anti-
SMI312 (1:3000; #837904, Biolegend, CA, USA); polyclonal rabbit anti-NeuN
(1:100; ab177487, abcam, MA, USA); rabbit anti-CGRP (1:100; #14959, CST, MA,
USA); monoclonal mouse anti-c-Fos (1:100; ab208942, abcam, MA, USA); and
rabbit anti-TRPV1 (1:100; ACC-030, alomone labs, Israel). For detection of pri-
mary antibodies, appropriate secondary antibodies, coupled to Alexa Flour 488 or
Alexa Flour 594 (all from Jackson, PA, USA), were used. Specimens were examined
with a confocal laser-scanning microscope (LSM710; Carl Zeiss Microimaging).
The intensity of fluorescence per area was calculated by Image Pro plus 6.0 soft-
ware (Media Cybernetics, MD, USA).

Isolation of primary DRG neurons. SHRs were sacrificed with CO, 4 weeks post
PRAT ablation or surgery, and the fur was sprayed with 70% ethanol to prevent
contamination. Bilateral DRG roots from L1 to L2 were harvested, and placed in
4°C DMEM, then the nerve roots were trimmed. The DRGs were subjected to type
I collagenase (3 mg/ml) treatment for 30 min at 37 °C, followed by 0.25% trypsin-
EDTA for 40 min at 37 °C. The enzymatic reaction was stopped by DMEM con-
taining 10% fetal bovine serum. Cells were passed through a 40 um cell strainer,
and were spun at 1200 rpm for 5 min. The supernatant was removed, and fresh
growth medium was added. Then cells were plated on poly-D-lysine (0.1 mg/ml)
treated culture dishes. Because of the difference in adhesion speed between DRGs
and glial cells, after 5 h culture in incubator, we can flush the DRGs down. Then the
DRGs were spun at 700 rpm for 5 min, the supernatant was removed, and Trizol
(Invitrogen, USA) was added to suspend cells.

Library construction and whole-transcriptome sequencing. Total RNA was
extracted from DRG neurons using TRIzol (Invitrogen, USA) according to man-
ufacturer’s instructions, followed by DNase I treatment to remove DNA con-
tamination. Subsequently, total RNA was assessed by electrophoresis on a
denaturing agarose gel and quantified by NanoDrop spectrophotometer
(NanoDrop, USA).

For library preparation and RNA sequencing, 6 nanograms of RNA were used
as input material and libraries were prepared by with the SMARTer Stranded Total
RNA-Seq Kit (Takara Bio USA, Mountain View, CA, USA). In brief, samples were
fragmented at 94 °C for 4 min prior to first-strand synthesis. Illumina adaptors and
indexes were added to single-stranded cDNA via five cycles of PCR. Libraries were
hybridized to R-probes for fragments originating from ribosomal RNA to be
cleaved by ZapR. The resulting ribo-depleted library fragments were amplified with
13 cycles of PCR. Finally, the products were purified using the magicPure size
selection DNA beads (EC401-03, Transgen Biotech. Co., China), and library quality
was evaluated on an Agilent Bioanalyzer 2100 system. RNA library was sequenced
on an Illumina Novaseq platform, and 150 bp paired-end reads were generated.

To analyze RNA sequencing data, clean reads were mapped to the reference
genome by using HISAT2 v2.0.4. The mapped reads of each sample were
assembled by using StringTie v1.3.1 in a reference-based approach®3. The
assembled transcripts were analyzed for coding potential by using RNA_seQc
(http://www.broadinstitute.org/cancer/cga/rna-seqc). Fragments per kilobase of
exon per million reads (FPKMs) for coding genes in each sample were calculated

by using Cuffdiff v2.1.1°%. Gene FPKMs were computed by summing FPKMs for
transcripts in each gene group, then differentially expressed mRNAs were
calculated by using the FPKM values for each gene.

Transmission electron microscopy. L1 DRGs from WKY rats or SHRs were
immersed in a solution of 2.5% glutaraldehyde overnight at 4 °C. After washing
with phosphate buffer, DRGs were post-fixed in a 1% osmium acid for 2h at 4 °C.
After two washes with ddH20, samples were stained in 2% uranyl acetate for 2 h,
dehydrated in increasing concentration of ethanol, and infiltrated with 100%
acetone for 2h and EPON 812 resin overnight. Then, DRGs were polymerized at
37°C for 12h, 45°C for 12h and 60 °C for 48 h. Thin sections of 70 nm were
obtained and analyzed on a transmission electron microscope (FEI Tecnai G2
Spirit Bio TWIN).

Real-time PCR. L1-L2 DRGs dissected from SHR and WKY rats were pooled and
processed for RNA extraction and reverse transcription within 1 h and were sub-
jected to cDNA amplification and purification. DRGs were gently transferred into
lysis buffer, and reverse transcription was performed using a SMARTer Ultra Low
RNA Kit (Clontech) directly in the cell lysate. Single-cell cDNA was amplified
using an Advantage 2 PCR Kit (Clontech) according to the manufacturer’s pro-
tocol. Real-time PCR was performed on an ABI Prism 7900 system. Tagman
probes to detect CGRP and Actin were purchased from Roche. Each sample was
analyzed in triplicate, and the relative levels of target genes were normalized to
Actin. Fold changes were then calculated for each treatment group using nor-
malized CT values. Tagman primers and probes used for the amplification were as
follows: rat CGRP (sense primer, 5'-CCTCCAGGCAGTTCCTTTG-3'; anti-sense
primer, 5-CCAGTAGGCGAGCTTCTTCTT-3/; probe, Roche UPL #26), rat
B-actin (sense primer, 5- GCCCTAGACTTCGAGCAAGA-3; anti-sense primer,
5'-GACCGTCAGGCAGCTCATAG-3'; probe, Roche UPL #80).

Designer receptors exclusively activated by designer drugs, DREADDs. Rats
were anesthetized with 1.5% isoflurane. The perirenal adipose tissue was exposed
following PRATA procedure. Then, 1 pL of either control or retro-AAV2-Cre viral
vector for each point was bilaterally injected into the perirenal adipose tissue, and
five separated point injections for each side were performed. For DRG injection,
when the perirenal adipose tissue injection was completed, rats were turned from
supine to prone position. After exposing the intervertebral foramen leading to
DRG, 1 pL of the AAV9-DIO-hM4Di-mcherry (EF1a promoter floxed) viral vector
(~200,000 infectious units in 10% sucrose) was bilaterally infused into the L1-L2
DRGs. Three weeks post perirenal and DRG viral vector injection, rats received
CNO (3 mg/kg) or vehicle 10 min prior to initiating BP data collection. Continuous
intracarotid MAP measurements were recorded for 70 min.

Measurement of serum CGRP and CGRP antagonist treatment. Rat blood
samples were collected from eyeball and the serum was obtained by centrifugation
at 1600 rpm (310 g) for 15 min and stored at —80 °C until analysis. Serum CGRP
concentration was determined using a commercially available ELISA kit (KE1754,
ImmunoWay Biotechnology, TX, USA) according to the manufacturer’s instruc-
tions. For acute experiments, 1 mg/kg CGRP antagonist, CGRP8-37 (Sigma, MO,
USA), was intravenously injected 5 min after PRATA, and continuous intracarotid
BP were recorded for 70 min. For chronic experiments, CGRP8-37 treatment was
performed one week after PRATA or sham operation. All rats received the once
daily intraperitoneal injection of 10 pg/kg CGRP8-37 or saline for 4 weeks. Tail
artery BP was measured weekly for 6 weeks. CGRP8-37 was freshly dissolved in
saline before daily injection.

Catecholamines and related metabolites measurement. Blood samples were
collected from eyeball and transferred into tubes containing EDTA, and plasma
was obtained by centrifugation at 10,000 g at 4 °C for 15 min and stored at —80 °C
until analysis. Twenty-four hour-urine samples were collected from the rats housed
in metabolic cages (TSE Systems, Thuringia, Germany) and fixed with con-
centrated hydrochloric acid (10.4 M) and the examination was completed within
12 h. Both catecholamines and related metabolites from plasma or urine were
measured by high performance liquid chromatography, HPLC in The First
Affiliated Hospital of Nanjing Medical University.

Statistical analysis. All data were expressed as mean =+ standard error of the mean
(SEM) or median (interquartile range). Sample size for each experiment was cal-
culated by analyzing preliminary-experimental data with the PASS statistical
software (NCSS, UT, USA). Data were graphed using GraphPad Prism 7.0
(GraphPad Software, San Diego, CA, USA). Differences between two groups were
analyzed with unpaired t test, Mann-Whitney U test or paired Wilcoxon signed-
rank test. One-Way analysis of variance (ANOVA) with Bonferroni post hoc test
analysis was used for comparison among groups. P values < 0.05 were considered
statistically significant.
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Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

The RNA-seq data generated in this study have been deposited in the NCBI Gene
Expression Omnibus (GEO) database under accession code GSE160914. All other data
generated or analyzed during this study are included in this published paper (and its
Supplementary Information files). Additional data related to this paper are available from
the corresponding author on reasonable request. Source data are provided with

this paper.

Received: 1 February 2021; Accepted: 13 May 2022;
Published online: 06 June 2022

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Mills, K. T. et al. Global Disparities of Hypertension Prevalence and Control:
A Systematic Analysis of Population-Based Studies From 90 Countries.
Circulation 134, 441-450 (2016).

Messerli, F. H., Williams, B. & Ritz, E. Essential hypertension. Lancet 370,
591-603 (2007).

Carretero, O. A. & Oparil, S. Essential hypertension. Part I: definition and
etiology. Circulation 101, 329-335 (2000).

Gribbin, B., Pickering, T. G., Sleight, P. & Peto, R. Effect of age and high blood
pressure on baroreflex sensitivity in man. Circ. Res. 29, 424-431 (1971).
Koch-Weser, J. Sympathetic activity in essential hypertension. N. Engl. J. Med.
288, 627-629 (1973).

Mancia, G., Grassi, G., Giannattasio, C. & Seravalle, G. Sympathetic activation
in the pathogenesis of hypertension and progression of organ damage.
Hypertension 34, 724-728 (1999).

Guyton, A. C. et al. Arterial pressure regulation. Overriding dominance of the
kidneys in long-term regulation and in hypertension. Am. J. Med. 52, 584-594
(1972).

Sealey, J. E. et al. On the renal basis for essential hypertension: nephron
heterogeneity with discordant renin secretion and sodium excretion causing a
hypertensive vasoconstriction-volume relationship. J. Hypertens. 6, 763-777
(1988).

Johnson, R. J. et al. Essential hypertension, progressive renal disease, and uric
acid: a pathogenetic link? J. Am. Soc. Nephrol. 16, 1909-1919 (2005).
Guyton, A. C. Blood pressure control-special role of the kidneys and body
fluids. Science 252, 1813-1816 (1991).

Boyd, E. M. & Lower, A. H. Neutral fat of the perirenal fat depots. Can. J.
Biochem. Physiol. 35, 157-160 (1957).

Lever, J. D, Jung, R. T., Nnodim, J. O., Leslie, P. J. & Symons, D.
Demonstration of a catecholaminergic innervation in human perirenal brown
adipose tissue at various ages in the adult. Anat. Rec. 215, 251-255 (1986).
227-259.

Alexander, G. & Stevens, D. Sympathetic innervation and the development of
structure and function of brown adipose tissue: studies on lambs chemically
sympathectomized in utero with 6-hydroxydopamine. J. Dev. Physiol. 2,
119-137 (1980).

Hayashi, T. et al. Visceral adiposity is an independent predictor of incident
hypertension in Japanese Americans. Ann. Intern Med. 140, 992-1000 (2004).
Chandra, A. et al. The relationship of body mass and fat distribution with
incident hypertension: observations from the dallas heart study. . Am. Coll.
Cardiol. 64, 997-1002 (2014).

De Pergola, G. et al. Para- and perirenal ultrasonographic fat thickness is
associated with 24-h mean diastolic blood pressure levels in overweight and
obese subjects. BMC Cardiovasc. Disord. 15, 108 (2015).

Roever, L. et al. Perirenal Fat and Association With Metabolic Risk Factors:
The Uberlandia Heart Study. Med. (Baltim.) 94, e1105 (2015).

Xiong, X. Q. et al. Enhanced adipose afferent reflex contributes to sympathetic
activation in diet-induced obesity hypertension. Hypertension 60, 1280-1286
(2012).

Liu, B. X. et al. Distribution, Morphological Characterization, and
Resiniferatoxin-Susceptibility of Sensory Neurons That Innervate Rat
Perirenal Adipose Tissue. Front Neuroanat. 13, 29 (2019).

Ferguson, S. M. et al. Transient neuronal inhibition reveals opposing roles of
indirect and direct pathways in sensitization. Nat. Neurosci. 14, 22-24 (2011).
Lu, B., Fu, W. M., Greengard, P. & Poo, M. M. Calcitonin gene-related peptide
potentiates synaptic responses at developing neuromuscular junction. Nature
363, 76-79 (1993).

Mason, R. T. et al. Release of the predicted calcitonin gene-related peptide
from cultured rat trigeminal ganglion cells. Nature 308, 653-655 (1984).

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

Brain, S. D., Williams, T. J., Tippins, J. R., Morris, H. R. & MacIntyre, 1.
Calcitonin gene-related peptide is a potent vasodilator. Nature 313, 54-56
(1985).

Kawasaki, H., Takasaki, K., Saito, A. & Goto, K. Calcitonin gene-related
peptide acts as a novel vasodilator neurotransmitter in mesenteric resistance
vessels of the rat. Nature 335, 164-167 (1988).

Alvarez, G. E,, Beske, S. D., Ballard, T. P. & Davy, K. P. Sympathetic neural
activation in visceral obesity. Circulation 106, 2533-2536 (2002).

Kennedy, F. & Osborne, R. L. The role of the carotid sinus in blood pressure
control; a review of its anatomy, physiology, pharmacology and clinical
consequences. Med. Clin. North Am. 33, 619-633 (1949).

Scurr, C. F. Control of the blood pressure and controlled hypotension.
Postgrad. Med. ]. 31, 443-450 (1955).

Li, J. & Wang, D. H. High-salt-induced increase in blood pressure: role of
capsaicin-sensitive sensory nerves. J. Hypertens. 21, 577-582 (2003).

Wang, D. H. & Zhao, Y. Increased salt sensitivity induced by impairment of
sensory nerves: is nephropathy the cause? J. Hypertens. 21, 403-409 (2003).
Janssen, B. J., Debets, J. J., Struyker-Boudier, H. A. & Smits, J. F. Role of
sensory renal nerves in the development of spontaneous hypertension in rats.
Clin. Exp. Hypertens. A 9(Suppl 1), 227-239 (1987).

Janssen, B. J., van Essen, H., Vervoort-Peters, L. H., Struyker-Boudier, H. A. &
Smits, J. F. Role of afferent renal nerves in spontaneous hypertension in rats.
Hypertension 13, 327-333 (1989).

Donovan, M. K., Wyss, J. M. & Winternitz, S. R. Localization of renal sensory
neurons using the fluorescent dye technique. Brain Res. 259, 119-122 (1983).
Portaluppi, F. et al. Circadian rhythm of calcitonin gene-related peptide in
uncomplicated essential hypertension. J. Hypertens. 10, 1227-1234 (1992).
Schifter, S., Krusell, L. R. & Sehested, J. Normal serum levels of calcitonin
gene-related peptide (CGRP) in mild to moderate essential hypertension. Am.
J. Hypertens. 4, 565-569 (1991).

Masuda, A. et al. Plasma calcitonin gene-related peptide levels in patients with
various hypertensive diseases. J. Hypertens. 10, 1499-1504 (1992).

Smillie, S. J. et al. An ongoing role of alpha-calcitonin gene-related peptide as
part of a protective network against hypertension, vascular hypertrophy, and
oxidative stress. Hypertension 63, 1056-1062 (2014).

Aubdool, A. A. et al. A Novel alpha-Calcitonin Gene-Related Peptide
Analogue Protects Against End-Organ Damage in Experimental
Hypertension, Cardiac Hypertrophy, and Heart Failure. Circulation 136,
367-383 (2017).

Taguchi, T., Kawasaki, H., Imamura, T. & Takasaki, K. Endogenous calcitonin
gene-related peptide mediates nonadrenergic noncholinergic depressor
response to spinal cord stimulation in the pithed rat. Circ. Res. 71, 357-364
(1992).

Supowit, S. C., Zhao, H. & DiPette, D. J. Nerve growth factor enhances
calcitonin gene-related peptide expression in the spontaneously hypertensive
rat. Hypertension 37, 728-732 (2001).

Schlaich, M. P., Sobotka, P. A., Krum, H., Lambert, E. & Esler, M. D. Renal
sympathetic-nerve ablation for uncontrolled hypertension. N. Engl. J. Med.
361, 932-934 (2009).

Giuliani, L., Martorana, G., Giberti, C., Pescatore, D. & Magnani, G. Results of
radical nephrectomy with extensive lymphadenectomy for renal cell
carcinoma. J. Urol. 130, 664-668 (1983).

Jenkins, M. A. & Munch, L. C. Laparoscopic excision of a solitary renal cell
carcinoma metastasis to the contralateral perirenal adipose tissue. Urology 59,
444 (2002).

Jackson, E. K., Gillespie, D. G., Mi, Z. & Cheng, D. Adenosine Receptors
Influence Hypertension in Dahl Salt-Sensitive Rats: Dependence on Receptor
Subtype, Salt Diet, and Sex. Hypertension 72, 511-521 (2018).

Chen, Y. et al. Long-term blood pressure lowering and cGMP-activating
actions of the novel ANP analog MANP. Am. ]. Physiol. Regul. Integr. Comp.
Physiol. 318, R669-R676 (2020).

Montenegro, M. F. et al. Blood Pressure-Lowering Effect of Orally Ingested
Nitrite Is Abolished by a Proton Pump Inhibitor. Hypertension 69, 23-31
(2017).

Xu, J. et al. Renalase is a novel, soluble monoamine oxidase that regulates
cardiac function and blood pressure. J. Clin. Investig. 115, 1275-1280 (2005).
Zhang, Z. et al. Intrauterine Growth Restriction Programs Intergenerational
Transmission of Pulmonary Arterial Hypertension and Endothelial Dysfunction
via Sperm Epigenetic Modifications. Hypertension 74, 1160-1171 (2019).
Neumann, J. et al. Sympathetic hyperactivity in hypertensive chronic kidney
disease patients is reduced during standard treatment. Hypertension 49,
506-510 (2007).

Han, Y. et al. Superoxide anions in the paraventricular nucleus mediate the
enhanced cardiac sympathetic afferent reflex and sympathetic activity in
renovascular hypertensive rats. J. Appl Physiol. (1985) 110, 646652 (2011).
Shi, Z. et al. Inflammatory cytokines in paraventricular nucleus modulate
sympathetic activity and cardiac sympathetic afferent reflex in rats. Acta
Physiol. (Oxf,) 203, 289-297 (2011).

| (2022)13:3130 | https://doi.org/10.1038/s41467-022-30868-6 | www.nature.com/naturecommunications


https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE160914
www.nature.com/naturecommunications

ARTICLE

51. Xue, T. F. et al. PD149163 induces hypothermia to protect against brain injury
in acute cerebral ischemic rats. J. Pharmacol. Sci. 135, 105-113 (2017).

52. Fischer, G. et al. Direct injection into the dorsal root ganglion: technical,
behavioral, and histological observations. J. Neurosci. Methods 199, 43-55 (2011).

53. Pertea, M., Kim, D., Pertea, G. M., Leek, J. T. & Salzberg, S. L. Transcript-level
expression analysis of RNA-seq experiments with HISAT, StringTie and
Ballgown. Nat. Protoc. 11, 1650-1667 (2016).

54. Trapnell, C. et al. Transcript assembly and quantification by RNA-Seq reveals
unannotated transcripts and isoform switching during cell differentiation.
Nat. Biotechnol. 28, 511-515 (2010).

55. Isbil-Buyukcoskun, N., Cam-Etoz, B., Gulec, G. & Ozluk, K. Effect of
peripherally-injected glucagon-like peptide-1 on gastric mucosal blood flow.
Regul. Pept. 157, 72-75 (2009).

Acknowledgements

This study was supported by grants from the National Natural Science Foundation of
China (No. 81627802, No. 81570247, No. 81100162, No. 82070438) and the Priority
Academic Program Development of Jiangsu Higher Education Institutions. We thank
Drs. Rabinovitch and Yu Huang for their editorial assistance. We also thank Prof.
Mingyan Lin for the assistance of RNA sequencing data analysis.

Author contributions

W.S., XK, S.Z, Y.S. conceived and designed experiments and interpreted data. P.L., B.L,,
YL,HZ,LJ,RW,YS,H Z CY, MQ, YJ, MD, YW, ]G, ZS, CL, CL, X.C,
K.Z., and X.C. performed experiments. W.S., P.L., Y.L, Y.T., and X.K. analyzed data and
complied figures. W.S., P.L., and X.K. wrote and edited the paper.

Competing interests
The authors declare no competing financial interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41467-022-30868-6.

Correspondence and requests for materials should be addressed to Wei Sun or
Xiangqing Kong.

Peer review information Nature Communications thanks Eric Lazartigues, Bryan Roth
and the other anonymous reviewer(s) for their contribution to the peer review of
this work.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
B

Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2022

| (2022)13:3130 | https://doi.org/10.1038/s41467-022-30868-6 | www.nature.com/naturecommunications 13


https://doi.org/10.1038/s41467-022-30868-6
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	Perirenal adipose afferent nerves sustain pathological high blood pressure in rats
	Results
	Effects of PRATA on BP and neuroendocrine activity
	PRATA reduces L1-L2 DRG neuron function and promotes neuron remodeling
	Sensory nerves within PRAT maintain the high BP in SHRs
	PRATA promotes changes of neuronal gene expression and remodeling
	CGRP acts as a key factor mediating PRATA induced BP-lowering effects

	Discussion
	Methods
	Animals and ethics statement
	Blood pressure measurement
	Peripheral blood samples
	Perirenal adipose tissue ablation (PRATA)
	Nerve activity recording
	Laser speckle contrast imaging
	Angiotensin II treatment
	Labeling of afferent nerves projecting into adipose tissues
	Dorsal root ganglia (DRG) injection
	Perirenal fat denervation by resiniferatoxin (RTX)
	Tissue processing and immunofluorescence staining
	Isolation of primary DRG neurons
	Library construction and whole-transcriptome sequencing
	Transmission electron microscopy
	Real-time PCR
	Designer receptors exclusively activated by designer drugs, DREADDs
	Measurement of serum CGRP and CGRP antagonist treatment
	Catecholamines and related metabolites measurement
	Statistical analysis

	Reporting summary
	Data availability
	References
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




